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Abstract

Dehydration is a condition that can lead to serious health complications, includ-
ing death, if not timely compensated, especially in the elderly. The difficulties
of verifying hydration status are given by the limitations existing both in terms of
monitoring methods and of standardized assessment scale of hydration status. Home
hydration monitoring devices could help to prevent such condition, but to date, a
fully wearable, low-cost, easy-to-use, and stand-alone medical healthcare device for
dehydration monitoring is not yet available. In this thesis, the main focus was the
characterization of flexible non-invasive sensors used in a prototype device designed
to monitor the hydration status of the human body. Considering a trade off be-
tween medical relevant parameters and portability, three sensors were selected: a
Resistance Temperature Detector (RTD) sensor to measure body temperature, an
interdigitated sensor to monitor local skin hydration through changes in electrical
characteristics, and tetra-polar electrodes to monitor global changes in body water
content through Bio-Impedance Analysis (BIA). All sensors were characterized first
on In Vitro models and then in vivo.In vitro and in vivo obtained results confirm the
functionality of the platform. In particular, sensors in vitro characterization allowed
to confirm the ability of the sensing element to follow changes in the targeted quan-
tities and enables the selection of a single frequency for simplifying measurements
with the portable electronics./n vivo characterization showed results in agreement
with the measurements performed in vitro, after an initial time needed to reach
the steady state. Preliminary in vivo tests performed on two subjects confirmed the
possibility of detecting proportional changes in both local and global impedance due
to changes in the body’s hydration status. Overall, the reported results represent
the fundamental proof needed for the development of a fully operating device that

can be used satisfactorily in a real application scenario.
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Sommario

La disidratazione € una condizione che, se non compensata tempestivamente, puo
portare a gravi complicazioni per la salute, compresa la morte, soprattutto negli
anziani. Le difficolta nel verificare lo stato di idratazione sono date dalle limitazioni
esistenti sia in termini di metodi di monitoraggio che di scala di valutazione stan-
dardizzata dello stato di idratazione. I dispositivi di monitoraggio dell’idratazione
ad uso domestico potrebbero aiutare a prevenire tale condizione, ma ad oggi non
¢ ancora disponibile un dispositivo medico-sanitario completamente indossabile, a
basso costo, facile da usare e autonomo per il monitoraggio della disidratazione. In
questa tesi, I’obiettivo principale € stato la caratterizzazione di sensori flessibili non
invasivi utilizzati in un prototipo di dispositivo progettato per monitorare lo stato
di idratazione del corpo umano. Considerando un compromesso tra parametri di ril-
evanza medica e portabilita, sono stati selezionati tre sensori: un sensore resistivo di
temperatura (RTD) per misurare la temperatura corporea, un sensore interdigitato
per monitorare 'idratazione locale della pelle attraverso i cambiamenti delle carat-
teristiche elettriche e elettrodi tetra-polari per monitorare i cambiamenti globali del
contenuto di acqua corporea attraverso I'analisi della bio-impedenza (BIA). Tutti i
sensori sono stati caratterizzati prima su modelli In Vitro e poi In vivo. I risultati
ottenuti confermano la funzionalita della piattaforma. In particolare, la caratter-
izzazione dei sensori In Vitro ha permesso di confermare la capacita dell’elemento
sensibile di seguire i cambiamenti nelle grandezze desiderate e consente di selezionare
una singola frequenza per semplificare le misure con I’elettronica portatile. La carat-
terizzazione In Vivo ha mostrato risultati in accordo con le misure eseguite in vitro,
dopo un tempo iniziale necessario per raggiungere lo stato stazionario. I test pre-
liminari eseguiti In Vivo su due soggetti hanno confermato la possibilita di rilevare
variazioni proporzionali dell'impedenza locale e globale dovute a cambiamenti nello
stato di idratazione dell’organismo. Nel complesso, i risultati riportati rappresen-
tano la prova fondamentale necessaria per lo sviluppo di un dispositivo completa-
mente funzionante che possa essere utilizzato in modo soddisfacente in uno scenario

applicativo reale.
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Chapter 1

BACKGROUND AND
MOTIVATION

Body hydration is an important factor that determines the health status of the body,
and allows it to regulate many of the physiological functions of the body; as is well
known, the body consists of between 55% and 75% water, where the extreme cases
are the elderly and children, respectively [1]. Dehydration is a condition of depri-
vation of sufficient water for the body’s regular physiological functions, caused by
inadequate diet, intake of medications (especially diuretics or laxatives) or excessive
fluid loss resulting from a pathological condition (vomiting, diarrhea, diabetes and
other conditions).

In elderly patients, inadequate water intake can be extremely risky, because
the consequences associated with dehydration can lead to a rapid decline in organ
function, an absence of sweating that causes a rise in temperature (up to 42 °C), an
acceleration of the heart rate that can lead the patient to a severe condition [1].

The development of a device that allows the most accurate and rapid detection
of an elderly patient’s hydration condition is of fundamental importance to maintain
a balance of physiological functions and patient well-being.

The proposed hydration status assessment device is designed to be extremely ac-
curate, thanks to the presence of three specific sensors that allow different types of
measurements, where the union of the measurements will allow to accurately define
the condition of the patient. This thesis envisages designing and developing a pro-
totype of a multisensing device that can evaluate and monitor the hydration status
of a subject. In this thesis, in Chapter 2 is explained how hydration state affects
normal biological functions, highlighting the pathological aspects that dehydration
can bring. The state of the art of current devices for evaluating hydration is also
reported. The third chapter is dedicated to the design and fabrication of the sensors
that make up the device, detailing the printing process, the materials used, and the
geometry of each sensor. The fifth, sixth and seventh chapters describe all the tests,

including individual In Vitro tests for each sensor, and finally, In Vivo characteriza-
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tion and In Vivo tests with the complete device. The choices regarding the protocol
for data acquisition will be thoroughly explained. Finally, the last chapter will be
devoted to conclusions, the results of the project and future research to improve the

functionality and accuracy of the device.
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Chapter 2

HYDRATION STATUS AND
TRADITIONAL ASSESSMENT
STRATEGIES

This chapter aims to describe the physiology of water in the human body, empha-
sizing the main issues caused by the state of hydration. In addition, the state of the
art of devices that measure hydration, especially those that exploit Bio-Impedance
Analysis and those that measure the local hydration state of the skin, but also new
developments and research that aim at a precise and noninvasive measurement of

hydration status are reported.

2.1 Water physiology

Under physiological conditions, the human body is composed of approximately 70%
water, which is distributed among the so called water compartments, that are sepa-
rated by selectively permeable membranes and differ in their chemical composition.
The main compartments are 65% intracellular fluid (ICF) and 35% extracellular
fluid (ECF), which includes tissue or interstitial fluids, blood plasma, and lymph,
as well as transcellular fluids [2]. Fluids move from one compartment to another via
capillaries and plasma membranes. Through osmosis, water is transferred from the
digestive tract to the bloodstream and through capillary filtration, it passes from
the blood to the interstitial fluid. The water found in the interstitial fluid can be
reabsorbed by the capillaries or carried away by the lymphatic system, which returns
it to the circulatory bloodstream [2].

Dehydration is the most common form of water imbalance (other forms are fluid
excess and fluid sequestration) and can be defined as a negative water balance: the
amount of fluid intake is less than what is excreted. Fluid loss can be the cause of
complex pathological case. The pathological conditions that dehydration can cause

are many, such as [1]:
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e heat injury, varying in severity from mild heat cramps to heat exhaustion or

life-threatening heat stroke;

e urinary and kidney problems. Prolonged or repeated bouts of dehydration can

cause urinary tract infections, kidney stones and even kidney failure;

e out-of-balance electrolytes, such as potassium and sodium, can cause normal
electrical messages to be garbled, resulting in involuntary muscle contractions

and seizures.

e low blood volume shock (hypovolemic shock). This is one of the most serious,
and sometimes life-threatening, complications of dehydration and it occurs
when low blood volume causes a drop in blood pressure and a decrease in the

amount of oxygen in the body.

It is therefore of utmost importance to keep the amount of water in the body
within physiological ranges for homeostatic balance and to avoid any kind of patho-
logical condition that could, in extremes, become fatal.

The "gold standard" methods for measuring the amount of fluid in the human
body are based on isotope dilution, total body potassium (TBK), 7-ray emission
measurement and sodium bromide (NaBr) dilution, respectively, for measuring total
body water (TBW, "Total Body Water"), intracellular water (ICW, "Intracellular
Water") and extracellular water (ECW, "Extracellular Water"). However, meth-
ods for estimating TBW based on different modes of bioimpedance analysis (BIA,
"Bioimpedance Analysis") are becoming increasingly popular [26]. These are indi-
rect, non-invasive methods that are faster and easier to use than their predecessors.
Other parameters are then investigated that may be efficient for monitoring hydra-
tion status, such as local skin hydration, which is measured with special sensors

discussed in the following sections.

2.2 Parameters affected by hydration status

Water intake must be maintained at levels to ensure all the functions in which it
participates. In general, there are two major compartments into which we can divide
the water present in the human body: intracellular water and extracellular water.
The regulation of both is necessary for survival and occurs through a mechanism
of homeostasis, maintained by the concentration of ions present in the water in the
two compartments [19].

Generally, the need for water is signaled to the brain due to homeostasis, which
causes the person’s thirst stimulus. However, the thirst stimulus is confusing, pre-
cisely because there is a constant introduction of fluids throughout the day, and often

water is also introduced for reasons unrelated to thirst, as in the case of food, where
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the primary goal is the feeding; moreover, it is reported in the literature how the
mechanism of thirst signaling decreases with increasing age, causing forgetfulness in
the intake of sufficient water intake in the elderly [20].

Some condition that are affected by water are related to a person’s physical and
mental condition. In the physical, in the presence of relatively mild levels of dehy-
dration, individuals engaging in physical activity experience decreased performance
related to reduced endurance, increased fatigue, altered thermoregulatory capacity,
reduced motivation, and increased perceived exertion [21]. Similar to physical func-
tioning, small and medium amounts of dehydration can affect performance in short-
term memory, perceptual discrimination, arithmetic ability, visual-motor tracking,
and psychomotor skills. This phenomenon does not always seem to occur at the
same state of dehydration but varies among individuals [22][23].

There are quantifiable parameters closely related to a person’s water and hy-
dration status, and they are of utmost importance to the patient’s health status.
One of these very important parameters is blood volume, which is closely related
to blood pressure and heart rate. One of the aspects that must be maintained in
the blood to maintain its optimal volume levels is plasma Osmolality, which must
be kept in the ranges of 275-290 mOsm /kg. Its regulation is kept constant by the
kidneys, which through osmoreceptor and baroreceptor cells, are able to stimulate
the release of vasopressin, maintaining water retention and increasing urine concen-
tration [24]. Closely related to plasma osmolality, urine osmolality, used as a method
of assessing hydration status, normally ranges from 40 mOsm/kg to a maximum of
1400 mOsm/kg [24]. The other two related parameters are blood pressure and heart
rate. A direct increase in the amount of water causes an increase in blood pressure
and a decrease in heart rate, both of which are influenced by the increase in blood
volume and the response to the increase in volume by vasoconstrictor sympathetic
activity [25].

2.3 Gold standard monitoring techniques

Measuring hydration status is a challenge because of the constant fluctuations and
complex fluid-regulation dynamics of the body. Several techniques have been studied
and are considered Gold Standard for hydration status assessment; below are the
absolute most widely used techniques with their pros and cons.

One of the most accurate methods for estimating water in the body is the use of
isotope tracers. An isotopic tracer is a unique, radioactive or enriched, uncommonly
stable isotope of the element to be traced to allow subsequent determination of its
distribution or location. Their size allows them to enter through the compartments
of the body and become tracers in the districts, allowing an analysis of the amount

of water. This method uses different types of tracers to assess Total Body Water
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(TBW), and extracellular (ECV) and intracellular (ICV) fluid compartments [26].

The formula used to estimate the amount of fluid is:

PViX PC, = PV,X PC, (2.1)

Where PV, and PC; are plasma volume and plasma concentration before tracers
intake and PV, and PC, are plasma volume and plasma concentration after 3/4
hours of tracers intake [27]. There are numerous types of isotopes that are used,
due to their different characteristics, such as deuterium 2H, deuterium oxide 2H,O,
and oxygen-18 ¥0. Bromides are also used because they are partially soluble in
water but very soluble in organic solvents. However, this technique has some cons,
starting with the complexity of isotope analysis, which requires sophisticated clinical
equipment and experienced laboratory staff, increasing the time of and costs. In
addition, the use of radioactive tracers it’s not harmful but does not allow immediate
repeatability of the experiment.

Another widely used method for the assessment of hydration status is the use of
the Neutron activation analysis (NAA) method. The method consists of exposing
a subject to low doses of irradiation that causes the production of radionuclides,
where they will emit characteristic rays during decay [30], and where their decay
pathway has been previously assessed, and it is then possible to trace the amount
of water present. It is an extremely accurate method, but again the high costs due
to the needed specialized staff and laboratory and the non-repeatability of the test
because of radiation [30], make the method difficult to use.

Many hematological parameters have been used for the assessment of hydration
status, blood testing being easy to perform and available in all clinical facilities. The
most widely used blood parameter is plasma osmolality (concentration of solutes in
the blood). Osmolality is calculated through the formula [29]:

m?ol) + (Kmmol Ol) + Urea(mmol /L)
(2.2)

According to the literature reports, a level greater than the value of 300 mOsm /kg

BloodOsmolality = 2(Na )+ Glucose(mm

is considered a state of clinical dehydration [32], while a value of about 295 mOsm/kg
is considered mild dehydration [28]. Another important marker that is used for
hydration assessment by blood tests is Blood Urea Nitrogen (BUN), combined with
creatinine assessment. A BUN of about 6.7 mmol/L and a creatinine concentration
of 150 pmol/L might suggest an imbalance of fluid or electrolytes [29]. Normally,
BUN and creatinine are measured together with packed cell volume (PCV), also
known as the volume of red blood cells in the blood. Normal values are 0.54L/L in

men and 0.47L/L in women [29].

Other techniques widely used for hydration assessment are based on two param-
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eters that describe the patient’s urine. The first is urine osmolality, which is the
concentration of solutes in the urine. Urine osmolality is the best method for indi-
cating solute concentration and describing kidney concentrating abilities [31], but

less useful for assessing hydration status. The calculation for urine osmolality is

[29]:

l
mzwl) + szw ) + Urea(mmol /L) (2.3)

Urine specific gravity (SG) relates to the concentration of solutes and is presented

UrineOsmolality = 2(Na

as a ratio of the weight of the urine to the weight of an equal amount of water. SG
of distilled water equals 1 and the urine values above 1.025 indicate concentrated
urine that may be a result of dehydration [29]. SG over 1.020 indicates mild or
impending dehydration.
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Chapter 3

NON-INVASIVE SENSING
DEVICES FOR HYDRATION
MONITORING

Multi-sensor medical devices are instruments that use multiple sensors to collect and
analyze an individual’s biometric data. These devices are often used to monitor vital
parameters such as heart rate, blood pressure, and blood oxygen level. In addition,
they can be used to detect signs of chronic diseases such as diabetes and sleep apnea.
Multi-sensor medical devices can be worn as portable devices or integrated into other
medical products such as beds or wheelchairs. They are particularly useful for remote
monitoring of patients because they can send the collected data to a physician or
other health professional in real time. One of the advantages of multi-sensor medical
devices is their ability to collect and analyze a wide range of biometric data.. The
characteristic of being "noninvasive" comes from the ability to measure biological
parameters without entering the body. The main categories of noninvasive sensors
are divided mainly into electrodes that assess impedance , biosensors for sweat
analysis, and sensors for physiological parameters (temperature, ECG and many
others). Combining the capabilities of multisensor and noninvasiveness can be a
real game-changer in assessing the health status of patients, decreasing the risk of
harm given by invasive techniques, and ensuring effective assessment given by the
analysis of multiple parameters.

An example of a multi-sensing device is the smart contact lens that assesses blood
glucose by reading biomarkers in tears. Specifically, in the work done by Joohee Kim
et al. [51], they have developed a lens that can read multiple biomarkers from tears
and simultaneously measure intraocular pressure, through the use of a sandwich
structure composed of the spiral structures of graphene( to measure glucose) where
a layer of Ecoflex( to measure intraocular pressure) was inserted in between.

Another work done by Pham et al. [52] is to develop a multi-sensing device

that can assess heart rate, oxygen saturation, physical activity levels, skin temper-
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ature, and galvanic skin response. To monitor all these parameters, a temperature(
infrared) sensor, a pulse oximeter sensor, an accelerometer, and a skin galvanic re-

sponse sensor were incorporated into the device, all connected to a microcontroller.

Other multisensing device developed by Sempionatto et al. [56] consists of a
patch that analyzes interstitial fluid glucose and other biomarkers such as lactate,
caffeine, and alcohol in sweat, while also capturing physiological changes involved
in different food intake( e.g., blood pressure and heart rate). The patch is com-
posed of a number of separate enzymatic chemical sensors that analyze interstitial
fluid and sweat, while they have a sensing structure consisting of a two sensors for

iontophoresis and an acoustic system for the detection of alter echoes.

In this section, a comprehensive description of the components comprising the hy-
dration monitoring device is provided. The device consists of three key components:
a serpentine resistance temperature detector (RTD) for temperature measurement,
an interdigital sensor for the assessment of local hydration status through resistance
measurement, and (3) a 4-wires configuration for bio-impedance analysis. The com-
bination of these components enables the device to accurately measure and evaluate
the hydration levels of the body.

3.1 Bio Impedance Analysis

Bio-impedance analysis is a noninvasive and rapid method for evaluating the electri-
cal characteristics of biological tissue. The electrical properties of tissue are closely
related to the characteristics of the extracellular fluid, cell membrane and intracellu-
lar fluid [10]. There are a variety of methods applied for interpretation of measured
bioimpedance data and a wide range of utilizations of bioimpedance in body com-
position estimation and evaluation of clinical status. The electrical properties of
biological tissues are currently categorized based on the source of the electricity, i.e.,
active and passive response. Active response occurs when biological tissue provokes
electricity from ionic activities inside cells, like signals from the heart and electroen-
cephalograph signals from the brain. Passive response occurs when biological tissues
are simulated through an external electrical current source. Bioimpedance or biolog-
ical impedance is defined as the ability of biological tissue to impede electric current

and is considered as a passive response [10][11].

Bioimpedance is a complex quantity composed of resistance (R) which is caused
by total body water and reactance (Xc) that is caused by the capacitance of the cell

membrane:

Z =R+ jX. (3.1)
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Ly,
Ry = pam) A( ) (3.2)
(m?2)
1
Xy (3.3)

- 27 f(#12)C(Farad)

The resistance of an object is determined by its shape, described by its length
(L) and surface area (A), and the type of material, described by its resistivity (p),
as shown in equation 3.1 [10] [12].

The reactance (Xc) of an object is defined as the resistance to voltage change
across the object and is inversely related to signal frequency (f) and capacitance
(C). In biological systems, resistance is caused by the total water flowing through
the body, while reactance occurs due to the capacitance of the cell membrane.

Capacitance (C) is defined as the capacity of a nonconducting object to store
electrical charges, equal to the ratio of the voltage differential across the object
(dV/dt) to the current flowing through the object (I(t)).

Through these values, special formulas have been created that are based on the
values of impedance, age, sex and weight, which allow calculation of the main values
such as FFM (Free Fat Mass), or lean mass, FM (Fat Mass), or body fat, and finally
TTW(Total Body Water), the amount of body fluid expressed as a percentage.

Several BIA techniques have been developed:

e Analysis of bioimpedance information obtained at 50 KHz electric current is
known as single-frequency bioimpedance analysis (SF-BIA). SF-BIA is the
most used and is one of the earliest proposed methods for the estimation of
body compartments. It is based on the inverse proportion between assessed
impedance and TBW, which represents the conductive path of the electric
current. SF-BIA predicts the volume of TBW that is composed of fluctuating
percentages of extra cellular fluid (ECF) which is almost equal to 75% of
TBW, and ICF that represents the rest. SF-BIA instruments have been used
to assess TBW and FFM using the derived Equations.

e MF-BIA (Multifrequency-BIA) is based on finding ECF and TBW through
exposition of the body to low and high frequency electric currents, respectively.
In general, the MF-BIA method predicts ECF more precisely than the SF-BIA
method; however, in elderly diseased subjects, the MF-BIA method shows less
sensitivity in detecting fluid shifts between ECF and ICF [13].

e Analysis of bioimpedance data obtained using a broad band of frequencies is
known as bioimpedance spectroscopy (BIS). The BIS method is based on the
determination of resistance at zero frequency (R0) and resistance at infinity
frequency (Rinf) that is then used to predict ECF and TBW, respectively.
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Bioimpedance is measured through the use of 4 electrodes where 2 are used for
injection and detection of alternating current and 2 are instead used for voltage
measurement. There are different types of measurement including hand-foot, foot-
foot, hand-hand method.

Some examples of devices used in clinic rooms are the Tanita@®) and the SECA®)
525 Medical Body Composition Analyzer( fig.3.1), which is capable of estimating
the amount of fat, water, muscle and other body parameters of a subject lying on
the device’s measurement mat, and is very accurate because it uses a hand-foot
measurement on both sides of the body.

There are also miniaturized devices designed to perform such measurements,
such as the IBIS multifrequency bioimpedance monitoring unit, developed at the
Holst Centre and based on the MUSEIC multi-parameter on-chip acquisition sys-
tem(fig.3.2). This device was used to study physiological stress under stress related

to dehydration.

Figure 3.1: SECA 525 Medical Body Composition Analyzer

Another experimental approach, very similar to Bioimpedance Analysis, for as-
sessing hydration status using microwaves was developed by Deepesh Agarwal et al.
[15]. The study reports an analysis of changes in attenuation coefficient between a
pair of planar antennas placed on a subject’s arm during various hydration states,
evaluating changes in electromagnetic attenuation coefficient in the frequency range

2-3.5 GHz over 30 minutes during periods of heat stress (hypohydration), rest (con-
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Figure 3.2: Holst Centre IBIS mutltifrequency bioimpedance monitoring unit

trol euhydration) or recovery after heat stress (rehydration). The corresponding
study [15] demonstrates the ability to predict acute changes of <2% in whole-body
hydration( fig.3.3).

Figure 3.3: Antennas for hydration assessment

3.2 Skin hydration

Skin hydration is an important factor in maintaining healthy skin. When the skin is
well-hydrated, it looks plump and glowing, and is better able to protect itself from
the elements. Dehydrated skin, on the other hand, can appear dull and lifeless,
and is more prone to irritation and damage. There are several factors that can
lead to dehydrated skin, including exposure to the sun, wind, and cold weather, as
well as hot showers, air conditioning, and other environmental factors. In addition,
certain medical conditions, such as diabetes and eczema, can also cause the skin to
become dehydrated. Checking for proper skin hydration is essential to assessing a
person’s overall hydration status, which is why research is investigating solutions for

measuring hydration status in the skin through the use of sensors.

Alberto Zacchini Pagina 23



Chapter 3. NON-INVASIVE SENSING DEVICES FOR HYDRATION
MONITORING 24

S. Yao, A. Myers et al. [14] proposed a sensor, capable of being in close contact
with the skin, that provides continuous monitoring of its hydration status based on
impedance measurement. More specifically, the device under consideration includes
stretchable, interdigitated electrodes. They are made using silver nanowires (Ag-
NWs, "Ag Nanowires"), embedded below a layer of polydimethylsiloxane (PDMS).
The nanowires form interdigitated patterns, which are critical for maximizing the
interaction between electrodes in a small space. Contact pads are used to connect
hydration sensors to other circuit components. Due to the high conductivity of silver
and the mechanical strength of polymers and nanomaterials, the device overall has

good conductivity.

PDMS AgNW/PDMS

X
o
11
11
O
@

Rq

Skin R
’ Simplified model

Figure 3.4: Interdigitate skin hydration sensor [14]

The skin impedance measurement required for estimating the hydration state is
made possible by the two electrodes that make up the sensor and can be modeled
electrically by resorting, as usual, to capacitance and resistance. Specifically, the
electrode-skin interface can be described by the parallel between the resistance RI
and the capacitance CI, the epidermis by the parallel between the resistance RE
and the capacitance CE, and the dermis by the resistance RD. Given the symmetry
of the electrodes, the electrical equivalent just described can actually be seen as the
parallel between resistance Re and capacitance Ce, both arising from the electrode-
skin interface and from the epidermis, connected in series with the resistance Rd,
related to the dermis and the tissue underneath.

This sensor at present has no application on any kind of commercial device but
is expected to be rapidly diffused given its easy production, low cost of materials
and an impedance variation discriminating the moisture status of the skin

Another wearable skin hydration sensor based on cotton fabric to determine skin
hydration status through impedance analysis was studied by Minju Jang et al. [33].
The sensor structure includes a textile substrate, a thermoplastic overlayer, conduc-
tive patterns, and an encapsulant, designed for stable and reliable monitoring of skin
impedance change in relation to hydration level [33]. Cotton textile substrate was
cut into a rectangular piece of 10 cm x 10 cm. A thermoplastic polyurethane (TPU)

film with a thickness of 50 pm was placed, followed by Ag paste and encapsulant.
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Afterward, it was stored at room temperature for at least one week to achieve the

best adhesiveness and detection performance.

Cotton ~ TPU film Ag paste Encapsulant Ag adhesive

“ | &
AN

Figure 3.5: Textile-based sensor fabrication

Both the characteristics of sensor geometry and the frequency of the current
chosen for the test impact the depth of the electric field created by the sensor. For
this reason, the width of the electrodes was chosen to be 5mm, while the frequency
used for the test was in the range of 1 Hz-100 KHz.

3.3 Sweat analysis: rate and ion quantification

Sweat contains a great deal of biochemical information that can reflect the state
of the organism at the molecular level. There are two categories of stimulation of
sweat production: passive and active. Passive stimulation often occurs due to hot
or humid weather and serves to maintain normal body temperature by evaporating
sweat to decrease body heat. Sweat resulting from active movement is called active
sweating and not only sustains normal body temperature, but also carries away a
small amount of waste products generated by the body during exercise [9].

Several studies reveal a potential interest in the ion balance (especially sodium
and potassium) of sweat as a predictive biomarker of dehydration when combined
with the amount of sweat and information from other sensors. The quantification
can be easily achieved by using an arrangement of 2 electrodes, performing an open-
circuit potentiometric measurement [5].

Sweat is an analyte-rich fluid secreted by sweat glands on human skin and plays
an important role in thermoregulation of the body. Sweat glands can be classified
into two categories: eccrine and apocrine. Eccrine glands are the most considered
in the case of sweat analysis, because apocrine glands are present in areas in close
contact with hair or scalp, creating a sweat rich in proteins and lipids, making sweat
analysis more difficult [34]. There are two very important aspects that character-
ize sweat, aspects that can then be used to assess a person’s health and hydration
status. The two aspects considered are sweat rate and sweat composition. Sweat

production is controlled by central and peripheral control; the former, managed by
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the hypothalamus, centrally controls sweat rate, influencing the frequency of ex-
pulsion, while peripheral control takes charge of aspects of the glands, such as the
amount of sweat expelled during expulsion [35]. Multiple factors can influence cen-
tral and peripheral control to change sweat rate; the dominant factor for the rise and
fall of sweat is body temperature: the higher the body temperature, the higher the
pulsatory rate of sweat glands will rise, increasing sweat rate and thus dissipation
[36]. Other factors such as an abnormal carbon dioxide level in the blood, where
its increase causes an upregulation of sweat rate, while a decrease causes the oppo-
site [37]. Sweat has a varied composition: it contains electrolytes, traces of some
metals, cytokines and organic components. It is still unclear why some components
are contained in sweat, but electrolytes make up most of the sweat component and
are sweat rate dependent. The electrolytes present in sweat are: Sodium (Na-+)
and Chloride (Cl-), the main indicators of the state of dehydration; Ammonium
(NH4+), Potassium (K+), and Calcium (Ca2+) [38]. The techniques for measuring
sweat rate parameters and ion composition are different, and are distinguished in
the two stages of sweat assessment: collection techniques and composition analysis
techniques. Collection techniques are used to collect sweat (from eccrine glands )
for subsequent analysis of analytes. We first have the microfluidic technique, which
is the most widely used in sweat analysis devices: it involves the use of collectors
with microfluidic characteristics that take advantage of capillarity to make the sweat
reach the interior of the device. However, this does not allow for rapid analysis and
only works well at high sweat rates [39]. Another technique is absorption, using
an absorbent material that is applied between the skin and the analysis device to
collect sweat. The disadvantage is the time resolution and averaging that can only
be done over large volumes of sweat, being that the analysis is done only when the
absorbent material is saturated with sweat [39]. Last technique, on the other hand,
is direct skin contact, allowing rapid analysis without a sweat collection mechanism
[39]. Sweat component analysis techniques are numerous, but they fall into two
macrocategories: electroanalytical, that is, exploiting a potential difference due to
the presence of electrodes, and optical. Electroanalytical techniques are numerous
and are extremely effective in measuring the presence of electrolytes and metals in
particular. We have firstly the Potentiometric measurement, which measures the
potential between two electrodes, and is very useful for assessing pH and electrolyte
concentration, making a very rapid detection with minimal use of materials. It also
allows the analysis of specific ions through the use of ion-specific electrodes, but it
cannot measure the presence of metabolites [40]. Voltammetric measurement allows
scanning across electrodes, one analysis electrode and one reference electrode, allow-
ing the extraction of concentrations of multiple analytes. Electrochemical impedance
measurement uses a sinusoidal electrical potential, and the reflected wave is then

analyzed to measure an analyte. Finally, for electroanalytical measurement we also
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have piezo-electric measurement, which is less widely used but does not use exter-
nal energy suppliers. Optical techniques use colorimetry and fluorometry instead.
There are two types of sweat sensing devices: - non-continuous flow, which is a
device that has no sweat outlet, cannot do real-time analysis and is dedicated to a
single sweat collection for its analysis; - continuos flow, allows dynamic sweat analy-
sis and also allows real-time analysis. Sensors that assess sweat must possess a high
level of stability, both because they must maintain their stability during movement
and because contact of the sensor with the skin causes artifacts that could signifi-
cantly reduce the accuracy of the sensor. The current state of the art in sensors has
developed sensors that consist of two layers: a solid layer (SC), which functions as
an ion-to-electrode transducer, and an ion-selective layer (ISM), which functions as
an ion recognizer [41]. The most widely used materials are PEDOT [42], PANT [43],
Prussian Blue [44], ChPBN [45], and POT [46]. The most widely used at present is
PEDOT, which is then coated with different coatings for the analysis of numerous

sweat biomakers, while PANT is widely used for more precise analysis of pH [47].

3.4 Temperature sensors

The body’s state of hydration is necessary to maintain an optimal body temperature:
the state of dehydration can lead to a thermoregulation problem that can cause the
body temperature to rise as high as 42°C in severe cases. Normally, temperature
sensors are distinguished according to how they measure heat: there are sensors that
measure heat in contact with the surface to be measured, or sensors that measure
temperature radiated from the surface, without contact with it.

Temperature sensors are classified as follows: Thermocouples, RTDs (resistance
temperature detectors), thermistors, and semiconductor 1Cs.

Temperature sensors come in various shapes, but the one most commonly used
is the typical serpentine shape, which greatly increases the sensing area and allows
for high sensitivity with a small surface area [4], and was therefore used for this
prototype.

Thermocouples are very high-performance temperature measurement devices
that can measure from -270 to about 3000 °C. This type of sensor consists of two
dissimilar metal wires joined at one end, connected to an instrument that can accept
the input of a thermocouple and measure its reading. They are used because of their
low cost, simplicity, robustness and small size. Thermocouples are made of noble
metals, base metals, refractory metals and nonmetals [48].

RTDs and thermistors are used in many applications, given their quick response,
stability, and ease of insertion on portable and flexible devices, which is why we are
going to report more precisely on how these work. Thermistors and RTDs are part of

the resistance temperature meters. The resistance of a conductor is directly related
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to temperature because the motion of free electrons is temperature-dependent. The
RTD sensor is based on the change in the resistance value of the material used
during the temperature change. Generally, RTD sensors are constructed based on
some standardized curves and tolerance.

Thermistors are similar to RTDs, and consist of sensors made of semiconductor
materials( normally a mix of cobalt, magnesium, titanium, and others), where their
resistance changes with temperature. Unlike RTDs, the resistance can change either
positively or negatively. Another feature is that the formula defining the thermistor’s
temperature change is nonlinear, so it is necessary to couple two thermistors to
partially eliminate the nonlinearity. The advantage of thermistors is that they are

very simple and inexpensive [50].
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Chapter 4

FABRICATION OF THE
MULTI-SENSING PRINTED
BRACELET

In this section, the structure and operation of the device is reported, paying par-
ticular attention to what are the physical characteristics of each individual sensor
inside and their shape , method of production, and choice of material that make
them up. The use of multiple sensors serves to ensure a multi-parameter approach
and guarantee high accuracy for the detection of hydration status.

The choice of the specific sensors used was related to a trade-off between: 1)
quantities of medical interest 2) miniaturizable, easy-to-use, and stable sensors. Ion
sensors, although potentially very useful, are still under development for on-body
use and present many challenges related to stability and selectivity, having to be
functionalized with bioselective membranes. It was preferred to focus more on elec-
trodes that did not require functionalization, thus characterized by greater stability
and less complexity.

The sensors that have been used can be distinguished into: Bio Impedance Anal-
ysis (BIA) electrodes, used to measure body composition; temperature sensor, use-
ful for detecting changes in body temperature, excellent for assessing an increase
in skin surface temperature due to a state of improper hydration; skin hydration
sensor, which allow to assess the state of local surface hydration..

All sensors were tested in In Vitro models using set ups optimized for each type
of sensor, and then studied In Vivo to verify the validity of the In Vitro data and

to confirm their effectiveness.

4.1 Fabrication of printed sensors

Inkjet printing technology, through the Dimatix DMP 2850 printer (FUJIFILM

Dimatix, Inc., Santa Clara, California (USA)), was used to create the sensors that
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are part of this device. There are two materials that make up each type of sensor

and they are:

e printing ink , i.e., a silver ink called Sicrys™ I40DM-106 from PVNanocel
,based on silver crystal nanoparticles in DGME (diethylene glycol monomethyl
ether);

e substrate on polyimide sheet (Kapton, Dupont) with a thickness of 50 pm,
which possesses excellent thermal, electrical, mechanical and chemical prop-

erties, excellent ink adhesion ability during printing and stability after curing
[16].

Bioimpedance electrodes

RTD sensor Interdigitate sensor

Figure 4.1: Prototype printed sensors
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Figure 4.2: Wired prototype attached to the Agilent E4980A LCR Meter for In Vivo
impedance measurement

4.2 Temperature Sensor

RTD sensor for temperature measurement has been chosen because of its accuracy
and precision in varying resistance as temperature changes. Considering that metals
are the materials usually suggested from literature to print RTD, a silver nanopar-
ticles based ink was selected in this application. Thus, the nanostructures ensure
from one side improved electronic performances, enabling higher sensitivity toward
temperature changes, and from the other side optimal chemical stability, ensuring
long-lasting durability. Further, the specific nanostructured silver ink selected from
PV nanocell is optimized for digital printing, enabling optimal resolution and accu-

racy in the printed pattern.

f’aﬁﬁmﬁ NN
J V
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Figure 4.3: RTD sensor with serpentine pattern
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Temperature sensor present serpentine shape, which greatly increases the sensing
area and allows for high sensitivity with a small surface area [4]. These serpentine
patterns are also needed to compensate for the effect of the complementary mate-
rials combined with the conductive ink to allow for stretchability, which produces
relatively low sensitivities and nonlinearity in the sensor response. In the present
device, the temperature sensor was designed exploiting a sensitive surface area of

2. In particular, the ink was selected based on previous evidence of work by

Barmakos et al. [17], in which it shows a TCR of 0.0027 +- 0.00062 1/°C with

printed temperature sensors. After printing and curing RTD at a temperature of

1 cm

250 °C, two characterization were performed in order to evaluate their suitability.
First of all an electrical characterization was performed, measuring the resistance
from pad to pad of the serpentine. Values ranging from a minimum of 11.1 €2 and a
maximum of 12.4 € could be recorded. The average value was of 11.75 +- 0.45 €.

This correspond to a relative standard deviation of 0.65 €.

Figure 4.4: Printed RTD sensor

After that, an optical evaluation of the sensor was performed using an optical
microscope and the printer’s fiducial camera. The optical evaluation was specifically
aimed at verifying that no short circuits were created between the different spaces
in the coil, as any connection would have decreased the total resistance and made
the sensor less sensitive to temperature changes.

Fig.4.5,4.6 and 4.7 shows some example of the RTD printed acquired with the use
of fiducial camera of the Fuji Dimatix printer. As seen in 4.5 and 4.6, the serpentine
configuration has a thickness range value from 398 pm to 537 pm. Such a narrow
spacing allows for an increase in the number of curves in the serpentine and a larger
detection area for the sensor. It is necessary during printing to carefully check the

serpentine to avoid overlapping ink phenomena that cause a short between curves,
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Figure 4.5: Printed RTD sensor serpentine thickness of 398 pum

thus reducing the effectiveness of detection.

Figure 4.6: Printed RTD sensor serpentine thickness of 537 ym
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il

Figure 4.7: Printed RTD sensor pad, used for further cable connection

4.3 Skin Hydration Sensor

As extensively detailed in the background Chapter 3, local skin hydration represent a
relevant parameter that might be affected by the overall water balance. The concen-
tration of water in the skin changes the electrical properties of the skin (permittivity
and conductivity), and this can be measured through a sensor. The proposed sensor
is an interdigitated sensor, which has two unconnected interfaces where the con-
tact surface will allow the circuit to be joined and its conductivity and resistance
properties evaluated.

The sensor shape was chosen because it allows for high sensitivity in impedance

change during the increase of moisture in the sensing surface [5].

()

Figure 4.8: Skin local moisture sensor

These sensors are designed to detect small changes in the electrical properties

of the skin, such as dielectric permittivity or electrical conductivity, which vary

Alberto Zacchini Pagina 34



Chapter 4. FABRICATION OF THE MULTI-SENSING PRINTED BRACELEZ)

depending on the concentration of water in the skin tissues; this detection is accom-
plished by the small size of the sensor, which consists of an area of 1 cm? and an
interdigitated shape. Through the use of a simple bench multimeter, it is easy to
detect how both sections of the interdigitated sensor exhibit a resistance value that
is in the range of 1.1-1.4 ), demonstrating its conductivity and functionality

After printing and curing at a temperature of 250 °C, two characterization were
performed in order to evaluate their suitability. First of all an electrical charac-
terization was performed, measuring the resistance of both the two part of the
interdigitated sensor. Values ranging from a minimum of 1.1 €2 and a maximum of
1.4 € could be recorded. The average value was of 1.25 +- 0.02 €2. This correspond

to a relative standard deviation of 0.15 €.

Figure 4.9: Printed skin local moisture sensor

Similar with what was done for the temperature sensor, an optical evaluation
of the sensor was performed using an optical microscope and the printer’s fiducial
camera. The specific purpose of the optical evaluation was to verify that no short-
circuit was created between the two parts of the interdigitated sensor, as the injected
current would choose the path with lower impedance, that is of the short-circuit
itself.

Fig.4.10,4.11 and 4.12, shows details of the interdigitated printed sensor, acquired
with the fiducial camera of the Fuji Dimatix printer. As seen in 4.10 and 4.11,
the interdigitate electrodes has a thickness range value from 603 pum to 544 pm,
that allows for an increase in the number of the electrodes in the sensing area and
consequently a larger detection area for the sensor. In4.12.it is possible to see the

distance between interdigitated electrodes, with the value of 528 pum.
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Figure 4.11: Interdigiate electrode thickness(black)
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i

Figure 4.12: Space between interdigitate electrodes (white/gray)
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4.4 Bioimpedance Analysis Electrodes

Among the different configuration available from literature to perform BIA analysis
(bipolar and tetrapolar) , in this study a tetrapolar configuration was selected. The
choice thus ensure higher accuracy and precision in measurements, even with smal
sized electrodes.

In this study, the four-electrode configuration(tetrapolar) was chosen as it pro-
vides more precise measurements [3]. In this configuration, two electrodes are used
to inject a small current into the body to collect impedance data, while the other
two electrodes are used to measure the voltage between them. The electrodes are

typically placed around the wrist or along the forearm for this type of analysis.

|Current injection electrodes|

[Voltage measurement electrodes|

Figure 4.13: BIA four electrodes configuration printed

The electrodes were printed with a silver ink through Dimatix Materials DMP-
2850 inkjet printer The size of the electrodes is 1x2 cm, the value of their resistances
is between a range of 0.7-1.4 €.

In 4.15,4.11 and 4.12, it’s possible to see photos of the BIA printed electrodes
taken with the Fiducial Camera of the Fuji Dimatix printer. The printing is done
accurately , as can be seen from the image, and has a smooth edge, which is essential
to maintain the conductivity required for use. A post printing resistance measure-
ment was performed to assess the initial condition of the electrodes before its use
in the tests. The resistance values of the measured electrodes are in the range of
800 mf2-1 . This measurement is crucial because too high resistance would risk
preventing a correct reading of the body impedance; in this case, miniaturization

does not affect the impedance reading.
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Figure 4.14: Pair of printed electrodes for BIA. On the pad, there is conductive tape
for conductivity testing purposes.
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Figure 4.15: Angles of Bia electrodes
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Chapter 5

IN VITRO CHARACTERIZATION

The present chapter will address In Vitro characterization performed to evaluate the
performances of each of the printed sensors under controlled conditions. In order to
improve the repeatability and the accuracy of the measurements, bench top certified
instrumentation was exploited. For each sensor, at least a triplicate characteriza-
tion was performed, trying to correlate changes in the quantifiable variables with

simulated controlled changes in hydration conditions.

5.1 Temperature Sensors Characterization

The characterization of temperature sensors was done in order to test the changes
in sensor resistance during an increase or decrease in the temperature of a body in
contact with the sensor , opting for a range of temperature change between 33 and
42 °C. The range was chosen on the basis of the physiological temperature range ,

which in the case of a state of severe dehydration can reach around 42 °C.

The resistance R of the sensor was taken as a parameter for evaluating the
functionality of the sensor. The set-up was created using a laboratory plate that
is extremely sensitive to temperature variation , covered with a material layer with
behaviors similar to artificial skin in terms of body resistance , where the sensor
was placed on top , flanked by a thermometer for precise temperature measurement
during the test period. Each test was performed by evaluating the functionality
of 3 sensors at a time, evaluating the change in resistance during the temperature
increase of the plate by 1 °C each step; then,a simple script on Matlab was created
in order to calculate the values of the average of the sensors,the standard deviation,
the R? index and Temperature Coefficient of Resistance(TCR). R-squared (R?), or
coefficient of determination, is a statistical measure that represents the proportion
of the variance for a dependent variable that’s explained by an independent variable

or variables in a regression model. The formula of R? is
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R 2%1(2% )
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where in numerator there is sum squared regression(the sum of the residuals

(5.1)

squared) and the denominator there is the total sum of squares(the sum of the
distance the data is away from the mean all squared). As it is a percentage it will
take values between 0 and 1.

TCR is a very important and essential index to describe the behavior of a resis-
tor as temperature changes. The characteristics of an RTD thermal sensor derive
precisely from the value of its resistance, which changes depending on the temper-
ature of the body to which the sensor rests. The changing resistance, defined as R,

is calculated using the formula:

R = Ry(1 + aAT) (5.2)

In the formula, Ry is the value of resistance when the temperature is at 0 °C, T

is the temperature change, and « is the Temperature coefficient of resistance,well
known as TCR. The formula of TCR is:

(R2 — R1)

reh= (R1(T2 —T1))

(5.3)

where T1 and T2 are the initial and final temperatures of the test respectively ,
R1 and R2 are the values of resistances associated with T1 and T2.

A initial test run was made on the first 3 sensors in order to evaluate the fea-
sibility of the sensors, noting down what problems needed to be corrected within
the measurements. After that,most accurate measurements were made in the next

6 sensors,and data of the optimized set up of the 6 sensors were reported.
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Figure 5.1: Chart of the 6 sensors

A bench top multimeter with a 6 digit resolution (Agilent E4980A Precision LCR
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Meter) was selected to ensure the accuracy and the resolution required to monitor
changes of resistances in the physiological range of temperature between 32 and 42
°C. The expected changes in resistance for this temperature range are in the order
of 0.1 °C. Thus, a measurement tool with at least a 0.01°C accuracy is required,
to avoid having instrumentation uncertainty higher than the resistance variation
expected. Six different sensors were tested, exploiting the same setup. In detail, a
layer of artificial skin was attached on top of a hot plate enabling manual control of
surface temperature. The sensors were then attached with the sensing silver pattern
in contact with the layer of artificial skin, together with an electronic thermometer
to provide a feedback on the real temperature to be associated at each calibration
step. The resistance of the sensors were measured when the temperature reached a

steady state condition, every 1 °C increase, from 32 to 42 °C.

As it can be observed from Fig.5.1, all the sensors showed a linear dependency of
resistance respect to temperature. A part from sensor 6 that shows a significantly
different slope, all the other sensors showed comparable slopes, with an average value
of and a standard deviation of 0.0046 ).

Regarding the TCR, the main difference could be observed comparing sensor 6
with all the others, as highlighted from the data reported in table 5.1. This different
behavior can be explained considering the quite different geometry due to process
variability that influenced the serpentine. Excluding sensor 6, the average TCR
value calculated is 0.0027 +- 0.00062 1/°C. This value appears in agreement with
values obtained in similar research works The quite high variability observed can be
mainly related to variability in setup assembly and to process variability character-
izing fast prototyping sensor fabrication as highlighted in recent literature reviewing
printed resistive sensors. In order to reduce RSD and better highlight common
trends among the different sensors, Relative Resistive Variation instead of absolute
resistance values should be considered. As shown in Fig an average sensitivity of
0.247 £ 0.056%/°C with an average RSD reduced to 22%. This sensitivity corre-
sponds to a Temperature Coefficient of Resistance (TCR) of 0.0025, which appears

in agreement with works reporting printed temperature sensor [49].

Total graphs of the last 6 sensors were checked to underline differences in the
result( fig 5.1). Temperature Coefficient of Resistance values of all 6 measured

sensors were reported in the table 5.1.

Starting from the raw data acquired, the average values corresponding to each
temperature tested was calculated and these values were exploited to compute the
calibration curve. The linear regression performed resulted in an angular coefficient
of a=0.0025, with a R? value of 0.9667, indicating a high relationship between the

independent and dependent components of the regression curve.

An additional test to evaluate the dynamic response of the sensor to changes

in temperature was performed. The test was carried out at the innovation hub of
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H Sensor  TCR(ppm/°C) H

Sensorl 0.002
Sensor?2 0.002
Sensor3 0.001
Sensord 0.002
Sensorb 0.003
Sensor6 0.008

Table 5.1: Temperature Coefficient of Resistance (TCR)
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Figure 5.2: Sensor average values and standard deviation values

Microcity, EPFL University. A test through of a plate allowing manual temper-
ature control was done, using synthetic skin-like patch layer to ensure more even
heat distribution, varying the temperature from 33 °C to 42 °C, and reporting the
temperature and resistance value every 10 seconds. A commercial thermometer was
used for temperature measurement. Again, the resistance between the terminals of
the serpentine RTD sensor was measured with a benchtop multimeter (digital mul-
timeter 34401A, 6 % -digit resolution, Keysigth Technologies, Santa Rosa, California
(USA) ), which greatly improved to the resolution of the results, as shown in the
figure 5.3.

Fig.5.3 shows an example of the response, proving a good linearity (R? = 0.99)
and a sensitivity of 0.044 Q/°C, and suggesting that the sensor is suitable to record
changes of temperature with a response time lower than 10 s, compatible with the

usually slower variation time in vivo.

H Sensor TCR H
| Sensorl 0.00207831993922461 |

Table 5.2: Temperature Coefficient of Resistance (TCR) of single sensor(EPFL)
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Figure 5.3: Sensor measurement at EPFL, Microcity

5.2 Interdigitated Sensors Characterization

Sensors for skin hydration monitoring were characterized simulating different skin
hydration conditions attaching on top of the sensing area a layer of synthetic skin-
like patch injected with controlled volumes of water, to obtain In Vitro hydration in
the range between 0,0250mL/cm? and 0.250mL/cm?. Real (Z,.y) and imaginary
part (Zimag) of the impedance was measured in a range of frequencies between 100
Hz and 100 kHz. The same measurement was repeated for six sensors using a bench
top Impedance analizer (Agilent E4990A, Precision LCR Meter). The frequency
range was chosen based on the most suitable frequencies to be able to analyze the
part just below the outer layer of skin. Hydration was administered in amounts of
0.0250 mL exactly below the intedigitated sensor, where there is a sensing area of 1
cm?.

The results of the three sensors were highly promising. In the first sensor, as
shown in Figure 5.4a, a clear distinction of the impedance values for each step was
observed. In particular, both the real and imaginary parts of the impedance dis-
played good discrimination ability. The differences in impedance were more marked
in the early steps, while in the final steps, the sensor reached a state of satura-
tion, where the recorded impedance differences were significantly smaller but still
clearly visible. The real part, which primarily describes the resistive behavior of the
sensor, decreased with each step. This is because as the local humidity above the
sensor increased, the sensor’s conductivity improved due to the greater presence of
electrolyte on the sensor’s surface, resulting in a decrease in its resistive behavior.
The imaginary part also decreased in modulus, making this value an excellent in-
dicator of the local hydration state. It is important to note that the analysis was
conducted over a range of frequencies. Through this test, it was verified that there is
no single frequency that can better discriminate changes in the sensor’s impedance,
which is a positive outcome. Therefore, for an analysis of local hydration, any of

the frequencies tested can be easily used
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In the second sensor, results were similar to those of the first sensor. As shown
in Figure 5.4b, the modulus of the impedance (both real and imaginary) decreased
as the local humidity increased. However, the second sensor exhibited a much larger
difference in impedance (in the case of the real part) for each step. For example,
the impedance decreased by an order of magnitude from 10° Ohm to 10* between
the first and fifth measurements, while in the first sensor it decreased by about 3000
Ohm. These differences are likely due to the printing method of the sensor, but
they are not crucial for the detection of the hydration state. Future research could
explore methods of sensor printing that ensure identical repeatability of the test
across different sensors.

The third sensor displayed similar characteristics to the other two sensors, thus
confirming the validity of the measurements and the functionality of the interdigi-
tated sensor. As with the other two sensors (Figure 5.4c), the impedance modulus
decreased in each step, perfectly discriminating the different local hydration states.

In figure 5.5a we can see the average behavior of all three sensors. The hydra-
tion value was converted to puL/cm? knowing that the sensing area of the sensor
is 1em?. Additionally, both calibration curves built for Z,., and Zimag Measured
at 100 Hz (fig.5.5b) showed the highest sensitivity (—0.044 kQ/(uL/cm?) for Z,cu
and 0.03kQ/(uL/cm?) for Ziya,) for volumes lower than 100 uL and a saturation
after 200 puL, with sensitivities decreased to —0.01kQ/(uL/cm?) for Z,.., and to
—0.001 kQ/(uL/em?) for Zimag. Good linearity could be observed both for the lower
hydration fittings (R* = 0.96 for Z,e, and R* = 0.93 for Z,,) and for the higher
hydration fittings (R? = 0.98 for Z,., and R* = 0.89 for Z;,,4,). Average linearity
error of 2.5% and 3% of full-scale range could be computed respectively for real
and imaginary part. Maximum values of linearity error were respectively of 6.5 %
and 13.5% for real and imaginary part. Regarding variability of the measurements,
values of RSD lower than 35 % could be observed for both Z,.,; and Z;;,44, with the

highest values observed for lower volumes.

Alberto Zacchini Pagina 46



Chapter 5. IN VITRO CHARACTERIZATION 47

4000
0.025 mL
3000 ———0.050mL 5
z == 0.075 mL
& 2000 0.100 mL [
] ———o0.125mL
8 - 0.150 mL
1] — o 0.175 mL
g 1000 — RREA 0.200 mL [[|
- e S S N 0.225 mL
0.250 mL | |
—_—
102 10° 10* 10°
Frequency(Hz)
-10' ‘
| 0.025 mL
0.050 mL
T ., 0.075 mL
< 10 = — = 0.100 mL
= — — -
g %/%’_ — 0.125 mL
P —
g-10° /A/ 0.200 mL
= 0.225 mL
0.250 mL
-10*
102 10° 10* 10°
Frequency(Hz)
(a) Sensor 1 measurement
[ N R
10° ==
z
[
o
c ——
©
B 10
o
£
—\\\\%%:_
10°
102 103 10* 10°

Frequency(Hz)

0.025 mL
0.050 mL |
0.075 mL
0.100 mL.
0.125 mL
0.150 mL
0.175 mL
0.200 mL
0.225 mL
0.250 mL

Impedance(Im)

Frequency(Hz)

(b) Sensor 2 measurement

———0.025mL
0.050 mL
0.075 mL
I S s —{———0.100 mL
0.125 mL
0.150 mL
0.175 mL
0.200 mL =
0.225 mL [
0.250 mL ||

|

Impedance(R)

102 10° 10* 10°
Frequency(Hz)

-10° ‘

0.025 mL
— : 0.050 mL

0.075 mL

>
S

\

\|

0.100 mL

— R ———0.125mL
% 0.150 mL
0175 mL
0.200 mL
0225 mL
0250 mL

=)
w

Impedance(Im)

=)
EN

10° 10* 10°
Frequency(Hz)

o
)

(c) Sensor 3 measurement

Figure 5.4: Measurements of all interdigitated sensors
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Figure 5.5: (a) Average behavior and (b) Calibration curve

Z Real (2}

Z Imag (€2}

5400 -

4400
3400

2400 ¢
1400

-500

-1000 ¢
-1500
-2000

10?

10° 104 10°
Frequency (Hz)

25
50 pL

75 L

100 oL
125 L
150 oL
175 4L
200 L
225 4l
250 pL

10° 10 10°
Frequency (Hz)

(a) Average behavior of interdigitate sensors

Z real (k$2}

Z imag (k£2)

ES

[

"t

\%\\%\qi

—ﬁ§_7_§“§*—ﬁk—gzsﬁ_;z

50 100 150 200
Hydration (MLt‘cmz]

250

&

-

7
A

,,_m_,ﬂa-—@——ﬁr——@——@

50 100 150 200
Hydration tuLl‘CmZ]

(b) Interdigitate sensors calibration

250

of interdigitated sensors

Alberto Zacchini

Pagina 48



Chapter 5. IN VITRO CHARACTERIZATION 49

5.3 BIA Sensors Characterization

Characterization of the electrodes for Bioelectrical Impedance Analysis (BIA) was
conducted to evaluate their functionality as the water content within the set-up in-
creased. As shown in Figure 5.6, the set-up consisted of four BIA electrodes molded
onto a plastic sheet, simulating the shape of the final device. The electrodes were
attached to a layer of synthetic skin-like patch, which mimicked the resistance of the
skin, and a layer of absorbent spongy matrix was added to simulate the contents
of the arm. The set-up was held together by a plastic material that simulated the
characteristics of bone. The entire set-up was connected to a Keysight E4980AL pre-
cision LCR meter, an impedance meter with a frequency range of 20 Hz to 20 MHz.
The functionality of the instrument was evaluated by recording sensor impedance
data as the water content of the absorbent tissue and spongy matrix increased.
Impedance measurement was chosen as it provides an accurate measurement and
enables the identification of a specific frequency that can optimally discriminate
changes in water content. After numerous trials to optimize the set-up, a test proto-
col was established in which each measurement step was performed by adding 1 mL
of water until 10 mL. was injected into the tissue. In each step, three measurements
were taken and the average of the three values was calculated to obtain a more accu-
rate measurement. In addition, the liquid-free state (dry state) was also measured
to ensure that the initial measurements were correct. Each measurement was made
with an alternating current of 10 mV, in a frequency range of 100 Hz to 200 kHz,
using 61 logarithmically spaced recording points, similar to what was observed in

the In Vitro experiment for interdigitated sensors.

[D]

[C]

[B]

Figure 5.6: Set up for BIA electrodes In Vitro tests,|A| is the plastic material with
the silver electrodes,|B| is the absorbent material layer, [C| is the sponge matrix
layer and |D] is the plastic-bone material.

Test measurements were initially conducted on two prototype sensors to experi-
ment with the set-up and ensure the functionality of the sensors. Subsequently, tests
were performed on three sensors that exhibited correct measurement and printing

characteristics, and the results are presented in the figures.
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In Figure 5.7a, we can see in the upper portion, values of the real impedance
in a range between 100 Hz and 10 kHz, while in the lower portion, values of the
imaginary impedance in the same frequency range. These measurements were highly
effective: as the water content within the set-up increases, a decrease in the modulus
of the impedance (both real and imaginary) is observed, similar to the behavior of

interdigitated sensors.

Particular attention should be paid to the frequencies: it is clear that for specific
values, there is a clear discrimination of the impedance value. This means that in
order to accurately assess the internal hydration state through BIA| it is necessary
to select precise frequency ranges, so that the acquired impedance values are dis-
tinguishable. In this case, for sensor 1, a frequency range between 100 Hz and 30
kHz for the real part, and a range between 100 Hz and 100 kHz for the imaginary
part, are frequencies that allow precise analysis of the impedance value (and thus, of
the hydration state). Higher values, such as frequencies above 1000 Hz for the real
part, resulted in a drastic decrease in the impedance differences, until a condition

of overlapping between the reading values was reached.

Subsequent tests on sensors 2 and 3 were highly satisfactory and comparable to
the measurements made in the first test, confirming the validity of the measurements
and the functionality of the sensors. The characterization exhibited differences in
terms of the size of the impedance values, which should be normalized, but the
graphs clearly demonstrate that the behavior of the sensors is the same during the

tests.

In Figure 5.7b, we observe a decrease in the modulus of the impedance values. By
focusing on the frequency values that best characterize the hydration state, we can
identify a range of 100-20000 Hz for real impedance and a range of approximately
100-50000 Hz for imaginary impedance. Notably, above 2 mL, the differences in
impedance between each step become relatively small, yet still readily measurable

by the impedance meter.

In Figure 5.7c, it was also observed a decrease in the modulus of the impedance
values. Similar to the previous figure, by focusing on the frequency values, it can
be distinguished a range of 100-20000 Hz for real impedance and a range of approx-
imately 100-50000 Hz for imaginary impedance. This allows for greater discrimi-
nation of the measured impedance values. It is worth noting that, particularly in
the real impedance section, values above the indicated range show measurements
that do not correlate with increasing hydration states, making it difficult, if not im-
possible, to interpret the results. The results of the experiments were successful in
demonstrating the functionality and applicability of the BIA sensors. Additionally,
a range of frequencies were established where a difference in hydration could be ac-
curately discriminated. Furthermore, it can be noted that the imaginary impedance

values have a wider range of frequencies where different hydration states can be
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distinguished compared to the real impedance values.

The graphs 5.8a and 5.8b show the average values of sensor measurements and
the calibration curve of the sensors, respectively. The hydration value was converted
to uL/em? knowing that the sensing area of the sensor is 1em?

Both Z,.q and Z;;,,,4 showed the highest sensitivity toward hydration levels lower
than 60 puL/cm? (sensitivity of —0.37 kQ2/(uL/cm?) for Z,.q and of 0.44 kQ/(uL/cm?)
for Zimag). For levels of hydration higher than 80 uL/cm? the system showed lower
sensitivities (—0.04 kQ/(uL/cm?) for Z,cq and 0.01 kQ/(puL/em?) for Z;4,). Good
linearity could be observed in two ranges: for lower hydration from 2 to 60 uL/cm?
(R* = 0.97 for Z,eq and R? = 0.93 for Z;4,) and for higher hydration from 80
to 200 uL/em?® (R? = 0.91 for Z.cq and R* = 0.83 for Zjn.,). Average linearity
error of 2.7% and 3.7 % of full-scale range could be computed respectively for real
and imaginary part of the impedance of interdigitated sensors. Maximum values
of linearity error were respectively of 11.5% and 10 % for real and imaginary part.
Regarding sensors variability a quite high RSD could be observed mainly due to
operator-dependent calibration process exploited. However, RSD lower than 30 %

for Z,ca appear in agreement with RSD showed by similar BIA analyzers [53].
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Figure 5.7: Measurements of all BIA electrodes
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Chapter 6

IN VIVO EXPERIMENTS

In Vivo experiments addressed two specific aims. A first set of measurements was
performed to evaluate the variability among different printed sensors used on the
same site of the same subject at the same time point. A second set of tests was
instead performed to provide a validation of the use of those sensors for monitoring

different hydration conditions in two different healthy volunteers.

6.1 In Vivo characterization

In Vivo characterization was performed by attaching each sensor under test on the
skin of a volunteer in their wrist and secured with irritation-free adhesive medical
tape.For all the sensors, one measurement at 10 kHz was performed for 10 minutes to
test the sensors’ reliability. Three temperature sensors, three interdigitated sensors,
and two BIA electrode in the 4-wire configuration were used for the characterization.

In 6.1 it can be seen that all three sensors are subject to strong variability. The
variability between the sensors is given by the differences during inkjet printing,
while the variability during the measurement of the same sensor can be explained
by the instability of the sensor’s bearing surface, i.e., the skin, either by its geometry
or its surface characteristics. Both initial and final sweep behavior is similar in all
sensors. The percentage differences of the initial and final sweeps are very small: in
the case of the first sensor, an increase of 0.3960% was obtained, while in the second
and third sensors, a decrease in the percentage differences is obtained, -0.1717% and
-0.0235% respectively.

First and second sensors shows an initial transitory phase of around 300s, after
which a steady state is reached. This can be explained by considering the physical
time required to reach the body’s temperature from the initial room temperature.
An average relative change in resistance of 3.1% was computed going from a tem-
perature of 25°C to a body temperature of 36.8°C. This corresponds to a sensitivity
of 0.262%/°C, which agrees with the value calculated in vitro (0.258%/°C)

The average response of interdigitated sensors (fig.6.2) for local hydration moni-
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toring shows an initial transient phase of around 300s before reaching a steady state
value. This suggests considering an initial conditioning period when the bracelet is
worn, which is necessary to reach a stable state. The relaxation behavior is strongly
evident in this type of sensor: analyzing the curve, the percentage difference be-
tween the initial and final sweeps of each curve measure -23.4055% for the first
sensor, -31.4128% for the second and -52.8981% for the third, respectively.

Analysis of the data obtained from the interdigitated sensors revealed that the
time required to reach 90% of the steady-state value for each sensor can be deter-
mined. The results showed that it took 276 s, 269 s, and 334 s, respectively, for
the first, second, and third sensors to reach 90% of the steady-state value, with
an average of 293 s (4.88 min) to reach this threshold. These values were found
to be higher, on average, compared to those obtained from the BIA sensors, which
required an average of 160.75 s (2.67 min) to reach 90% of the steady-state value,
with individual times of 216 s and 105.5 s.

The average steady-state value observed is equal to 886 4 250¢2 and, depends on
the calibration performed in vitro, corresponds to a water content of 200 uL/cm?.
Considering the thickness of around 3 mm of the artificial skin layer, this value
corresponds to a three-dimensional value of 660 uL/cm? or, if expressed in percentage
to 66% of water content. This appears in agreement with the typical physiological
dermal water content [55].

Impedance graphs of the two sets of electrodes were plotted in 6.3, and the
sweep was represented in the form of a Cole plot, to better highlight the behavior of
the electrodes as the frequency changes.As can be seen from the Cole’s graph and
the behavior of the impedances, the electrode groups exhibit the same behavior.
In particular, the impedance relaxation phase after the 10-minute test is also very
noticeable here, with an approximate value of 142.5 Q) for the first electrode group
and 101.1 €2 in the second electrode group.

The average steady-state response measured after this transitory is 78.6 £ 20¢2.
Considering the linear calibration that can be obtained from In Vitro tests and ex-
tending it beyond the range evaluated in the In Vitro setup, the impedance value
measured corresponds to a hydration value of 554 uL/em? or if expressed in percent-
age to 55.4% of water content. This value appears in agreement with total body
water comprises approximately 50 to 60% of adult body weight with a range from 45
to 75%. For the range between 20 to 29 years, corresponding to one of the volunteers
tested with printed sensors, the literature reports an average body water percentage
of 56% [54]. These results strongly confirm the ability of printed BIA electrodes to

measure body water content.
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6.2 In Vaivo validation for hydration monitoring

This chapter addresses the results obtained from In Vivo validation of the printed
bracelet interfaced with portable customized electronics. The goal was to optimize
the device’s size by reducing the sensors, resulting in a more compact cuff that
is compatible with a wide range of individuals. The data collected included body
temperature, hours from water intake at the time of measurement, and impedance
measurements from the temperature sensor, interdigitated sensor, and BIA elec-
trodes. Data were recorded from two healthy subjects under resting conditions.
The temperature was not included since it is a parameter that presents significant
changes only in case of moderate dehydration, while these measurements were per-
formed on healthy volunteers in a relatively short time window after water intake.
Therefore, only small variations are expected.

For both subjects, local and whole body impedance was measured at different
time points (t1 = 1h, t2 = 2h, t3 = 3h) after the water intake. The first measurement
is performed after 1 hour to allow the body to absorb water. The measurements
were performed on the wrist, acquiring the impedance at 10 kHz for 5 minutes.

It was employed a sweep analysis, also known as a Cole-Cole plot, to evaluate
the changes in both real and imaginary impedance in a chosen frequency spectrum
using BIA electrodes. The frequency range used was between 10kHz and 200kHz. In
the figure 6.4, were selected sweeps that correlated with increasing hours from water
intake. The selected sweeps are measurement 4-6(subject 1) and measurements
11-12-13(subject 2). From the graph, it can be observed that the differences in
impedance measurements are clearly visible, where in the case of subject 1, the
impedance values of measurement 6 (corresponding to 3 hours from water intake)
are significantly higher than measurement 4 (corresponding to 1 hour from water
intake). The same pattern can be seen in subject 2, where measurement 13(3 hours
from water intake) is significantly higher than measurement 11(1 hour of fasting),

but there are no major differences from measurement 12(2 hours from water intake).

In Figure 6.5a and 6.5b, the interdigitated and BIA sensor measurements of two
subjects are displayed. The interdigitated sensor shows a noteworthy trend: the
impedance value decreases during the second hour without water intake and then
rises again in the third hour. This trend is most prominent in the first subject, while
it is less pronounced in the second subject because the first two measurements were
not taken during the steady-state phase. The hypothesis for this behavior is that
the local water change occurs approximately 2 hours after the last water intake,
causing a drop in local impedance. In the case of the BIA electrodes, the results
presented in the graph demonstrate the expected behavior. As the elapsed time
since the last water intake increases, a corresponding increase in impedance (real)

is observed, consistent with the expectations set forth in prior documentation and
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Figure 6.4: Sweep Analysis.
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validated through In Vitro testing.
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Figure 6.5: Impedance/Time graph of interdigitated sensors and BIA electrodes.

Figures 6.6a and 6.6b present the average measurements of the impedance values
of the interdigitated sensor and BIA electrodes. Consistent with what has been said
about the behavior of the interdigitates, the graph seems to assume a delay in local
hydration during the second hour without water intake, and then resumes with an
increase in impedance during the third hour. The same trend is observed in both
subjects. In both subjects BIA electrodes show a clear upward trend as the time
without water intake increases. The visible difference is that the impedance increase
is greater in subject 1 than in subject 2.

To clarify the disparities between the two subjects’ measurements, normaliza-
tions were applied. The normalization procedure for the interdigitated electrodes

involved subtracting the initial value and applying FSR normalization, as depicted
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in Figure 6.7a. This highlights the percentage change from the initial value for each
subject and highlights the decrease in impedance observed in the second hour (due
to delayed local hydration), followed by an increase in the third hour. Although
inter-subject variability is evident, it is attributed to the unique characteristics of
each subject.

For the BIA sensors, a normalization procedure involving subtraction of the
minimum value was performed and is presented in Figure 6.7b. This normalization
is crucial in revealing the similarities in the behaviors of the BIA electrodes between
the two subjects, with a difference of approximately 20% FSR in the measurement

taken after 2 hours.
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Chapter 7

CONCLUSION AND FUTURE
DEVELOPMENTS

In conclusion, this work demonstrates the preliminary In Vivo testing of a multi-
sensory dehydration monitoring platform, combining the low-cost, flexible bracelet
with customized, light-weighting, portable electronics. The device utilizes a combi-
nation of resistance,local hydration monitoring, and body global composition anal-
ysis to provide an accurate and non-invasive measurement of hydration levels. The
results of the study indicate that the prototype is able to measure hydration levels
and detect changes in hydration status. In particular, sensors In Vitro characteri-
zation allowed to confirm the ability of the sensing element to follow changes in the
targeted quantities and enables the selection of a single frequency for simplifying
measurements with the portable electronics. In Vivo characterization showed re-
sults in agreement with the measurements performed in Vitro, after an initial time
needed to reach the steady state. Preliminary In Vivo tests performed on two sub-
jects confirmed the possibility of detecting proportional changes in both local and

global impedance due to changes in the body’s hydration status.

Future developments for the device will mainly focus on improving the design
of sensors and interconnection with portable electronics, testing in particular, re-
producibility and stability of measurements. Also, the device could incorporating
additional sensors to measure other important hydration-related parameters such as
blood glucose levels or electrolyte levels. Another possible development is the detec-
tion of arterial pulsation for capturing ECG data using electrodes for bioimpedance
analysis. Other possible avenue for future development would be to optimize the
device’s design to make it more compact and user-friendly. It could also be useful
to conduct further studies to validate the device’s performance in different popula-
tion groups and under different environmental conditions. Additionally, it could be
interesting to investigate the possibility of integrating the device with a mobile ap-
plication that would allow users to track their hydration levels over time, providing

real-time feedback and personalized hydration recommendations. With develop-
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ments in the field, the possibility of implementing Al to classify the subject’s state
and suggest water replenishment could be an advantageous direction for the tool,

but large data collections are needed to implement it successfully.
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