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Abstract

Sweat analysis has the potential to become a new method in the wearable monitoring technology mar-
ket by providing new and more precise physiological parameters. The need for more accurate sweat
sensors has not allowed setting a correlation between sweat constituents and a person’s health status.
The development of this research field could lead to the creation of a new non-invasive method in the
medical sector.

This study provides a new sweat analysis method for real-time health monitoring while performing
physical activity. A sweat analysis system has been developed for the analysis of sodium and chloride
ions found in sweat. A patch is adhered to the skin, wicking sweat by capillary action into a microchan-
nel system. The integration of a potentiometric sensor inside this patch allows for the analysis of sweat
in situ. Two ion-selective electrodes and a reference electrode are produced and tested for the correct
functioning of the sensor. In addition, a read-out circuit is used for the real-time monitoring of sweat
ion concentrations during physiological experiments carried on an ergometer.

The developed sweat analysis system proved to be a functional device capable of collecting and
analyzing sweat in real-time. Wireless data transmission would avoid malfunctions in the system’s
connection and allow new tests in different sports environments. Future research should focus on
validating the sensor with further physiological tests to set a stronger relationship between ionic sweat
concentrations and the health status of a person.
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Introduction

The study of sweat during physical activity lacks health monitoring systems capable of collecting sweat
constituents without contamination and effectively analysing them in real-time. This graduation project
will aim to expose this problem statement and propose a novel engineering solution for it.

This section will first focus on the clinical background information related to the problem statement
previously exposed. Current technologies on the real-time monitoring of athletes during exercise will be
overlooked, especially regarding sweat monitoring. Afterwards, the project objectives will be presented
and the thesis outline exposed.

1.1. Wearable monitoring technology in sports

Sports have a crucial role in the society nowadays. It influences the economy, politics, racism, religion
and every other aspect of modern life [1]. Just in the USA, a total of 100 billion dollars are spent per
year by Americans on sports equipment, sporting events or gym memberships [2]. In the Netherlands,
it was observed that Dutch people spend an average of 1000€ per year on sports. This expenditure
contributes to almost 1,5% of gross income in the Netherlands [3]. This investment keeps increasing
as people are more concerned about the importance of exercising to stay healthy. Therefore, there is
a great interest from companies to invest and participate in this big market worldwide.

Attention has lately been focused on improving athletes’ health quality to enhance their performance
and offer a better show. In order to do so, technology has recently taken an essential role in the pro-
cess [4-6]. Technology helped to understand better the chemical and mechanical processes the body
of a professional athlete goes through when performing to their maximum [7]. Teams are constantly
pushing athletes to test the maximum physical strength their bodies can withstand. Thus, this industry
needs to be constantly updated to achieve sporting perfection and it uses the latest technology to do so.

Until very recent years, the research concerning the study of biometric and physiological signals
has been limited in laboratories with many types of equipment and of big sizes. The introduction of
wearable technology in the market allows for acquiring and studying long periods of exercise with an in-
person approach. This progress is mainly thanks to sensors, as well as integrated circuits, textiles and
other elements. This wearable monitoring technology (WMT) is already making significant progress
and it will have a great impact on the sports market shortly [8]. Currently, technological companies are
already entering the marketing of wearable sensors to measure physiological signals (see Figure 1.1).

WMT can be divided into two types of categories depending on the parameters measured by the
device. Firstly, some aim to measure the athlete’s body movement using technology such as accelerom-
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Figure 1.1: Wearable technology in different industries [9]

eters, magnetometers or Global Positioning System (GPS). Secondly, other types of sensors focus on
measuring the physiological parameters in the athletes’ body during exercise. These last types of sen-
sors measure signals such as heart rate, muscle activity or even brain signals.

Physiological sensors will be the focus of this project to understand how much feedback WMT can
give on an athlete’s health status during physical activity.

1.1.1. Physiological sensors for real-time monitoring

Sensors can acquire different physiological signals emitted by the body during physical activity. As
previously mentioned, the heartbeat or muscle activity are signals of interest to get the body’s real-
time health status. Besides these examples, a new method for measuring physiological signals comes
through the analysis of sweat.

The monitoring of these signals can be critical to avoid injuries and body breakdowns during high-
intensity periods. In the early 21st century, a study tried to measure the socioeconomic costs resulting
from sports injuries in Flanders. This study showed that Flanders’ direct and indirect medical costs
involved in acute insurance-claimed injuries to over €100 million per year. Results showed how neces-
sary it is to have a development on the research for sports injury prevention. Even though the benefits
of doing sports outweigh the costs of injuries, their prevention can have a considerable impact on the
socioeconomic consequences [10].

Heart rate monitoring

Heart rate sensors are an excellent method to indicate the physiological adaptation and intensity
of effort. These types of sensors currently use light in order to measure the heart rate of the athlete.
The method behind is called photoplethysmography and consists of the emission of light to measure
blood flow, and therefore linking it to heartbeat [11]. Heart rate sensors can be very relevant in sports
as they show the athlete’s heartbeat and directly derive the oxygen consumption (VO,) and the energy
expenditure. This method requires calibration of the heart rate data, which powerful wearable devices
can do precisely [12].

Heart rate feedback can be effective to know the intensity of the exercise and check any abnormal-
ities on the pulse. However, it does not give any information on other essential aspects as hydration
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levels or salt concentration in the body.
Muscle monitoring

By using sensors attached to the different muscles of the body, much information can be derived
from them. Electromyography (EMG) can be used not only to analyse the performance of an athlete’s
muscles and in order to avoid injuries [13]. Regarding the first objective, there have been recent im-
provements in data analysis by using wearable surface electromyography (SEMG). This method can
give real-time data to analyse the motion of the muscle [14]. Muscle injuries are the most common type
of injury in sports, constituting between 20% to 55% of all injuries [15]. There is a great interest in both
avoiding and faster treating these types of injuries. That is the case in football, where sEMG allowed
us to understand better how hamstring injuries were produced and how to avoid them by proximal neu-
romuscular control [16].

Muscle monitoring can help prevent injuries once they are close to happening. However, as with
heart rate monitoring, many injuries could be early predicted if more physiological characteristics of the
body were known.

This lack of more precise physiological feedback on an athlete’s health status leads this project to
focus on a new approach to the problem: sweat monitoring. Section 1.2 will expose the potential of
this process in the real-time health monitoring of sports, as well as in other medical applications.

1.2. Sweat monitoring

In addition to the last examples, there has been a rising interest in the study of perspiration. Sweat is
present on the skin of every person during physical activity. It regulates the body’s temperature when
exercising, but sweat composition can also be fundamental to monitor the body’s status. Research in
the last decades has shown the potential of sweat analysis for measuring hydration of the body as well
as to avoid extreme salt loss [17-19].

In high-competition sports, dehydration is considered the primary challenge to physiological home-
ostasis and performance. Most people lose as much as two litres of body fluid during one hour of exer-
cise. However, an athlete may lose as much as three litres of fluid an hour during an intense workout.
Fluid loss in endurance activities such as distance running, cycling, strenuous hiking, or cross-country
skiing can be severe. These types of activities can quickly lead to heat exhaustion. In endurance ath-
letes, dehydration can cause symptoms called post-extreme endurance syndrome (PEES). Symptoms
of PEES include decreased body temperature, nausea, vomiting, diarrhoea, dizziness, headache, mus-
cle cramps, and an inability to drink fluids [20].

However, dehydration usually does not cause symptoms, so it is commonly thought that water in-
take could be done once the exercise is over. However, hydration can have a significant impact on
the performance of the sport even if o symptoms appear. A loss of sweat equal to 2% of body weight
causes a noticeable decrease in physical and mental performance. Losses of 5% or more of body
weight during physical activities may decrease the capacity for work by roughly 30% [21]. Dehydra-
tion could be avoided by monitoring sweat during a long and exhaustive period of exercise where high
quantities of sweat were secreted.

Moreover, losing high quantities of sweat does not only derive from water loss. The body also loses
salts present in the substance through sweat, mainly sodium (Na) and chloride (CI) ions. When blood
sodium concentration falls to an abnormally low level, there is a rapid and dangerous brain swelling that
can result in seizures, coma, and even death. This condition is called hyponatremia, and despite being
rare to occur in athletes, it has taken the lives of marathon runners and military recruits. Thus, athletes
should be more aware of their levels of salt loss in sweat in order to replace it with sodium-containing
beverages or food during the physical exercise [23].
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Figure 1.2: Effect of dehydration on physical performance [22]
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As previously mentioned, current research is on track to develop a system capable of monitoring
the health status of the athlete during exercise. Regarding dehydration, recent studies have shown a
correlation between electrolyte concentration and the athlete’s dehydration. Changes in this concen-
tration can relate to the amount of sweat being lost [24]. In the case of salt losses during exercise,
reading of trim concentration levels of electrolytes in sweat can relate to low levels of salt in the body
[17]. These studies will be exposed in chapter 2.

The current barrier for sweat monitoring during physical activity is the lack of devices to collect and
analyse sweat in situ. Literature research carried before this project came to show the obstacles for
more efficient sweat analysis. Sweat analysis methods nowadays first try to collect sweat to analyse it
in the lab later on. This process shows the inability of the athlete to react in time if suffering dehydration
or extreme salt loss. In addition, concentrations of sweat constituents are low, so minimum contam-
ination of the sample leads to its inaccurate analysis [25]. Finally, sweat production occurs at a low
rate (nl min—! mm~—2) and the incapability of sensors to measure such reduce amount of analyte bring
inaccurate results [26].

1.2.1. Sweat monitoring in medicine

This project will be mainly focusing on the analysis of sweat during physical activities. However, sweat
analysis has the potential to become a monitoring tool in other fields. Sweat monitoring can also help
cystic fibrosis patients and correlate constituents found in sweat and blood.

Cystic fibrosis is a genetic disease that affects people who have inherited two faulty versions of a
gene for CFTR (cystic fibrosis transmembrane conductance regulator), a protein necessary to remove
chloride in cells. Having such a mutation is shown in sweat, which possesses a much more elevated
concentration of chloride than in a healthy patient [27]. Progress in sweat research has allowed creat-
ing a fast and efficient test that can determine if a patient most probably is carrying this mutation in its
DNA without the necessity of going through a genetic test. The test is simple, as it only requires the
stimulation of sweat (called iontophoresis) and the following collection of it using a patch. The sweat
is then analysed in the laboratory and the concentration of chloride is obtained. Average values of [Cl]
are less than 30 mmol/L, but a patient with cystic fibrosis will have values above 60 mmol/L [28]. This
process shows how sweat monitoring can contribute to the medical and physical condition of a patient.

In addition, other constituents besides sodium and chloride can be found in sweat, such as glucose.
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This molecule has always been the main blood constituent for the diagnosis and monitoring of diabetic
patients. However, to analyse diabetes, there needs to be an estimation of the glucose concentration
in blood using invasive methods, with the pain, inconvenience, and blood waste such as the fingerstick
blood glucose testing. Thus, new methods are trying to analyse glucose through sweat [29, 30]. It has
been observed that sweat glucose concentration is much lower than such in blood, being in the micro-
molar range; usually less than 100 uM. Sweat glucose seemed to rise at the beginning of constant-rate
exercise, to then fall [31]. Studies show that high levels of glucose injected in blood lead to double
normal sweat glucose concentration [32]. However, the utility of glucose as a sweat biomarker is still
controversial, especially as an actual correlation between blood and sweat is not yet established.

Another example where sweat analysis can be helpful is measuring alcohol levels present in the
body. As a non-invasive method, this method could accurately provide a convenient means to monitor
alcohol consumption [33]. These processes show the tremendous potential sweat monitoring can have
not only in sports but also in other areas of health monitoring.

1.3. Project objectives

Literature research on sweat analysis devices has shown a lack of health monitoring systems capable
of acquiring and analysing perspiration in real-time. Perspiration during exercise allows for the cooling
down in the body, leading to dehydration and a loss of salts in high-performance athletes. Attempts
have been made to monitor sweat constituents, but it has not yet been able to constantly obtain sweat
data feedback related to the athlete’s health status.

A precise measurement of sweat constituents can lead to the regulation of body electrolytes, es-
pecially for sodium and chloride ions, being the most abundant in sweat. This controlled analysis can
also avoid the dehydration and muscle exhaustion of athletes. Addressing this issue will also help to
monitor diseases which can be detected through sweat (cystic fibrosis) [27], as well as to monitor sub-
stances present in the body (glucose or alcohol) [33]. This step forward in sweat analysis will help it to
be considered as a non-invasive health monitoring process.

This project aims to determine and build a precise system capable of collecting and analysing sweat
chloride and sodium concentration during physical activity. The most suitable collecting and sweat
analysis methods will be chosen to build this non-invasive device using cutting edge technology. The
research question that wants to be answered in this project is:

How can sweat sodium and chloride ions be effectively collected and analysed using a pre-
cise sensing system during physical activity for real-time health monitoring?

Throughout this project, the first aim will be to answer this research question. In addition, this report
will show all the work done to design and build this system and show the results obtained after testing

the device. Finally, an evaluation of the project will be stated, together with an orientation for future
research on this field.

1.4. Project outline

The structure of this project will be as follows:

1.4.1. Literature study

Chapter 2 will first focus on explaining the process of perspiration. In order to collect and analyse sweat,
it is first necessary to understand its process and composition. By the end of the chapter, a conclusion
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will be stated, specifying on which aspect of sweat analysis this project will focus on.

1.4.2. Study, building and validation of the sweat analysis system

This section will be divided into the two main structures of the sweat analysis system: the sweat sensor
and collector. Chapters 3 and 4 are focused on the process for building the sweat sensor and collector,
from a small literature review to its final validation. The integration of the sweat collector and sensor, as
well as the final process of physiologically testing the sweat analysis system and the results obtained
is explained in Chapter 5.

1.4.3. Final discussion and conclusion

The discussion and conclusion derived from the results obtained are shown in chapters 6 and 7. In this
section, the recommendations for future development of the sweat analysis device are included.



Monitoring of sweat

In this chapter, all the necessary information for the accurate monitoring of sweat is presented. Firstly,
the entire perspiration process is evaluated and explained. Secondly, Section 2.2 will review the com-
position of sweat, showing the main constituents found in it. Finally, Section 2.3 will introduce the main
focus points of this research for analyzing sweat during physical activity, the requirements needed in
the project and the validation process.

2.1. Perspiration process

Sweat is a very complex substance in which there is a great variety of chemical compounds [17]. Our
skin is filled with tiny glands that segregate sweat onto the skin’s surface for several reasons. However,
not all sweat glands are the same and sweat from different parts of the body is produced in different
ways. When exercising, sweat segregation occurs in the face and upper body, while hands tend to
sweat more under emotional strain. This event is due to the different sweat glands activation system
[34].

The nervous system is in charge of the thermoregulation of the body. When working hard or feeling
hot, the body communicates these feelings to the brain through nerves. In response, the brain sends
messages back along the nerves to the sweat glands, telling them to increase the operation of the
body’s cooling system. However, other sweat glands are controlled by hormones instead of nerves.
Most of these sweat glands are on the palms of the hands and the soles of the feet and start producing
sweat due to hormonal changes on the body (such as the activity of adrenalin).

This project aims to study the sweat produced during physical activity for thermoregulatory purposes.
Thus, it is necessary first to understand the differences between types of sweat glands in the skin. It
is also essential to study this fluid from a biological point of view to see where it is produced and
segregated and its composition.

2.1.1. Types of sweat glands

There are three main types of sweat glands: eccrine, apocrine and apoeccrine [35]. Eccrine glands are
the most abundant type of glands in the skin, and they are responsible for most of the sweat secreted.
However, apocrine and apoeccrine glands also play a role in the final chemical composition of sweat,
so it is necessary to understand their function in the production of sweat.

Eccrine sweat glands are located almost everywhere in the skin, except for the ear canal and some
parts in the genital areas. These glands rely on the dermis, and they can excrete directly onto the
skin’s surface or through hair pores. There are approximately between 1.6 and 4 million eccrine glands
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distributed on the body surface. They are most numerous on the sole (~620/cm?), then the forehead
(~360/cm?), the cheek (~320/cm?) and the palms (~300/cm?). Eccrine sweat glands are least numer-
ous on the trunk (~65/cm?) and the extremities (~120/cm?) [36]. Under sweltering conditions, the body
can produce up to 10 L of sweat per day, but the normal production is around 0.5-1 ml/min. Also, it
is known that at least 5% of all sweat glands are constantly active, which shows the enormous role of
sweat production [37].

Eccrine glands begin to develop in palms and soles when the embryo is 3 months old and around
5 months in the rest of the body [35]. These glands keep forming during the early months of childhood,
until approximately 2-3 years of age, when the total number of eccrine glands stops increasing [17]. It
is crucial to take into account that the skin surface has kept increasing for many more years. Thus,
babies have a higher density of eccrine glands than human adults. However, it is common to think
that higher sweat gland density will result in a higher sweating rate. As F. Sato et al. showed, sweat
rate is not related to the sweat gland density, but more to the differences in sweat secretion per gland
[38]. Eccrine sweat is mainly formed of water and salt (NaCl), but it also possesses a mixture of other
chemicals compounds. The structure and function of eccrine glands and their chemical composition
will be explained thoroughly in the following sections.

Besides eccrine glands, there are also two other types of sweat glands: apocrine and apoeccrine
glands. Apocrine glands are related to the production of pheromones to emit body odour, secreting
its viscous substance through hair follicles. In the case of apoeccrine glands, they are a mixture of ec-
crine and apocrine glands. They secrete directly onto the skin but are only found in the axilla, probably
necessary for its better thermoregulation.

Lastly, there is a fourth type of gland, sebaceous glands. These glands are not considered sweat
glands, but they also secrete a substance called sebum into the skin’s surface. Little is known about
these glands, but the accepted conclusion of why humans developed them is thought to be related to
the importance in the thermoregulation process of hunter-gatherers groups developed thousands of
years ago [39].

"| Apoeccrine gland
' Y

Apocrine gland — i'-\

Figure 2.1: Different types of glands in the axilla [17]

After knowing what type of glands are in charge of secreting sweat into the skin’s surface, it is crucial
now to understand the composition of the sweat and how it is produced. Eccrine glands are the most
abundant in our body and the major contributors to final sweat composition during physical activity.
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Thus, from further on, the attention will be focused on the sweat production and composition of eccrine
glands.

2.1.2. Sweat production

Eccrine sweat glands have an average size of around 3 to 5 mm in length, located in the skin’s dermis.
It is composed of a secretory coil and a relatively straight sweat duct that opens to the skin’s surface.
The sweat gland is composed of two types of secretory cells: dark and clear cells and a type of struc-
ture supporting cell: myoepithelial cells. Regarding the duct (also divided into proximal and distal), we
can find luminal and basal cells in it [17, 40]. For all these types of cells, it can be defined as an apical
membrane facing the lumen, and a basolateral membrane, in contact with the blood or other cells. Fig-
ure 2.2 shows the previously explained structure visually.

Clear cells are in charge of the secretion of primary sweat, mainly composed of isotonic and blood
plasma. They have many mitochondria and membrane villi, extending to excessive sweating in patients
with local hyperhidrosis. On the other hand, dark cells barely have any mitochondria and membrane
villi, and they were long thought to have a small role in the secretion of sweat [41]. However, it has
recently been discovered that dark cells can rapidly change their ion concentration due to stimulation
with methacholine [42]. Thus, besides the contribution of dark cells on secreting glycoproteins and
antimicrobial dermcidin, they also play an essential function in sweat secretion by assisting clear cells.
Dark cells can be easily differentiated from clear cells as they have an abundance of dark cell granules
in their cytoplasm [17]. Myoepithelial cells’ function is to support the gland against the hydrostatic pres-
sure produced during sweat secretion.

Regarding the function of the duct, it mainly focuses on the reabsorption of Na™ and CI~ ions in
sweat, especially in the proximal duct, as cells here have more mitochondria and Na-K-ATPase activity
than those at the distal duct [43]. The different anatomy structures previously mentioned can be ob-
served in Figure 2.2.

Mouse eccrine gland Suprabasal

e \ul | inal I
W\t\'\?q (luminal) ce

Basal cell

T Duct Basement membrane

Secretory coil l

Clear cell
~
Myoepithelial
% cell
Secretory
lumen Dark cell
: Basement
membrane

Figure 2.2: Mouse eccrine sweat gland and cellular constituents. The eccrine gland comprises a secretory coil in the deep
dermis and a relatively straight duct open to the skin surface (left panel). The secretory coil contains three types of cells, clear,
dark and myoepithelial. Clear and dark cells are secretory cells, and myoepithelial cells form a major niche for sweat gland
stem/progenitor cells (right lower panel). The sweat duct consists of luminal and basal layers where ions are partially
reabsorbed (right upper panel). [41]
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Sweat secretion

Sweat secretion is controlled by the central nervous system, and depending on which type of sweating
is occurring, specific neural centres control them. For example, an external stimulus can induce sweat
secretion, as it happens in response to emotions, causing sweat secretion in palms and soles. When
eating spicy food, sweat is also secreted due to gustatory stimulus, especially in the glands located
on the face. However, the most important one is the action of hypothalamic sweating, in charge of
the thermoregulation of the body, responding to elevations in body temperature [44]. Eccrine sweat
glands can respond to both core temperatures (in the case of fever) or peripheral temperatures due to
an elevation of the skin temperature.

The neural order to start producing sweat arrives at the glands through acetylcholine. This neuro-
transmitter attaches to the muscarinic receptors in the basolateral membrane of the clear cells, trigger-
ing a release of intracellular Ca stores and an influx of extracellular Ca into the cytoplasm [17]. This
influx produces the contrary efflux of KCI through CI~ channels in the apical membrane and K chan-
nels in the basolateral membrane. The cell shrinks, which triggers an influx of Na*, K+, and CI~ via
Na-K-2Cl cotransporters on the basolateral membrane. Subsequently, there is Na* and K+ efflux via
Na-K-ATPase and K+ channels on the basolateral membrane and CI~ efflux via ClI~ channels on the
apical membrane. CI concentration increase in the lumen creates an electrochemical gradient for the
movement of Na across the cell junction [45]. The primary process of sweat secretion is illustrated in
Figure 2.3.

lon reabsorption

After ions are secreted into the lumen, they have to travel through the duct, where a proportion of them
will be reabsorbed through the luminal and basal cells, especially in the proximal duct where there
are more mitochondria and Na-K-ATPase activity. Na reabsorption occurs passively through amiloride-
sensitive epithelial Na channels (ENaC). The transport of Na across the basolateral membrane in the
basal cells occurs through Na-K-ATPase. This process also triggers the passive efflux of K onto the
basal cells through the basolateral membrane [46] as seen in Figure 2.3.

el Lumen Lumen
membrane
| r'y
L
3 ™
[ NG 2 » =
% = |
i | i laQP-5 o ENaC S
g 3 1 3Na* o iNa
Muscarinic K C|° Hzoe ' 2 ¢ 3 o
receptor p - o g
i (5] ; ] -
: Y et Sweat = §
e - : =
Tight junction Clear cell o iy 3 m
; Na* CFTR CFTR 3
Cell : e «-o-Cl
shrinkage .
- a
o_, N
Nay |-
: a
Sympathetic =
post-ganglionic e ' a
neuron |
. — Activetr rt
Basolateral Apical ¢ ".e anspo
membrane membrane | » Passive transport

Figure 2.3: Mechanisms of sweat secretion in the secretory coil (left). Reabsorption of ions in the proximal duct (right). [17]

Regarding the absorption of Cl—, it is also produced passively through cystic fibrosis membrane
channels (CFTR) on both the apical and basolateral membranes (see Figure 2.3). These membranes
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are thought to be intercorrelated, and work as a syncytium [17]. The rate of reabsorption for Na* and
Cl~ has also been investigated, and it seems to show that the higher the sweating rate, the lower re-
absorption rate of ions, making the final concentration of ions in sweat higher [47].

On a similar note, the secretion of sweat in the clear cell and the reabsorption of Na require energy
consumption (ATP activity). The primary source of this energy is thanks to the oxidative phosphoryla-
tion of plasma glucose, making the sweat glands depend almost exclusively on exogenous substrates
[48]. Studies have shown that exclusion of glucose and blood from isolated sweat glands have inhibited
the secretion of sweat, which comes to show there is a significant dependency on oxygen supply for
the secretion of ions as wells as for its reabsorption [49].

2.2. Sweat composition

In order to study the composition of sweat, many previous steps need to be set and taken into account.
Regarding the methodological considerations when measuring sweat, it has been widely studied how
methodology affects sweat secretion and its composition. Two important conclusions were taken out
from the research done by L. Baker. The first one highlights the importance of ensuring the same con-
ditions during the sweat measurements, especially the stimulation method and the location of sweat
collection. The second point shows that even after a thorough skin cleaning and preparation, some
residual contents coming from the sweat duct and sebum secretions or skin surface contaminants can
be collected. These components will lead to contamination of sweat which can overestimate the amount
of some of those particles [17]. The structure of this methodology should also have some main stages
to consider when interpreting and studying the sweat composition. These stages can be divided into
skin cleaning/preparation, sweat stimulation, sweat collection, sample storage and analytical technique.

(CEMEETELER SRR Biomarker for physiolo Reference
[mmol/L] dependence phy oy
Sodium 10-90 Yes Dehydration, indirect sweat-rate [17-19]
Chloride 10-90 Yes Dehydration, indirect sweat-rate [17-19]
Potassium 4-24 No, pr%ﬁ’g:('f”a' to Muscle activity [19, 50]
Calcium 0.5-3 No Homeostasis, stress fractures [19, 51]
Magnesium 0.02-0.4 Various Muscle strength, aerobic [19, 51]
performance
Iron 0.0001-0.03 No Muscle activity, anemia [17, 52]
Lactate 5-40 No Muscle actlvll'fy, .aC|d—base [17, 49]
equilibria
Urea 4-12 No Acid-base equilibria [17, 49]
Ammonia 0.5-8 No Exercise intensity [19, 53]
Bicarbonate 0.2-2.5 Various Acid-base equilibria [19]
pH 4-7 Dependence from Acid-base equilibria [19]
other species

Table 2.1: Concentrations of sweat micronutrients and non-micronutrients.

The exact composition of all sweat constituents is still far from being precisely defined, both for mi-
cronutrients and non-micronutrients. The first ones relate to main ions and vitamins and trace minerals,
while non-micronutrients refer to products of metabolism, proteins, amino acids and toxicants. Except
for the higher concentration micronutrients (Na, Cl and K), the lack of data does not allow for setting
precise normative ranges for sweat constituents at this time. Instead, literature can give broad ranges
for all constituents, which can provide a particular order of magnitude, from the lowest concentrations
(minerals and heavy metals) to the highest ones (NaCl). These differences in concentration for sweat
constituents can be observed in Table 2.1, as well as its dependency on sweat rate and its role as a
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biomarker. It needs to be understood that not all components of sweat are mentioned in the table, but
they constitute the main ones in sweat.

Even if the concentration of sweat’s constituents can be more or less set in a specific range, the
secretion process of these components is still unknown except for Na and Cl. Some mechanisms may
be active and others passive, as well as it has been observed that some particles are secreted due to
the actual process of sweat gland metabolism (lactate and urea) [49]. Thus, only the mechanism of Na
and CI can be further explained in detail.

Regional [Na] is usually between 10 to 90 mmol/L, whereas whole-body sweat [Na] is measured,
the final concentration is 20 to 80 mmol/L approximately. In the case of [Cl] the regional measurements
have shown to be similar to [Na], but whole-body concentration seems to be slightly lower, reporting
values of between 20-70 mmol/L [54]. Table 2.1 explains how these two ions’ concentrations act as
biomarkers for showing body dehydration.

2.3. Sweat sensing system

After reviewing the physiology of sweat and its composition, the main focus of this project will be on
its accurate analysis during physical activity. As observed, chloride and sodium are the principal ions
in sweat, and they can provide high information monitoring physical activity. The relationship between
these ions concentrations and the athlete’s health status can provide a deep understanding of whether
or not the athlete is suffering from dehydration or salt loss.

Sweat analysis requires building a sensing system capable of acquiring and analyzing sweat in
real-time using electrochemistry. An electrochemical sweat sensor is composed of three main parts
essential for the analysis: microfluidic device, sensing system, and electronic component [55]. The
microfluidic device will acquire sweat from the skin and guide it to the sensing system. In this system,
the electrochemical reaction will occur in order to analyze the sweat constituents. Finally, the electronic
component will read the signal from the sensing system and convert it into the final result, the ion con-
centrations in sweat.

Read-out
circuit

Collector Sensor

Figure 2.4: Overview of the parts needed for the sweat sensing system.

As observed in Figure 2.4, the three main parts for the sweat sensing system are:

» A sweat sensor capable of measuring chloride and sodium ions for small quantities of sweat.
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» A sweat collector to reduce contamination of the sample and provide time for the sensor to ana-
lyze sweat.

» An read-out circuit for the sweat sensor.

As already mentioned, previous work done by T. Bakker developed a functional read-out system, the
electronic component of the system [56]. Bakker also developed a sweat sensor, encountering some
issues during the production stage. Considering the project’s goal, time constraints, and background
knowledge, it was decided to focus on the improvement of the sensor and use the same read-out cir-
cuit, which was still fully functional. In addition, this project will focus on the design of a sweat collector
capable of acquiring and guiding sweat through microfluidic channels.

2.3.1. Requirements
As the sweat analysis system is a complex structure, some requirements are set before building the

sweat sensor and collector. The aim will be to fulfil these conditions to build the most efficient sweat
sensing system.

» The system should be capable of reliably monitoring a patient for one hour of exercise.

— The region of interest for measuring chloride and sodium concentration should be between
10 mmol/L and 100 mmol/L.

— Measurements should have an accuracy of +2 mmol/L.

» Sweat collection must avoid the contamination of sweat samples.

— Accuracy in sweat analysis directly depends on the invariability of the sample during its col-
lection.

» The system should reduce the sweat flow speed to increase the time for sampling.
— Response time of the sensor should be estimated.

— Reducing sweat flow should not influence on the accurate analysis of ion concentrations.

* The materials and techniques used to build the system should enable the end product to become
a comfortable and wearable device

— Biocompatible materials should be used to avoid skin irritation.
— Any electronics must be isolated from the patient.

— The system should be condensed into a single wearable device.

2.3.2. Validation

The validation of the sweat sensing system is divided into four steps:

1. The three sub-parts are validated on themselves in a laboratory setting.
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2. The sweat sensor and collector are integrated with the read-out circuit and validated in a labora-
tory setting.

3. The entire sweat sensing system is validated on human volunteers.



Sweat sensor

Sweat needs to be analysed in order to measure the different constituents in it. For this project, it is of
particular interest to estimate ion concentrations found in sweat. This chapter will start by evaluating
and selecting the most suitable analytical technique found in literature to analyse sweat. Afterwards,
the design and fabrication methods for building the sweat sensor will be exposed. Finally, the validation
results of the sensor will be shown.

3.1. Analytical techniques in sweat sensing

All electrochemical techniques for analysing sweat have in common the use of reduction and oxidation
reactions, known as redox reactions. Electrons travel from one reactant to the other, one chemical
species losing these electrons (called the reducing agent), and the other species gains those electrons
(the oxidising agent). An example of this type of reaction is shown below.

Oxidation reaction: Zn — Zn?t + 2e~ (3.1)

Reduction reaction: Cu?T +2¢~ — Cu (3.2)

From equations 3.1 and 3.2, it can be observed how Zn is the reducing agent (loses electrons),
while Cu is the oxidation agent (gains electrons). In a redox reaction, the side where the oxidation
takes place is called the anode, whereas the side where reduction occurs is called the cathode. These
two processes take place simultaneously, as they cannot happen independently, and each of them is
called a half-reaction. The two half-reactions together form the complete redox reaction. Each half-cell
has a standard electrode potential (E°.ell), which corresponds to the driving forces occurring at the
electrode during the reaction process. The total potential difference of the redox reaction is the differ-
ence between both half-cells, and it is called the Electromotive Force (see equation 3.3).

Egell = Egathode - Egnode (33)

However, to measure the potential differences between each half-cell, the reaction needs a com-
plete loop for electrons to jump from one half-cell to the other. Thus, a salt bridge connecting the anode
and the cathode is used to close this gap. The redox reaction allows measuring the electrons being
transferred. In order to link these electrical properties into chemical features, the total charge in the

15
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redox reaction can be linked to the number of moles (n) involved in the reaction and the Faraday con-
stant (F'), as shown in equation 3.4.

g=n-F (3.4)

Taking into account the previous information, the reaction on each half-cell can be standardised, as
seen in equation 3.5 and 3.6. Where M4 and Mg are the two elements involved in the solution. In this
case, the reaction occurs between a membrane (electrode) and the ionic solution (electrolyte).

Anode: MY — M3 4 ne™ (3.5)
Cathode: M3t + ne™ — MY (3.6)

Finally, when measuring the specific concentration of an ion inside a solution, it is possible to calcu-
late the potential on one half-cell by making the other half-cell the reference electrode (by convention,
the anode). This reference half-cell has to provide always a known and stable potential to measure
the potential on the other half-cell (by convention, the cathode). In section 3.2.3 the most common
materials for reference membranes will be listed, and the reasoning for choosing the most suitable one
for this project will be explained.

As already mentioned, there are different techniques available nowadays in order to analyse sweat.
The criteria to choose between them depend on several factors, such as whether the analysis is done
in the laboratory or on the field. Several studies have investigated and compared different techniques
such as ion chromatography, flame photometry, direct and indirect ion-selective electrode (ISE) or ion
conductivity. In particular, a study compared sweat [Na] using some of these different analytical tech-
niques [57]. Results showed variability of around 12% between them, which concluded that they should
not be used interchangeably.

Sweat [Na] has been the most abundant constituent analysed in many different methods [17]. Re-
garding the precise measurement of sweat [Na], there is a specific ranking that most studies coincide
with when accuracy is compared. Having variations between 4% and 30% depending on the technique,
ion chromatography and ion-selective electrodes seem to be the least accurate of all of them. After-
wards, flame photometry provides higher accuracy for the sweat [Na]. Finally, ion conductivity shows
the most accurate results for estimating the total [Na] in sweat [58—60]. Once these methods have
been presented, it would be interesting to briefly understand how they work before choosing a specific
technique for our project.

lon chromatography

This technique is a variation of liquid chromatography, which measures concentrations of ionic
species by separating them based on their interaction with a resin. lonic species are separated differ-
ently depending on the type and size of the particles. The solutions go through a pressurised chro-
matographic column where column constituents absorb ions. Eluent is used as an ion extraction liquid,
which runs through the column and makes the absorbed ions separate from the column. The retention
time of different species determines the ionic concentrations in the sample [61].

lon chromatography has been widely used for the study of sweat [62, 63]. In order to better under-
stand the role of sweat [Cl] and [Na] in the diagnosis and treatment of cystic fibrosis, ion-chromatography
is a beneficial method. A recent study came to show a newly developed ion chromatography method
for the determination of these ion concentrations, in combination with the Macroduct sweat collection
further described in section 4.1.1. The method showed excellent results for a method that requires a
simple setup and presents high precision [62]. Figure 3.1 shows how the concentration of chloride and
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Figure 3.1: Chromatograms of chloride (left) and sodium (right) [62]

sodium are obtained from the ion chromatography process.
lon conductivity

The idea behind this method is to measure the ability of a substance to conduct electricity. Highly
ionised substances are vital electrolytes, as they allow the flow of electrons throughout the entire solu-
tion. The electrical conductivity of the solution is measured by acquiring the resistance (measured by a
conductivity meter) of the solution between two electrodes separated by a fixed distance [64]. Metals
dissolved in the solution allow for better conductivity. whereas on the other hand, distilled water is an
inferior conductor (weak electrolyte) [65].

Research for measuring sweat ions have been carried out using ion conductivity as the analytical
technique. Paul Boisvert and Victor Candas already tried in 1993 to use ion conductivity to measure
sweat [Na] and [Cl]. They chose a specific device called Sweat-Chek analyser (model 3100, Wescor,
Logan, Utah, USA), which was already available in the market and displayed the total NaCl concentra-
tion. After previously collecting the sweat samples, they introduced them inside the analyser. Results
showed an overestimation of sweat [Na] and [CI]. However, as estimations followed a linear behaviour,
they were able to recalculate ion concentrations by subtracting a specific number from what the anal-
yser had estimated [60].

Figure 3.2: Sweat-Chek™ Analyzer using ion conductivity technique [66]

As observed in Figure 3.2, the Sweat-Chek™ Analyser has been developed and improved in the
last decades. It is now commercially available by ELITechGroup for complete electrolyte analysis of
sweat samples [66]. The sweat sample was previously collected by the Macroduct (explained in section
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4.1.1). The sample is then transferred into the cell by using a syringe plunger. When the specimen
contacts both cell electrodes (less than 10 microliters are required), the conductivity of the specimen
is measured, converted to equivalent NaCl molarity, and the result is displayed. Results are very accu-
rate, but as observed, a big device is required to implement ion conductivity, making it an impedance
for measuring sweat in real-time.

Flame photometry

Flame photometry is a technique used to detect and display specific metal ions (K, Na, Li, Ca, and
Ba) and accurately determine each concentration within a given substance. It works by measuring the
intensity of light emitted when the element is exposed to a flame, as the metals are dissociated due to
the thermal energy [67, 68]. This dissociation will result in the emission of some radiation (measured
using emission techniques) due to the movement of excited atoms (measure using direct absorption
techniques). The wavelength of the emitted light is specific for specific elements, allowing for measur-
ing the specific concentration of each of them [67].

Flame photometry is a very accurate analytical technique, and it can provide excellent results in
any sweat analysis study [17]. However, the equipment necessary for it is pretty expensive and heavy,
making the analysis of sweat on the field very tedious. Thus, this type of process is reserved for the
study of sweat in the laboratory for better understanding.
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Figure 3.3: Schematic explanation of the flame photometry process [67]

Colorimetric sensing

Sensing of sweat constituents can also be done by colourimetric sensing. This technique can de-
tect a colour change associated with a specific chemical reaction between an analyte and sensing
materials [69]. This colour change will allow calculating the specific concentration of the analyte in the
solution. By using imaging processing, the differences in colour intensity will predict the final analyte’s
concentration. This technique is widely used in different fields and allow for the detection of organic
dyes and drugs due to their easy fabrication, quick detection, and high sensitivity and selectivity [69-71].

A recent sweat sensing device using colourimetric sensing was developed by Ahyeon Koh et al. in
2017. This thin and soft device acquired sweat from the skin using a closed microfluidic system open
through some inlet holes. The device then routes sweat into different channels and reservoirs for mul-
tiparametric sensing of markers of interest [72]. The sweat collection mechanism in this device uses
five different inlet holes to acquire the substance from the skin’s surface. Each inlet hole drives sweat
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through microchannels using PDMS and arrives at a specific chamber or collection area. The exterior
“curly” channel seen on the most outer part of the device (see Figure 3.4) allows measuring sweat rate
and volume, thanks to a dye that turns transparent as sweat keeps advancing.

w/o Sweat w/ Sweat

(3 Color Calibration

1cm
Marker

Figure 3.4: Images of the epidermal microfluidic biosensor (left) before and (right) after injecting artificial sweat [72]

The previously mentioned chambers are filled with reagents for colourimetric analysis. It allowed
for rapid quantitative assessment of sweat rate, total volume loss, sweat pH, and the concentration
of Cl, lactate and glucose in sweat. The value of these parameters was obtained by recording colour
changes and converting them into quantitative information. This process was possible thanks to digital
image capture and analysis. This type of system for sweat analysis seems to have some advantages,
such as its simple fabrication, the lack of need for power, or its low cost. It can also measure sweat
rate and volume, parameters that can give critical information during perspiration. However, the need
to constantly analyse the enzymatic reaction by taking pictures and filling the chambers again with the
proper reagents are drawbacks to consider. The device must be used in sports where the athlete is in
a fixed position, having many disadvantages for sweat analysis during physical activity in an open area.

lon-selectivity

This type of method consists of a thin membrane across which only the intended ion can be trans-
ported. This selectivity will produce a potential difference in the membrane, which will allow determining
the activity of ions in an aqueous solution. The ion-selective electrode allows measured ions to interact
with the membrane but excludes the passage of the other ions. There is an internal reference elec-
trode within this electrode embedded in a filling solution (containing the same ions as the one to be
measured). A voltmeter connects the ion-selective electrode and the reference electrode. Both elec-
trodes are immersed in the same test solution to measure the potential difference [73].

lon-selective electrodes are widely used when measuring sweat parameters during field analysis,
especially for Cl and Na as they are the most abundant sweat ions [74-76]. A study wanted to make
a comparison between ion-chromatography and ion-selective electrode (ISE) techniques regarding its
validity and reliability for measuring [Na] and [K] during exercise in a hot environment. The experiment
came to show that based on typical error of the measurement results, sweat [Na] and [K] obtained
with the ion-selective method showed less accurate results than ion chromatography performed in the
lab. However, it concluded that the field ion-selective method of extracting and analysing sweat from
regional absorbent patches could help obtain sweat [Na] when fast estimations in a hot-humid field
setting are needed [77].

Despite being less precise than other methods, ion-selective electrodes estimate sweat [Na] and
[CI] with some accuracy. The most important advantage of this analytical technique is the possibility of
reducing the system into a small and flexible device. The simplicity of placing electrodes close to the
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sweat area makes this technique suitable for building a sweat sensor. The different criteria for choosing
ion-selectivity is shown in Table 3.1.

I'\I':éhYN.II-g:l?EL Real-time 3:23::': Small Flexible | References
lon chromatography ++ + - [61-63]

lon conductivity + ++ -- - [60, 64—66]
Flame photometry - ++ -- - [67, 68]
Colorimetric sensing ++ - + + + [69-72]
lon-selectivity + + + + + + + [73—77]

Orange highlighted was used in this study

Table 3.1: Analytical techniques for measuring ion concentrations in sweat

3.1.1. Potentiometry

After choosing the ion-selective technique as the method that best fits the interest of this project, it can
be studied in more detail the chemical process behind this method. As previously explained, the ISE
method measures the potential difference between these electrodes to estimate the ion concentration.
The electrochemical technique behind this method is potentiometry. This technique measures the po-
tential difference under static conditions, which means it is very little or even zero current in the system.
The relation between an electrochemical cell’'s potential and the concentration of electroactive species
in the cell is described by the Nernst equation, which was formulated in 1889 [78]. The Nernst equation
is described in equation (3.7).

RT

Where ¢ is the measured potential, ° is the potential overall interfaces except for the membrane/sweat
interface. R, T, F, z, a are, respectively, gas constant, absolute temperature, Faraday constant, charge
number of ion, and activity of the target sweat ion [55]. Thanks to this equation, the total amount of ions
in the analyte can be obtained by measuring the potential difference between the working electrode
and the reference electrode.

Conductive substrate

(1)

e

()

Figure 3.5: Response mechanism of complete solid-contact ion-selective electrode for detection of common ions in sweat. [55]

The process of Nernst response in an ion-selective electrode (ISE) is illustrated in Figure 3.5. When
interacting with sweat, the ions M are selectively absorbed by the ionophore N in the selective mem-
brane to form MN/,. This molecule then reaches the membrane and solid contact interface and transfers
the electrons to the conductive substrate [79]. The overall interfaces induce a difference in potential
when the ion concentration reaches a certain amount. Ideally, the variations in potential would only de-
pend on the interface between sweat with the selective membrane due to potential constants of other
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interfaces.

3.1.2. lon-selective electrodes in sweat sensors

After explaining the chemical principles of ion-selective electrodes, an overview of the most significant
wearable sweat sensors in research is presented using this analysis technique. This state-of-the-art
section will expose the main sweat analysis principles as well as the fabrication process and the mate-
rials used.

Adhesive potentiometric sensor patch for monitoring sweat electrolytes

This type of system can collect and analyse sweat, as well as transmit the data recorded using
an RFID (radio frequency identification) chip which can be read by a smartphone [80]. Regarding the
collection of sweat, there are two possibilities for the system to obtain it. It is mentioned that paper
microfluidics can collect sweat by wicking it from the skin into the sensors. The other method would
disregard the collection of sweat, as the sensing electrodes could be folded over and directly contact
the skin.

The second topic worth mentioning is related to the analysis of sweat. This system uses a Na™
selective membrane to analyse the concentration of this ion. By placing both a reference electrode
and a working electrode, the system can measure the potential difference. It is also stated by the re-
search group that any other relevant ion in sweat could also be sensed using appropriate commercially
available ionophores from Sigma-Aldrich [80]. Both reference and working electrodes have the first
few layers in common by electrodeposition of Pd and Ag on a previously defined bare copper electrode.
The working membrane was made from a cocktail of sodium lonophore X, bis(2-Ethylhexyl) sebacate
(DOS), potassium tetrakis (p-chlorophenyl)borate (KTpC1PB), PVC, and cyclohexanone, then manu-
ally mixed until the PVC was fully dissolved. On the other hand, the reference electrode was completed
by chloridization of an Ag layer in 1 M KCI with a 3 mA/cm? anodic current for 30 s to form such a refer-
ence (see Figure 3.6A). The membrane solution was placed carefully over the working electrode using
a modified screen-printing process.

triple-print of
ionophore membrane Cl- K+ Cl- sensor flipped-over
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cl- Cl- > & ©
Cl- Na+
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. circuitry (under
protective textile)
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Figure 3.6: A) lon-selective electrodes of the sensor. B) lllustration of the electronics and sensor of the device [80]

Regarding the electronics of the system for the necessary analysis and data transmission, it was
necessary to print a flexible electronic circuit board. Flexibility is vital for wearable electronics, which
allows for a comfortable attachment to the skin. Thus, the board is built from Dupont Pyralux, a com-
bination of flexible, conformal polyimide and a thin copper foil. In order to protect the patch, a medical
textile covered the area, as well as to improve the visual aesthetics. A double-sided medical adhesive
tape was used below the patch in order to attach it to the skin (see Figure 3.6B).

This device stands out for its ability to gather all the necessary technology to analyse sweat and
transmit the data wirelessly while being flexible, wearable, and low-cost. However, the performance of
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this device to analyse sweat constituents can be improved, only giving rough estimations of the most
relevant ions in sweat. A higher sampling frequency is needed and improved power management or
better stability of the reference electrode to improve this efficiency. On a parallel note, the device is
only able to measure one ion concentration of sweat at a time, which gives little information about the
health status.

Flexible integrated sensing array (FISA) for multiplexed in situ perspiration analysis

It is presented a mechanically flexible and fully integrated sensor array for multiplexed in situ per-
spiration analysis. The device can simultaneously and selectively measure sweat metabolites (such
as glucose and lactate) and electrolytes (such as sodium and potassium ions), as well as skin tem-
perature [31]. Compared to the previous device, it follows similar analytical principles to measure ion
concentrations and other constituents, but the amount of information obtained from sweat is much more
significant in this system.

Sensors were fabricated on a mechanically flexible polyethylene terephthalate (PET) substrate.
Also, a flexible printed circuit board (FPCB) technology was developed to incorporate the critical signal
conditioning, processing, and wireless transmission functionalities. This device uses electrodes open
to the skin surface to analyse sweat, so no collection mechanism is necessary. This multiplexed sen-
sor array is very complex and has many different components, as shown in Figure 3.7B. The system
uses ion-selective electrodes for measuring Na* and K+ coupled with a polyvinyl butyral (PVB) coated
reference electrode. There are also amperometric glucose and lactate sensors immobilised within a
porous film. The Ag/AgCI electrode serves as a shared reference electrode and counter electrode for
both sensors in this case. In order to insulate the sensor, parylene is used to ensure reliable reading
and preventing electrical contact of the metal lines with skin and sweat.

Figure 3.7: A) Wearable FISA on a subject’s wrist, integrating the multiplexed sweat sensor array and the wireless FPCB. B)
Schematic of the sensor array [31]

The whole device can be fixed around the wrist for the proper collection of sweat and its analysis
(see Figure 3.7A). The device can also be strapped around the head, as it has a higher sweat rate than
on the wrist [81]. All the data analysed is collected thanks to the wireless transmission via a Bluetooth
transceiver. This system shows a complete outcome than the previous system, being able to moni-
tor sweat during physical activity while measuring many different parameters in sweat. Nevertheless,
sweat constituents are not the only parameters to measure during perspiration, such as sweat rate or
sweat volume. Thus, even if the device seems to be complete, further improvements can be made.

3.1.3. Conclusion

The sensing of sweat is a complex electrochemical process. There are different analytical techniques
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available, but choosing between them depends on the final goal of the analysis. All these techniques
have in common the use of redox reactions to acquire a potential difference between each half-cell.
For the accurate measurement of [Na*] and [CI~] during real-time activity, a process capable of minia-
turisation and excellent wearability was needed.

lon-selectivity is chosen as the analytical technique to measure Na* and CI~ ions in sweat. This
technique allows building a small and wearable sensor capable of analysing sweat constituents in real-
time. In addition, measuring each ion’s concentration specifically instead of total concentrations will
bring more accurate results. As observed, this technique is already being used in literature [31, 80]
with promising results. The following section focuses on the design and production of the sweat sensor
using ion-selective electrodes to analyse sweat ions.

3.2. Methods

Once literature was reviewed to find the most suitable sweat sensing system, it was time to design the
sweat sensor. This section will discuss all the decisions taken for designing and building the sweat
Sensor.

3.2.1. Design

The design of the sweat sensor is greatly influenced by the previous work done by T. Bakker [56]. He
designed several prototypes for his sweat sensor focused on the diagnosis of sweat in cystic fibrosis
patients. As the working principles are the same as the one used for this project, our sweat sensor has
many similarities to the last version of his sensor, observed in Figure 3.8.

u lonophore X
PVB membrane

Dielectric insulator

== Carbon
Ag/AgCl

== Silver

PET Substrate

Figure 3.8: Final sweat sensor version made by T. Bakker [56]

However, a new version was designed already thinking on the possibility of the final integration
between the sweat sensor and collector (refer to section 5). Figure 3.9 shows the new sensor ver-
sion of the sweat sensor. As already mentioned, the most significant change related to the structure
was the reduction in the size of the electrodes, so sweat could easily cover their surface to be analysed.

As observed in Figure 3.9, the sweat sensor is divided into four different layers:

* The substrate

* The conducting layer
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» The sensing electrodes

» The insulation layer

Chloride
Reference electrode

electrode PVB membrane
Na lonophore X

Dielectric insulator
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electrode : == Carbon
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Figure 3.9: Layer by layer design of the sweat sensor

The substrate of the sensor was made of Polyethylene Terephthalate (PET). This material is most
commonly used in literature as a substrate for sensors and the chosen material for these devices at
Holst Centre. The same reason followed the material chosen for the reference electrode: Ag/AgCl.
This Silver/Silver Chloride ink is widely used as a reference membrane [82], and it will also be used as
the chemical material for the chloride electrode, as this element is already present in the ink.

The conducting layer is made put of silver, as it is an excellent conductive material. This layer will
be used as the line of connection between the electrodes and the read-out circuit.

Special attention was taken for the sensing electrodes, as they are responsible for the proper anal-
ysis of sweat. These electrodes aim to be sensitive to both chloride and sodium. Their chemical
composition will be discussed in subsection 3.2.3.

The last essential layer involved the usage of carbon ink at the end of the sensor. These three layers
are necessary for the connection between the sensor and the read-out circuit. Without this layer, the
silver ink could be scratched off by reconnecting the sensor multiple times. A Flexible Printed Circuit
(FFC) 8-pin connector will be used for this connection, which will be further explained in chapter 5. As
observed in Figure 3.10, pin 3 and 6 are removed from the connector and serve as an isolation barrier.

The following considerations were taken into account in order to minimise the error during the print-
ing process [56]:

» The conducting paths have to be wide enough to obtain good conduction.

* The conducting paths have to be isolated with a water-resistant insulation layer to separate the
paths from each other when placed underwater.

» The carbon layers at the end of the conducting paths are necessary for the connection to wires
using an FFC connector.

» Sharp corners are avoided in order to facilitate the printing process.
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Figure 3.10: Sensor FFC connector [56]

These layers are built using screen-printing technology, on which each layer is deposited on top of
each other using different stencils for the process. In the next section, this printing technique will be
further explained.

3.2.2. Screen-printing of the sensors

Screen-printing is one of the most promising approaches towards simple, rapid and inexpensive pro-
duction of biosensors [83]. The process is quite simple, requiring the substrate, the vinyl stencil and
the ink for each layer. The production of the sweat sensor was made at Holst Centre due to the col-
laboration we had for this project. The facilities provided by the company allowed to build sensors with
much more precision, using cutting edge technology. This fact allowed the use of the screen-printing
machines, which made the process much more straightforward than doing it by hand (as T. Bakker had
to do). The process of screen-printing is illustrated in Figure 3.11 and has the following four steps [84]:

— Step 1: the substrate is fixed onto the screen-printing table. The ink is poured onto the screen
mesh at one end.

— Step 2: The squeegee with a rubber blade drags across the mesh to fill all mesh openings.

— Step 3: The screen mesh now filled with ink is pressed onto the substrate, and the squeegee is
again dragged from one end to the other end. Steps 2 and 3 may be repeated several times to
ensure the ink has adhered to the substrate.

— Step 4: The screen is released, and the printed substrate is taken out and left to dry at ambient
temperature in a good ventilation environment.

There was the first process of screen-printing of the sensor. The prints were of excellent quality, and
a significant step forward was already done compared to the screen-prints hand made by T. Bakker.
However, this first print had a few issues. The insulation layer was not surrounding the electrodes of T.
Bakkers’ sensors. Also, the carbon ink of the sodium-selective membrane was not covering the entire
surface of the Ag/AgCl layer (see Figure 3.12), which could affect the conductivity of the sensor. As
already mentioned, sometimes the ink does not adhere completely to the substrate, and the ink has
to be pressed a few extra times to assure adhesion. Extra caution was taken on the adhesion of the
carbon and insulation layer in the new printing process.

The final screen-prints are observed in Figure 3.13. There were made three different designs for
the sensors. The above version was the third one made by T. Bakker, and the versions shown on the
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Figure 3.11: Production steps of screen-printing [84]

bottom were made thinking already on the possibility of integrating the sensor’s electrodes inside the
sweat collector. The chosen substrate for all of the sensors was PET. As already mentioned, on top of
this substrate, there were three additional layers, shown in Figure 3.9. The specific materials used for
these screen-prints were the following:

« First layer (L1): silver (Ag), one layer, DuPont 5025.
» Second layer (L2): carbon (C), two layers, DuPont BQ226.
» Third layer (L3): silver chloride (AgCl), one layer, DuPont 5876.

» Fourth layer (L4): dielectric insulator, two layers, DuPont BQ10.

As Holst Centre is already experienced with the screen-printing of sensors, the lab technicians sug-
gested most inks. In addition, they already had partnerships with different chemical providers, so the
margin to choose different brands than the ones available was limited. Regardless of these limitations,
these inks were already used in literature for the building of sweat sensors using screen-printing tech-
niques [31, 55, 80]. Only in the case of the Ag/AgCl ink there is a difference in composition. Whereas
T. Bakker used an Ag:AgCl ratio of 60/40, the silver chloride provided by Holst Centre had a ratio of
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Figure 3.13: Screen-printed sweat sensors on PET

32/68. This difference in ratio will be mentioned in the sensor validation section 3.3 when referring to
the chloride electrode.

3.2.3. Chemical composition of the membranes

As already mentioned, potentiometry is a widespread electrochemical technique due to its low costs
and the broad spectrum of ions that can be measured using it. It works by a zero current technique
that measures the potential difference between the reference electrode and the sensing electrode in
an electrochemical cell.

In this project, silver chloride ink was chosen as the conducting layer, as it is widely used as an
electrode material. As chloride is one of the ions that wants to be measured, Ag/AgCI can be used
as a sensing electrode for chloride, the ink selective for this ion. However, in the case of sodium, it is
needed selective electrode for this ion, so an ionophore will be used. For the reference membrane, it is
also necessary to create a gel-like structure for the potentiometric reaction. Thus, it will be presented
and discussed different membranes currently used in sweat research. The chemical and production
steps that best fit this project’s purpose will be selected.

Sodium-selective membrane

For this membrane, it was used Sodium lonophore X, which is commonly used for this type of
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electrode [55]. The principle of this ionophore is based on the charge separations between the or-
ganic phase (membrane) and the aqueous phase (sample) [85]. It is stated to have the best stability,
sensitivity and explanations for the production steps as seen in literature [80, 86—88] which makes it
appropriate for the project.

The selection of the materials depended now on the ionophore’s supplier, which was either Sigma
Aldrich or Supelco. In the previous project, it was used the first option was due to cost constraints.
However, as observed in the literature, the one supplied by Supelco is widely used and more common
than the one provided by Sigma Aldrich. Thus, in order to be able to compare the obtained results with
more cases in literature, it was chosen this type of Sodium lonophore X. The materials used and their
costs can be observed in Table 3.2.

Quantity for SeEb I
REAGENTS Pack size | Manufacturer Sigma Price (€)
one electrode .
Aldrich
Se'ec”o‘:’ho;(e lonophore 1% wt/wt 50 mg Supelco 71747 137
Bis(2-ethylhexyl) o
sebacate (DOS) 65.45% wt/wt 5ml Supelco 84818 571
Na-TFPB 0.55% wt/wt 250 mg Sigma Aldrich 692360 132
Polyvinyl chloride (PVC) 33% wt/wt 19 Supelco 81392 20.8
Tetrahydrofuran (THF) 660 micro L 100 ml Supelco 87369 40.2
3,4-
ethylenedioxythiophene X 109 Sigma Aldrich 483028 74.8
(EDOT)
poly(sodium ; . i
4-styrenesulfonate) X 59 Sigma Aldrich | 243051-5G 36.4
TOTAL 3871

Table 3.2: Chemical materials used to produce the sodium-selective membrane

The last two materials on Table 3.2 refer to the production of the solid contact, in this case of PE-
DOT:PSS. This membrane allows for a better transfer of the electrons to the conductive membrane,
making a more precise measurement of ions concentration. However, the production of this extra mem-
brane is costly and complex to make by hand. As suggested by literature, this ion-selective transducer
should be mixed and be placed on top of the electrodes by galvanostatic electrochemical polymerisa-
tion. However, it was later proposed that a more efficient way would be to print this layer of PEDOT:PSS
during the screen-printing of the sensors. The complexity of building the membranes is minimised and
allows for a more straightforward production of this membrane.

However, this addition to the screen-printing process was complex. In addition to time constraints,
the solid contact was not added to the electrode in the end. The lack of this ion-selective transducer
membrane is not a drawback on the sensor, but it does lose some accuracy when measuring the total
concentration of ions. Therefore, it was decided to omit this layer, but it could be included in a later
project if a more precise sensor wanted to be produced.

The production process of this membrane is always stated to be the same in all literature that was
reviewed, and it follows the next steps [89]:

1. Mix Na lonophore X (1% wt/wt), Na-TFPB (0.55% wt/wt), PVC (33% wt/wt), and DOS (65.45%
wt/wt).

2. Next, 100 mg of the membrane mixture are dissolved in 660 pl of tetrahydrofuran.

3. Finally, the ion-selective solutions is sealed and stored at 4 °C overnight.
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Reference membrane

The selection was harder to make for the reference membrane, as almost any type could be used
for the project. The standard reference electrode works with the electrode placement in a known elec-
trolyte solution, but in a sweat sensor, it is complex to place the electrode in an aqueous salt solution.
Therefore, for this project, it will be much more beneficial to use a gel saturated with salt, such as NaCl
or KCI.

In the previous work done by T. Bakker, Polyvinyl Butyral (PVB) was chosen as the type of refer-
ence membrane due to costs, production steps and stability over time. The final results obtained when
producing this membrane were not the desired ones, as the PVB could not fully dissolve in ethanal,
and some bubbles appeared on the surface. Due to this issue, different reference membranes were
reviewed to look for other options and compare them with the PVB membrane previously used.

pHEMA hydrogel reference membrane

This type of method uses Poli(2-hydroxietil methacrylate (P HEMA) hydrogel on top of an AgCl elec-
trode and an O-ring with a thickness of 1 mm and diameter of 3 mm. It comes to show good stability
(one hour of exercise), and the explanation of the production procedure is clearly explained, but the
addition of the O-ring to make sure the hydrogel stays on top of the electrode also adds a level of
complexity.

Figure 3.14: Sweat patch containing an array of AgCl sensing electrodes and reference electrode. The pHEMA hydrogel layer
was drop casted within an O-ring, which was glued on top of the reference electrode. Holes were punched through the
collection area to allow the sweat to be absorbed. [82]

PVA/KCI membrane-coated Ag/AgCl reference membrane

This method is more similar to the one used in the previous project. However, it uses Polyvinyl Ac-
etate (PVA) instead of Polyvinyl Butyral (PVB) [76]. In this case, the potential stability seemed to rise
even after 3 months of storage, making it a perfect suit for the project. It also only needs a very short
conditioning duration of 20 minutes to stabilise the potential. Results showed potential changes were
negligible for different solutions in a wide concentration range, as well as a stable potential response in
a range of pH between 3 to 10 (sweat’s pH is around 5) and negligible response to ambient light (see
Figure 3.15).

There is also an extra advantage of using this type of membrane. As it is known, the mobility differ-
ence of K+ and CI- in KCl is the least among chlorides, which ends up creating smaller liquid junction
potential and a minor correction to the standard potential [56]. Thus, KCI would, in theory, be the best
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Figure 3.15: Potentiometric responses of PVA/KCI-Ag/AgCl solid reference electrode vs double-junction Ag/AgCI/KCI (3 M)
containing a 1 M LiAcO salt bridge in (A) 3 M KCI solution and (B) different concentration solutions of ions range from 10-1 Mto
10-6 M. (C) pH r esponse and (D) light sensitivity of PVA/KCI-Ag/ AgCl RE. Potential responses in panels B and C have been
vertically shifted for clarity of presentation [76]

salt used for the reference membrane. The positive reviews, the excellent stability observed and the
low level of complexity in the production steps suggested to use PVA/KCI membrane-coated Ag/AgCI
as the reference membrane for this project. Membrane’s materials and the cost for each of them can
be observed in Table 3.3.

Quantity for Code in
REAGENTS y Pack size Manufacturer Sigma Price (€)
one electrode .
Aldrich
. Ratio 1:0.01 by
Vinyl acetate wt with DMPP 19 Supelco 48486 81.6
Photoinitiator
2,2-dimethoxy-2- Ratio 0.01:1 by . :
phenylacetophenone wt with VA 509 Sigma Aldrich 196118 67.8
(DMPP)
Milled and dried KClI 0 1049360-
powder 50 wt % 250 g Supelco 250 23.5
TOTAL 172.9

Table 3.3: Chemical materials used to produce the reference membrane

The production steps are the following [76]:

1. The bottom layer of Ag/AgCl was first prepared by drop-casting 4 pL of Ag/AgCl ink onto the ref-

erence electrode zone on-chip, which was and left to dry overnight in a glass desiccator.

2. Meanwhile, milled and dried potassium chloride (KCI) powder was prepared for use by annealing
for 30 min at 450 °C and carefully grinding in a mortar.

3. To prepare the polymer/inorganic salt composite membrane, poly(vinyl acetate) (PVA) and KCI
composite was selected. Vinyl acetate monomer and photoinitiator DMPP were mixed in a tube
at a ratio of 1:0.01 by weight, and prephotopolymerization in a UV case (UV lamp: 185 nm +254
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nm, 250 W) took place for 5 min.

4. 50 wt% KCI powder was added to the previous mixture and well mixed into a white viscous liquid,
following by drop-casting of the as-prepared mixture onto Ag/AgCI electrode and irradiation with
UV light until the membrane was hard enough.

3.2.4. Production steps

Before going into the lab and making the membranes, a lab protocol and a list of equipment were devel-
oped to know the necessary lab equipment needed for the purpose. There were several instruments
listed in order to build them:

1. Digital scale. In order to measure the quantities needed of each reagent to elaborate the mem-
branes. Some of these quantities are very small, so the more accurate it is, the better.

2. Glass pipette. Some device for measuring small volumes.

3. Microsyringe/pipettor. Some volumes needed for the membranes are tiny (660 uL of THF for
the sodium membrane), so a device with higher accuracy would allow for a better result of the
membrane.

4. Beaker. Necessary to mix all reagents.

5. Glass desiccator. Necessary for drying Ag/AgCl ink.

6. Oven. For annealing KCI.

7. Fridge. Some mixtures need to be cooled down after elaboration.

8. Mortar. In order to grind KCI.

9. UV lamp. Prephotopolymerization is needed.

10. Multimeter. This device is needed to check the potential changes between our membranes and

the reference electrode when submerged under a solution.
11. pH Meter. To measure the pH of the solutions needed to characterise the reference membrane.

Sodium-selective membrane

The steps to build the Na* selective membrane are [89]:

1. Mix Na™ lonophore X (1% wt/wt), Na-TFPB (0.55% wt/wt), PVC (33% wt/wt), and DOS (65.45%
wit/wt).

2. Next, 100 mg of the membrane mixture are dissolved in 660 pl of tetrahydrofuran (THF).

3. Finally, the ion-selective solutions is sealed and stored at 4 °C overnight.

When starting to measure the weight for each material, it was noticed that some of them were min-
imal quantities (5.5 mg for Na-TFPB or 10 mg for Na lonophore X). The weight scale was supposed to
measure these small quantities, but it was hard to add the exact amount. The final quantities used for
the membrane are shown in Table 3.4.

MATERIALS || Na* lonophore X | Na-TFPB | PVC | DOS | THF
MASS || 19.9 mg | 12mg | 7223mg | 145g | 1282¢g

Table 3.4: Total quantities of each material for the production of the sodium membrane
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Chemicals were all mixed with the solvent, followed by homogeneous mixing using a hot plate stir-
rer. The final mixture was left at 6 °C to cool down overnight.

Reference membrane

The production steps for the reference membrane are the following [76]:

1. The bottom layer of Ag/AgCl was already on the sensor as it was screen-printed on the previous
step. This step differs from what was suggested in literature [76]: drop-casting 4 uL of Ag/AgCI
ink onto the reference electrode zone on-chip. However, the screen-printing technique allows for
a more accurate and homogeneous spread of the ink on the electrode, so this step was modified.

2. Meanwhile, milled and dried potassium chloride (KCI) powder was prepared for use by annealing
for 30 min at 450 °C and carefully grinding in a mortar.

3. To prepare the polymer/inorganic salt composite membrane, poly(vinyl acetate) (PVA) and KCI
composite was selected. Vinyl acetate monomer and photoinitiator DMPP were mixed in a tube
at a ratio of 1:0.01 by weight, and prephotopolymerization in a UV case (UV lamp: 185 nm +254
nm, 250 W) took place for 5 min.

4. 50 wt% KCI powder was added to the previous mixture and well mixed into a white viscous liquid,
following by drop-casting of the as-prepared mixture onto Ag/AgCI electrode and irradiation with
UV light until the membrane was sufficiently hard.

The process followed to build this membrane was the same as for building the sodium-selective
membrane. Nevertheless, an issue was encountered when trying to prephotopolymerized poly(vinyl
acetate). The process needed a specific UV case where wavelength and power could be set to particu-
lar values. However, the lab did not possess such a technology, so instead, it was used a standard UV
chamber. The mixture obtained after exposure to UV light of just 2 minutes (instead of the 5 minutes
suggested) was a very viscous compound. Thus, the following step of mixing it with KCI was a very
tedious task, as the salt could not dissolve whatsoever. It was also added ethanol to use as a solvent,
as well as heating the mixture. However, the mixture could still not be homogenised whatsoever.

The PVA/KCI membrane building is novel, and not many research groups have tried it yet. This ref-
erence membrane was chosen due to its excellent stability for long term sensors. However, the building
process seems to be in the early stages and shows complexity in the different steps. A new approach
was necessary for the building of this membrane. Looking back into literature, it was observed how
PVB is mainly used as a sweat sensor reference membrane. PVB is a low-cost and rugged polymeric
material that has been pioneered to be used for a combination of Ag/AgCI reference electrode as a
polymeric reference membrane [55]. As already mentioned, this was the material used in the previous
work at TU Delft, where some issues were encountered during the building process. Nevertheless,
as Holst Centre possesses more leading-edge facilities than the ones at TU Delft, the building of this
membrane had better chances to reach a more stable state than in previous experiments. The building
process of this reference membrane is the same on all papers found, and it is the following [85, 90]:

1. A 10 wt.% of stock solution of PVB is prepared by dissolving 78.1 mg of PVB and 50 mg NaCl in
5 ml of methanol to create the reference cocktail.

2. An ultrasonic bath is used to achieve a homogenous solution.

3. The stock solution is stored at 7 °C in order to prevent the evaporation of the solvent.
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4. Drop-cast 4 ul of the reference cocktail on top of of the Ag/AgCl reference electrode.

5. Dry overnight before use.

Once PVB was ordered and delivered, the mixing of all chemicals was possible. The laboratory lack
a proper ultrasonic dismembrator (Fisherbrand™ Model 120 is suggested in literature [85]), so other
methods for mixing the solution needed to be performed. Looking at the available lab equipment, it was
decided to perform two different mixings and compare results. The first mixing method was the same
as the sodium-selective membrane, using a hot plate stirrer for one hour. The homogenous mixing of
the chemicals was achieved. The second method involved using the Branson sonifier, an ultrasonic
cell disruptor/homogeniser, which is similar to the one used in literature. However, the former machine
was not able to completely dissolve the chemicals together, and there was also some evaporation of
methanol. Therefore, mixing using the hot plate stirrer was used.

The final step involved the drop-casting of the sodium-selective membrane and the reference mem-
brane on top of the electrode. For this step, both the older version and the new version of the sweat
sensor were used. The placement of the membranes was performed using a precise pipette with a
range between 1 and 10 ul. During the process, it was observed how the membranes in the new
sensor’s version spread around the electrodes onto the PET. This issue did not occur with the other
sensors, as the dielectric insulator surrounds the electrodes in this version. This feature will be of cru-
cial relevance in chapter 5 when testing the long-stability of the membranes.

Once the sweat sensor was finally produced, it was ready for the validation process.

3.3. Sensor validation

This section focuses on the validation process of the sensor. Once this part of the sweat analysis sys-
tem was produced, the next step needed to make sure this sensor adequately worked. In this section,
the experimental setup will be explained, and the results obtained in the process will be exposed. The
sweat sensor was tested taking into account these characteristics:

+ Stability of the sensor
 Sensitivity for chloride and sodium

* Response time

3.3.1. Experimental set up

As previously mentioned, the sensor was printed using two different designs: the previous prototype
developed by T. Bakker (see Figure 3.8) and a new version for a suitable integration with the sweat
collector (Figure 3.9). In addition, in order to test the different characteristics of the sensor, it was neces-
sary to use the read-out circuit developed by T. Bakker for his thesis project [56]. The working principle
of this circuit will be further explained in chapter 5. The sweat sensor was validated in a laboratory
setting. The measurement setup consisted of:

* The sweat sensor
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* The read-out circuit
» Along screw to hold the sensor
* FFC connectors

» Beakers for the different NaCl solutions

As observed in Figure 3.16, it was used a multi-channel measurement setup, capable of running
four sweat sensors submerged in different solutions at the same time.

Figure 3.16: Multi-channel measurement setup running four experiments at the same time [56].

Regarding the solutions used for testing the sensors, it was concluded to use a solution of water
and salt. This water had to be demineralised, as no other ions besides sodium and chloride could
be in the solution. Common salt was used as the solute in this solution, contributing to the expected
final concentration of [Na™] and [CI~]. In order to calculate the mass M of salt needed to reach a final
concentration of each ion, the molar concentration formula is used (equation 3.8). In the equation, ¢
is the molar concentration, and V is the volume of the solution. The other factor needed is the molar
mass M; of NaCl, being 58.4 g/mol.

M=c-V-M (3.8)

The estimation of the time response of the sensors is also crucial in this study, especially for building
the sweat collector. The sensor must have enough time to analyse the sweat on top of the electrodes
before it flows away. This crucial time could be estimated by quickly changing it from a solution with a
low NaCl concentration to a high one and vice-versa.

For the calculation of the response time, a few sensor theory was needed. The responsiveness of
a sensor is usually given by a Time Constant and represented by the Greek letter = "tau”. However,
this constant represents the time required for the sensor to reach 63.2% of its total step change. The
response time of the sensor is five times the time constant = (see equation 3.9). The response time is
the sensor reading time to reach 99.3% of the total step change.

Sensor responsetime = 5- T (3.9)
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Once all these requirements were achieved, the sensor was ready to be tested.

3.3.2. Results

In order to test the stability of the sensor, it was submerged into four different solutions with NaCl
concentration, from 20 to 80 mmol/L. Results can be observed in Figure 3.17. Each ion sensor show

different behaviours:
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Figure 3.17: Stability test for the sensors using four different NaCl concentrations.
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1. Sodium sensor: increase in potential as the concentration of NaCl rises. The potential suffers
an increment with time of around 10 mV for each concentration.

2. Chloride sensor: for all concentrations it stabilizes at zero voltage. Initially, just after sensors
are dipped inside the solutions, the voltage in chloride sensors changes, but quickly after that, it
goes back to zero. Some sporadic voltage changes are also observed through the test (Sensor

2 after 40 minutes).

The increase in potential for the sodium sensor was not ideal. This voltage should remain constant
if small changes in potential wanted to be measured for little variations in sweat concentration. To avoid
this issue, pre-wetting of the sensors previously to its usage was tested. This wetting of the electrodes
was done using a very small concentration of NaCl with demineralised water. Results showed in Figure
3.18 shows a very stable voltage for four different NaCl concentrations.

Due to the barely existing sensitivity of the chloride electrode to a NaCl solution, possible reason-
ings for this behaviour were considered. Firstly, as already mentioned, the Ag:AgCl ratio was different
between previous sensors produced by T. Bakker and the new ones printed. Whereas T.Bakker used
an Ag:AgCl ratio of 60/40, the silver chloride provided by Holst Centre had a ratio of 32/68. However,
this ratio of a higher amount of AgCl was recommended by M.A.G. Zevenbergen, author of [82] and
researcher at Imec. His experience on different inks for chloride sensing made the Ag/AgCl ink used



3.3. Sensor validation 36

Stability test of pre-wetted sensors for four different concentrations
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Figure 3.18: Stability test for pre-wetted sodium sensors using four different NaCl concentrations.

in our sensor highly suitable for the project’s goal.

Therefore, a few experimental tests were developed to test the sensitivity of the chloride. Firstly, the
voltage difference between the reference and chloride electrodes was tested using a voltmeter instead
of the read-out circuit. The voltage difference when the electrode was submerged into a NaCl solution
also showed a value really close to 0 V. Chloride electrode was also looked into the microscope for
possible scratching of the surface, but no imperfections were observed. The last method was to make
sure the ink lying on the electrode was sensitive to chloride.

In order to test the homogeneous distribution of the Ag/AgCl layer in the printing process, a simple
chemical test was performed. The chloride electrode was compared against an Ag/AgCI reference
electrode fully saturated into a 3 M KCI solution. If the sensor electrode layer was not damaged, a po-
tential close to 0 V should be measured when comparing the voltage difference between the reference
electrode and our Ag/AgCl electrode. The obtained voltage was over 30 mV, and it was going down
slowly to 0 V. This result meant the electrode’s Ag/AgCl layer was not completely covering the surface,
thus not being sensitive to chloride.

However, the constant voltage drop showed some other conclusions. This decrease suggested the
electrodes were indeed damaged and not fully covering the surface of the electrode, but some Ag/AgCl
remained on it. In order to try to create a new layer of Ag/AgCl, it was performed a polarization method
proposed by A. Kosari (PhD candidate from the Corrosion Technology and Electrochemistry depart-
ment at the Mechanical, Maritime and Materials Engineering faculty). This method could allow to build
a new layer of Ag/AgCl on top of the electrode by coating the existing layer of Ag with AgCI.

The polarization method required the use of a potentiostat, an electronic hardware designed to con-
trol the working electrode’s potential in a multiple electrode electrochemical cell. The electrodes were
submerged inside a solution of 0.1 M HCI, and the opposite edge of the chloride electrode was covered
with copper and linked to the working electrode of the potentiostat. In addition, a platinum wire in the
solution was attached to the reference and counter electrode to measure the current in the procedure,
but remains as an inert element in the chemical process. By inducing a potential in the working elec-
trode, CI~ ions attach to Ag™ on the surface of the electrode and begins to form the AgCI. The silver
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layer in return starts becoming thinner, so the time and voltage of the polarization process will directly
influence on the thickness of both the Ag/AgCl layer [91]. This reaction was initially set to last for 15
minutes at 1.5 V. Figure 3.19 shows the sensitivity of chloride electrode before and after the polariza-
tion method was performed. Higher voltage peaks are observed, but the sensitivity still drops back to
zero soon after the concentration changes. A longer polarization period (3 hours) was performed, but
results showed similar sensitivity behaviour.
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Figure 3.19: Comparison between a polarized and non-polarized chloride electrode

To study the sensitivity of the sensor, they were submerged into six different NaCl concentrations:
20, 40, 50, 60, 80 and 100 mmol/L. As observed from the stability tests, sensors needed some time
to reach a constant voltage. Thus, the sensors were previously submerged into demineralised water
with a low level of NaCl concentration. The average potential of four sensors for each concentration is
shown in Figure 3.20. From the graph, it can be observed how a small concentration (20 mmol/L) is
showing a low potential which really differs from the rest of data points. Error bars are shown, but only
visible in the 20 mmol/L and 100 mmol/L data points.
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Figure 3.20: Calibration curve for the Na sensor
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The last characteristic studied for the sensor was its response time to changes in ion concentrations.
As shown in Figure 3.21, the response time of the sensor was studied, going from a low NaCl concen-
tration to a high one and vice-versa. The response time was calculated using five different sensors and
averaging the different times obtained. The time constant r of the sensor was estimated to be 5.6 +
0.43 seconds, giving a response time of 28 + 2.15 seconds.
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Figure 3.21: Time constant estimation using 10 and 75 mmol/L concentrations.

3.4. Discussion

The stability test of the sweat sensor showed some interesting information. As observed in Figure 3.17,
there is a measured relationship for the sodium electrode between the potential measured and the con-
centration of NaCl tested. These differences in potential observed for the Na electrode can allow for
the testing of human sweat in order to analyse the exact concentration of Na ions (using the non-linear
fitted curve).

Chloride electrodes are all showing a potential of zero for all concentrations. Comparison of the
Ag/AgCl electrode against an Ag/AgCI reference electrode showed that this ink was barely present on
the surface of the electrode. This issue could have been due to faulty screen-printing of the Ag/AgCI
layer or mechanical damage to the electrodes after they were produced. The polarization method to
create a new Ag/AgCl layer did show a higher sensitivity, but a stable Ag/AgCI layer was not achieved.

As observed from Figure 3.20, a low voltage is obtained from low ion concentrations. This be-
haviour is linked to the higher difficulty of the sensor to analyse low values of saline concentrations.
The standard deviation for this point is higher than the rest of data points, which shows the lower ac-
curacy of the sensor for low concentrations. Special attention should be taken for the region 30-60
mmol/L, as those are the common NaCl concentration values found in human sweat. The sensitivity in
this specific region is around 0.7 mV per mmol/L, which can allow to analyze sweat NaCl concentration.
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Finally, the response time calculation provided crucial information for the building of the sweat col-
lector. The sensor needs an average of 30 seconds to analyse the sweat lying on top of the electrodes.
The sweat collector should possess the necessary characteristics to provide this time to the sensor to
analyse sweat ions accurately.






Sweat collector

Before sweat can be adequately analysed, there is a previous crucial step: sweat collection. This step
has many benefits for the analysis of sweat. It will allow to acquire sweat under controlled conditions
and also avoid any contamination of the sample. The sweat collector will also set the necessary mi-
crofluidic parameters in order to analyse sweat. Throughout this chapter, literature will be reviewed to
select the sweat collection system that better fits this study’s desires. Afterwards, the methods followed
to build the sweat collector will be exposed. Finally, the results obtained for its validation will be shown.

4.1. Sweat collection techniques

Different techniques were developed early in the 20th century in order to collect sweat. These tech-
niques tried to collect sweat from isolated areas using a fabric impermeable to water and dissolved
substances. Another method used a chamber saturated in water vapour to collect the sweat from the
subject afterwards. Some other experiments tried to enclose the subject inside a tarp to collect the
sweat without dilution or evaporation [92]. These initial methods for collecting sweat started to show
issues that were later well defined: evaporation on the surface of the skin which can alter the final con-
centration of sweat constituents, contamination of sweat with skin cells; and a lack of control over where
the sweat is collected from [54]. These difficulties are approached in two different ways depending on
the research goal and which factors are more important. All body sweat can be collected using a whole
body-washdown technique or otherwise from a specific region of the body using different techniques.

Whole-body washdown technique

The whole-body washdown (WBW) technique measures the overall quantities of sweat secreted
during the exercising period. Afterwards, the majority of sweat is collected from recipients, such as
plastic bags laying on the floor [93]. Figure 4.1 shows how this technique works on a specific research
project: the subject cycles on an ergometer under specific conditions (ambient temperature of 34°C
and relative humidity of 60-70 %) while having the patient inside a frame covered with plastic bags all
around him. These plastic bags allowed for the conservation of specific conditions and to preserve all
sweat dripping to the floor. After each exercise session, the subject was washed down with distilled
water to obtain the sweat stuck on the skin surface. The later analysis of sweat allows to measure the
final amount of sweat loss as well as the concentration of sweat Na, Cl and K [54].

The WBW method has been chosen in investigations when quantifying the total sweat loss and the
body electrolyte balance [93, 94]. This method is primarily limited to laboratory studies in which sweat
needs to be collected in significant quantities. In addition, this technique makes almost all constituents
of sweat to be affected by contamination [54]. This project focuses on measuring sweat while the

41
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athlete is exercising and not afterwards, so this technique is disregarded.

B

Figure 4.1: Whole-body washdown technique. A: intact system; B: a section of the bag has been cut away to show subject
cycling on the ergometer. [54]

Sweat collection in a body region

When collecting sweat in specific regions of the body, it is of main importance to try to have as little
epidermal contamination as possible and avoid as much as possible water loss due to evaporation.
The methods tried out are broad, and many approaches have been tested out, but not all of them have
been successful. Depending on the cite of collection, it also shows a great variability regarding the
contamination of sweat constituents [50]. Previous work has shown that sweat should be collected in
those regions that are highly correlated with whole-body sweating rates [95], as well as to know better
which areas will provide sweat at a higher rate. Figure 4.2 shows the different sweating rates in the
body divided into regions [81]. The image shows that the back is the area with a higher rate, followed
by the forehead and the calves. Thus, it is not surprising that most of the experiments use the person’s
back to obtain a high sweat volume. The image also shows how the lowest sweating rates are focused
on the palm of the hands and cheeks. The glands in these areas are mostly related to hormone secre-
tion and not to the nervous system, so the perspiration does not occur when trying to cool down the
body but when feeling emotions.

The need for a precise method for the analysis of sweat constituents shows what criteria needs
improvement. Some criteria have already been mentioned, such as the absence of contamination or
avoiding the evaporation of sweat. However, other criteria in the methodology were discovered, such
as obtaining better reliability of results by placing multiple sweat collectors, the lack of leakage of the
sweat sample into and out of the collection area, or the ease of the methodology [32].

Regarding the acquisition of sweat using regional methods, the techniques used can be extensive,
and it is worth mentioning some of them due to their outstanding results, accessibility for materials, and
ease of acquiring sweat.

Absorbent patches use materials capable of absorbing sweat in large quantities, acting as a sponge.
A recent study analysed the effectiveness of using patches over a large area of the body [96]. The
experiment carried by Havenith et al. was the first one to use absorbent patches over a large area si-
multaneously. They found that previous studies used small patches to acquire sweat to correlate them
to the area studied. Instead, they wanted to measure exact quantities of sweat in the body to compare
the results with former studies later on. They used large absorbent patches which covered the whole
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Figure 4.2: Absolute regional median sweat rates of male athletes during high intensity exercise [81]

torso and the upper arm area simultaneously. The study showed a very significant correlation (P <
0.001) between the data from the patches and the overall sweat loss of the body.

Nevertheless, there were also some concerns regarding the continuity of the measurement using
patches. This type of sweat collection helps provide strong evidence for the variation of sweat rates
over the body during physical activity. However, absorbent patches get saturated and need replace-
ment, interrupting the continuity of the measurement [17]. Absorbent patches are only able to provide
a few data points per experiment on each zone of study [96], which is not sufficient for continuous
monitoring of sweat analytes. Thus, this type of sweat collection does not fit the requirements to be
used in the analysis of sweat during physical activity.

Another way of collecting sweat consists of the complete coverage of the arm using a plastic bag.
This technique is similar to the WBW, but only on the arm instead of the whole body. Thus, these two
methods have similar disadvantages that do not fit the goal of this project.

» The arm bag method for collecting sweat has the disadvantage of high contamination risk, espe-
cially at the beginning of the process. Studies show there is an increase in external contamination
when sweat was collected using an arm bag [97]

» There is a high increase in constituents up to six times the normal values, such as Na, Cl, K, Mn,
Zn, or Ca. This issue suggests there is a great alteration of the regional sweating rate due to
encapsulation of the arm, creating a microenvironment inside the bag [17, 25, 97, 98].

Thus, this method does not seem appropriate when studying the total amount of electrolytes found
in sweat.
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The last sweat collecting technique is the wicking of sweat. In this category, it is included all types
of devices that wick sweat into some type or microfluidic system in order to analyse it in situ or to collect
it to study it later on. The process allows absorbing sweat spontaneously into the system by capillary
action. This procedure drives liquids to move in a given direction inside a solid.

Sweat collection would be performed without contamination of the sample using capillary action due
to its immediate absorption. Furthermore, the number of sweat glands involved in the process could be
precisely estimated to predict sweat flow rate and volume during exercise. Knowing these parameters
can also be beneficial to estimate whole-body water loss through sweat and electrolytes secreted in
the process. These advantages provided by the wicking of sweat make this process the most suitable
for building a sweat collector.

4.1.1. Capillary action in sweat collectors

As previously explained, wicking of sweat inside a closed system is thanks to the action of capillary
pressure. This type of pressure allows driving the fluid in a given direction inside a solid. The sum of
cohesive forces of the liquid’s molecules and the adhesive forces that cause the fluid to stick to the
solid surface pushes the liquid to move forward [99].

Capillary action can be found in many diverse situations, such as the process of eyes filling with
tears or the rapid antigen test. There is an excellent usage of this process, as when a few droplets
of fluid are deposited on a fixed matrix, the liquid can follow a specific path previously defined [100].
Capillary pressure can be used to wick sweat inside a closed system. Once inside, it can be driven
into collection chambers to analyse it afterwards or into areas where sensors can be placed. This last
procedure fits perfectly into the goals of the project, as it would allow analysing a non-contaminated
sweat sample while a person is in the perspiration process.
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Figure 4.3: Example of the capillary action process in a rapid COVID-19 antigen test [101]

It is not surprising that research groups have recently used capillary pressure to build a sweat col-
lector. This process can be beneficial if sweat wants to be studied during physical activity. It allows to
drastically reduce sweat contamination compared to other methods, as well as to work with small and
fixed volumes of sweat to be continually monitored.

Megaduct® sweat collector

The Macroduct (TELETECH Wescor® Inc., Logan, UT, USA) is a famous commercially available
sweat collector that has been used in sweat research since 1986. Placing a plastic capillary-coil device
on the forearm wicks the sweat off the skin surface. A more recent version of the Mac product device is
the Megaduct (see Figure 4.4). It was developed to increase the volume capacity of the device as well
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as to assess certain drugs in sweat [102]. This device can overcome specific issues when collecting
sweat, such as the background contamination, the encapsulation of the skin area (undesired rise of
skin temperature and sweat rate) as well as to avoid hidromeiosis (progressive decline in sweat rates
that occurs when skin is thoroughly wetted or with higher humidity). These advantages are thanks to
capillary action by immediately removing sweat from the skin after secretion [103]. These advantages
make the Megaduct a device that can theoretically reflect more accurately regional sweat concentra-
tions than other types of sweat collection systems.

A

Central collection aperture

Figure 4.4: Megaduct sweat collector (Wescor® Inc., Logan, UT) [102]

However, the Megaduct® is not the ideal sweat collector for measuring sweat during physical ac-
tivity. A study carried by Ely ef al. wanted to measure the time it took to fill the reservoir during
moderate-intensity exercise (treadmill walking at 1.5 m/s, 4% grade) [102]. The average time for ten
healthy men to fill the chamber was over an hour (65 to 75 minutes) with varying exercise intensities
(VO3 = 0.5-2.0 L/min), temperatures (20—40 °C) in a controlled 50% humidity environment. The long
period to collect 0.5 mL of sweat may be a limitation when analysing sweat constituents. Many studies
have demonstrated that the concentration of sweat electrolytes and minerals change in relatively short
periods, such as Na and CI changes within the first 30 minutes [104], acute mineral losses in Fe [105]
or Zn [25].

The Megaduct® is an excellent sweat collection approach to avoid sweat encapsulation and hidromeio-
sis. Nevertheless, different methods are needed if the project aims to measure sweat electrolyte and
mineral changes during short periods accurately.

PDMS sweat collector

A more recent study that also uses the wick effect to get sweat from the skin has shown excellent re-
sults for collecting sweat. Y. Zhang et al. created a microfluidic device for collecting sweat in chambers
to analyse it [106]. The wick effect is achieved by driving the flow through the inlet hole into the mi-
crofluidic system. The pressure sum from natural sweat excretion and the oppositely directed capillary
pressure drive the sweat inwards. The material used for the collector was chosen to be PDMS. PDMS is
naturally hydrophobic, but thanks to air plasma treatment (APT) and a later low-energy polyvinylpyrroli-
done (PVP) surface modification, PDMS can remain hydrophilic for more than six months [107].

A relevant new method from this study innovative is the way of collecting sweat. They use hydropho-
bic valves after the aperture of the sweat collection chambers to retain sweat inside. As previously
mentioned, PDMS is naturally hydrophobic. Thus, to obtain these hydrophobic masks, all it has to be
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done is place masks when the APT treatment is performed. The unexposed PDMS region under the
mask remained hydrophobic and formed the hydrophobic valves in the microfluidic channel. These
valves do not allow sweat to flow in the microfluidic channel but go into the chamber. Once the capsule
is filled, sweat can break the effect of the hydrophobic valve and continue through the channel onto the
next chamber. A more definitive explanation of the process can be seen in Figure 4.5.

Bridging channel

L] Liquid B Device [ Hydrophobic valve

Figure 4.5: Working principle of the hydrophobic valve to route liquid into the one-opening chamber in the microfluidic device.
(a) Schematic of the one-opening chamber with the hydrophobic valve and a bridging channel in a microfluidic device. (b)
Optical images (i—iv) and (c) numerical simulations of the hydrodynamic flow process into the one-opening chamber with a

hydrophobic valve [106]

Thanks to the use of capillary action, this device also stands for reducing sweat contamination and
evaporation. Previous designs using microfluidic sweat chambers had an outlet for releasing air as
the chamber fills out [72, 108]. The usage of an outlet avoids backpressure on the device, but it also
favours evaporation of sweat through it. Thus, this novel design can reduce unnecessary sweat evap-
oration and contamination, making it a very accurate device for sweat analysis. Another great feature
is the colourimetric analysis of sweat. This task is thanks to the usage of methyl red as a pH indicator,
acting as a chromogen to determine the exact pH of sweat. Considering the advantages of this device,
the design of the sweat collector could be modified to fit all goals of this project. An interesting idea
would be to place ion-selective electrodes under the collectors, or not having collectors but continually
have sweat coming into the sensors and flowing out.

4.1.2. Conclusion

Collection of sweat aims to drive sweat to its accurate analysis avoiding contamination of the sample
and under controlled conditions. Depending on the goal of sweat analysis, there are different tech-
niques capable of performing this task. This project aimed to continuously measure small quantities of
sweat under controlled conditions, avoiding any contamination. In addition, the collection system had
to be designed to reduce the sample flow speed to increase the time for sampling.

Wicking of sweat using capillary action seemed to be the best option for the collection of sweat. Its
continuous acquisition allows analysing sweat samples in real-time. Current projects using this tech-



4.2. Methods 47

nique also show the advantages of collecting sweat using this method [102, 106]. In addition, it has
been observed that microfluidics for this task could be of great help, driving sweat to specific chambers
for its analysis and controlling its flow speed. The next chapter will focus on the design, material selec-
tion and production of the sweat collector.

4.2. Methods

Once literature was reviewed to find the most suitable sweat collection system, it was time to design
and build the sweat collector. This chapter will discuss all the decisions taken for obtaining a suitable
sweat collector for this project.

4.2.1. Design

When designing the sweat collector, the two primary goals were to build it functionally and comfortably
for the athlete. Regarding the function of the collector, the idea was relatively simple: absorb sweat
without contamination, analyse it taking advantage of the microfluidics characteristics, and release the
sweat into the skin. Therefore, these functions can be divided into three sections: inlet hole, analysis
area, and outlet zone.

Inlet hole

This area is where the wicking of sweat occurs. Sweat can flow inside the microfluidic system
thanks to capillary action. However, the flow of sweat is not constant and has three different factors
influencing it. Depending on the area of the inlet hole, there will be a different amount of sweat glands
able to fill the collector. In addition, depending on which area of the skin the collector is placed, sweat
gland density will also variate. Finally, the sweat rate per gland varies during the exercise. These three
factors will influence the final volume of sweat and its flow rate.

Hair

Sweat pore Sweat collector

- Inlet hole Microchannel

I w w -
Nerve —_ I - |

Sweat gland
Vein
Artery
Adipose
tissue

Figure 4.6: Lateral view of the skin structure. Sweat is wicked from the inlet hole to the microchannel due to capillary pressure.
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The area of the inlet hole (A;;.) is the variable concerning the amount of sweat going inside the
sweat collector. Thus, the radius size had to be optimised. In literature, most collectors using capillary
pressure acquire sweat using a relatively small inlet hole (1 mm radius). It was therefore studied the
total sweat rate (Q..cqt) going inside the sweat collector. For these calculations, it was taking as a
reference the gland density (piqn45) Of the back (100-105 glands/cm?) [50] and the average sweat rate
per gland (Qg4n4) When acquiring sweat using capillary pressure (approximately 0.04 pL/min) [106].
Results showed that the total flow rate was too low (0.2 uL/min) to have enough sweat volume for the
sensor to analyse. Considering the size of the sensor’s electrodes, the inlet hole was set to have a
radius of 4 mm. With this bigger radius, the flow rate going inside the collector was over 2 yL/min.
Equation (4.1) shows the total sweat rate (Qs.cq:) Calculations.

ste(zt = leand * Pglands * Ahole = leand * Pglands * 7TT2 (41)

Even though the sweat rate was raised by increasing the inlet hole’s radius, it seemed that it would
still take a few minutes to cover the sensor’s surface with that amount of sweat volume. Looking into
literature, studies observed that there is an increase of sweat rate when a portion of sweat glands are
sealed [109, 110]. Due to compensatory effects, sweat rate increases exponentially (up to 0.6 uL/min
per gland) as the adjacent regions of the skin are blocked from the release of sweat. This finding also
helped set the size of the inlet hole. It was decided to increase the surface area of the collector around
the inlet hole, making a higher number of sweat glands to be sealed (see Figure 4.8).

Analysis area

In the analysis area, the sweat sensor will be integrated so that sweat can be analysed in situ.
This area is 0.9 cm in length, 0.5 cm in width and around 200 ym in height. This structure aims to
provide enough sweat volume to the sensor so the fluid can be appropriately analysed. As previously
mentioned, the time constant of the sensor is an important characteristic that needed to be taken into
account when designing the analysis area. By widening the microfluidic chamber, the sweat flow is
reduced in comparison to the previous channel. Nevertheless, this feature is not enough to slow down
the sweat flow in cases of high values of sweat rate, so extra features were designed in the outlet area
of the collector.

As observed, only the electrodes were introduced inside the analysis area, as sweat is analysed
through them. Therefore, the chamber is big enough to integrate the electrodes, considering their width
and height. The rest of the sensor was designed to be lying outside the collector to have the connectors
linked to the read-out system using a Flexible Printed Circuit (FFC) 8-pin connector. This external area
was also covered using TPU to isolate the whole system correctly.

It was also essential to study the microfluidics in this chamber to understand the behaviour of sweat
flow. As the final goal is to analyse the constituents in sweat, a turbulent flow in the system could
provide inaccurate results due to the irregular flow of sweat. However, Reynolds number showed a
laminar flow (Re<1) behaviour, so it could be concluded that the system possesses an orderly flow
regime. This property contributes to obtaining an effective system that can accurately measure the
concentration of ions found in sweat. Equation (4.2) shows how the Reynolds number (Re) was calcu-
lated for the microfluidics system. p is the density of the fluid, v is the mean speed of the fluid, i is the
dynamic viscosity of the fluid and D is the hydraulic diameter of the pipe. However, as the cross section
of the analysis area is a rectangle and not a circumference, this hydraulic diameter is represented as
the the cross-sectional area A of the flow divided by the wetted perimeter P of the cross-section.

_pvD  4pvA

Re
7 pP
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Outlet area

The outlet area has two main functions: slow down the sweat flow and get rid of the already anal-
ysed sweat. The first feature is the most important one, as it has the primary objective of providing
enough time for the sensor to analyse sweat ions. As previously calculated, the response time of the
sensor is about 30 seconds (see Figure 3.21). The time constant of the sensor is a challenge for the
collector, which needs to slow down the sweat flow. Different solutions were considered for the outlet
area. These possible solutions were divided into two groups depending on whether they had an active
or passive working method.

The active methods require some external power for the system to work. It was first considered to
have the athlete manipulating the collector every few minutes to push the sweat forward. However, this
solution was quickly disregarded as the comfortability of the system would be decreased considerably.
Other active methods required electricity inside the system, such as using nozzles [111] or piezoelec-
tricity [112]. The issue of this system is the danger of using electricity in the system, which will be
closely in contact with water and the risks that this interaction represents.

Passive methods have the advantage of autonomously working, not requiring any external power.
It was first considered to use a system of loops in the microfluidic device. These loops would go up and
down, making sweat flow to fight against gravity to advance. However, a more sophisticated method
arise when looking into passive valves used in fluid mechanics. This valve is called the Tesla valve,
which is worth mentioning separately.

Figure 4.7: Principle of operation of a Tesla valve. The upper figure shows flow in the blocking direction: at each stage, part of
the fluid is turned around (red) and interferes with the forward flow (black). The lower figure shows flow in the forward direction
(blue) [113].

The Tesla valve is a passive check valve that allows fluid to flow in one direction without any mov-
ing parts. It was first introduced by Nikola Tesla in 1920 [114], but not until the last few decades it
started to be used in pumping/mixing applications and different fields such as analytical chemistry,
microelectromechanical systems and biotechnological devices [115]. This valve behaves as a fluidic
diode, allowing for preferential forward and reverse flow directions (see Figure 4.7) due to its unique
design traits, which impose direction-dependent pressure drops [116]. For our design, in particular, it
is of great interest to use its reverse direction, also known as the blocking direction. This valve orien-
tation showed high flow resistance (15 to 40 times higher than the forward direction), which was very
convenient for slowing down the fluid flow. This type of passive valve will allow increasing the analysis
time of the sensor when sweat flow is elevated. If the flow is not very high, the flow resistance will
decrease, allowing sweat to flow easier inside the valve.

Furthermore, the design of the Tesla valve seemed to be easy to replicate except for the small is-
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Figure 4.8: Final design for the sweat collector

lands created in the helix region. This independent region could not be cut completely using the laser
cutter, as it would become an independent structure from the rest of the system. This issue and how it
was solved will be further explained in section 4.2.4

After the Tesla valve, the only left feature to design was the outlet hole. The microchannel was left
open at the end, so sweat could be secreted onto the skin once the sensor had analysed it.

After having introduced and explained the three main regions of the sweat collector, the final design
can be observed in Figure 4.8. This view corresponds to the middle layer of the collector, being the
most complex one and where sweat will be flowing. The design shows the three different features of
the collector: inlet hole, analysis area, and outlet area.

4.2.2. Materials and structure

Besides the necessary functionality of the collector, the chosen materials and its structure were vital
for its comfortability. The sweat collector had to be as small and straightforward as possible not to
discomfort the athlete during the physical exercise period. Therefore, the two main goals were focused
on finding a bio-compatible material and determining the simplest structure so sweat could be analysed
in situ.

In order to find a suitable material, it was looked into literature for the most common ones used.
Polydimethylsiloxane (PDMS) is mentioned in many papers as the ideal material for sweat collecting
[72, 106]. Other papers use polyethylene terephthalate (PET) as the substrate to create a sweat collec-
tion and analysis system [31]. Besides these two materials, Holst Centre also had a significant amount
of thermoplastic polyurethane (TPU) available. Thus, this material was also considered, as it is a bio-
compatible plastic and used in applications such as the textile industry [117]. In order to choose one of
these materials, they were analysed depending on:
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» Biocompability
* Flexibility
+ Availability

All materials showed excellent biocompatibility, and they would not irritate or contaminate the sur-
face of the skin in any way. PET showed lower flexibility properties than the other two materials, and it
seemed to be uncomfortable when stuck to the skin. Finally, as PDMS has a time-consuming process
to make it, the availability of this material was much lower than for PET and TPU, already available
for usage. TPU was therefore used as the material for the collector. These results are summarised in
Table 4.1.

MATERIALS Biocompatibility Flexibility Availability
PDMS ++ ++ -
PET ++ - ++
TPU ++ * b

Orange highlighted was used in this study

Table 4.1: Analysis of possible materials for the sweat collector

The specific brand used for the thermoplastic polyurethane was DuPont™ Intexar™ TE-11C. As the
supplier defines, TPU TE-11C is optimised for high stretch smart clothing applications, such as fitness
and health monitoring. The material is a stretchable bilayer, composed of high recovery and a melt
adhesive layer. The high recovery layer (100 um thick) is designed for compatibility with electronic ink
printing. The melt adhesive layer (50 um thick) is used for bonding to fabrics under heat press lamina-
tion [118]. For this project, the melt adhesive layer was chosen due to its higher flexibility and easiness
to melt and glue to other materials.

The next step was to think and design the structure of the microfluidic system. The main idea was
to divide the collector into three layers: top layer (completely sealed), middle layer (for the microfluidic
channels) and bottom layer (for the inlet hole). In order to cut the collector into the desire shapes and
sizes, the Trotec Speedy 300 was used. This machine uses a CO,, laser to either cut or engrave differ-
ent materials such as wood or plastics.

Top layer

\
. Middle layer

‘-""--.._ .
"--_--— -
\-.___--_

Bottom layer
\ -

Figure 4.9: Sweat collector structure showing the three different TPU layers.

It was observed that TPU had a thickness of just 50 ym, making it too thin to create a microflu-
idic system inside just two layers. As TPU is a melting adhesive layer, it was first decided to use the
Optek vacuum laminator. This machine uses a combination of heat, pressure and an internal roller
mechanism to stick different materials together. Initially, three layers of TPU were laminated together
to create the middle layer that was afterwards laser cut. The next step was to laser cut the bottom later
to create the inlet hole. Finally, all layers were laminated together. However, it was observed in this
last lamination step that top and bottom layers stuck together due to the melting process, closing the
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inlet hole of the system.

It was looked for new methods to avoid the encapsulation of the system. The next best approach
was to glue the different layers of TPU using double sided tape. A few types of commercial glues were
available and analyzed for this task:

TAPE | Thickness | Width \ Color \ Observations
3M 9469PC 0.13 mm 2.54 cm Transparent A temperature.and BoIVEES
compatible
3M 9460PC | 0.05mm 254 cm Transparent | '9h temperature and solvents
compatible
Extreme conformable acrylic
3M 5962 VHB 1.6 mm 12 cm Black soft foam core and good water
seal
3M 300LSE 0.1 mm A4 size sheets | Transparent Used in screen protectors
3M 1504 0.11 mm 15 cm Transparent Biocompatible

Orange highlighted was used in this study

Table 4.2: Analysis of possible double sided tapes

All tapes were tested and glued between two layers of TPU. 3M 5962 VHB was too thick for the
collector and hard to work with as it was highly sticky. For 3M 300LSE, the issue was the opposite,
being too thin and hard to stick between the two TPU layers. Between 3M 9469PC and 3M 9460PC, the
first one seemed like a better option as its thickness allowed to better work with it. The biocompatible
tape 3M 1504 was also a great possibility double-sided tape, and as it is already being used in medical
applications [119], it was chosen as the double-sided tape for sticking the collector onto the skin.

The initial idea was to use this tape for glueing the top layer with the middle layer. However, due to
malfunctioning issues in the Optek vacuum laminator, the lamination of TPU layers was not available
anymore. Thus, building the collector’s middle layer was rearranged using the 3M tape instead of the
laminator. Firstly, two layers of TPU were stuck together using 3M 9469PC. Two additional layers of
glue sheets were attached to each side. These layers were then laser cut into the middle layer shape
of the collector. Finally, two TPU layers (one bottom and one top) were glued onto each side of the
collector to have a sealed system, as shown in Figure 4.10. This method was much more accessible
and time-efficient, so it is recommended for future research.

\ -\
TPU TE-11C
3M 9469PC
\

Figure 4.10: Schematic of the different layers of TPU and double sided tape.
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As it is observed in Figure 4.10, there is no inlet hole in the collector. The idea was first to analyse
the hydrophobicity of TPU. If this physical property was too high, there was a chance sweat was unable
to flow inside the microfluidic channels. The following subsection will analyse this characteristic using
surface treatment.

4.2.3. Surface treatment of TPU

In order to study the hydrophobicity of TPU, it was also looked into the possibility of surface treating
the TPU bottom layer. This treatment could allow for sweat to be easily collected from the skin due to
the negative capillary pressure created [106]. Thus, a few layers of TPU were collected, and surface
treated thanks to the facilities provided at Holst Centre.

Surface treatment allows changing the wettability of the material, in this case, TPU. The wettabil-
ity of a material depends primarily on its surface energy, also referred to as surface tension. This
parameter is directly linked to how well a liquid can wet the material, monitored by measuring the con-
tact angle between a liquid and the material’s surface. By surface treating TPU, we can increase the
material’s surface energy, allowing to decrease the contact angle between sweat and TPU (making it
more hydrophilic). There are also different surface treatments, but the most used ones are corona and
plasma treatment. In this case, plasma treatment was available with different gases, being the most
used ones oxygen and nitrogen treatment. In addition to these two types of plasma treatment, TPU
was also treated with UV light to have more methods that could be later analysed and compared. Once
all TPU sheets were treated with the different techniques available (O, treatment, N5 treatment and UV
light), they were laser cut into the bottom layer shape of the collector and sealed using 3M 9469PC tape.

The sweat flow was analysed via video, whose results can be observed in section 4.3. Results
came to show that capillary pressure could be strong enough for sweat to go inside the TPU collector
without the necessity of surface treatment. Thus, the next step was to reproduce the sweat collector’s
final design using the previously tested structure.

4.2.4. Production steps

This final section will focus on the production steps followed for building the sweat collector. The pro-
cess aimed to combine the functionality and comfortability achieved with the design and structure of
the collector, respectively.

The initial structure consisted of two layers of TPU stuck together using 3M 9469PC double-sided
tape. Another layer of tape was added on both top and bottom with the release liner still on. This five-
layer structure was the middle layer of the collector, where the microfluidic channels would be created.

The idea was to laser cut the TPU structure using the final design shown in Figure 4.8. However,
as previously mentioned, the Tesla valve had independent regions in its design that could not be laser
cut as they would get loose. These regions are necessary for the correct function of the valve, dividing
the fluid into two directions and interfering with each other to slow down the flow. The final solution
consisted of engraving the surface of the structure instead of cutting it. This subtractive manufacturing
process allows changing the surface of the object using a laser beam without cutting it. Engraving is
a fast method as the material is removed with each pulse of the laser. The depth is dependant on the
speed and power of the pulse, as well as the number of times the laser beam is passing on the material
[120].

Once the middle layer was engraved with the desired design, the top and bottom layers needed to
be attached. Top layer could be immediately glued to the middle layer as no further laser cutting was
needed. In the case of the bottom layer, the inlet hole was made using the laser cutter again before
attaching it to the middle layer. The process was simple, cutting a circle of 4 mm in radius in the specific
spot. Afterwards, this layer could also be glued to the middle layer by detaching the release liner of the
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double-sided tape. Even though this glueing process could be performed by hand, the exact placement
of the different layers could be achieved using an alignment sheet.

TPU TE-11C

o>

3M 9469PC

>l

3M 1504

Figure 4.11: Final design and structure of the sweat collector

The steps completed until this point allowed to test the microchannels of the sweat collector by
manually inserting artificial sweat using a needle. However, there was one last step in order to stick
the sweat collector onto the skin. For this purpose, a new type of biocompatible double-sided tape was
needed to avoid skin irritation. As shown in Table 4.2, 3M 1504 is a thin, transparent and biocompatible
double-sided tape that fitted perfectly for this purpose. A new laser cutting process was needed, pro-
ducing the exact width of the inlet hole through which sweat would be wicked inside the microchannels.
The final design and structure of the sweat collector can be observed in Figure 4.11.

This last step meant the end of the sweat collector’s production, and it was ready for the validation
process.

4.3. Collector validation

The objective of validating the sweat collector was to ensure that sweat was going inside the microchan-
nels and flowing into the analysis area. Afterwards, sweat should also be able to exit through the outlet
hole. In this section, the experimental setup to validate the collector is explained. Afterwards, the re-
sults obtained will be shown using figures.

4.3.1. Experimental set up

The validation of the sweat collector followed different experimental tests. Even if TPU is slightly trans-
parent, it is almost impossible to see if sweat was flowing inside the collector due to its transparency.
Thus, it was necessary to develop a simple mechanism to see sweat flow inside the collector. A simple
method observed in literature used coloured demineralised water to visually check when sweat entered
the collector [72]. Throughout the validation of the sweat collector, this method will be used.

Some initial tests were performed to check the hydrophobic behaviour of TPU using artificial sweat.
This artificial sweat was a solution with distilled water and sodium chloride (common salt), as it is the
main constituent in sweat (see Table 2.1). In order to observe the behaviour of artificial sweat inside
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the collector, it was added blue colourant to the liquid. The liquid was inserted inside the microfluidic
system using a syringe and a small needle. In order to measure the sweat flow inside the microchan-
nels, video analysis was used. The time (¢) it took the artificial sweat to get from one mark line to the
next one was calculated as the entire process was recorded.

Figure 4.12: Sweat collector using double-sided tape without an inlet hole. Dye atrtificial sweat can be observed flowing inside
the microchannel.

First of all, it was tested that the collector allowed sweat flow through its microfluidic channel. In
order to do so, a few droplets of artificial sweat with a blue colourant (to easily see it) were injected into
the initial chamber using a syringe and a needle. This initial test was a success, observing how sweat
was able to flow through the microchannel.

In order to compare the sweat flow between the different collectors, all other variables influencing
the test needed to be fixed. The volume inserted in the initial chamber had to be fixed to a particular
value and have as little influence as possible on the inside pressure. Thus, a micropipette with 10 ul
was used to insert the coloured artificial sweat. The collector was also tilted to an angle of around 45°
so gravity could help artificial sweat flow through the microchannel with the same pressure. The proper
calculation of flow rate (Q)) can be seen in Equation (4.3). Where V is the volume of the microchannel,
composed of the surface area A of the microchannel (integrated into its height 4 and width w) and the
distance d from one mark line to the next one. Time ¢ is the time it took for the sweat to cover such a
distance (see Figure 4.13 for better understanding).

Q=V-t=A-dt=h-wdt 4.3)

Once the setup for the experiment was well thought and prepared, tests of the sweat collectors took
place. Four different collectors were analysed: non-treated TPU, TPU with O, plasma treatment, TPU
with N plasma treatment and TPU with UV light treatment. Sweat flow was analysed by recording the
different tests. Thanks to the trim lines along the microchannel, the flow was calculated using video
analysis.

In order to test the final design of the sweat collector, a small test was performed attaching the
collector to the skin using biocompatible tape (3M 1504). Its usage during physical activity could give
the necessary feedback to check if sweat was flowing inside the microchannels or not. Once again,
coloured artificial sweat was introduced in the microchannels of the sweat collector. Once it was filled
with this blue substance, the sweat collector was attached to the forehead. The exercise was performed
under high humidity conditions and elevated temperatures. Results can be observed in Figure 4.15.
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Figure 4.13: Explanatory drawing of the different dimensions of the microchannel in the sweat collector.

4.3.2. Results
The results obtained from the experimental tests performed for the sweat collector are presented.

Figure 4.14 shows the sweat flow of the four different collectors. It can be observed that initial sweat
flow for non-treated TPU is the highest of all samples. The initial sweat flow for O, plasma-treated TPU
is also higher than usual. However, artificial sweat flow for all collectors stabilises after a few seconds
once the microfluidic channel is wet.
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Figure 4.14: Sweat flow rate of the four different collectors.

As observed from Figure 4.15, sweat starts entering the microchannels after 10 minutes of exercise.
Dye blue artificial sweat progressively exits the collector through the outlet hole until almost none is left
after 30 minutes of physical activity. In the helix regions of the Tesla valves, some artificial dye sweat
remained longer than in other regions, but it disappeared eventually.
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Figure 4.15: Sequential images showing the sweat flow inside the collector during a 30 minute exercise.

4.4. Discussion

The hydrophobicity of the TPU collector was first tested. From the results observed in Figure 4.14,
some conclusions were derived. Initial flow for the non-treated TPU is opposite to the expected one,
as surface treated samples have higher surface energy and thus are more hydrophilic. The reason
behind these results is assumed to be related to the sensitivity of the inside pressure. It was observed
from the videos taken that any movement of the needle during the insertion of artificial sweat inside the
chamber triggered a fast flow of artificial sweat in the microfluidic channel. However, artificial sweat
flow from all treated and non-treated TPU stabilises after a few seconds. Thus, surface treatment does
not seem suitable, as no significant changes in flow are observed. In addition, surface treatment only
lasts for a few days or weeks, a significant disadvantage when trying to obtain a long-lasting sweat
collector.

Regarding the final design of the sweat collector, the physiological test showed positive results.
Sweat can enter the microchannels of the device and exit it through the outlet hole. The helix regions
of the Tesla valve showed to have some resistance to sweat flow. The concave shape of the region,
in addition to its vertical position, contributes to an irregular sweat flow. Even though this fact should
not slow down sweat flow, a less concave shape on its shape could benefit a more regular flow in
the microchannel. In addition, the attachment of the collector to the skin was firm throughout the entire
exercise, so it can be concluded that the double-sided tape is strong enough and does not wet during the
perspiration process. In addition, its biocompatibility was also tested successfully, as no skin irritation
was observed during or after the exercise period.






Sweat analysis system

This chapter will be focused on the building and testing of the sweat analysis system. The final system
is formed of three components: collector, sensor and read-out circuit. Section 5.1 will focus on the
design and production process of the sweat analysis system. This complete integration of the three
components aimed to be tested first in the laboratory, to then carry physiological experiments. Finally,
the results obtained and a brief discussion will be exposed in section 5.2 and 5.3, respectively.

5.1. System integration

The integration of the sweat collector and sensor aims for the analysis of sweat on people. Thus,
this sweat analysis patch production had to look for high comfort and provide wearability to the subject.
This integration had to maintain the characteristics achieved for the collector and sensor shown in the
previous chapters. In addition, this patch had to bear in mind its connection to the read-out circuit. As
previously mentioned, this read-out circuit was developed by T. Bakker on his thesis project, and it will
be used for this project as well [56]. Thus, this circuit will be briefly explained, and its working principle
presented.

5.1.1. Read-out circuit
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Figure 5.1: Read-out circuit application overview [56]
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The read-out circuit is a crucial part of the sensor system since it directly determines the accuracy
of the sensor reading, the interference, and the signal-to-noise ratio. This circuit aims to measure a
voltage difference between the sensor’s reference electrode and the ion-selective electrodes. However,
this signal is relatively low, so an amplifier is needed in the circuit. In order to stabilize the output of these
sensors, a low pass filter is added to the circuit. In addition to these requirements, an analog-digital
converter (ADC) and a microcontroller (MCU) are necessary for the circuit to work correctly. Figure
5.1 shows the components previously defined. The battery, power supply and data storage were not a
priority in the study, so there was no focus on these components.

The first idea was to create a single-channel circuit that would only be able to read the signal of
a single sensor. However, in order to acquire signals from several sensors, a multi-channel circuit
was developed. This read-out is more time-efficient and allows for the comparison between the sen-
sors, as the environmental conditions will be the same for all of them. In addition to the components
previously defined, it was decided to use a multiplexer to connect multiple sensors to one instrumen-
tation amplifier. An overview of the hardware used for the final read-out circuit is observed in Figure 5.2.
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Figure 5.2: Hardware abstraction layer (HAL) of the read-out circuit developed by T. Bakker [56]

This read-out circuit can collect potential differences from four sensors. Tests using this multi-
channel circuit were able to collect 20 samples from each sensor were collected every second. These
characteristics resulted in a sampling frequency of 160 Hz and a settling time of 125 ms.

Once the read-out circuit was presented and its working principles understood, the first step was fo-
cused on the design and structure of the sweat analysis system. The next task involved the production
steps necessary to build the device.

5.1.2. Design and structure

The design for this integration aimed to create a single patch gathering the sweat sensor and collector.
The usage of TPU and double-sided tape for the collector seemed the best option to seal this patch.
This slightly bigger patch would still collect and let sweat flow inside the microchannels of the collector.
The main task was to attach the sensor to the collector to place the electrodes inside the analysis area.
Using strong double-sided tape (3M 9469PC), these two components seemed to have great chances
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of working together for the same goal.

As observed in Figure 5.3, the sweat collector’s design has been slightly modified for the integration
with the sensor. The only difference is the reduction of the area around the inlet hole. This previous
characteristic aimed to increase the sweat rate due to compensatory effects when sweat glands were
covered [109, 110]. However, adding a more significant TPU layer to integrate the sweat sensor in-
creases this covered surface area, so the sweat collector layers of TPU around the inlet hole were
reduced in size.

60 mm

85 mm

Figure 5.3: Final design for the sweat patch

As already mentioned, the design of this sweat patch also aimed for its connection to the read-out
circuit. The sweat sensor has three silver paths for the conductive layer. These layers are covered with
carbon ink to assure there is no severe deterioration when the sensor is connected to the FFC connec-
tor multiple times (see Figure 3.10). This connector then transfers the potential differences obtained at
the electrodes to the read-out circuit through insulated wires. In order to make sure the FFC connector
did not detach from the sensor during the exercise period, some attachment between the wires and the
patch needed to be included in the system.

Figure 5.3 shows the addition of a long stripe of TPU under the carbon connectors of the sensor.
In this area, the FFC connector will be attached with the wires heading to the read-out circuit. The
two small holes observed on the right side are laser cut to attach the wires to the TPU layer. If the
wires were pulled during the exercise period, this tight attachment will exert force on the patch and not
the FFC connector, avoiding its detachment. The firm attachment of the patch to the skin by using
biocompatible double-sided tape should not detach if some force is exerted on it.

Regarding the structure for the sweat patch, the idea was very similar to the sweat collector’s struc-
ture. The patch was made out of TPU layers and double-sided tape attached together. Special attention
was taken to the analysis area of the collector, as the attachment of the sweat sensor takes place there.
To avoid any sweat coming out from this area, tape is used on both sides of the patch. In order to have
better withstand the possible forces of the wiring, the bottom patch of TPU is kept with its release liner,
with a higher thickness. The same biocompatible tape (3M 1504) attaches the sweat patch to the skin.
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The final design and structure of the sweat patch can be observed in Figure 5.4
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Figure 5.4: Final structure for the sweat patch. The sweat sensor is integrated within the collector

5.1.3. Production steps

The production steps of the sweat analysis system are very similar to those performed for the sweat
collector, using the laser cutter throughout the process. It began by sticking two layers of TPU using 3M
9469PC double-sided tape. Another layer of tape was added on both top and bottom with the release
liner still on. This structure was then engraved to form the middle layer of the collector. In this step
came the addition of the sensor to the sweat collector. By taking off the release liner of the tape, the
sensor could be fixed to the middle layer of the sweat collector. The electrodes were placed just on top
of the analysis area so that sweat would flow over them.

Figure 5.5: Sweat patch system. Sweat sensor and collector integrated together.

The top and bottom patches of TPU were used to seal the middle layer of the collector and the
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sensor already attached. The top layer of the patch is completely flat, whereas the bottom layer, the
inlet hole is laser cut to let sweat flow inside the microchannels. As already mentioned, the bottom TPU
patch is kept with the release liner to strengthen this layer. Two small holes are laser cut in this layer
to attach the wiring to it. Finally, two additional layers of 3M 9469PC double-sided tape were added
to both top and bottom layers to assure no sweat could come out of the analysis area. The produced
sweat patch can be observed in Figure 5.5.

5.2. Sweat analysis system validation

The validation of the sweat analysis system was divided into two sections. The first one was performed
in the lab and aimed to check the correct function of the system using a syringe pump. The second
validation experiment was the physiological testing of the system during physical activity.

However, before these experiments were performed, a small test to check the stability and sensitiv-
ity of the sensor was carried. This test showed how the sensor was not showing any voltage changes
to different ionic concentrations. Three months went by since the last testing of the sensor due to the
focus on the sweat collector. Looking into literature for the characteristics of the membranes [85], it
was observed how the stability of the sodium membrane strongly decreased within a few weeks (see
Figure 5.6A). The long period since the membranes were placed on the electrodes suggested the low
stability shown on the sensors.
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Figure 5.6: A) Response of the sodium membrane in a long-term stability test [85]. B) Potential stability dependency on the
electrode’s surface [76].

However, another factor that is important for the sensor’s long-term stability is the surface of the
membranes. As shown in Figure 5.6B, the higher the surface of the electrode, the higher stability. This
characteristic suggested trying the sensors designed by T. Bakker, which were also screen-printed and
the membranes placed on the electrodes. The results obtained showed stability for the sodium sensor.
The voltages differences had been slightly reduced compared to the initial measurements done three
months prior, but accurate results were still obtained. Thus, this sensor still allowed to keep working
with the sweat analysis system.

As the calibration curve was developed a few months prior to the physiological testing of the sensor,
a new calibration seemed necessary. Figure 5.7 shows the obtained calibration curve for the sweat
sensor, which shared very similar values to the calibration curve of the sensor with smaller electrodes.
Error bars are shown but are very small. Bigger differences were observed at 30 mmol/L (standard
deviation of 3.5%) and 90 mmol/L (standard deviation of 2%). This fitting curve shows a saturation of
the sensor for high concentrations of sodium.
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Figure 5.7: Calibration curve for the Na sensor with larger electrodes.

These modifications allowed to continue with the laboratory and physiological experiments using
the sweat analysis system.

5.2.1. Syringe pump experiment

As previously explained, the validation of the sweat analysis system was first checked with a few lab
experiment. This experiment aimed to check if the sweat analysis system could accurately measure
artificial sweat concentrations using different flow rates. The experiment had two characteristics that
wanted to be tested for the system:

« Stability using different sweat rates

+ Sensitivity to different artificial sweat concentrations

To perform this experiment, a syringe pump was used to set different sweat rates. This pump was
connected to a syringe inserted inside the sweat patch through the inlet hole. The patch was connected
to the read-out system using an FFC connector.

The first objective of this test aimed to test the system’s stability to different flow rates using the
same salt concentration. In order to test the passive valves, sweat flow in the microchannels during
high-intensity exercise period was estimated. As previously calculated using Equation (4.1), normal
sweat rates could achieve 0.04 yL/min per gland. However, higher sweat rates can occur due to com-
pensatory effects [109, 110]. With sweat rates up to 0.6 yL/min per gland, total sweat rate inside the
collector could reach values close to 30 yL/min. Thus, the syringe pump was initially set to 10 ul/min.
After five minutes, the flow rate was increased to 20 ul/min, finally increasing it to 30 ul/min on the last
five minutes of the experiment. The artificial sweat concentration remained constant at 30 mmol/L.

As observed in Figure 5.8, the potential remains almost constant when the artificial sweat rate is
increased. The system takes a few minutes to start analyzing the artificial sweat, as it has to travel a
few millimetres until the substance covers all electrodes.
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Figure 5.8: Stability test sweat sensor in 10 ul/min, 20 ul/min, 30 ul/min, Concentration=30mM

The next test aimed to study the system’s sensitivity when different artificial sweat concentrations
were introduced in the collector at a constant sweat rate. In this procedure, syringes were changed
to introduce a new artificial sweat concentration into the system. Results can be observed in Figure 5.9.

In this test, there is also a tiny period until the voltage stabilizes at 20 mmol/L. When the sensor first
analyzes a different sweat concentration, there is a slight peak observed for both 50 and 90 mmol/L.
However, it soon starts to stabilize at its corresponding voltage. It then remains almost constant for the
rest of the experiment, with slight variations in voltage of £3 mV. Chloride sensor was tested one more
time, showing initial sensitivity when concentration values are changed. However, voltage drops back
to zero immediately afterwards.

Sensitivity test sweat sensor in 20mM, 50mM, 90mM, Rate=10 pl/min
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Figure 5.9: Sensitivity test sweat sensor in 20mM, 50mM, 90mM, Rate=10 ul/min
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In addition to the first sensitivity test, a second experiment was performed to test the sensitivity of
the sensor as well as the capacity of the read-out circuit to work with several sensors at the same time.
This experiment would test the sensitivity of the sensor for changes in sweat concentration from a low
one to high concentration, to then lower it again. This test would allow to show if big differences are ob-
served when the sensor keeps reading changes in sweat concentration. Moreover, working with three
sensors at the same time was a first test before performing the physiological experiments. Results
from this sensor validation test are observed in Figure 5.10.
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Figure 5.10: Sensitivity test sweat sensor from 30mM to 90mM and back to 30mM

Concentration levels showed almost identical results for all sensors in the 50 mmol/L and 70 mmol/L
level. High concentrations (90 mmol/L) and low concentrations (30 mmol/L) show higher differences
in potential. The lowest concentration point also shows bigger differences between the first stage of
measurement and the second one (SD of 4.1 mV).

5.2.2. Physiological experiment

The final testing of the sweat analysis system was performed on humans. This test aimed to check if
the positive results obtained for the system in the lab also continued when testing it with real sweat.
When testing a new device with humans, the research has to be approved by an Ethics Committee. To
do so, this device was included under A. Steijlen’s ethics proposal, approved in 2020 under the name:
Sensor technology for unobtrusive athlete monitoring. In addition, a new device report and a consent
form were needed for these physiological experiments.

This physiological experiment also aimed to test the same two characteristics of the system as with
the syringe pump experiment:

+ Stability of the sensor in a 45-minute physical activity

 Sensitivity through out the exercise
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These two characteristics are vital for the correct and accurate analysis of sweat during physical
activity. The system will be capable of monitoring the ionic concentration of sweat with precision during
long periods of activity. In order to test the system, it was decided to have humans sweating during
a high intensity exercise period on a cycling ergometer. During the activity, subjects were not able to
ingest any food or water. The physical exercise was divided into three phases:

1. Warming up phase - 5 minutes
2. High intensity physical exercise - 35 minutes

3. Cooling down phase - 5 minutes

It was decided to place three sweat patches for more reliable results, all connected to the read-out
circuit. Copper tape was added to the sensors in order to shield them during the physiological exper-
iment, and the grounding of the wires was connected to this tape. The patches were placed on the
back due to its high sweating rate and high surface area for patch placement. In addition, absorbent
patches were also placed on the back of the subject using a technique observed in literature [121].
Three patches were replaced during the exercise (15, 25 and 35 minutes after exercise begins), to
have references of exact sweat concentration during the exercise. The patches would be analyzed
later on using the ion chromatography (IC) technique. Finally, sweat rate is recorder using two cap-
sules developed by A. Steijlen.

This final experiment aimed to test the efficiency of the sensor for measuring real sweat during
physical activity in real-time. As the acquisition of large data for statistical studies was not needed only
three subject were involved in this study. Figure 5.11 shows the sweat system output signal for one of
the subjects. The signal of all sensors contained noise which did not allow to analyze the data. A low
pass filter with a cut-off frequency of 50 Hz was applied to the signal to get rid of this noise. IC results
are compared against sensor 2 due to their mirrored placement on the back (see Appendix C).
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Figure 5.11: Sweat system output signals for the three sensors in a 45 minutes exercise period
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From Figure 5.11 several remarks can be made. During the first minutes of exercise, there is still no
sweat inside the system, so no changes in voltage are observed. Around minute 8, the voltage from all
sensors shows a change in potential due to the introduction of sweat in the analysis area. These first
seconds show big changes in potential when sweat concentration abruptly changes. From this point
until minute 25, sweat concentration show small variations in potential difference (in the 60-100 mmol/L
region). These readings are very close to the measured sodium concentration in the 15-minute point
using ion chromatography (113 mmol/L). Unfortunately, sweat patches for the other two time periods
did not absorb sweat. After minute 25, all sensors showed noise (filtered in the figure), which affected
especially the values on sensors one and two, raising to very high and low potential values. The last
5 minutes of exercise (cooling down phase) shows a decrease in sweat concentration for all sensors,
despite being affected by noise. Results for the other two subjects and sweat rate measurements can
be observed in Appendix A.

Testing of the sweat analysis patch in the laboratory showed that the origin of the noise was coming
from the shielding of the sensors. As soon as the grounding established contact with the copper tape,
the same noise was appreciated in the data.

A second and last physiological experiment was performed disregarding the shielding of the sensors
and leaving the grounding open. For this experiment, only sweat in one subject was tested. Also, due
to time constraints, there was no possibility to compare the results with ion chromatography measure-
ments. Nevertheless, the results obtained showed some more positive results. Even though some
external noise is still visible (see Figure 5.12), the data obtained was in the same voltage range as
for artificial sweat tested in the laboratory (-30 to 20 mV). Sensor 1 does show unstable voltage after
minute 30.
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Figure 5.12: Sweat system output for all sensors in a 45 minutes exercise period with no shielding of the sensors

Figure 5.13 shows the potential obtained for one of the sensors. Again, initial voltage remains at
zero in the beginning of the exercise. As soon as some sweat reaches the membranes (5 minutes after
exercising period starts), a change in voltage is shown, which needs a few seconds before stabilizing.
Afterwards, the voltage range remains between 5 and 15 mV, an equivalent of 70 to 90 mmol/L of
sodium concentration. An alteration of 3 mV trough the entire period of exercise is also observed.
There is also a big change in voltage between minutes 15 and 20.
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Figure 5.13: Sweat system output signal for sensor 2

5.3. Discussion

The first issue observed during these experimental tests concerns the long-stability of the membranes.
There is a maximum period for which membranes can still be effective. That period was reached for
the new version of the sensor due to the small size of the electrodes. In addition, not having the insu-
lation layer surrounding the electrodes made the membranes’ thickness also decrease. As previously
mentioned, when drop-casting the membranes on the new version of the sensor, some of the solution
spread through the surrounding PET. This fact made the membranes to be thinner. However, a high
electrode’s surface and membrane thickness was obtained for the older version of the sensor (made
by T. Bakker). These characteristics made the sensors remain highly stable even after one hundred
days since membranes were placed.

Using the new design for the sweat sensing patch, the stability and selectivity of the system were
first tested in the laboratory. The use of the syringe pump showed how the sensor measures a constant
sodium concentration even when the flow rate highly increases. This result showed that the sweat anal-
ysis system should remain stable and not be influenced by changes in sweating rate when tested on
humans during physical activity. The same evaluation was done for changes in sweat concentration.
Results showed a positive sensitivity of the sensor to changes in sodium concentration. There is a
short period needed by the sensor when concentration quickly changes. The peaks observed after
these changes in Figure 5.9 are probably related to the abrupt change from one concentration to the
other one. However, these significant changes in concentration are much more constant in human
sweat, so the sensor should measure these differences without showing abrupt potential changes.

The physiological experiments carried out showed some positive results. Changes in potential when
sweat enters the analysis area of the microchannels and wets the electrodes shows the effective work-
ing of the collector. The similar reading between the sweat sensing system and the ion chromatography
machine suggests a positive performance of the system. The unusual voltages and noise altered the
reading of the sensors in the first physiological tests. This behaviour can be related to the shielding
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of the sensor, a new addition to the patch for the physiological experiments which was not used in
the laboratory experiments. The second physiological test showed voltages very close to usual sweat
sodium concentration during exercise. The non-shielding of the sensors can be related to the lower
stability of the sensors. Other factors that can influence on the changes in voltage are body temper-
ature, movement of the subject, detachment between sensor and wiring or the wetting of the connector.



Final discussion

This chapter discusses the design choices, production techniques, and results for the sweat sensor
and collector. This project aimed to study the most suitable materials and designs to develop a sweat
sensor system. The final goal was to provide a proof of principle for its health monitoring use during
physical activity.

6.1. Design and production steps

This project designed and produced the sweat sensor and collector for the sweat analysis system.
These two sub-parts with the read-out circuit became the production of the sweat analysis system.

6.1.1. Sweat sensor

The design of the sweat sensor aimed to measure ionic content in sweat using potentiometry as the
analytical technique. Three electrodes were used: two of them as working electrodes (for sodium and
chloride) and one as a reference electrode.

The first production step was the screen-printing of the sensor. This step showed some initial
drawbacks in the complete coverage of the insulation and the carbon layer. A second screen-printing
process highly improved the homogeneous spreading of the layers. The use of cutting edge production
machines and high-quality inks from Holst Centre provided high-performance sensors.

PET seemed to be an appropriate substrate for the sensor. It provides the necessary stiffness for
the printing of the layers, but it is flexible enough for the person’s comfort when placed on the skin. Re-
garding the different inks necessary for the proper working of the sensor, they all were of high quality
and provided a high adhesion and resolution between layers.

The only issue encountered in this screen-printing process was the spread of the Ag/AgCI layer.
The origin of the problem for the nonexistent sensitivity observed for chloride ions was investigated.
After comparing this layer to an Ag/AgCI reference electrode, it was observed that this ink was barely
covering the surface of the chloride electrode. There was an error during the production steps of the
screen-printing, which only affected the Ag/AgCl layer. Future production of this sensor should con-
sider the correct printing of this layer, as it is crucial for the measurement of chloride ions in sweat.

The second primary production step for the building of the sensor was the development of the mem-
branes for the reference and sodium electrode.

For the reference membrane production, an innovative approach was initially tested that showed
excellent stability. However, the production of this PVA/KCI membrane showed to be more complex

71
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than initial expectations. The thick material achieved after production made the drop-casting of the
membrane highly complex with the instruments available. The second approach for its production was
to use a PVB/NaCl reference membrane, highly used in literature but with lower long-term stability than
PVA/KCI. The production of this membrane showed a lower complexity, and it was easier to place on
top of the electrodes.

The only drawback encountered on this production step was the spreading of the reference mem-
brane through the PET layer. Future sensor versions should try to surround the electrode with the
insulation layer to avoid this spreading. In addition, lower methanol volume (5 ml) should be used to
obtain a more dense membrane.

Regarding the production of the sodium-selective membrane, the choosing of Na lonophore X was
the best option currently available. No issues were encountered throughout the production of this mem-
brane, and it showed high selectivity for sodium ions.

Future improvement of this sensor should look for the addition of a solid contact layer in order to of-
fer a faster ion-to-electron transduction and more precise measurement of ion concentration [55]. The
addition of PEDOT:PSS layer was intended to be placed on top of the sensors after polymerization of
EDOT. Due to the complexity of this process, it was decided to disregard this layer with the inconve-
nience of having a less accurate sensor. Recommendations for a new sensor version should include
this solid contact layer in the screen-printing process for more efficient and faster production.

6.1.2. Sweat collector

The design of the sweat collector was focused on its proper functionality and a high comfortability for
the person wearing it. The use of TPU as the primary material for the collector has shown to perfectly
suit the project’s objectives. TPU’s hydrophobicity is not a drawback for obtaining high enough capil-
lary pressure to collect sweat inside the microchannels. This advantage avoids the usage of surface
treatment on the material, previously done by other research studies [106], but with the disadvantage
of only lasting for a few weeks. Regarding the production of the collector, the use of the laser cutter
showed a few challenges:

» Small burning on the edges of the collector showed some irregularities in its shape.

» Engraving the microchannels to create Tesla valves created a rough and sticky surface.

In order to improve the laser cutting accuracy, a higher quality laser cutter can provide a more pre-
cise laser beam. This upgrade would avoid the irregularities shown on the edges of the sweat collector.
Regarding the design of the microchannel, special attention was paid to the creation of the Tesla valves.
The small independent islands in this passive valve were not laser cut as they would detach from the
rest of the system. Engraving the structure appeared to be the most suitable solution to replicate this
structure. However, TPU and double-sided tape stacking made the microchannels obtain a viscous
texture due to the remaining glue on its surface. This texture could negatively influence the sweat
composition and flow, so the issue was taken care of using ethanol. A few drops of this chemical and
rubbing the surface with paper allowed to get rid of the additional glue. Besides these two challenges,
the overall working design of the collector showed very positive results in terms of sweat collection and
flow.

In addition, all medical tapes showed high performance for the adhesion of TPU layers. Three dif-
ferent tapes were used: 3M 9469PC, 3M 1522 and 3M 1504. The last two tapes were biocompatible
and allowed for the attachment of the collector to the skin. This tape showed strong adhesion to the
skin during the high sweating period. Neither sweat nor hair prevented the complete attachment of the
collector to the skin. Physiological experiments also showed low skin redness during the first minutes
after detachment of the collector, but skin reached standard colour soon after. No skin irritation was
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observed in any of the subjects. Thus, all double-sided tapes used in the project perfectly suited to the
proper functionality and comfortability of the sweat collector.

6.1.3. Sweat analysis system

The integration of the sweat sensor and collector showed to be a straightforward problem. As the
production of the collector had already been solved, similar method was followed for the integration
using TPU and the laser cutting machine. However, initial tests showed the leakage of sweat between
the sensor and the TPU layers on top and bottom. This issue was quickly solved by adding two extra
double-sided tapes to completely seal the microchannel system and only let sweat out through the out-
let hole.

However, after the testing of the sweat analysis system in the physiological experiments, a few
remarks were observed:

» The connection between the sensor and the FFC connector is not completely fixed, disconnecting
a few times during the exercise due to the person’s movement.

» High sweating periods showed liquid close to the wiring.

These drawbacks are all related to the connection between the sensor and the read-out circuit. The
limitation of having a wiring connection makes the system lean into possible errors. For our project, a
short-term solution was devised to have the most optimal connection. The wiring was attached to the
TPU layer using tape, as well as to cover them from possible sweat that could wet them.

Future system improvements should look into solutions to get rid of the wiring, sending the data
wirelessly to a computer for later processing. This update would avoid any connection issues and wet-
ting of the wiring.

6.2. Results

In this section, the results obtained for the validation and testing of the sensor, collector and sweat
analysis system are presented.

6.2.1. Sweat sensor

The sensitivity of the sodium electrode to the sweat ion concentration range showed promising results.
The region of interest for measuring ion concentration (10 mmol/L - 100 mmol/L) was easily calibrated,
with a sensitivity close to 0.8 mV per mmol/L. These results are similar to previous sodium electrodes
with the same chemical composition [85, 89]. A few remarks can be made on the extremes of this
region of interest:

» The sensor shows a more unstable behaviour for low concentrations of NaCl (0-20 mmol/L range).
The reasoning behind these observations can be related to the high membrane strength to with-
draw ions from the solution. The inability to find high enough concentrations of ions can lead to
instability in the final sensor readings.

» High concentrations of sodium ions (100 mmol/L) show a smaller difference in sensitivity than
in lower ion concentration regions. This phenomenon has also been observed in literature [89],
which can indicate the saturation of the sensor. In addition, the sensor’s response time can also
influence the final concentration reading, as with high sweat flow rate, the sensor may not have
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enough time to read high amounts of ions in the solution.

The stability of the sensor showed a rise in voltage for more than an hour when submerged in a
saline solution. It seems there is a long response time of the sensor when tested for the first time. This
behaviour was corrected by previous wetting of the electrodes inside a solution with low NaCl concen-
tration. Afterwards, the sensor showed a much more stable voltage for all NaCl concentrations.

Regarding the fluctuations observed every few minutes on the stability tests, there are a few expla-
nations that can relate to this behaviour:

» Susceptibility of the sensor to slight movements in the wiring or small fluctuations in the saline
solution.

» Changes in temperature have also been reported to show fluctuations on the sensor’s reading
output [56].

Finally, the response time of the sensor in the millimolar range showed a fast behaviour (approxi-
mately 30 seconds), coinciding with other research projects focused on sweat analysis [85].

6.2.2. Sweat collector

The main success achieved for the sweat collector was its ability to wick sweat into the system thanks
to the action of capillary pressure. This action is crucial for collecting sweat, directly dependant on the
chemical composition of the materials used and the dimensions of the inlet hole and the microchannels.

+ Hydrophobicity of TPU was tested for its capability to guide sweat inside microchannels. Surface
treatment using different methods (O, treatment, N, treatment and UV light) did not show more re-
liable results than non-treated TPU, so no chemical modifications of the material were necessary.

+ Size of the inlet hole and the microchannels were crucial for the proper collection of sweat. Small
modifications were necessary to obtain the most suitable dimensions that allowed for the wicking
of sweat inside the system and its constant flow inside the microchannels.

+ Small dimensions of the microchannels made sweat flow on top of the membranes rather than
sideways, allowing for its analysis.

The addition of a passive valve into the system aimed to slow down the sweat flow in the microchan-
nel. Sweat flow inside the microchannel was tested via images, showing the flow division in the helix
region. However, the functionality of this valve was not adequately tested. Future work should measure
the sweat flow in the outlet hole with and without the Tesla valves to check its working principle reliably.

6.2.3. Sweat analysis system

The long-term stability of the membranes was tested after three months since their production. This
characteristic showed to be directly dependant on the area of the electrode. In the updated version of
the sensor, the surface of the electrodes was reduced to minimize the total dimensions of the sweat
analysis patch. However, this sensor showed a drastic drop in sensitivity after three months of pro-
duction. A thin membrane also seems to show poor long-term stability. The previous version of the
sensor with a larger electrode area and thicker membrane showed positive long-term stability, with no
significant changes.
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Stability and sensitivity tests using specific artificial sweat flow rates showed a positive sensor per-
formance. Reading voltage remains stable even for high flow rates, and changes in ionic concentration
are well-differentiated, specially in the middle region of interest (40 mmol/L - 70 mmol/L). In addition,
the difficulty to read a fixed voltage in low ionic concentrations shows the instability of the sensor in this
region.

In comparison to sensor readings inside an artificial sweat solution, poorer stability is shown when
sweat flows over the sensor. One reasoning behind this behaviour is related to the flow of sweat in a
perpendicular direction to the conducting layer. Moreover, these small variations in voltage can also
be related to slight sensor movements or changes in temperature.

Physiological experiments were the culmination step for the testing of the sweat analysis system.
Noise and altered voltages were observed when shielding the wires of the read-out circuit to the sen-
sor. However, the sensor’s filtered output signal already shows the system’s ability to read sodium
concentration during physical activity. Once sweat enters the analysis area of the collector and a few
seconds after the stability of the sensor is reached, the system measures sweat sodium concentrations
close to the values set by the ion chromatography method. High voltages in the first experiment were
observed to be related to the shielding of the sensor. Avoiding this shielding showed poorer stability
but more accurate results. In the second experiment, the sweat sodium concentrations were in the
same range as in other literature studies [17]. Once again, deficient reading signals can be avoided
by establishing a wireless connection between the sweat analysis patch and the read-out system. In
addition, new physiological tests in other environments could be tried out without having the subject in
a fixed position throughout the exercise.






Conclusion and future work

This thesis project focuses on building a reliable sweat sensing system that analyses sweat in real-time
during physical activity. The two main contributions to this system relied on the building of a sweat sen-
sor and collector. Several successful experiments showed the positive potential of this system. The
sweat sensor managed to analyse sodium ions concentration, and the collector could wick sweat from
the skin without its contamination. Also, several issues were encountered, and new approaches had
to be defined. A few requirements for this system were set for the project, and their evaluation can
provide a final conclusion and some future recommendations.

» The system should be capable of reliably monitoring a patient for at least one hour of exercise.

The physiological experiments showed positive stability for long periods of analysis. The region
of interest (10 mmol/L - 100 mmol/L) showed a potential change of approximately 90 mV, showing a
sensitivity close to 0.8 mV per mmol/L. In the stability tests for different ion concentrations in a 30 min-
utes experiment, the system showed stable potentials that differed in a maximum range of 5 mV. This
range can be translated as a maximum concentration difference of +3 mmol/L. However, this range
is due to small changes in voltage which show briefly for a few seconds every few minutes. The sen-
sor could reach stability with concentration differences of just =1 mmol/L. Physiological experiments
showed lower stability, but concentration variations also differed in a maximum range of +3 mmol/L.

The improvement of the sensor sensitivity relies on adding a solid contact layer, such as the sug-
gested PEDOT:PSS layer included in the screen-printing process. The stability of the sensor showed
to drop when comparing laboratory to physiological experiments. Besides the drawbacks of sensor
movement and body temperature, the flow of sweat perpendicular to the direction of the conducting
layer could lower the final stability. Future work should try to rearrange the integration of the sweat
sensor and collector so sweat can flow parallel to the direction of the sensor.

» Sweat collection must avoid the contamination of sweat samples.

The efficient and fast acquisition of sweat into the microfluidic system is crucial for its accurate anal-
ysis. The sweat collector in the sweat analysis system proved to positively perform this task thanks to
the action of capillary pressure. After a previous cleaning of the skin area, sweat drops inside the inlet
hole are quickly absorbed into the microchannels of the TPU system for its analysis. A test to examine
this zero-contamination was not performed, but the collector showed exact behaviour to devices used
in other studies that claim to avoid this sweat contamination [106]. Recommendations for future work
could focus on comparing sweat collected by capillary pressure with other sweat collection techniques
to show the efficiency of our method.
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» The system should reduce the sweat flow speed to increase the time for sampling.

Sensor response time to changes in sweat concentration was effectively estimated to be around
30 seconds. The building of a passive valve after the analysis area of sweat can provide enough time
for the accurate analysis of sweat samples. The Tesla valve function remains inactive if the sweat flow
is low, but its structure slows down the flow when sweat gland’s activity rises. Future research should
look for more accurate laser cutting machines that can replicate the helix area of the valve in more detail.

» The materials and techniques used to build the system should enable the end product to become
a comfortable and wearable device.

The sweat analysis patch is made of biocompatible materials for its comfortable attachment to the
skin. Irritation was not found in any of the subjects wearing the patch for almost an entire hour. The
building of the end product can be easily reproduced, and it can allow for the production of dozens of
sensors in just a few days if all machines and materials are easily accessible. Faster sensor produc-
tion can be achieved if the membranes are laid on top of the electrodes in the screen-printing process.
Alignment sheets could be used for faster and more accurate production of the sweat collector when
taping all TPU layers together.

Final conclusion

A new concept for a sweat analysis system in real-time health monitoring during physical activity
is provided in this research project. This system focused on producing, validating and testing a sweat
sensor and collector, critical components for accurate sweat analysis. The stability and sensitivity of the
system for analysing sweat ions were tested in human subjects with promising results. Future research
should focus on a more efficient reproducibility of the sweat analysis patch and a wireless data transfer
system. Further physiological experiments will provide more insightful information on the relationship
between sweat ion concentrations and a person’s health status.
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Additional results of physiological
experiments

Sweat sensor output during a 45 minutes exercise
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Figure A.1: Sweat system output for all sensors in a 45 minutes exercise period for subject 2
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Sweat sensor output during a 45 minutes exercise
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Figure A.2: Sweat system output for all sensors in a 45 minutes exercise period for subject 3
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Read-out software code

#include "mbed.h"
#include "Adafruit_ADS1015.h"
#define SERIAL_BAUD_RATE 115200

I2C i2c¢(PB_9, PB_8);
Adafruit_ADS1115 adc(&i2c, 0x48);
Serial pc(SERIAL_TX, SERIAL_RX);
Ticker sample;

Timer timer;

//
//
//
//
//

I2C pins

Library optimized for more efficient sampling
debug tx, rx

Interupt

Timer for samples

int32_t sensor[8] = {0,0,0,0,0,0,0,0}; // Sweat sensors

int16_t single_temp = O;
bool channel=0;

bool read_e=0;

unsigned int sensor_count=0;
unsigned int next_sensor=0;
unsigned int sample_count=0;

DigitalOut al(LED1);

BusOut C_a(D3, D4, D5);
BusOut C_b(D7, D9, D11);

void get_data()
{
read_e = 0;
if (sample_count<19) {

//
//
//
//
//
//

//

Temperature sensor

Read-out channel (0 or 1)

If read_e=1, start of collecting data

Sensor sampled

Sensor next sample

Numbers of samples in a row from the same sensor

Inidication light

//Databus to select channel Multiplexer 1
//Databus to select channel Multiplexer 2

sensor [sensor_count] = sensor[sensor_count]+adc.readADC_Differential(channel); //load
sampled data, ask for next sample

sample_count++;
return;

}

sample_count=0; //After 20 samples, a new sensor has to be selected

channel=0;

next_sensor = (sensor_count+4)%8;
if (next_sensor<4) { Switch from multiplexer and sensor

next_sensor++;

channel=1;

if (next_sensor>3) {
next_sensor=0;

}
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sensor [sensor_count] = sensor[sensor_count]+adc.readADC_Differential (channel); //load
sampled data, ask for next sample at other channel

if (next_sensor>3) {
C_a = (sensor_count+1)%4; //Select channel of multiplexer 1

¥

if (next_sensor<4) {
C_b = (sensor_count+1)%4; //Select channel of multiplexer 2

}

int mseconds = timer.read_ms();

pc.printf ("%6d,%6u,%6d", sensor_count,mseconds,sensor[sensor_count]); //Send through Uart
the sensor number, time of the sample and sensor value of 20 samples

pc.printf("\r");

pc.printf ("\n");

sensor [sensor_count]=0; //Reset sensor value

sensor_count = next_sensor; //This is the sample that is know beeing sampeld due to the
optimized library

void time_read()

{
}

read_e = 1; //Start sampling

int main()

{

i2c.frequency(800000) ;
pc.baud (SERIAL_BAUD_RATE) ;
adc.setGain(GAIN_ONE) ;
sample.attach_us(time_read, 6250); //Specifying the repeat interval of the sampling
timer.start();
while(1) {
if (read_e>0) {
get_data(); //After interupt, load data and start new sampling
al = channel; //Indicat via led after succesfull run through get_data()




Pictures of physiological experiments

Figure C.1: All three sensors and the sweat patch attached to the back of the subject
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Figure C.2: Strong adhesion of the sensor in a subject with abundant body hair

Figure C.3: Sweat sensing patch during the exercise period
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Figure C.4: Slight skin irritation right after detachment of the patch






Informed consent form and study
information

Consent Form for [Sweat collection and analysis]

Please tick the appropriate boxes Yes No
Taking part in the study

| have read and understood the study information dated [02/10/2021], orit hasbeenreadtome.| O ©
have been able to ask questions about the study and my questions have been answered to my
satisfaction.

| consent voluntarily to be a participant in this study and understand that | can refuse to answer o O
questions and | can withdraw from the study at any time, without having to give a reason.

lunderstand that taking part in the study involves a physical exercise to stimulate sweat o O
production, the collection of my sweat and its ion concentrations will be measured. The

information is recorded by making notes and sweat samples and by logging the measurements
from the devices.

Risks associated with participating in the study

| understand that taking part in the study involves the following risks: skin irritation by the sweat © O
analysis device and physical exhaustion.

Use of the information in the study
| understand that information | provide will be used for reports and publications. o O

| understand that personal information collected about me that can identify me, suchas[e.g.my O O
name or where | live], will not be shared beyond the study team.

Future use and reuse of the information by others

| give permission for the anonymized data and sweat ion concentrations that | provide to be o O
archived in a secured storage system so it can be used for future research and learning.

Signatures

Name of participant Signature Date

| have accurately read out the information sheet to the potential participant and, to the best of
my ability, ensured that the participant understands to what they are freely consenting.

Researcher name Signature Date

Study contact details for further information:
Luis del Rio

T: +34 609 602 509

E: l.delriogarcia@stduent.tudelft.nl

101



102

Informed consent form
Study information

Title of Research: lonic sweat analysis for health monitoring in real-time exercise
Researchers: Luis del Rio

Affiliation: Delft University of Technology, the Netherlands

Contact: |.delriogarcia@student.tudelft.nl

Date: 02/10/2021

Purpose of the research

The purpose of this study is to check the functionality of a sweat analysis system previously
produced. This sweat analysis system can measure ionic concentrations in sweat during
physical activity. The differences in concentrations during the exercise could be of great help
on the monitoring of the health status of the athlete.

What does participation in the research involve?

The participation in this research study involves an approximate 45-minute exercise on a cycle
ergometer, This period will allow you to sweat in great quantities so ionic concentrations can
be analysed by a system taped to your back.

Before the start of the study, you will be asked to come wearing sport clothing to the testing
area. As the participant will sweat in great quantities, you should also bring a towel and water.

Afterwards, you will be asked to take off your shirt so the sensors can be placed on your back.
During the exercise period, no water intake is allowed, so you should drink before starting the
physical activity. The placement and connection of the sensors should last around 10 minutes.

The exercise period will start with a 5-minute warm up so you can get used to cycle on the
ergometer, During the intensive exercise period (~35 minutes), you will be constantly cycling
so the sweating on your back is assured. You may be asked to maintain your heartbeat or the
bike’'s cadence above a certain value. The physical activity will finish with a 5-minute cooling
down period.

Time required:

The complete study will take an approximal time of one hour. In this time, it is also included
the preparation time for placing all sensors and the familiarization of the subject to the
cycling ergometer.

Risks:

There are no anticipated risks associated with this study. The sensors attached to your skin
are made using medical tape. Chances are very low, but some skin irritation may appear. The
physical test is challenging but not harder than an average spinning class.
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Benefits:

You will not directly benefit from participating in this study. The study will contribute to
research on monitoring the health status of patients during physical activity through sweat.

Confidentiality of data:

Should you agree to take part, your participation will be completely confidential. You have
the right to stop participating at any time and can have your data removed up to three
months after the data gathering. All information gathered in the survey will be stored
securely in compliance with the standards set by the European Union General Data
Protection Regulation (GDPR). No one outside the research group will have access to the
data. Data will be kept by the research group and will be completely anonymized (no link
between the data and the consent form). Upon analysis and publication, the anonymized
data will be stored and made available open access for other researchers to analyse.

Right to withdraw from the study:

Participation in the study is completely voluntary. If at any time you do not wish to continue
your participation, you are free to withdraw from the study without any penalties.

How to withdraw from the study:

You can end your participation by stopping the teaching activity at any time. If you want to
withdraw your participation after completing a session, please contact Luis del Rio (see email
information above).

Questions?

For questions, concerns, or complaints, please contact Luis del Rio (see email information
above).
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