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Abstract

This report presents a proof-of-concept for a sensor measuring the ionic concentrations in sweat using
cyclic voltammetry. Development is focused on feasibility of the sensor. Theoretical evaluations of
voltammetry as a working principle and its physical and electrochemical foundations are guiding princi-
ples of the design. The sensor is then implemented using commercial components. Experiments show
that the sensor has good sensitivity and linearity for single ions in the physiological range. For the
measurement of multiple ions the voltammogram is characterized in-depth. A matrix of different ionic
fluids with multiple ions is prepared and two independent parameters for the concentration of two ions
(sodium and potassium) are found, proving the concept of the sensor for more complex solutions. The
usability of the sensor is verified using a sweat sample. Different influencing factors are researched
and their impact characterized. Varying electrode materials are evaluated considering durability and
sensitivity. Conclusions are drawn and an outlook for future research on this type of sensor is given.
The concept of the sensor is proven to work within certain limitations.
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Introduction

Sweating is a function unique to mammals and crucial to the evolutionary success of humans. It has
been hypothesized that our superior ability for thermoregulation via sweating was developed when
humans emigrated from forest biomes into warmer dry-lands. Thermoregulatory sweating allowed hu-
mans to run longer distances. Our higher endurance allowed for both more successful hunting and
escape from predators. The ability to sweat additionally allowed humans to inhabit different climates
diversifying their chances for survival [1].

In the modern day and age sweating is, while still a necessary feature for survival, no longer an im-
portant evolutionary edge we exploit. Moreover sweating in daily situations is regularly associated with
anxiety, nervousness and insecurity. We often take measures to prevent sweating and hide the traces
of sweat. New clothing is developed breathable which indicates we still recognize its importance.

In sports however sweating retains its importance. Athletes in sports that include extensive cardiovas-
cular activity experience sweating as our ancestors did, benefiting from the thermoregulatory effect.
Given the degree of optimization that is being reached in many sports ever more indicators for im-
provement are being explored. Sweat is one of the aspects being considered. Between the sweat rate
and the composition of sweat a wide range of information on the status of an athlete can be extracted
from it.

A few key technological developments allow for extraction of useful information from sweat. Firstly
miniaturization of electronics in the past decades has allowed for smaller sensors. Where previously
bulky tabletop devices were necessary for any measurements of concentrations in aqueous solu-
tions nowadays many of these measurements can be performed by wearable devices. Secondly,
these wearable devices have sophisticated collection mechanisms that are mostly based on micro-
manufacturing techniques. This smart collections circumvents the issues posed by more arduous con-
ventional techniques such as patches or whole body washdown. Lastly our deeper understanding of
the underlying physiological mechanisms has allowed us to tune our sensors to the adequate sub-
stances and relate changes in concentration more meaningfully to fatigue.

Sweat measurement is complex. The proof-of-concept presented within this thesis will demonstrate an
as of yet untested approach using cyclic voltammetry. This technique aims to elucidate information on
the concentration of all ions and charged particles within the solution in a single voltage sweep. While
the potential advantages of such a measurement are evident - a complete essay in a single sweep,
only simple material required and potential re-usability of electrodes - some major challenges stand in
the way of implementation. These will be tackled in the course of the project

This thesis consists of three major parts. The first part is literature research. In these chapters (ch. 2-4)
the pertinent theoretical foundation is discussed including physiology of sweat, state of the art sweat
measurement and basics of voltammetry. Subsequently the theoretical foundation is translated into a
sensor design and implementation (ch. 5-6) before experiments are performed, analysed, conclusions
on the sensor are drawn and an outlook for future research is given (ch. 7-8).



Physiological principles of sweat
secretion

This chapter will explore the physiological mechanisms underlying sweat secretion as they pertain to the
measurement of sweat. The focus will be put on the quantifiable factors such as the concentrations of
the species, their temporal and inter-individual variations as well as their relation to other physiological
fluids. This summary should help the reader understand what insights can be gathered from sweat
analysis.

2.1. Sweat as a physiological fluid

The healthy human body consists of 50-60 % water [2]. This water is evidently not found in pure form
but rather as physiological fluids. These fluids range from blood needed for the circulation of nutrients
and oxygen, bile required for digestion in the small intestine to tears secreted to clean and lubricate
the eye. One of these physiological fluids is sweat. Sweat is a generally clear, hypotonic aqueous
solution [3]. Itis often used as a marker for fluid loss and thermoregulatory function of the body. Sweat
is secreted onto the skin via sweat glands. Once secreted the sweat evaporates drawing the required
energy from the heat of the body. This evaporation leads to a cooling of the body [4]. The amount of
sweat that is secreted depends on the region of the body, the physical status of the individual, gender,
age, ambient temperature and a variety of other factors. Generally full body sweating rate ranges from
05 — 3.0+ [3].

Sweat itself is derived from interstitial fluid which in turn is a filtration of blood plasma [3]. This indicates
a relationship between sweat and blood concentrations of species such as electrolytes or metabolites.
The nature of this relationship is still the subject of debate in literature [5], [6]. Notwithstanding this
debate on the correlation between sweat and blood concentrations, sweat is gaining in importance as a
physiological fluid independently, which is accentuated by the growing sensing capabilities that allow for
the detection of species with lower concentration such as glucose, lactate or urea [7]. Measurement of
sweat is preferred in certain scenarios over blood since it can be sampled non-invasively and monitored
continuously.

2.2. Sweat secretion

To understand sweat secretion one has to acknowledge that there is different types of sweat glands
and resulting sweat compositions [8]. In this thesis the focus is put on eccrine sweat glands. These
glands are mainly present in hairy regions of the body excluding the pubic and perianal region, eyelids,
aerola and auxilliary fossa [9] where apoeccrine glands dominate. Eccrine sweat glands are mainly
responsible for thermoregulation and secrete the highest volume of sweat leading to a loss of elec-
trolytes [9], [3], [8]. The focus is put on eccrine sweat since it can possibly serve as the indicator for
acute fatigue and fluid / electrolyte loss in athletes - the aim of this research. Fatigue for the purposes
of this thesis is defined in terms of a sports-context. Fatigue is an acute condition marked by a lack
of energy and extreme tiredness [10]. Fatigue leads to the inability of continuing physical activity and

2
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Pores

Skin surface

Eccrine sweat
gland

Figure 2.1: Eccrine sweat gland with coil and duct/pore in a cross section of skin [11], reproduced under creative commons
license 4.0

increases the chance of injury. The anatomy of the eccrine sweat gland can be seen in fig. 2.1 [11].

Sweat is a hypotonic filtration of blood as initially hypothesized by [12] later supported by [13] and
[14] and generally accepted in literature today [3], [15]. This filtration is also called primary sweat. It
is filtrated into the sweat gland. The primary sweat then flows through the duct onto the skin surface.
The main function of the duct appears to be resorption of chloride and sodium [13], [8]. The body
utilizes this resorption to avoid excessive electrolyte loss. The underlying mechanisms determining
the final concentrations of certain species are complex and deeply involved with the physiological and
anatomical mechanisms [3]. Taking the concentration of sweat sodium as an example influencing
factors on the secretion include: sweat rate [16], [17], heat acclimatisation [18], dietary salt intake
[19] and many more. This variation leads to physiological tests often being inconclusive or marred
with inaccuracies [3]. The secretion mechanisms and their variations call for a sensor with reasonable
accuracy that is able to provide measurement results with high stability over a longer period of time. A
voltammetric sensor might provide such stability.

2.3. Sweat composition

Sweat is a aqueous fluid containing 99 % water [15], [3]. The remaining 1 % are made up of different
classes of solutes:

* electrolytes

* micronutrients
* metabolites

* cytokines

* cortisol

All references below relate to the changes in concentration during active sweating (due to exercise).
Note that some of these changes are significantly different when observing passive sweating due to
either heat or medication.



2.3. Sweat composition 4

2.3.1. Electrolytes

Electrolytes are the most abundant species in sweat. The main electrolytes in sweat are :

« sodium (Na®)
+ chloride (CI")

« potassium (K*)

The main role of these electrolytes is to facilitate the secretion of the sweat by providing the necessary
osmotic pressure. While the blood concentrations of both chloride and sodium are considerably higher
than the sweat concentration (owing to the resorption of these electrolytes in the duct) this does not
hold true for potassium. For typical concentrations of all species refer to table A.1. The relatively high
concentrations of these electrolytes (in the mmol range) allows for detection with differing techniques
(see chapter 3 "Technology state of the art’). These ions have simple one electron reduction / oxidation
reactions that can be elucidated via voltammetry.

Electrolytes and electrolyte loss are important to the health and performance of athletes. A homeostatic
balance of electrolytes is important for the efficiency of transport processes in the body. [20] showed
that supplementing athletes with electrolytes they lost during exercise increased their endurance sig-
nificantly. If electrolyte loss could be monitored in real time the re-intake of electrolytes could be con-
trolled better and endurance of athletes improved. [20] additionally showed that blood-lactate-levels,
a common marker for fatigue, were reduced when electrolytes were supplemented. It is evident that
electrolyte loss is an important marker for fatigue.

2.3.2. Micronutrients
Micronutrients include organic and inorganic species that the body requires, cannot produce itself and
does not use mainly as an electrolyte. These include:

* iron (protein bound)
 copper (protein bound)
* zinc (protein bound)

- magnesium (Mg?*)

« calcium (Ca?")

Little research has been performed on the secretion and concentration of micronutrients in sweat. The
introduction of radioisotopes in blood suggests only a very limited transport and secretion in sweat of
these components not exceeding 5 % of the blood concentration [21]. This is compounded by many mi-
cronutrients being protein bound and thus not being readily filtrated into the sweat gland [22]. Altogether
while crucial to the overall health of the body it is not expected that measuring sweat micronutrient con-
tent is an efficient monitoring technique for fatigue. As such, few devices exist to monitor micronutrients
in sweat. This deficiency is entrenched by micronutrients appearing in sweat only in @ concentra-
tion range, thus making measurement more difficult for commercialized devices and requiring specific
techniques.

2.3.3. Metabolites

Metabolites, typically small molecules, are the byproduct of metabolic reactions such as cellular breath-
ing, digestion etc. They are usually end-products that are of no further use to the body. The main
metabolites contained in sweat are:
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« glucose (CgH1206)

« lactate (C3HgO3)

« ammonia (NH3)

« urea (CH4N,0)

* bicarbonate (HCO3)
+ amino acids (variety)

+ ethanol (CoH50H)

Metabolites are of specific interest when observing fatigue in athletes or monitoring the health status of
patients. For example lactate in sweat might be a marker for muscle fatigue while a high sweat glucose
level might indicate intake of insulin to a diabetic patient.

While the relation between the levels in blood and sweat of the previously discussed substances was
relatively straightforward the picture is more complex when observing metabolites.

Glucose transports from the systemic circuit into sweat via a complicated mass transport model. The
concentration is highly dependent on the sweat rate with a positive correlation [23].

Lactate in blood is a "byproduct of glycolysis and accumulates when there is either an absolute or rel-
ative lack of oxygen” [24, p. 1]. As such it can be used as a marker for muscle fatigue (since muscles
start anaerobic function once all the stored glycogen and oxygen are used up). However the correlation
between blood and sweat concentrations is low [24], [6]. It is expected that lactate in sweat is a poor
indicator for muscle fatigue. Current research suggests that the bulk of lactate in sweat is not filtrated
in via the blood but rather secreted by the sweat gland itself. In this course [25] reported a shift in
the sweat lactate curves with a faster peak and faster resorption if the athlete is fatigued. While no
consensus yet exists whether sweat lactate is a usable marker for fatigue it remains, for the time being,
an important molecule to consider in any sports-focused sweat-sensing application.

Ammonia is a waste-product in the amino acid metabolism. While most of it is metabolised to urea
some of it is secreted directly via sweat and urine [15]. Ammonia might thus be a good marker for
fatigue although again the relationship between blood and sweat concentration is contested [6]. It is
however well established that blood is the source of sweat ammonia [26] and even given a complex
relationship using it as a biomarker in sweat seems feasible. Given the higher concentration in sweat
[3] and the polarity of the molecule many detection techniques including voltammetry are feasible.
Urea is the final product for many metabolic processes and is used by the human body to rid itself of
nitrogen. Hyperuremic conditions have been well established to be damaging to muscles among other
side effects [15]. Urea sweat levels were found to be elevated during exercise and directly linked to
protein catabolism [27]. Its relatively high sweat concentration allows for measurement with differing
techniques.

Bicarbonate (chemically: hydrogencarbonate) is a main actor in keeping the bodies acid-base bal-
ance. Bicarbonate in sweat might thus suggest an imbalance caused by stress or fatigue. Additionally
bicarbonate has been identified to be one of the main transport methods for carbondioxide in blood.
Thus higher concentrations in sweat might indicate an increase in cellular breathing and muscle activity
overall. Little research exists on the mechanisms of transport. Measurement with voltammetry appears
feasible given the ionic nature of the compound.

Different amino acids are present in sweat. Their concentration is minuscule and the transport mech-
anism is little researched.

Ethanol can be excreted via sweat. Given that ethanol is almost exclusively taken in via alcoholic
drinks, methods already exist for non-invasive monitoring (breathalyzer) and this research is aimed at
observing the health status of athletes no further focus is put on sweat ethanol.

2.3.4. Cytokines and cortisol

Cytokines are a group of substances that the body secretes as a reaction to foreign bodies. They can
indicate inflammation. While technically of interest to the issue at hand the concentration is too low to
be measured reliably without very specialized procedures.
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Cortisol, produced by the adrenal cortex, is the hormone mainly responsible for converting proteins
to glucose [15]. Cortisol in sweat might thus indicate a higher fatigue in muscles given it is likely ex-
changed from the blood content [3]. However detection is specialized, concentrations are low and thus
of little relevance as an easily accessible biomarker in sweat measurement.

Sweat as a physiological fluid has potential to supplement other measurements to ascertain the physi-
cal status of an athlete. Of the measured species the electrolytes and some of the metabolites including
ammonia, lactate, urea and bicarbonate appear to best reflect fatigue. Measurement of these ions or
polar molecules via voltammetry might open a thusfar unexplored avenue of broad yet accurate anal-
ysis. Challenges in the measurement include the low concentration of some of these substances and
limitations imposed by water as a carrying medium.



Technology state of the art

In this chapter the current state of the art of sweat analysis will be explored. The focus is put on
wearable and miniaturized platforms. The analysis aims to explore the advantages and pitfalls of the
different measurement principles and learn lessons to be applied in the device to be developed.

3.1. Collection of sweat samples

Before sweat can be analyzed it needs to be collected. A collection system for sweat should be non-
intrusive, not affect the concentrations and ideally allow for real time monitoring.

The most accurate technique for the collection of sweat is whole body washdown. It allows for the whole
body sweat to be collected. However it is an arduous technique requiring laboratory equipment and not
allowing for temporal resolution. Similarly the measurement of nude body mass is often employed to
measure sweat rate. Both are discarded for the project at hand given their lacking applicability to real
time measurements. They do however form a reference point that can help determine the accuracy of
the collection technique [3], [28].

Classically sweat is collected in an absorbent patch. The patch is applied to the skin and soaks up the
sweat. To make sure that the result is not skewed by residual salt and other substances it is necessary
to clean the skin thoroughly before the patch is applied [3]. Typically this cleaning is done using alcohol,
followed by pure water and then drying it of. Patches only allow for a relatively low temporal resolution
since the patch has to soak before the sweat might be analysed [3]. To analyse the sweat from an
absorbant patch it is necessary to centrifuge it at a low temperature so the fluid can be separated from
the patch again. Neither this process, nor cold temperature storage appear to affect the composition
of the sweat significantly [29]. Similarly filter paper can be used to collect the sweat. Studies have
shown a reasonable compliance between sweat rate and electrolyte content when comparing these
localized techniques to the whole body washdown [28], [30]. It should be however noted that the intra-
process-variability is high. Sweat pouches as were often used in the 20th century have been found to
significantly alter the local sweat rate and are thus no longer in use for most academical purposes [28].
Similarly to absorbent patches [31] used absorbent sportswear with a biologically inspired fractal struc-
ture to capture the sweat. The usage of the sportswear has the advantage of not altering the local
sweat rate significantly. This is due to the lower flow resistance of the material relative to an absorbant
patch. The fractal geometry was used to avoid an overflow of the sensor.

Researchers at Lausanne [32] developed a passive micro-pump for the collection of sweat. The pump
slows the flow of sweat to allow for reliable real time measurements. Their application demonstrates
the capabilities of using MEMS fabrication techniques for the collection of sweat. Other applications
utilize this technique [33].

The final technique for collection of sweat are microfluidics platforms [34], [35], [36], [37]. Most are
fabricated as layers of laser cut polymers while some utilize photoresist as their material. [36] presents
a platform that can collects samples in separate reservoirs for later analysis. [37] shows a platform tai-
lored to real time measurements. Overall the diversity and possibility for adaption and iteration make
microfluidics platforms the most versatile choice. They are also useful in particular when planning to
perform real time measurements. Challenges of microfluidics platforms include flow-control of the sen-
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Figure 3.1: Different state of the art sweat collection mechanisms, left: fractal textiles emulating sweat patches [31], right: passive
micro-pumps [32]

sor (both to allow for accurate measurements and prevent overflow), channel geometry influencing flow
and material choices for ease of manufacturing and durability. Using these platforms with voltammetry
can be tricky as shown by [38]. Care needs to be taken to ensure that the flow-rate is set in such a way
as to ensure the response of the sensor is not limited by convection. If these challenges can be ad-
dressed, a microfluidics platform appears to be the prime candidate for sweat collection in a wearable
device.

3.2. Preparation of sweat samples

While most real time measurements such as the one planned within this project, cannot use preparation
methods a short overview of the possibilities is given here. This should aid to show some of the issues
that are anticipated in using voltammetry.

Any preparation of sweat samples is necessarily a chemical alteration of the fluid. The most common
addition are enzymes to measure certain cytokines or micronutrients with high accuracy or buffers to
increase the conductivity of the sweat. This can allow for acceleration in the measurement for certain
principles. Additionally a buffer can be introduces to change the pH value of the sweat and thus move
the voltage window which can be applied without electrolysing the water.

All of these buffers could find application in a voltammetric sweat sensor. An introductions of a buffer
in real time would complicate the sensor since it necessitates an additional control system.

3.3. Measurement principles applied

To analyze the chemical composition of a fluid a wide variety of techniques can be employed. This
section will focus on the most prevalent ones recently presented in literature.

3.3.1. Colorimetric Sensors

Colorimetric sensors use decoloration of a reacting agent in presence of a species to be analyzed as
their working principle. The sensors generally have the advantage of the result being visually easily
accessible. However quantifying concentrations from this colorimetric essay is more arduous than for
other measurement principles.

The simplest application of a colorimetric sensor is the detection of pH as applied to sweat by [39]. They
find a mostly linear correlation between sodium concentration and pH-value. However the variance of
the measurement is relatively high and the correlation low. In this paper the colorimetric measurement
was implemented using a smartphone application allowing for a convenient point of care. Many sub-
sequent papers utilize a pH sensor in some form to relate their analyses [40], [41], [42].

Colorimetric sensors have been developed for many sweat components. They all utilize a camera
application either laboratory based or smartphone based for the analysis of the color displayed. The
sweat is (mostly) taken into microfluidics platforms and then delivered to the reacting agents. Some
designs even allow for a degree of temporal resolution [43], [44], [40], [45], [39]. This temporal res-
olution is mainly achieved by different distances between the opening of the sensor and the reacting
agents [44] or the implementation of different chambers via micro-valves [45].
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Figure 3.2: Different state of the art colorimetric sensors, left: full assay with the markers for fatigue highlighted, adapted from
[40], right: collection system and colorimetric patch for CI"-measurement [46]

Sensors were developed for glucose [43], [44], [40], chloride [42], [46], [45], sodium [39], lactate [33],
[40], [47], micronutrients [48], [49] and cortisol [50].

The accuracy achieved by these sensors varies widely mainly depending on the quality of the camera
used to measure the color of the patch, the method used for collection, the adherence to the good prac-
tice of experiment preparation and the correct choice of reacting agent. Overall while the patches show
potential their disposable nature, high variance results and low temporal resolution stand in the way of
their broad acceptance. On the other hand their specificity to certain low concentration substances is
remarkable and the sensors can achieve a higher flexibility than most based on electronics. Stability of
the sensors over time can come up as an issue and should be taken as a lesson learned for the design
at hand.

3.3.2. lonophores and ion selective electrodes [ISE]

A second principle of measurement works via electrochemical transduction. This method relies on
turning the concentration of certain species into an electrical potential. The measurement relies on
ion selective membranes or electrodes. These membranes bind with the respective ions or charged
particles establishing a stable potential. This potential, called the Nernst-potential, can be related to
the concentration of the species of interest via the Nernst-equation. An obvious advantage of this tech-
nology is the relatively simple measurement of ions in the fluid without the need to apply any external
voltage [51]. By applying one electrode for each species of interest a chemical assay can be performed.
This however shows an inherent disadvantage of the technology - an electrode can only ever be used
for one ion or molecule and cross-sensitivity can be an issue. Furthermore the Nernst-potential is influ-
enced by factors such as temperature and pH necessitating a correction of any measurement results.
[51] presents an overview of ion-selective electrodes with the accompanying substrates, their accu-
racy and stability. Most sensors listed were used to detect Chloride, sodium, potassium, ammonium or
sweat pH. This is owed to the higher concentration of these species. While the electrode material used
is invariably gold [Au], platinum [Pt] or carbon nanotubes [CNT] the membranes and ion-transducers
used vary widely. Au, Pt and CNT appear to perform equally well in these potentiometric applications.
Most reference electrodes recently presented used CNT or Ag/AgCI.

Sodium has received particular attention in potentiometric applications. The relatively high concen-
tration paired with the physiological relevance for electrolyte loss leads to many projects tackling this
ion in their research in this relatively immature field. [52] related their measurements with analysis us-
ing flame photometry. While their measurements were performed in a laboratory setting and not real
time, the results showed the feasibility of using ISE for sweat analysis. [53] follows up on this study
and provides proof that measurements using ISE can meet the standards set by 'standard’ laboratory
equipment (i.e. tabletop equipment used for broad measurement of ionic contents in fluid). In the past
decade and specifically in the last three years new developments have advanced the sensing capabil-
ities of sodium sensors. With the development of all solid-state carbon electrodes that can be screen
printed [54], major steps towards miniaturization with good characterization were taken. The ability to
MEMS-manufacture these electrodes in combination with the collection system is crucial to the adop-
tion of wearable platforms. Recovery rate and sensitivity of the sensor presented by [54] were high and
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show promise for both temporal and magnitude accuracy of the measurements. [55] put their focus on
the adherence of their measurement to the expected nernstian behavior and a low cross sensitivity.
They found good linearity of their Na* and K* ionophores as well as of their pH-sensor with an undesir-
able cross-sensitivity between the two ISE. Additionally they found the connection of their electrodes
and collection system to lead to high noise levels during movement of the subject. The application [55]
shows the potential of ISE for the analysis of sweat while at the same time demonstrating some of the
short-comings:

+ to achieve Nernstian behaviour full flow over the ionophores needs to be steadily ensured

+ ISE are susceptible to a number of influencing factors including sweat pH and struggle linearity
over a higher dynamic range

+ cross-sensitivity remains an issue even with careful ISE selection

Closing the section on sodium ISE sensing the work of [56] is of note, introducing sensing based on
textile organic electrochemical transistors. In this technique the selective membrane as well as the
electrodes are printed directly onto the fabric of sports clothing. This allows for even less invasive
sensing at the cost of some accuracy and selectivity. Further work will be necessary on these specific
sensors to achieve a close to Nernstian response. The trade-off of this non-invasiveness vs. a good
fit and accurate measurements becomes clear when observing results obtained by [57] who use gold-
nanowires to achieve good contact and report accurate results.

Analogous to the sodium sensing, applications exist for potassium and chloride (sometimes multiplexed
with each other). [58] present a textile based sensor for both chloride and pH with good selectivity but
struggling with linearity. Generally the sensitivity is a smaller issue for the measurement of CI™ given
that it dominates all other anions in concentration (see: tab. A.1). These issues are overcome by
[59] who use a specific ionophore (Tripodal Squaramide Derivative) for their more efficient H donation
to the chloride anions. This results in a Nernstian behavior with good selectivity and a low detection
limit. This specific choice of ionophore demonstrates the capability of ISE to sense components of low
concentrations effectively. This is further demonstrated by the detection of ammonium [60], glucose
and ethanol [61]. Ethanol and glucose were measured in an experiment additionally including an ion-
tophoretic platform to induce the sweating without the need for exercise (this might significantly alter
the sweat concentration of various components which needs to be taken into account [3]). The Prus-
sian blue based membrane was supplemented with enzyme based receptors and an amperometric
system at a voltage of -0.2 V to provoke a response. While the system demonstrates the capabilities
for accurate measurement of low concentration metabolites it trades off for a rather narrow scope. [60]
discusses in detail ammonium sensing using ISE. They explore the fact that cross-sensitivity is the
harshest issue facing the ISE-sensing of this species. Finding the correct ionophore remains a big
challenge to potentiometry using ISE.

Another challenge facing ISE is biofouling. Biofouling is the degradation of a surface in contact with
the human body due to chemical or biological processes. Generally biofouling can affect any wear-
able sensor given the close contact between device and body. The speed of this biofouling depends
strongly on the choice of material [62]. ISE are specifically susceptible due to the thin layer that is
typically applied [51]. Quantifying the effect of biofouling has proven difficult. Minimizing this effect is
an important issue in modern devices [62], [51]. This is in line with the current development of medical
device regulations focusing on the durability of devices and instrumentation.

ISE potentiometry together with colorimetric analysis today makes up the lions share of devices pre-
sented. ISE show promise for portable, easy-to-use, point-of-care solutions ifissues with cross-sensitivity,
linearity and a large number of influencing factors can be properly accounted for. One issue that is in-
herent to ISE and might call for the exploration of different technologies is the fact that for a complete
essay of the sweat requires an ionophore and electrode for each species to be analysed. Additionally
ISE can suffer from degradation over time, not allowing for a re-usability of sensors.

3.3.3. Stripping voltammetry

Stripping voltammetry is another commonly used technique for the analysis of sweat and/or blood.
Depending on whether the ion of interest is positively or negatively charged the technique is called
cathodic or anodic stripping voltammetry. The technique relies on carefully pre-treating the analyte.
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Usually the analyte is diluted with acidic or basic substances as necessary to achieve a desired con-
ductivity and pH value. Additionally a ligand is added to bind to the species of interest. Subsequently
a potential is applied that allows for the species to be adsorbed into the working electrode. Following
this the potential range is swept with distinctive peaks for the respective substances of interest. The
sensitivity and specificity of the system depends strongly on several influencing factors such as pH,
accumulation potential, choice of ligand, choice of electrode material and shape, etc. The technique is
often applied to find trace amounts of minerals [63], [64].

[63] describe a determination of copper in human blood with a detection limit as low as 0.001 % thatis
sensitive to all factors mentioned above. It is noteworthy that the required potentials are far lower than
would be required for the measurement of the Redox-behaviour of copper on its own. The low detection
limit and high linearity of the finding by [63] show the potential of the technique while the necessity to
prepare the sample very carefully (i.e. deoxygenating the sample with argon gas, keeping the pH value
under close control and deal with the liquidity of the mercury drop electrode) shows its limitations. Both
portability and real time measurements seem unfeasible with this amount of preparation and precision
necessary. Furthermore the necessity to use a mercury electrode has adverse environmental implica-
tions that are ever more important in today’s society.

Another advantage of the technique is demonstrated by [64]. They show that the detection of molecules
is not restricted to polar molecules and ions. If a substance has a suitable ligand and the surface of the
sensing electrode can be prepared properly sensing of e.g. ethanol becomes possible using voltam-
metry. Again the selectivity of the method allows only for sensing of a single species. Similarly sensing
of other ultra-low concentration, nonpolar biomarkers was possible e.g. cysteine [65], norepinephrine
[66] or antioxidants [67]. This was greatly aided by the implantation of specific antibodies or nanopar-
ticles into the electrode.

While all cases presented above were first demonstrated in blood an equivalent approach for sweat
seems feasible. Overall, while the principle is powerful in the detection of low concentration species its
focus on single components paired with the intense preparation necessary restrict its use-cases and
likely does not allow for the adoption in wearable devices.

3.3.4. Laboratory equipment for measurement

Additionally to the innovative and mostly miniaturized techniques presented above, traditional tools
exist to determine the concentration of species in fluid. These tools were developed multi-purpose
and thus while mostly superior to the approaches above in accuracy are costlier, more arduous in
the sample preparation and non-portable. They are reported here since many researchers refer their
results back to these methods as a kind of standard.

[68] compares the most common laboratory methods and analyses their inter-method variability as well
as deviation against each other. Of the methods discussed above both a direct ion-selective electrode
(without membrane) and indirect ion-selective electrode (using ionophore) were included. Additionally
flame photometry (measuring the color of a flame using a mix of air, fuel and the sample to burn),
electrical impedance spectroscopy (sweeping the electrical impedance over the frequency spectrum)
and ion chromatography (exchange of ions respective to their functional groups) were tested. lon
chromatography was set as the standard. All principles showed similar in-method variability while they
showed significant differences between the methods. Sodium levels, which were used as the species to
compare the methods, show high variability between the methods up to discrepancies of 12 % relative
difference. While the standard deviation of the methods was low the systematic error appears to be
significant. To establish consistency results should be referenced to standardized measurements. lon
chromatography appears to be the most reliable choice as a standard.



Voltammetry

Voltammetry is an electrochemical analysis method. In this method the voltage is swept over the sample
via electrodes and the current recorded during the sweep. The method was chosen to be explored in
this thesis due to its potential for accurate results on the ionic concentrations as well as the possibility
to measure several species in a singles sweep.

There exist several different methods of voltammetry. The method chosen to be explored within this
thesis is cyclic voltammetry in which the voltage is swept bi-directional at the same speed. This has the
advantage of making reactions taking place in solution reversible while still maintaining the advantages
mentioned above. Other methods, such as the previously discussed stripping voltammetry, do either
not fulfil the requirement of being able to distinguish multiple ions or are to intensive in preparation of the
sample. Voltammetry is chosen over the analogous amperometry since implementing a potentiostat is
easier than a constant current source in the environment of this electrochemical cell [69].

4.1. General principle

Voltammetry relies on the usage of an electrochemical cell. This cell typically consists of three elec-
trodes submerged in the analyte. The three electrodes are the working electrode [WE], counter elec-
trode [CE] and reference electrode [RE]. In voltammetry a voltage difference is applied between CE
and WE. The potential on each electrode to induce this voltage difference is referred to the RE. Once
the voltage between CE and WE reaches a certain threshold the desired chemical reactions take place
in the cell. These reactions are typically simple one electron redox reactions but can be more complex,
include several components and multiple oxidation/reduction states. The current induced by these re-
actions is called the ionic current. The strength of the ionic current is proportional to the concentration
of the species of interest and peaks at its reaction voltage [70]. The ionic current can be estimated
using the formula:

nFvD,

I, = 0.446 x nFAC®
P *Nn * RT

(4.1)

Equation 4.1 [70] shows the influencing factors on the ionic current to be measured. Table 4.1 lists
the factors of the formula and their values or typical ranges. The following section will explore the differ-
ent factors and explore their variations to evaluate the accuracy that this technique can achieve. Note
that 4.1 (called the Randles-Sevcik equation) indicates the maximum current. The current decreases
exponentially with absolute difference of the potential from the reaction voltage.

4.2. Influencing factors on ionic current

4.2.1. Natural Constants
Easiest to evaluate in the list of influencing factors are the natural constants. Both the universal gas
constant R and Faraday’s constant F are invariable. They are not subject to temporal or other changes
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Symbol | Parameter Value / Range

n state of charge in sweat, typically: 1-3 (unitless)

F Faraday’s constant 9.65 x 10* %

A area of the electrode for wearable application: mm? - range

cO concentration of species in question | depending on ion; mT;wl - range for ions of interest
\Y sweep rate variable; typically kept between 50 — 5000 mTV

Dy diffusion coefficient varies between species; typically 10~° mTZ

R gas constant 8.31 K*r]ml

T absolute temperature in application relatively constant 306 — 309 K

Table 4.1: Parameters and constants influencing ionic current

and can thus be neglected when evaluating variations in the ionic current. The same holds (with slight
differences between species) for the diffusion coefficient D,. Regardless, they are necessary to acquire
a baseline evaluation of the ionic current.

4.2.2. Charge state of ion

Molecules expressing a net electrical charge are called ions. lons can have different charge states.
The charge state of an ion is defined as the number of electrons missing from (or added to) the atoms
original state. The ions contained in sweat either have a charge state of I (Na*, CI", HCO3 and K*) or
11 (Ca?* and Mg?™).

For charged molecules the charge state is not immediately evident given that the complexes formed
do not have a net electrical charge. Looking at ammonia (NH3) as an example we can observe that
the natural charge state of H is +1 while N has a charge state of —I11. Balancing the charge within the
molecule we observe no net electrical charge.

Thus to relate what change in charge takes place when the species is oxidized / reduced and subse-
quently relate the ionic current which is induced we need to look at the reactions taking place in the
solution. In an alkaline solution ammonia is evolved to nitrogen gas and water:

2NHs+ 6 OH —2, N, + 6 H,0 + 6 &~ (4.2)

Balancing equation 4.2 three electrons are released for each ammonia molecule [71]. The charge

state of ammonia for the calculation of ionic currentis I11. For other charged molecules similar reactions
take place allowing for the derivation of charge states.
The strength of the ionic current depends on the charge state to the power 1.5. This is important for
range considerations of the sensor. Considering that the species which are in highest concentration
(Na" and CI") have a charge state of I while those of lower concentrations commonly have higher charge
states is favorable for range. The ionic current depends on the charge state of the ion or molecule since
the energy required for certain reactions is higher or lower depending on the charge state.

4.2.3. Electrode Area

The strength of the ionic current depends linearly on the electrode area A [m?]. This can easily be
visualized by realizing that reactions can only take place on the electrode surface. While the calculation
of surface area is a simple exercise it is complicated by the surface structure of the electrode. A rougher
electrode surface can lead to a higher effective area, while a smoother surface diminishes the surface
area reducing sensitivity of the sensor. This effect should be observed in the temporal domain. Screen
printed electrodes, such as the one used for this proof-of-concept, often have porous structure leading
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to a relatively high initial surface roughness. Initial surface roughness can be influenced by a variety
of factors including roughness of the substrate and number of layers printed [72]. Over several uses of
the electrode roughness is conjectured to reduce. This is due to the surface imperfections being filled
by species in the solution. Comparison of surface roughness measurements between a factory-new
and extensively used electrode will be able to quantify this reduction in effective area and sensitivity.

4.2.4. Species Concentration

The ionic current depends linearly on the species concentration C, [mT"l]. This linear dependence is the
relation that is exploited to relate the concentration to the ionic current. While this linear relationship is
true in the initial condition, in which all ions are present in their charged state, the transfer-coefficient
dependent relation (also called the Butler-Volmer-equation) can be expressed as [73]:

a,nF a.-nkF

j=Jo -{exp[ aRTn] — exp [— CRTU]} (4.3)
where a, and a, are the cathodic and anodic transfer coefficients [unitless] while n [V] is the overpo-
tential of the cell above the reaction voltage of that species [73]. j, [%] is the current density in a
solution with only oxidized species, F is Faraday’s constant, R the universal gas constant and T the
absolute temperature. The transfer coefficients in turn are dependent on the relative concentrations of
reduced and oxidized species in solution. As such it can also be interpreted as relating the ionic current
to time during the experiment, since the concentration of species changes once voltammetry and the
associated reactions take place. To still achieve a linear current the change in concentration induced

by a single voltammetric cycle AC should observe AC << C,. This does not need to be satisfied for
non-reversible reactions since one of the transfer coefficients in these reactions will be a./a, = 0.

4.2.5. Sweep rate

Different waveforms for voltammetry exist as will be explored later in this chapter. Common to these
waveforms is the necessity to sweep the voltage. The speed at which this voltage is swept is called

4 A . 0.5 . . . . .

sweep rate v = — [E]' The ionic current scales with v°>. This scaling can be exploited. By increasing
the sweep rate the sensitivity of the sensor can be increased. This however comes with drawbacks.
Increasing the sweep rate leads to a further separation of peaks for the reaction and respective reverse
reaction. This separation leads to residual reactant remaining in solution after the sweep is done altering
its composition. This can again be mainly neglected when the reaction is irreversible. Regardless of
the reversibility the sweep rate is also capped by the hardware being used. Excessive sweep rate can
lead to the rising current exceeding the slew rate of the system, clipping the resulting current. Sweep
rate does not need to be constant over time. Variations in sweep rate can be used to improve the
sensitivity of the sensor at the cost of more complexity.

4.2.6. Temperature

Temperature T [K] influences the ionic current. With rising temperature the ionic current falls with
a factor T7%5. The temperature in laboratory environments can be well controlled. As such for the
proof-of-concept sensor the temperature as an influencing factor can be neglected. It should be noted
that the relevant temperature in application is human skin temperature. Research shows that the skin
temperature drops during exercise by around 3 — 5 K [74], [75]. This relative drop of 1 — 1.6 % leads to
a total error in the result of less than 1 %.

4.3. Sample preparation

Sample preparation is often used to improve the performance of voltammetry. In general, sample
preparation is more complex in a system measuring a physiological fluid in real time. Adding a sub-
stance dynamically to a sample being measured is possible but would call for a relatively complex
control system. Thus to keep the resulting sensor close to the principle being explored sample prepa-
ration is not treated at length in this thesis. There are three main ways of preparing the sample for
voltammetry:

* buffering solution
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 supporting electrolyte

» pH-adjustment

4.3.1. Buffering solution

Buffering solution is added to increase the potential window in which voltammetry can be used as well
as increase the sensitivity of measurements. The buffer is chosen with respect to the solvent and
can boost linearity of measurements greatly as well as improve signal strength [76]. Additionally the
buffer can be used to shift the reaction voltage of compounds [77]. In this manner species previously
not measurable can be evaluated. While buffering the solution of interest has distinct advantages it
also narrows down the spectrum of species that can be measured analogous to a fluid ISE. Buffer-
ing in a real-time application increases the complexity of post-measurement-processing given that the
sensitivity of the measurement depends (either linearly or non-linearly) on the buffer-concentration. A
correction for the addition of buffer in real-time would complicate the measurement substantially.

4.3.2. Supporting Electrolyte

Typically samples to be analyzed are supported with electrolytes. These electrolytes serve several
roles including to ensure low ohmic drop, sufficient mass transport and reduction of ramping in the
voltammogram [38]. Research including numerical modelling and experimental results show that the
amount of excess supporting electrolyte, the flow rate and the scan rate have a significant influence
on the behaviour of the species of interest [38]. A high flow rate paired with a low sweep rate might
lead to convection of the fluid becoming the dominating mode of mass transport instead of the desired
redox-reactions. The lesson for the thesis at hand is to adjust sweep and flow rate to achieve a proper
diffusion and mass transport behaviour.

The amount of supporting electrolyte necessary to achieve a diffusion only behaviour depends on the
charge state of the electrolyte used, the amount of charge transferred, the diffusion coefficients and
the voltage sweep rate [78]. Some guidance has been given on this issue by numerical simulations,
but experiments with the actual application will be necessary. There is evidence that diffusion only
behaviour can be achieved even without supporting electrolyte although only at microelectrodes [79].
Thus microfluidics designs should be modelled using a finite element solver to establish whether diffu-
sion models apply or corrections are necessary. The average conductivity of sweat samples (modelled
in chapter 5) indicates supporting electrolyte might not be necessary to achieve diffusion only behaviour
considering the findings on minimum conductivity by [78].

4.3.3. pH-adjustment

The pH of sweat is correlated with the sweat rate. With increasing sweat rate the pH of sweat becomes
more alkaline [80]. This was hypothesized to be due to the lower concentration of lactic acid at higher
sweat rates. This variation in sweat pH poses issues to methods that are sensitive to it (e.g. ionophores
or colorimetric measurements). Changes in pH can become relevant in voltammetry since they shift
the so-called water window, altering the voltages at which water is reduced or oxidized. Thus many
voltammetric applications use a pH-buffer (nonreactive acid or base) to shift this window. Commonly
water based applications avoid extreme pH-values as to not shift the conductivity of the solution unnec-
essarily. [81] found a significant difference in the sensitivity of their ZnO based glucose sensor when
shifting the pH of the sample from slightly acidic (pH = 6 to slightly alkaline (pH = 8).

Given the variation over sweat rate this adjustment would need to be dynamic for the application at
hand. Given this complexity a real-time adjustment seems unfeasible. It should however be noted
that this negligence of the pH-adjustment will lead to alterations of the electrolysis-currents induced.
These variations should however be able to be accounted for given a well-characterizable slope of this
current. The variations in pH will complicate the measurements.

4.4. Types of voltammetry

There are different types of voltammetry. The different types of voltammetry are mainly differentiated by
the waveform used to excite the voltammetric behaviour. Different waveforms with more sophisticated
control mechanisms have become more commonplace recently owing mainly to advances in micro-
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controllers allowing for easier control [82], [83], [71]. A visualization of the most common waveforms
can be found in fig. 4.1.

4.4.1. Linear Sweep Voltammetry

Linear sweep voltammetry [LSV] is the simplest form of voltammetry. In LSV the cell is excited using
a linear sweep of constant sweep rate in both anodic and cathodic direction. LSV is the easiest form
of voltammetry to implement. It is thus often used as a reference point. Additionally LSV is used in
characterization measurements and the acquisition of calibration curves since the sweep rate is well
defined at all points. These calibration curves can then be used during other waveforms to relate the
results. Variations are taken in LSV by altering the sweep rate and the duty cycle of the waveform,
that is which portion of time is active measurement. Especially in in-vivo measurements this duty-cycle
needs to be taken into account considering the possible damage to tissue via heating.

4.4.2. Fast Scan Cyclic Voltammetry

Fast scan cyclic voltammetry [FSCV] is similar to LSV. FSCV however has a faster sweep rate. There
is no fixed value differentiating the two methods but sweeps faster than 50 g are typically called FSCV.
This method is mainly used for constituents with a small concentration such as dopamine [83] or other
hormones. As eluded to earlier in this chapter the sensitivity of the voltammetric sensor scales with the
square root of the sweep rate. Thus increasing v by several orders of magnitude can decrease the de-
tection limit. This increase in speed does not come without drawbacks. Generally electronics for FSCV
need to be more sophisticated. This is owed to the fact that the faster sweep rate necessitates faster
recording electronics. Additionally for low concentration components overlaid on a relatively high base-
line background current a significant dynamic range is necessary. The background current is higher in
FSCV since the faradaic effects are excacerbated at higher frequencies. Applications with a sweep rate
of 100 — 1000 % are not uncommon. While most FSCV applications still utilize the traditional sawtooth
waveform more specialized applications have trended towards using adapted sweeps. The reasons
for using these differing waveforms are manifold and range from preventing fouling of electrodes in
in-vivo applications, adapting the hold-voltages and times to the exact electrochemical processes and
reducing background current [83].

Modifications to the waveform mainly include holding patterns and variations in sweep rate over the
sweep. For FSCV these patterns are often asymmetric given that reversibility is less of a concern in
these applications. Modifications of the waveform require expert knowledge of the reactions as well as
the electrodes.

4.4.3. Differential Pulse Voltammetry

Differential pulse voltammetry [DPV] has a waveform fundamentally different from LSV. DPV, as the
name suggests, uses differential pulses to elucidate a response instead of a linear sweep. This has
the advantage of being more sensitive and also allowing for less faradaic current as charging of the
system is reduced [84]. The differential pulses are overlaid over a linear sweep. The current is not
measured continuously but rather at the beginning and end of each pulse. The difference between the
two currents is (mostly) equivalent to the peak current in cyclic voltammetry. LSV and DPV are often
used in tandem, LSV for more general exploration and DPV for the more detailed analysis.

4.4.4. Square Wave voltammetry

Square wave voltammetry [SWV] uses a series of square pulses with a potential of AE both above and
below a potential E,,,. that is being stepped up and down. The ionic current is determined by the
difference in current Al after each half period. This method is even more resilient to capacitive currents
than DPV and has a higher sensitivity. As such it is the state of the art for purely voltammetric detection
of low concentration components and characterization of electrodes.

4.4.5. Stripping Voltammetry

Stripping voltammetry is another form of voltammetry. It was discussed in detail in the previous chapter
on state of the art analysis methods. Itis not usable for sweeps of multiple species due to the restrictions
given by the requirement to use a ligand.
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Figure 4.1: Different voltammetric waveforms sweeping from 0 to 1 V; from top to bottom: linear sweep voltammetry [LSV],
differential pulse voltammetry [DPV], square wave voltammetry [SWV] and fast scan cyclic voltammetry [FSCV]

4.5. Electrolysis as a challenge

When performing voltammetry there is typically a potential window in which the technique can best be
used [70]. This potential window is influenced by different factors including buffer solution, supporting
electrolyte, electrode material, pH of the sample and temperature. The window is due to chemical
restrictions. Outside of the potential window the evolution of the solvent takes place. When analyzing
sweat the solvent is water. At the anode water is oxidized:

2H,0 22, 0, + 4H + 4 € (4.4)

At the cathode the corresponding reduction half reaction takes place:

+ _ 0.00V
2H +2e” —5 Hy (4.5)

The full reaction, the electrolysis of water, thus balances at:
2H,0->2Hy,+ 0O, (46)

The reaction described by equations 4.4, 4.5 and 4.6 is irreversible [85]. While the voltage difference
between the anodic and cathodic reactions remains constant the individual values vary with the pH
of the solution. The current induced by this reaction can be found to depend exponentially on the
overvoltage above the half-cell-voltage induced [86]. This dependency indicates that once a certain
overvoltage has been induced the electrolysis is no longer limited by the voltage but rather by the mass
transport of the oxygen and hydrogen produced. How strong this current will be is difficult to predict. If
the current is magnitudes higher than the one induced by the ionic reactions (due to the much higher
concentration of the solvent) than it might mask any analytic value of the process beyond that potential
window of 1.23 V. The data on this interference is slim and thus tests will show what potential window
can reliably be used for analysis.

4.6. Reaction voltages for the components

The different species in solution have specific reaction voltages. These reaction voltages correspond
with the peaks in ionic currents that are induced during the voltammetry [70]. These reaction voltages
depend on the reaction energy necessary to overcome the tendency of the species to remain in its
ionic state. They can be modelled using the Marcus-Hush-model by utilizing the Gibbs-energy of the
oxidized and reduced states of the molecule [73]. The reaction voltages for the ions/charged particles
most common in sweat (at T = 300 K) are:
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Species Reaction Voltage | Source
Sodium (Na®) 271V [85]
Chloride (CI) +1.36 V [85]
Potassium (K*) -2.93V [85]
Ammonia (NH3) -0.06 V [87]
Bicarbonate (HCO3) +1.22V [88]
Lactate (CH;CHOHCOO) | +0.32V [89]
Magnesium (Mg5 ) 237V [85]
Calcium (Cay) -2.87V [85]

Table 4.2: Reaction voltages of common sweat constituents, relative to standard hydrogen electrode

4.7. Electrode Materials

The choice of electrode material influences the functionality of the voltammetry. Typically materials
are chosen that are nonreactive. Nonreactive materials are necessary since any reaction between
the electrode and the sample would skew the results [70]. Materials most commonly used in cyclic
voltammetry are:

 carbon nano-tubes (CNT)
* gold (Au)
* platinum (Pt)

The differences in material also influence the voltage range in which the electrode can be used [70].
While for most common applications revolving close to 0 V solid electrodes are used, applications
that require higher net voltage swings often rely on liquid-phase electrodes. These are however not
feasible for applications of wearable devices for bio-essays. Between the three main materials listed
above no distinction could be made from literature as to which might suit the application best. Thus
tests with all electrode materials will be performed on a standardized solution to ascertain advantages
and disadvantages. Concerns exist that gold might be unfeasible due to it forming Au,Clg (chemically:
gold(lll) chloride) complexes with the chloride.



Design

The theoretical exploration of physiology of sweat composition, state of the art technologies and the
fundamentals of voltammetry indicate that a voltammetric sensor for the simultaneous detection of ions
and charged molecules in sweat might be feasible. The proof-of-concept sensor is a transfer of the
ideas elucidated in the literature research into a physical representation. The design is consciously
kept simple. Proving the concept of the sensor with a simple design serves a dual purpose. Firstly, if
there are fundamental issues with the measurement principle, they will be uncovered without incurring
too high a cost or time investment. Secondly, if a simple design can be proven to work an adaption into
a low-cost wearable sensor is feasible.

5.1. Requirements

The system needs to meet a number of high-level key functions. These functions are dictated by the
overall task of the system to establish the ionic contents of the sample.
The highest level functions of the system are:

1. The system can contain a sample of an aqueous solution, i.e. hold the sample and continuously
contact it with the electrodes.

2. The system can apply a voltage sweep over the sample, i.e. set the voltage between two elec-
trodes in a predetermined manner

3. The system can measure the ionic current induced in the sample during the sweep.

This list can be broken down to identify major aspects of each high-level key functions.

5.1.1. Contain the sample

Containing the sample is important due to the liquid nature of it. In addition to serving as a reservoir
the sample needs to contact the electrodes to allow measurement. As discussed in previous chapters
some restrictions are put on this contact by the necessity to allow for flow of the sample. It is this sample
flow that establishes a diffusion dominated behaviour which is necessary for accurate voltammetry [38].
Developing a microfluidics platform or integrating a sensor into such a platform is complex. As such
the presented work did not implement the sensor into such a platform. This puts restrictions on the
use cases in which the sensor will be accurate. If the sensor acts on larger quantities of sample and
movement of the sample can be induced (e.g. stirring a beaker while electrodes are submerged) the
flow might be neglected if the amount of ions in the sample are much larger than the quantity reduced in
the sweep. When acting on smaller samples and no artificially movement is induced generally only the
first sweep will be accurate. [38] et al. shows the importance of the flow in this behaviour. Eliminating
the flow from the system is a conscious choice to reduce the complexity of the proof-of-concept.

If the material did interact with sweat then the sample might be altered by contact with the carrier. Thus,
the material of the container should be nonreactive towards the components of sweat.

19
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The container for the sample should be small (e.g. 200 ul max). The sensor for which a proof-of-
concept is explored here is meant to be wearable. A quick estimation using sweating rate during
medium intensity exercise [90]:

ml )
V=07 —5——=*01cm?* 1min = 70 ul
cme *xmin

shows that with even a small collection area this reservoir could be refilled within a minute allowing for
a good temporal resolution.

While the flow is being neglected for the sake of simplicity the size of the sensor should be reasonably
close to a possible wearable prototype. Certain effects such as the impedance of the cell or the physics
of the fluid are dominated by the geometry.

5.1.2. Analyse the sample

To analyse a sample the voltage of the cell needs to be swept. A quick description of the cell itself aids
in detailing this requirement.

A challenge somewhat unique to the electrochemical cell is the need for a reference electrode. This
reference electrode is necessary to ensure that reactions that take place on the electrodes (notwith-
standing their desired non-reactivity) do not shift the potential within the cell. The cell needs to be able
to sweep the voltage between counter electrode [CE] and working electrode [WE] while nullifying any
difference in potential between reference electrode [RE] and either WE or CE. The simplified setup of
such a system with electrodes and the connected potentiostat can be seen in fig. 5.1.

The size of the electrode is not fixed but should be close in magnitude to a possible wearable appli-
cation. Given that the size of the electrode is an influencing factor on the sensitivity of the sensor this
requirement is tied to range, resolution and signal-to-noise-ratio [SNR] requirements.

V.in Lout

Figure 5.1: Basic setup of voltammetry with three-electrode-system submerged in sample and connected to potentiostat (elec-
tronics simplified)
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Figure 5.2: Principle of PWM with the resulting filtered signal at the top and the PWM signal at the bottom

Given that the sensitivity of the electrode is also tied to the sweep rate the system needs to be

able to sweep the voltage at a variable rate. The sweep rate must be well controlled. The speed of
the sweep is mainly determined by the necessity for sensitivity, the mass transport in the cell and the
reversibility of the reactions. Given the relatively high concentrations of ions and charged particles the
sweep rate is set between 10 — 10,000 mTV Higher sweep rates might cause mass transport to limit
the ionic current output producing clipped results.
The system should be able to apply linear sweeps. The system should be programmable for different
sweep rates, starting and final voltages. There is a trade-off in designing the system to allow for linear
sweeps. To generate voltages digital-to-analog converters [DAC] or pulse-width-modulation [PWM]
are commonly used. The input for both methods is discrete. Any attempt to approximate a slope
using discrete signals will show a step structure in the voltage. Depending on the resolution of the
DAC or PWM, the sweep rate and the AV the step structure is more or less pronounced. Particularly
when differences between reaction voltages are small this might lead to issues in the sweep. To avoid
these issues if a PWM is used, filtering will be necessary. The time constant of that filter will however
not allow for changes with a high slew rate. This disallows the usage of square-wave-voltammetry
[SWV] or differential-pulse-voltammetry [DPV] limiting the waveforms for an implementation of PWM.
Fig. 5.2 shows a resulting filtered output voltage that can be used for linear sweep voltammetry and
a PWM-signal used to generate it. The diagram is not to scale of the actual system with the PWM
signal having a lower fundamental frequency and being modulated at a lower frequency. This reveals
the issues of low frequencies with a considerable skew to the ideally sawtooth output signal. At the
actual frequencies of 32,500 Hz and 255 steps of modulation these effects are greatly reduced as can
be seen from a simulation of the actual signal in 5.3. This simulation uses the real parameters of the
design and a smaller deviation from the ideal triangular signal can be observed.

Voltammetric cells are (typically) three-electrode-systems [70]. A RE is necessary to avoid potential
drifts caused by unwanted reactions on CE or WE. Any chemical reaction on either electrode could alter
the material properties of that electrode leading to a different contact potential and a systematic error
in all measurement results. While the stabilization of the potential is the main task of the electrode
a current flow between RE and the other electrodes should be avoided. Any current flow over the
reference might otherwise lead to measurement errors and a fast degradation of the surface and render
the electrode unusable. Typical materials for reference electrodes include Ag/AgCl or saturated calomel
electrodes [SCE] (chemically: mercury(l) chloride Hg,Cl,) [70]. To saturate the electrodes they are
typically submerged in a saturated solution of KCI prior to any experiments to ensure that chloride
binding sites due to material properties are used up and do not skew the result. Additionally many
applications physically separate the RE from the two active electrodes via a porous diaphragm. This
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Figure 5.3: Output signal generated by PWM with real parameters used by the system

reduces contact potentials and prevents degradation of the RE as far as possible [70]. These measures,
while useful in the durability of the device and the accuracy of the system are not strictly necessary as
the system will be disposable.

The system shall be able to identify different peaks in ionic current at different reaction voltages. To
this end the sweep needs to have a sufficient accuracy. The smallest difference between two reaction
voltages in the species of interest is between Ca, and K with 60 mV. To reliably differentiate two
peaks the resolution of the voltage sweep should thus be lower than 60 mV.

The system must not retain an amount charge after a sweep is finished that would lead to a distortion
of the current readout.

5.1.3. Measure the ionic current

The output of the voltammetric cell is the ionic current. To quantify the concentration of species in
solution this ionic current needs to be measured.

We can estimate the ionic current for two different species, one with the lowest expected current and
one with the highest. This allows us to establish (roughly) a desired range of the system. To this
end a few assumptions are made. Firstly, the area of the electrode is approximated at 10 mm?2. This
approximation of the area together with an assumption of the sweep rate at 1 E allows to estimate the
maximum current. Lastly, the temperature is set at 300 K a close approximation of the temperature in a
normal laboratory environment. The values that are calculated are sodium at maximum physiological
concentration and magnesium at minimum physiological concentration [3]:

c mol |1%9.65%10% - 1% «133510-9
Ipna = 0.446%1%9.65+10% ——+10+10~°m?x90 -+ mol s S —879mA
mol m 8.31 —— %300 K

c mol |2%9.65%10% - 1% 40704 %1079 2
Iymg = 0.446%2%9.65%10* ¥10+107°m?%0.2—5* o= S = 4.04uA
mol m 8.31 —— *300 K

This gives us an idea of the required resolution I, ,,, = 4.04 uA and the range of the sensor. Given that
the current can be cumulative this value is higher than the singular sodium current. The value taking all
ions with significant contributions into account is I,,,,, = 27 mA. The true required value for the maxi-
mum current will be higher given the ohmic drop in the voltammetric cell and electrolysis current. Given
the current limitations of many analog-to-digital converters [ADC] and operational amplifiers [OpAmp]
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are in the range of 10 — 100 mA and current density should be limited at any rate to avoid damage to
the electrodes the maximum current for the system is set at 40 mA.

The excess current due to the ohmic drop and the electrolysis that is allowable is thus around 13 mA.
While these values can be modelled reasonably in a finite element solver such as Comsol a first order
approximation reveals that the currents in question can be kept to that limit relatively easily. As such
no special design measures are taken and the adherence to the limit is only verified after the imple-
mentation.

The system shall be able to amplify the ionic current into a voltage that can be read out. The output
range of the amplifier and with it the closed-loop-gain will be determined by the input range of the ADC.
The system must be able to convert the voltage values presented by the output amplifier into a digital
signal that can be processed. This requires an ADC. Given the established ratio between resolution
and range the resolution of the ADC is calculated:

40 mA
4.04 pA

~ 10,000 = 2" > n = log,(10,000) = 13.3

The system would require at least a 14-bit ADC. In the real implementation a lower resolution ADC
was chosen. This implementation was a conscious choice in the context of the sensor as a proof-of-
concept. A lower resolution ADC was already implemented on the microcontroller used and thus made
integration easier. Some restrictions to range and resolution are accepted, particularly considering the
low importance of micronutrients in the determination of fatigue. A future prototype should use a higher
resolution ADC.

The system is operating at such low frequencies that it is sensible to conceive of it as DC. The low
sweep rate as well as gradual changes in current that are inherent to voltammograms allow for the
simplification of not requiring an evaluation of the frequency capabilities of the components.

5.2. System Diagram

From the requirements a rough system diagram can be established (see fig.5.4). The central element
of the system is a microfluidics platform. While this is technically not implemented in the current sys-
tem/requirement list it is still essential to understand the overall system design. Such a microfluidics
platform would include a system for the sweat collection and storage of samples not further specified
at this point. The collection would have to be compatible with the other parts of the system, be non-
reactive and allow for enough flow of sweat to ensure diffusion-only reactions.

The sample itself interfaces with the electrode array that is included in the microfluidics platform. Any
electrode array will have to fulfil the requirements put on material and size. There are three electrodes
with WE and CE from the same material and a RE made from a different material. As literature does not
specify a clearly superior material for the usage in this application electrodes should be interchange-
able to allow for comparative testing of materials.

The electrodes are connected to the voltage source. This source meets the specifications to produce a
voltage sweep as desired. The source is connected to all three electrodes. Besides the actual sweep,
the source also allows for a stabilization of the WE by nullifying the voltage between CE and RE.

The WE is additionally connected to the recording electronics. These are going to include a low-pass-
filter [LPF], a low-noise trans-impedance amplifier [TIA] and an ADC. The recording electronics can
read out the ionic current and turn the analog output of the sensor into a stream of digital measurement
values. The components chosen and their configuration ensure adherence to the requirements put on
SNR, resolution, maximum current etc. A low-noise filter is necessary to lower the bandwidth of the
noise integrated by the system.

Lastly the logic and control complete the system. This block includes both the inputs to the voltage
source (in the form of sweep parameters) as well as the digital signal processing [DSP] to interpret
the raw stream of measurement data. While in more sophisticated systems the focus would be on
miniaturization and power-consumption of this block in the present system the focus is put on ease of
implementation and simple manipulation to more easily explore the space of possibility of the sensor.

5.3. Design Choices

In the following sections the requirements as well as the lessons learned from the system diagram are
transformed from a set of abstract parameters into a design which can be implemented.
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Figure 5.4: System diagram for full voltammetric sweat sensing platform
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5.3.1. Electrodes

As the central element of the system the electrodes are determined first. This is necessary since any
design of the output-electronics will depend on the size and material of the electrodes.

Manufacturing electrodes for use in electrochemical cells is not trivial. Rather, a well controlled process
is necessary to ensure repeatable behaviour. The elements will be acquired from a professional vendor
of electrochemical equipment.

Three main factors influence the choice of electrodes: size, geometry and material.

Size

No specific guideline exists for the size of the electrode size and it can be chosen (somewhat) arbitrarily.
Nevertheless the size of the electrode is chosen to be larger than 10 mm? to avoid any effects caused
by venturing into the realm of microelectrodes. Smaller electrodes suffer from effects such as limited
mass transport that can easily be avoided by choosing a larger size. The size should be close to the
10 mm? to ensure that the output current remains limited.

Geometry

Different geometries exist for CV electrodes. Primarily these geometries are discriminated by whether
they are planar or extend meaningfully into three dimensions. Intensive research has characterized
these electrodes and found different relations between the diffusion coefficients and ionic currents [91],
[92]. These geometries additionally influence peak separation of reversible reactions as well as the
applicability of DPV [92].

The most commonly used geometries are planar discs, spheres, hemispheres, three dimensional discs
and cylinders. Their common usage is owed to easy manufacturability in micro-fabrication processes.
No shape of geometry has been shown to be superior in any meaningful way for the broad type of
analysis performed in this thesis [91]. A wearable prototype of this sensor would be printed onto flexible
substrate. This substrate could then adapt to the skin of the user. Thus a planar disc is the most logical
geometry.

Material

The choice of material for the elements has two major aspects: non-reactivity to the processes in the
cell and surface structure considerations.

Generally, for all purpose CV (that is to say without ion selective membranes or ligands) a non-reactive
material is chosen for the active electrodes. That material often is a noble metal or, especially in the last
decade, a carbon-nanotube [CNT]. The material is chosen with regards to the reactions that will take
place within the electrode. In the case of sweat the main reactants have been analysed extensively
in chapter 2. Of the species chloride in particular is of interest since it can have a reaction with gold
(commonly used for CV WE). The formation of water soluble gold(lll) chloride complexes which are
produced in an acidic environment (such as the one provided by sweat) and might be redeposited on
the return sweep can complicate the assertion of the effective surface area of the working electrode.
Additionally to the naturally present CI™ this effect might even be caused by the simple dissolution of
CI” from the RE [93]. Notwithstanding, platinum, gold and CNT electrodes will be tested in the variable
setup.

Besides the material choice the roughness of the electrode can have a major impact on the sensitivity
of the sensor. The higher the surface roughness, the higher the effective area and subsequently the
sensitivity is going to be. While this higher sensitivity might be desired it comes with the drawback of a
more porous surface that is prone to adsorption of molecules (fouling) and thus degradation over time.
While attempts have been made to combat this adsorption with regular crystal structure electrodes [94],
these have still shown significant adsorption regardless of crystal orientation. Furthermore, affixing a
crystal electrode to a carrier is more difficult than printing the material onto said carrier. Thus a screen
printing method for CNT, Au and Pt active electrodes with an Ag/AgCI RE are chosen as the material.

Selected Electrodes

Given the parameters discussed above, an industry research of potential electrodes was conducted.
Adherence to the requirements was taken into account with availability, delivery times and cost as ad-
ditional factors. The electrodes that were finally chosen are commercialized by Metrohm (Metrohm AG,
Herisau, Switzerland).
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Figure 5.5: Pictures of the electrodes selected, left: without measurements, central WE with CE in ring around it (both platinum)
and Ag/AgCI RE in bottom left corner; right: same electrode with detailed measurements for the accurate determination of surface
area

Figure 5.6: Picture of the full electrode array with substrate and connections

Fig. 5.5 shows a detail view of the electrodes. The central electrode is the WE. From measurements
taken using a camera-assisted microscope the area of the WE could be calculated to 12.3 mm?. This
area agrees with the restrictions set on the size by the portable application discussed above. Addi-
tionally the accurate determination of the size allows for the design of the electrical components. The
areas of the CE and RE were calculated to be 10.9 mm? and 3.9 mm? respectively. While their size is
only of limited importance to the design it is reported here for the sake of completeness. Overall the
arrangement of the electrodes with a central WE and surrounding RE and CE should aid to reduce the
solution resistance as well as other contact related impedances which will be discussed later.

Fig. 5.6 shows the entire electrode. The central active area is printed on a substrate of alumina (chem-
ically: aluminium oxide [Al>O3]).

The electrodes are each connected to an aluminium interconnect. This interconnect can then externally
be connected to a matching cable. Each of the three electrodes can be addressed separately.

To hold the sample in place above the planar electrodes the electrode area is surrounded with a water-
repellent and electrically insulating polymer sample container (3M, Saint-Paul, USA). The sample con-
tainer can hold samples of up to 250 ul. This is in agreement with the requirements put on the sample
container.

Electrodes were acquired with four different active electrode materials: two different gold surfaces,
CNT and platinum. Surface roughness measurements were performed on all four surfaces. The ac-
quired images can be seen in fig. 5.7. Surface roughness can be expressed using multiple different
parameters. For the purposes of this thesis a simple approach is adopted in which the maximum de-
viation and average deviation from the height are recorded. For all materials the surface roughness is
similar. The standard deviation from the average height (R, ) is less than 1 um for all materials while the
maximum deviation (R,) is less than 12 um for all measurements. A single electrode for each material
was measured using a Keyence 3D-microscope (Keyence Corporation, Osaka, Japan). These initial
measurements allow to evaluate the impact that measurements have on the surface of the electrodes
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Figure 5.7: surfaces of active electrodes under 20x amplification top: two different gold surfaces; bottom left: CNT; bottom right:
Pt

by performing similar measurements after a stress test (see: chap. 7.7). It should also be noted that
there are no significant differences in the surface roughness between the materials suggesting a similar
effective area.

Impedance Modelling

Given the selection of the electrodes the impedance of said electrodes can be modelled in detail. This
model will help to predict the parasitic currents induced through ohmic drop and aid in minimizing the
charge retention of the system. The modelling of the electrochemical cell will influence design choices
in voltage source and recording electronics.

The model generally used to represent the electrochemical cell is the Randles Cell [95], [96]. The
Randles Cell uses a combination of resistances and capacitances to approximate the response of the
electrochemical cell. The model can be seen in fig. 5.8.

CoL

Rs

Figure 5.8: Randles Cell adapted from [95]
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/ Arrow Vblume: Gurrent density

Figure 5.9: Current density after application of voltage step on CE and RE, length of arrow proportional to current density

R, is the solution resistance. This component is influenced mainly by the conductivity of the solution

and the geometry of the cell. The conductivity of the solution can be calculated based on the ionic

conductivities (A [S * m?]) and ionic concentrations (C [Tn—‘;l]):

k
Atotar = Z(Cn * Ap)
n=1

for each constituent n through k. The variations in ionic concentrations explored in chapter 2 lead
to a relatively high variability in this conductivity. Plugging in values for the minimum and maximum
concentration from [3] and ionic conductivities from [85] the range of conductivity can be found from
0.17 - 0.74%. The planar geometry complicates the calculation of the solution resistance. To model the
solution resistance with reasonable accuracy the model of the electrode is passed into the finite element
solver Comsol. The electrodes and carrier are modelled with their respective dimensions and materials.
The sweat is replaced with a surrogate fluid with approximate conductivity. An electrostatic simulation
is then performed, applying a voltage step to CE and RE relative to WE which is set as ground. The
resulting current density can be seen in figure 5.9. Integrating the resulting current density over the
working electrode gives an estimate of the current. Dividing the set voltage step by the current gives an
estimate of the solution resistance. Depending on the conductivity of the sweat the solution resistance
should vary between 306 — 1,330 Q.

The Randles cell includes in series with the solution resistance two parallel paths. One includes the
double layer capacitance (Cp,) while the other has the charge transfer resistance (R.r) in series with
the Warburg impedance (Zy,).

Cp;, models the possibility to transfer the charge from the solution into the electrode via the double layer
formed at the electrode. The double layer capacitance can be estimated as:

€ *x€x*A

Cry =
DL d

with A [m?] the area of the electrode ¢, [-] and ¢, [= 8.854 * 10* :—;] the relative permittivity and
permittivity of vacuum respectively and d [m] the thickness of the double layer commonly estimated as
the inverse of the Debye length. [97] found an approximately linear relationship even in the presence
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of multiple ions. The Debye length is estimated as:

P er'*k*T
e? « Z{=1(ni2 * Cy)

with k [= 1.38+10723 é] being the Boltzmann constant, e [= 1.602 10719 C] the electron charge and the
other parameters as introduced previously. As a matter of approximation only the three most common
ions Na*, CI” and K" are considered. Utilizing a relative permittivity of €, = 80 as found by [98] and
using extreme physiological levels for concentration we can calculate a range of the thickness of the
double layer to be d = 1.3 — 3.8 nm. This leads to an estimation of th range of Cp;, = 2.3 — 7 uF.

In the parallel path to Cp;, sits the series connection of R and Zy,. This path represents the charge-
transfer complex. While R represents the resistance of the system against the charge transfer (and
is dominated by the exchange current density) the Warburg element can be understood to model the
diffusion aspect of this charge transfer. R is relatively complex in its calculation and depends on
the exchange current density a parameter that is difficult to estimate a priori. [99] found a resistivity
of 30 mQ * cm? for single CNT and 1.5 Q * cm? for platinum. They note however that the values
are suppressed significantly by the micro-electrode nature of the setup (nm-range). As such a more
conservative estimate of 1 kQ is used as adopted by [95].

The Warburg impedance is understood to be a phase-constant element. In a Bode-plot the Warburg

impedance has a slope of —%. It can be described as:

Zy = —+
W Ve Ve
with '
R+T z’:( 1
= — % S
nZ*FZ*A*\/E = Cl*\/ﬁl
with the symbols previously introduced. The value for ¢ was calculated to vary between 8.65 — 77.85(Q.
To model a constant phase element with the appropriate magnitude in the circuit simulator a ladder R-C
setup was used similar to [96].
Simulating a voltage over this complex impedance and sweeping over frequency reveals the Bode-plot
shown in fig. 5.10. For this simulation average values of the previously calculated ranges were used.
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Figure 5.10: Bode plot of impedance of the electrochemical cell

In the frequency range of the voltage sweeps as defined in the previous section, 10 mHz — 10Hz,
the impedance has a constant magnitude of 1,700 Q while the phase delay is between 0 — (—6)°. This
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model shows that the current introduced via ohmic drop with the electrode design will remain below

the required threshold even at a full scale sweep of 5 V: 1:0‘:)0 < 5mA. At higher sweep rates the

ohmic drop will be higher possibly preventing sweep rates above 10 g Given that these are not a
requirement this is not considered a design problem but should be noted regardless.

5.3.2. Voltage Source

A voltage source is necessary to sweep the voltage and induce the electrochemical response. Addition-
ally the voltage source needs to act as a potentiostat to allow the stabilization of the working electrode.
These two functions will be treated separately from the design point of view.

Sweep Generation

The voltage sweep can be generated in several different ways. Given that this research is exploratory
and not all parameters of the sweep can be determined a priori it should be flexible and programmable.
To this end a generation via a PWM is chosen. This is easiest to implement while still providing reason-
able accuracy and allowing for simple modification. To further ease execution and allow for the focus to
be put on the electrochemical research the PWM is implemented using an Arduino. This open-source
HW/SW package implementing an /O and computation for analog and digital signals allows for quick
programming in C++ with extensive existing libraries. It additionally comes with an ADC allowing for
integration into the recording electronics. Some disadvantages of the Arduino include lower capabilities
of the ADC (i.e. speed, resolution) and somewhat slow computation. Given that none of these param-
eters are critical to the project the ease of implementation of the Arduino made it an ideal candidate.
The final choice of board was an Arduino Nano.

The board has a PWM with a fundamental frequency of (maximally) 62,500 Hz, a maximum voltage of
5V and a resolution of % = 19.6 mV. This allows for a sweep of the full range of reaction voltages of
the components listed in chapter 4 with an adequate resolution as established earlier and a sufficiently
high fundamental frequency as to not distort the output current.

Given that a PWM signal is generated by switching between the maximum value (5 V) and minimum
value (0 V) with a duty cycle corresponding to the fraction of the maximum voltage desired an unfil-
tered signal would not produce the desired output. Thus the PWM signal needs to be filtered using
a low-pass-filter (LPF). The time constant of this LPF needs to be much lower than the fundamental
frequency of the PWM. A simple first-order RC-filter with a time constant of 50 ms was implemented.
This smooths out the carrier signal while still allowing the low-frequency sweeps to pass unattenuated.
The voltage source needs to be able to produce identical sweeps subsequently. This is necessary
given that changes between two subsequent sweeps might be interrogated for information on the over-
all ionic content of the sample. A change between the sweeps can be introduced by charge being
retained in the system. This ought to be avoided using appropriate methods.

WE stabilization

A two-electrode system cannot ensure that there is a stable potential between WE and CE. Any chem-
ical reaction could alter the potential difference. Thus a RE is used to stabilize this potential. The setup
of the potentiostat relies on the usage of an OpAmp. While the sweep is applied to the positive input
the RE is connected to the negative input. The CE is connected to the OpAmp output and the WE is
virtually grounded. If a potential difference between RE and CE occurs it is nulled via the feedback-
loop containing the OpAmp. Fig. 5.11 shows the schematic of the circuitry described, adapted from
[100]. Given that the OpAmp is used in open-loop configuration and the changes to the potential are
expected to be both slow and low in amplitude the requirements on the OpAmp are very low and a
simple off-the-shelf model can be chosen.

5.3.3. Readout-electronics

Readout-electronics are used to amplify, filter and convert the output current from the analog to the
digital domain to make them machine-readable. The current, overlaid with an undesirable faradaic
component, is amplified by a transimpedance amplifier (TIA), then low-pass-filtered and subsequently
converted via an ADC.
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Figure 5.11: Full design of the sensor in LTSpice excluding PWM and ADC on Arduino for simulation of DR, linearity, SNR and
WE stabilization

TIA
To read out a current a TIA is the most commonly applied architecture. A TIA takes in a low-signal-
power current and outputs a higher-signal-power voltage. The relationship between current and voltage
is ideally linear. The amplification of such an amplifier is:

mn
The gain is expressed in Q giving the amplifier its name - transimpedance amplifier.
To meet noise requirements, slew-rate, bandwidth and open-loop-gain the OpAmp TL081 by Texas
Instruments (Texas Instruments, Dallas, USA) was selected. The requirements to the OpAmp are not
high leading to the selection of a relatively simple and inexpensive off-the-shelf OpAmp. In a TIA the
OpAmp is set into a negative feedback configuration. The closed-loop-gain of the amplifier is deter-
mined by the passive elements in the feedback loop.
To establish the desired closed-loop-gain of the amplifier the ionic current of the species of interest
at minimum and maximum physiological concentrations were estimated according to the formula pre-
sented in chapter 4. Values ranged from 4.97 uA at the lowest concentration of Mg’ to 13.4 m4 at the
highest concentration of Na*. The sum of currents at maximum concentration was 33.4 mA while an
average sample is expected to produce a sum of 19 mA. The ratio between the two values is higher
than the 60 dB set out in the requirements. Thus, either range or resolution need to be cut in order
to achieve the desired performance of the other. Given that the low concentration substances (e.g.
Mg, and Ca,') are considered less useful markers for fatigue the resolution is restricted more than
range. This additionally allows for a buffer at the higher end of the scale to take possible electrolysis-
current into consideration. The maximum current that can be detected is set at 16 mA allowing for a
measurement of the maximum current in most cases while still allowing for the measurement of lower
concentration species with reasonable accuracy. Here it should be noted that the above calculations
give an envelope. The true value of the ionic current is expected to be considerably lower (by about an
order of magnitude) due to influencing factors discussed in chapter 4 including but not limited to, diffu-
sion limited transport, effective area of the electrodes and the assumption that the maximum current of
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Figure 5.12: Overcurrent with purely resistive feedback after single sweep

all ions overlaps. As such these restrictions to the range are reasonable as can also be seen from the
verification. Considering the full-scale value of the ADC (5 V) this gives a closed loop-gain of:

5V
Aclosed—loop = 16 mA =31250Q

The OpAmp requires supply voltage to output the amplified signal. Given that power consumption is not
critical the supply voltage of the OpAmp is setto + 12 V. The supply of the OpAmp was decoupled from
the supply rails via a 100 nF capacitor to minimize the influence of supply variations. Simulations in
LTSpice showed a significant overcurrent at the end of the sweep as seen in fig. 5.12. The overcurrent
added up over multiple sweeps and led to distortion. The current was caused by significant loading
of the electrochemical cell. To minimize this current the purely resistive feedback was changed to
integration with a corner frequency of 10 kHz. This reduced the distortion below the threshold of % of
the resolution of the sensor.

LPF

A low-pass-filter is placed at the output of the amplifier. This LPF aims to reduce the impact of noise
on the output. The signal can, as discussed earlier, be considered DC. Out of an abundance of caution
the corner frequency of the LPF is set at 10 kHz. The filter is implemented as a first-order R-C filter
where R is defined by the trade-off between the input-impedance to the ADC and the load that needs
to be driven by the OpAmp. Considering that the ADC can still convert values at maximum speed even
with an input impedance of 10 kQ and this does not load the OpAmp strongly the resistance is set at
this value. Given resistance and corner frequency this sets the capacitance of the filter at:

1

C= im 10ka~10kHz _ o™

ADC

The ADC converts the continuous signal that is amplified and then filtered into a discrete signal. Sam-
pling frequency and resolution are set at 1 kHz and 10 Bits respectively. The in-built ADC of the Arduino
Nano meets both these requirements (a conversion generally lasts 13 clock cycles at a frequency of
200 kHz).

* 13 = 65 us

tconversion =
fclock

The error of the ADC is given in the data sheet as 2 least significant bits [LSB], including quantization
error, non-linearity, offset-error and gain-error. The (input referred) error in concentration introduced by
the inaccuracy of the ADC is thus in the current setup:

16 mA

€apc = m *2 = 31.2HA
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Figure 5.13: Output referred voltage noise of the system at in the frequency range between 10 mHz — 1 MHz

This current transduces to different errors in different ions due to varying diffusion coefficients but is

generally in the range of .2 —.5 @ (assuming ideal ionic current, relative error is higher in practise).

5.4. Design verification

After having presented the design choices, which are rooted in the requirements previously introduced,
this section aims to verify the design along the choices that were made. Some choices were already
justified by information gathered from different data sheets while other design aspects will be verified
either by simulation or testing.

The design of the sensor was transferred to the circuit simulator LTSpice. The resulting circuitry can
be seen in fig. 5.11.

Not depicted in fig. 5.11 but implemented between the electrodes in the electrochemical cell on the
top left is the model of the Randles cell (with the values previously calculated for an average sample)
between each of the electrodes.

5.4.1. SNR

The noise of the system should be low enough to not change the output of the sensor. Fig. 5.13 shows
the simulation of the output referred voltage noise. In the range 10 mHz — 1 MHz the integrated noise
is 3.34 uV. This, even given the wider than required frequency range, still is lower than one LSB of the
ADC by more than a factor of 1,000. As expected from the relatively low requirements on the speed of
the system SNR is not an issue.

5.4.2. Range and Resolution

Range and resolution requirements of the system were verified to a first order on a purely electrical
level in LTSpice. Given that these are mainly bounded by the resolution of the ADC a simple simulation
using the TIA was performed to establish that it limits neither.

Fig. 5.14 shows the output voltage of the TIA after a sweep of the CE voltage superimposed with
an excitation of the ionic current. The voltage is swept with usual parameters while the ionic current
is stepped from the minimum specified value (bottom) to the maximum specified value (top). In the
output voltage a step in the voltage relative to the current input is expected. The curves show the
expected behaviour with a step in the voltage of 5 mV and 5 V respectively. The values measured in
the graph were corrected by the slope induced by the ohmic drop (400 uV). This simulation shows that
the readout-electronics does not restrict resolution and range beyond the bounds determined by the
ADC.
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Figure 5.14: lonic current induced between CE and WE superimposed on voltage sweep; ionic current modelled as pulse
(trise = trau = 1ms, ton = 100 ms, I,, = 16 mA/16 pA); plotted: (a) output voltage of TIA at I;, = 16 mA, (b) output voltage
of TIAatl;, =16 uA

5.4.3. Non-linearity

Non-linearity is defined as the deviation that a target value has from an ideally linear dependence on
another quantity. In this case the non-linearity between ionic current and output voltage of the TIA is
researched. To interrogate this relationship the range of the sensor is swept logarithmically and the
resulting output voltage is recorded. The result of that sweep along with the ideal linear relationship is
plotted in fig. 5.15. The deviation from the ideal linear relationship calculated as an absolute value was
found to have a maximum value of I,,,. = 4.5 mV or less than 1 least significant bit [LSB] of the ADC.
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Figure 5.15: Output voltage over sweep of dynamic range of current (black) with ideal linear relationship (blue)

5.5. Lessons Learned

The low requirements to speed, accuracy and dynamic range that are necessary to measure the con-
stituents of sweat relevant to fatigue show that a possible wearable sensor could be produced at low
costs. The low requirements also indicate a strong possibility for miniaturization of the sensor. This fur-
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ther allows for the sensor principle to be implemented in wearable devices. The electronics are simple
and if the focus is not on ease of implementation, as in this proof-of-concept device, an implementa-
tion either on a flexible substrate or on chip is plausible. The design presented shows no issues with
linearity or SNR but the range of the device could be improved by using a higher resolution ADC and
removing this as a bottleneck. Furthermore the speed of the ADC and processor could be improved
to allow for FSCV. Additionally while the implementation of the PWM again was easiest, replacing this
component with a DAC would allow for more varied waveforms such as SWV or DPV.

The simplicity of the design presented here allows for a variety of performance improvements in a
possible prototype. As a proof-of-concept the design meets the requirement of being as simple as
possible.



Implementation

Implementation is the process of transferring the system from the sole simulation domain into the phys-
ical representation. This project has two major parts to the implementation: electronics and software.

6.1. Electronics

Electronics were built independently instead of using a prefabricated potentiostat chip. This allows for
the implementation of different waveforms, voltage sweep rates and maximum voltages. Most commer-
cial chips only allow for a limited selection of waveforms and additionally the usage of the voltammetric
source in combination with the readout on the same chip allows for easier communication and coordina-
tion of the system. The implementation of the electronics from the simulation into the physical domain
is relatively simple with this design. This is owed to the streamlined proof-of-concept approach. The
design was done with implementation in mind and due to the low requirements on component variations
and interconnect parasitics the design can be implemented on a breadboard. This allows for both an
easy setup with little material costs and quick adaptability. The system can be setup in a few hours of
work and can be adapted and reiterated upon easily. The adaptability is crucial to a proof-of-concept.
Any unforeseen variations in influencing factors (e.g. EMI, temperature, component variations etc.)
can quickly be addressed.

Any second version of this design that treats with an application closer to a working wearable sensor
will necessarily be adapted onto a PCB or chip. Adaptations in the design would be necessary to allow
for a change of platform.

Fig. 6.1 shows the implementation of the sensor and the general experimental setup. A quick descrip-
tion of the components, their function and possible issues follows:

6.1.1. Voltage Source

The voltage source is implemented as a symmetrical source. The voltage source is able to supply the
+12 V required by the system. The source can supply 600 mA. This is far above the required power
of the system. The supply has a stable output voltage that allows for an equal stability of the result
voltage.

6.1.2. Arduino Nano

The chosen control system for the proof-of-concept is a microcontroller. For the design at hand the
microcontroller easiest to implement was chosen. The Arduino Nano is a microcontroller containing an
I/0, a PWM generator and an ADC. The parameters of the Arduino meet the requirements set out by the
design. The Arduino is easily accessible allowing for a more flexible software development. Changes
to the software can be uploaded quickly and the Arduino allows for programming in a language similar
to C++.

The accessibility and simplicity of the Arduino makes it ideal for applications in a proof-of-concept. It is
however limited in its capabilities. The accuracy of the PWM and the resolution of the ADC are main
limiting factors to the overall system resolution and accuracy. However if the system can be shown
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Figure 6.1: Implementation of voltammetric sweat sensor with (A) voltage source, (B) Arduino Microcontroller with ADC, (C)
sensor electronics, (D) connector to laptop, (E) connector to electrode, (F) electrode

to function with these components it is likely to work with more miniaturized electronics as well. The
advantages of the Arduino outweigh the disadvantages for this experiment.

6.1.3. Serial Connection

The Arduino receives its supply voltage via a USB-connector. The cable simultaneously is the data
connection. That dual function both eases the implementation but also complicates the transfer some-
what. A Laptop cannot provide a very stable supply voltage given that the usage of other parts of the
device and the data transfer load the voltage source. These deviations could theoretically affect the
stability of the system. Practical tests show that the voltage source of the Laptop is stable enough to
not introduce significant distortion.

6.1.4. Sensor Electronics

The sensor electronics are implemented as through-hole components on a simple breadboard. The
advantages of the breadboard were discussed above. The particular application requires the usage of
a rather high amount of cables. The setup with the breadboard and associated wiring did not give any
problems with regards to electrical interference.

6.1.5. Electrodes and Connector
The connector of the electrode is a specialized cable provided by the supplier of the electrodes. The
requirements and implementation of the electrodes have been discussed in the previous chapter.

6.2. Software

The software for the device is kept simple. It has two main components: the generation of the voltage
sweep and the conversion, transmission and recording of the analog voltages.

The voltage sweep was, at first, as described previously, generated by a PWM-signal. The signal had
to be internally set to the highest fundamental frequency. To control the sweep rate of the system the
steps were timed using the theoretical value for their length. This value was calculated from the final
value of the sweep, the resolution of the PWM and the desired sweep rate. The timing is then controlled
in the software via a state machine. Measurements and transformations are performed synchronously
every ms. Once the set number of integer ms have elapsed the system idles the remaining time and
then iterates to the next voltage step. The voltage is stepped up and down at the same speed (using
a 'for’ loop) producing a LSV signal.
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The sweep was later also implemented using a DAC with better accuracy and allowing for DPV. The
DAC is addressed using a serial peripheral interface. Beside the communication with the Arduino the
generation of the voltage sweep is identical with the PWM.

The second main function of the software is to convert, transmit and record the data. During each cycle
three measured values are of interest:

» CE-voltage
* sweep-voltage
+ output-voltage

One millisecond is too short for the ADC to perform three conversions and subsequently send four val-
ues on the serial connection (including a timestamp). The bottleneck is the relatively slow serial.printin()
function. To attain data with reasonable temporal resolution regardless, the values are converted ev-
ery cycle and added to an array. The array is then summed every four cycles and sent to the laptop.
Which value is sent each cycle is determined by an incremental data-selector. Each cycle contains
three analog conversions and one serial send. The data sent via the serial port is saved to a CSV-file
using a serial terminal. The full code can be found in Appendix B.



Experiments and Results

After design and implementation of the sensor are completed, experiments are performed to charac-
terize the sensor. The experiments aim to verify the assumptions made in the design and determine
the usability of the sensor for real-time measurements of ionic concentrations in sweat.

7.1. Experimental Planning

To achieve the goals set out for the experiments above, experimental planning is necessary. Given the
complexity of the sensor with regards to influencing factors and variations in the analyte to be tested a
regimen of experiments is determined. These experiments aim to atomically verify the corresponding
system requirements. The tests are not exhaustive and rather defined roughly along the lines of the
requirements. Additionally the experimental planning is iterated throughout the process to account for
the results of previous experiments.

Preliminary experiments will verify adherence to electrical parameters such as:

* range; sweep voltage

* sweep rate

+ overshoot; sweep voltage

* resolution; current measurement
* range; current measurement

» WE stabilization

After these fundamental parameters have been established first experiments with different ionic fluids
can be performed. These 'wet’ experiments aim to establish the ability of the system to:

* recognize the presence of certain ions

« distinguish between concentrations of these ions

* measure the ionic concentration of the ion reproducibly

+ characterize differences in the response of electrode materials
+ establish a calibration curve for ions

This will require analysis of different voltammograms recorded using the complete sensor. This section
of experiments aims to establish the system as an electrochemical sensor.

A set of experiments with more complex ionic fluids containing multiple ions will be performed. During
these experiments the capability of the sensor to discriminate ions in presence of each other will be
probed. The ionic fluids will be representative sweat surrogates adhering to physiological limits. This
set of experiments will reveal to what degree the measurement of ionic concentrations in sweat using
cyclic voltammetry is viable for miniaturized real-time applications.

Lastly, real sweat samples will be characterized using previously acquired calibration curved.
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Figure 7.1: Dry test of voltage sweep with linear 1,300 Q load, Vy,qx = 0.75V and v = 0.5 g

7.2. Preliminary Experiments

Preliminary experiments are performed ’dry’, that is without the addition of sweat surrogate or even
the connection of the electrodes. This reduces the sensor to its fundamental components. It allows
verification whether the sweep provided by the PWM is adequate with sufficient accuracy in amplitude,
timing and symmetry. Furthermore, the response of the system to non-linear inputs can be tested in a
well-defined environment.

The dry test necessitates the usage of equivalent impedances between the electrodes to represent the
impedance of the electrochemical cell. Fig. 5.10 shows the impedance profile of the electrochemical
cell over frequency. It is evident that in the frequency range of interest the impedance of the cell
is relatively constant. The amplitude of the impedance is dominated by the ionic conductivity of the
sweat. Assuming an average sweat sample the impedance is = 1,300 Q at a phase angle close to
0 °. Thus the electrochemical cell is represented using three 1,300 Q resistors between each pair of
electrodes.

The first dry test performed is a sweep of the voltage from an initial voltage of 0 V to a final voltage
of 0.75 V at a sweep rate of v = 0.5 % The resulting voltage and current over time are plotted in
fig. 7.1. This test and similar experiments with different 1},,,, and v show that the system is able to
apply voltages at the designed sweep rates and ranges. The accuracy of the dry sweep is = 0.5 %
in both amplitude and frequency. The measures taken in the design to avoid charging of the system
were successful. The variations between the different peaks and zero-crossings of the current show
no significant charging.

Having performed the first experiments on a purely linear system the load is altered. In addition to
the resistors modelling the electrochemical cell diodes are clamped between CE and WE. This induces
a non-linear response of the current and shows that the system is capable of measuring these. The
load used in the experiment shown in fig. 7.3 is a diode in parallel with a series connection of a small
resistor and another diode (see: 7.2).
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Figure 7.2: Schematic of dry test using diodes

The resulting current shown in black displays the expected characteristics with virtually no current
until the built-in voltage of 0.7V of the singular diode is reached. The slope of the current changes again
when the second diode starts conducting. The clipped current is reflective of the current limitations of
the particular diodes used.
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Figure 7.3: Dry test of voltage sweep with diode-load V;;,o,, =3V andv =1 %

The dry experiments additionally included tests of the WE stabilization. To this end a potential was
applied to the CE relative to the RE and the voltage response of the system was tested. The tests
showed that the WE stabilization is functional and can nullify differences between the two electrodes
with sufficient speed.

Overall the preliminary experiments were successful and verified the design. The results of the dry
experiments pave the way for further experiments and do not call for action on changing the system.
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7.3. Calibration

To establish the usability of the system as a sensor for ionic concentration it needs to be calibrated.
In this process the system is presented with different known concentrations of ions and the response
is recorded. A relationship between concentration and recorded ionic current is then established (also
called the calibration curve). Measured currents can then be mapped to this curve to find the concen-
trations in unknown samples. This calibration will contain three major steps. Firstly, the response of
the sensor to a generalized ionic fluid is characterized. This aims to establish the major parameters of
interest. Secondly, the voltammograms is recorded for different ionic concentrations and different elec-
trode materials. Lastly, the voltammogram is analysed, the ionic current measured and the calibration
curves are generated.

7.3.1. General lonic Fluids

To start the calibration process the impedances representing the electrochemical cell are removed. The
respective nodes on the electronics are then connected via the connector cable to the electrodes. The
reservoirs are then glued to the electrodes. Subsequently the reservoirs are filled with roughly 150 ul of
the fluid under test. The ionic fluids are prepared using demineralized water and NaCl (> 99 % purity)
weighing the salt with a precision scale.

Once connected to the electronics and filled with the fluid the system is powered up, starts sweeping
the voltage and sending the data on CE-voltage, sweep voltage and ionic current to the laptop.

Since cations in sweat are more varied and their detection more challenging the first sweeps and the
calibration were performed on such a cation, namely Na®. This allows for data from the calibration and
insights gathered during the measurement to be transferred to the analysis of multiple ions in solution.
Fig. 7.4 shows the time-dependent behaviour of the electrode filled with 60 mmol [Na*]. The result gives
rise to several insights. Observing the first curve of the resulting current it has a peak corresponding to
the first voltage sweep. Additionally to that ohmic peak there is a secondary local maximum at around
1,200ms. This local maximum is the ionic current. It does not occur on subsequent sweeps. Instead the
following curves have an asymmetric left-sided tail. This indicates that the reaction leading to the ionic
current majorly takes place during the first sweep and only remnants remain on subsequent sweeps.
This effect is mainly owed to a layer forming on the electrode preventing further reactions. The lack
of flow combined with the formation of NaOH leads to the formation of this layer. The existence of the
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layer is supported by the findings on the stress test including changes in the electrode surface and
pH changes in the test-fluid. Altering the experiment by adding the electrode to a beaker and moving
it leads to ionic current on subsequent sweeps. However this form of flow is too chaotic to produce
repeatable results. For the purposes of this proof-of-concept only the first wave is evaluated. This
does not infringe on the overall usability of the sensor. If a microfluidics platform with proper flow were
implemented the existing literature indicates a semi-continuous measurement would be feasible. The
fact that the peak is singular and there exists no equal and opposite peak in the return sweep indicates
that the reaction is irreversible. The shape of the ionic current corresponds with theory while the height
of the peak is roughly a factor 10 lower than expected at that concentration. This finding eases up
on the range of the sensor compared to the design requirements while restricting the resolution below
the designed value. Low concentrations of e.g. Ca, cannot be detected as intended. Apart from the
chemical reaction introduced by the sodium ions the impedance of the cell appears to be real and not
introduce a significant phase shift, as expected. To derive the actual ionic current of the experiment
further data processing is necessary.

The next step in that data processing can be seenin fig. 7.5. This is the generation of a voltammogram.
In this plot the ionic current is related to the voltage of the CE relative to the WE. The peak previously
seen in the time domain resultis now clearly visible. The location of that peak on the x-axis is 2.7 VV which
corresponds with the reaction voltage of sodium. The peak of the ionic current can thus be identified
as attributable to a reaction including sodium and it stands to reason that the amplitude of the ionic
current is relative to the concentration of sodium in solution. The analysis of the data of the following
calibration will support this statement. The asymmetry in the voltammogram with no reverse current is
indicative again of the irreversibility of the reaction, while the absence of peaks on subsequent sweeps
indicates the aforementioned formation of a layer on the electrode. To measure the ionic current it is not
sufficient to simply record the peak height. The peak needs to instead be referred to a baseline current.
The estimation of this baseline requires an extrapolation of the ionic current between the slopes before
and after the peak. In more mathematically rigorous terms a linear interpolation is made between the
inflection point left of the maximum and the local minimum right of the maximum. The height on the
x-axis of the local maximum over the linear interpolation is the ionic current. The interpolation of the
baseline can be seen visualized in fig. 7.6. An interpolation of the baseline will be necessary for each
peak individually possibly complicating the data processing. With the location and amplitude of the ionic
current peak the measurement is complete. A set of these measurements will constitute the calibration.
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Figure 7.6: Smoothed voltammogram (time averaged over 20 ms) of 60 .

a CNT-electrode, first wave with interpolation of baseline

[Na*] swept with Vg =2V and v = 1 % using

7.3.2. Electrode Materials

The measurements of the ionic current in the course of the calibration were performed with all available
electrode materials. The two different gold surfaces proved insufficient for this application. When
applying any voltage larger than 1.5 IV a visible formation of bubbles could be observed. This bubble
formation also disallowed any measurement of current with a reasonable degree of accuracy. The
reaction was likely caused by the dissolution of the gold by the environment formed by water splitting.
While the test fluid could not be analyzed properly after the voltammetry itis likely that Au,Clg complexes
formed during the voltammetry. The platinum and CNT surfaces do not form such compounds and
thus worked adequately as electrodes. All following experiments are preformed using either Pt or CNT
electrodes.

A certain degradation of the electrode sensitivity could be observed but could not be approximated in a
first order. The degradation is likely due to the filling of pores in the electrode surface and subsequent
reduction of the effective electrode area. Measurements of the surface roughness of the electrode
factory new compared to used in a number of measurements (chapter 7.7) will show the validity of this
theory.

7.3.3. Calibration Results

To calibrate the sensor five different concentrations of NaCl solution were prepared. The concentrations
of these solutions cover the entire physiological range between 10 — 100 mmol  The measurements
were performed as described above with the filling of reservoirs, recording of the voltammogram and
measurement of the ionic current relative to the baseline. Each of the five solutions was measured four
times using both materials available for a total of 40 measurements. The measurements were scattered
so that any order put to them would not influence the result (i.e. the measurements were not taken in
an order high to low or vice versa). Additionally the electrodes of each material were exchanged once
during the calibration to counteract the degradation. Electrodes were rinsed with demineralized water
after each measurement.

The data processing of the measurements was performed using a code for the best approximation of
the baseline current curve to avoid user error while calibrating. Fig. 7.7 shows the calibration data
with averages and standard deviations for each concentration as well as a linear approximation of the
calibration curve.

The scatter plot shows a strictly rising current for a rising concentration of Na* in solution. The results
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Figure 7.7: Calibration curve (linear approximation) of ionic current in [iA] over concentration of Na™ in [W;wl] during calibration

with ionic fluids of known concentration, with CNT (R? = 0.967) in black, top and platinum (R? = 0.997) in blue, bottom

show a relatively high standard deviation. The most likely causes of this are changes to the electrode
(cleaning with demineralized water notwithstanding), residual layers of fluid on the surface that are
difficult to dry in this setup and variations in the determination of the baseline current. It is evident from
7.7 that while platinum shows a lower relative standard deviation, the linearity of the CNT electrodes is
better.

Overall the calibration shows promising results. The sensitivity of the systemto Na* is at ~ 6 %Iower

than the envelope of the current by about a factor 20. Furthermore the system has a negative (l)ffset of,
depending on the material, ~ 5—27 uA. However the linearity of the calibration curve especially for the
CNT electrode is very good. If multiple measurements are taken averaging will be able to overcome
the moderate standard deviation to provide robust measurements of the concentration.

7.3.4. Sweep Rates

The sweep rate is a determining factor for the ionic current. As discussed in eq. 4.1 the ionic current
rises with the square root of the sweep rate. This rise in current is owed to both a rise in the charging
current as well as the faradaic current. Assuming a freely diffusing species (i.e. no adsorption of the
species onto the electrode prior to sweeping) the rate of diffusion is increased when the sweep rate is
increased. This in turn increases the faradaic current. The charging current is similarly increased since
the higher sweep rate leads to a thinner diffusion layer and thus a higher capacitance to be charged
[70]. The Randles-Sevcik equation 4.1 is thus only an approximation. The real dependence of the
ionic current on the sweep rate can vary with a number of factors with the adsorption of the species
onto the electrode being the most impactful one. To test the impact of the sweep rate and determine a

preferred sweep rate for further experiments a sample of 100 mr:wl [Na*] was swept using a Pt electrode
at different sweep rates. The resulting voltammograms can be seen in fig. 7.8.

Between the sweep rates tested the difference in current is clearly visible. The relationship of the ionic
current with the sweep rate correlates closely with the prediction made by eq. 4.1. For further testing
the sweep rate is generally set at 1 g since this voltammogram expressed the most distinctive curve

features which will be used to distinguish the presence of multiple ions in the next section.

7.4. Multiple lons in Solution
The stated goal of this thesis is to explore the possibility of measuring the ionic concentrations in sweat
using cyclic voltammetry. To this end it is not sufficient to simply measure a single ion and show that
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Figure 7.8: Smoothed voltammogram (time averaged over 20 ms) of 100 ;

500 mTV; 1 %; 4 %); recorded with Pt electrode

[Na'] at different sweep rates (v =

the system can create a linear relationship between the measured current and the concentration of that
ion in solution. Rather it is necessary to measure the current produced by different ions in presence of
each other. Ideally the system would show different peaks at the reaction voltages of different ions in
solution.

To approximate the measurement of different ions in sweat a solution containing physiological levels of

ions is created. A surrogate solution to test the capabilities of the system contains 100 @ [Na*] and

10 mr;wl [K*]. The combination of sodium and potassium brings with it a major theoretical challenges.

The value of the reaction voltages of the two ions is separated by 220 mV. This would lead to the
separate peaks not having fully independent baseline currents. Fig. 7.9 shows that this point is moot.
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Fig. 7.9 shows the voltammograms of three different solutions being linearly swept at the same
sweep rate and utilizing the same maximum voltage. The solutions contain either Na* or K* in physi-
ological levels or a combination of both. While parameters of the three curves such as the location of
the peak, ionic current and location of the first current differ the overall shape of all curves is the same.
There are no separate peaks in the voltammogram of the complex ionic fluid.

Given the absence of peak separation another approach to distinguishing two ions in solution is nec-
essary. Solutions were prepared with the same concentration of Na* as those used in the calibration.
These were supplemented with medium and high physiological concentrations of K* (5 — 10 mmoz)
by adding KCI to the solution. The voltammograms of the new solution were acquired in the same
procedure as the calibration. From these voltammograms a set of parameters was extracted including:

* jonic current

absolute peak height

peak location

valley height

+ valley location

* relative height peak / valley
+ distance peak / valley

« first current location
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Voltammogram, smoothed; Vmax =2V;v=1 VIs; (1st wave with linear interpolation of baseline)
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Figure 7.10: Typical voltammogram with curve features marked: (1) ionic current, (2) absolute peak height, (3) peak location,
(4) first current location, (5) valley height, (6) valley location

The different parameters are marked in fig. 7.10. Beyond the parameters marked they are defined as

relative height peak / valley ((7) = %) and distance peak / valley ((8) = (6) — (3)) and lastly distance

first / peak ((9) = (3) — (4)). The same parameters were extracted from the existing calibration data.
Finally these parameters describing the voltammogram were compared between the sodium-only so-
lution and the combination of sodium and potassium. The null-hypothesis of this experiment was the
existence of a set of at least two independent parameters between the two curves being statistically
significantly different. If this hypothesis holds a set of equations can be found relating the parameters
of the curve to the concentrations of both ions in solution.

Parameter Value Na® only | Value Na® and K™ | p-value

peak location 272V 281V 0.0052

first current location 1.98V 213V 0.0493

distance first / peak 0.74V 0.68V 0.3286

valley location 3.01V 3.06 V 0.046

relative height valley / peak | 0.25 0.29 0.2528

ionic current 364 uA 316.5 uA 0.0042

valley height 90.28 uA 92.28 uA 0.8819
Table 7.1: Selected characteristic parameters of voltammogram between solutions of 100 w [Na*] and 100 %"l [Na™] &
10 mmol [K+]

l

Table 7.1 shows a snapshot of the data collected in the measurement of the characteristic parame-
ters of the voltammogram. It compares the parameters such as peak current location or relative valley
height directly to each other. The p-value is calculated in a double-tailed t-test between the two values
with their attached standard deviations and a number of samples n = 4. The table shows that the
difference in first current location and valley location are statistically significantly different between the
two samples (p < 0.05). The difference in ionic current and peak current location is highly statistically
significant (p < 0.01). Other parameters are not statistically significantly different. While valley location
and peak location are correlated there is no such correlation between the other parameters leaving
three parameters to be significantly different. While table 7.1 shows only the comparison between two
solutions these differences appear to exist between all concentrations of sodium as long as the ratio of
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sodium to potassium is not higher than 10:1

Ena 9 7.1)
Cyr
[101] explored the concentrations and absolute electrolyte loss in athletes at low and moderate exer-
cise intensity and found the ratio of the two constituents to be just below that value. Thus we might
conjecture that this technique could be suitable for the simultaneous measurement of K™ and Na in
sweat. More research will be necessary to establish the exact relationship between the concentrations
and the shape of the voltammogram. This will aid to establish the set of equations to determine the
concentrations from it. Qualitatively, the relation of concentration can likely be established from the lo-
cation of the peak while the ionic current is determined by the absolute concentration of sodium minus
the absolute concentration of potassium.

The peak current is determined by a subtraction of the sodium and potassium concentration. This
subtraction may seem counterintuitive at first given the initial expectation of two distinctive peaks with
height relative to the concentration of the individual ions. This relationship is however not present. The
height of the peak, while strongly correlated with the ion in solution as shown by the calibration, is pre-
sumed to be mainly a function of the reaction between those ions and a hydroxyl-group. Both sodium
and potassium compete for reaction spots with these groups. When potassium reacts less current is
induced (as is observed in the lower sensitivity of the sensor to potassium).

The above discussion of multiple ions in solution shows clearly the limits of a voltammetric system for
the measurement of ionic concentrations in sweat. Sodium is the most abundant cation in sweat. Any
measurement of other cations will occur in a matrix of those ions with sodium. The analysis above
indicates that for any ion to make a measurable impact on the voltammogram the relation of their con-
centration on that of sodium should be at least 1 : 10. In a physiological sweat sample that would
allow for the measurement of sodium, potassium and ammonia. Given the two independent factors
described above and adding a measure for total ionic content (e.g. conductivity [before reaching any
reaction voltage)), relative to the sum of all concentrations, the measurement of these three constituents
seems feasible.

Further experiments were performed to define more accurately the relationships between the concen-
trations in solution and the peak position and ionic current. The first experiment in this series character-
ized the voltammogram of solutions with the same total ionic content but different ratios of concentra-
tions of Na* and K*. The data gathered from this experiment was inconclusive, showing a statistically
significant difference in the parameters between the different ratios but not revealing any discernible
trend. It should be noted, that these solutions were not representative of physiological sweat. Fur-

thermore a matrix of different ionic solutions in the physiological range was measured. Solutions were
mmol mmol

prepared using 33, 60, 80 and 100 - [Na'] & 5and 10 — [K'] respectively as well as any com-
bination of the two ions for a total of 14 solutions. These were calibrated using a CNT as described
previously. Of the curve parameters ionic current (1) and distance first-peak (9) showed the most pre-
dictable behavior. Fig. 7.11 plots the ionic current over the absolute of the difference in concentration
between sodium and potassium while fig. 7.12 depicts the dependence of the distance first-peak over
the sum of the ionic content. Both show a reasonably linear behavior. As it stands the variation of
the experiments, while comparatively high, still allows for the creation of two independent equations
describing the two different concentrations. With these equations an estimation of the concentration in
an unknown sample is possible.
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Figure 7.11: lonic current of ionic solutions with different concentrations of sodium and potassium over the absolute difference
in concentration between sodium and potassium (R? = 0.83 of the linear interpolation)

Scatter plot distance first-to-peak multiple ions

Voltage in [V]
7

981 e data points single ion

¢ data points multiple ions i
- - —linear interpolation
[ [

| | | | | | | |
0 10 20 30 40 50 60 70 80 90 100

Concentration in [mmol/l]

0.6

Figure 7.12: Distance between first current and peak location ionic solutions with different concentrations of sodium and potas-
sium over the sum of concentration of sodium and potassium (R? = 0.73 of the linear interpolation)

7.5. Real Sweat

In a final step characterizing the sensor for LSV a real sweat sample was collected and the voltammo-
gram recorded using the sensor. The sample was collected from the author during 45min of medium in-
tensity exercise using an absorbant patch. Before applying the patch the skin underneath was cleaned
using demi-water. The sample was measured in the sensor without any prior preparation analogous to
the calibration procedure. Sweep rate was setatv =1 % with a V.4, = 2 V. The resulting voltammo-
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Figure 7.13: Smoothed voltammogram (time averaged over 20 ms) of real sweat collected during medium intensity exercise
using CNT electrode; v = 1 g with @ Vipax =2V

gram can be seen in fig. 7.13.

The voltammogram has a shape similar to the multiplexed solutions of sodium and potassium ex-
plored in the previous section. With 400 ul collected during the experiment three measurements were
possible. All measurements were performed using the same CNT electrode and sweep parameters.
Mapping the average of the ionic current and the distance between the first current and peak-location

to figs. 7.11 and 7.12 respectively indicates the sample contains 60 222 [Na*] and 5 %‘” [K™]. This
is well within physiological limits. The result could not be calibrated against a standardized method
such as ion chromatography due to time constraints. Nevertheless the results of this experiment sup-
port the results of the previous section and indicate the usability of the sensor for the simultaneous

measurement of sodium and potassium in a single sweep.

7.6. Differential Pulse Voltammetry
Differential Pulse Voltammetry [DPV] is a waveform commonly used in tandem with LSV. Often LSV
is used for more general exploration while DPV elucidates details. To be able to apply the DPV the
voltage generation was changed from PWM to DAC.
The following experiments using DPV are exploratory. Given the number of parameters that can be
varied during DPV (e.g. pulse height, pulse width, duty cycle) a more thorough research would be
extensive. A calibration is performed following the same procedure as with LSV. Parameters are set at
Vouise = 100 mV, tpi5. = 100 ms and duty cycle = 50 % overlaid onto the previously used sweep of
Vinax =2V andv =12,
The current was recorded at the beginning and end of the first pulse higher than the reaction voltage of
sodium. The difference between the two currents is the ionic current. Fig. 7.14 shows the calibration
curve of the DPV. The data shows good linearity. Both the offset and the sensitivity of the DPV are
higher than the same measurement for the LSV.

A similar calibration was performed on complex ionic solutions with both sodium and potassium in
solution in physiological levels as previously described. The resulting currents did not reveal any clear
correlation between the concentration of the singular ions. The sweep is however highly sensitive to
the total ionic content and shows very good linearity to it with R? = 0.965.

DPV can be used in conjunction with LSV to determine ionic content. The ability of DPV to detect
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Figure 7.14: Calibration curve of DPV (R? = 0.934); Vpuise = 100 mV, tpyise = 100 ms and duty cycle = 50 % overlaid onto
Vimax =2Vandv=1 %; physiological concentrations of Na*

the total ionic content can be paired with the analysis methods applied to the LSV voltammogram.
Given that both can be implemented in the same system with a simple change to software pairing both
methods seems sensible. Whether DPV can be exploited to determine singular ion concentrations is
the subject of further research. There are alarge number of parameters that could be varied to elucidate
an adequate response. Preliminary tests with different parameters such as varying pulse voltage or
duty cycle showed significant changes to the current. Whether any of these changes allows for better
separation of ions is unclear.

7.7. Reliability

The voltage ranges at which the voltammetry is performed in this system have the potential to deterio-
rate the system. Both the function of the electrodes as catalysts for the redox-reactions and the water
splitting taking place at the surface can alter the electrode surface significantly. Besides the electrodes
all other parts of the proof-of-concept system do not lend themselves to a practical approximation of
the reliability given how far they are removed from any prototype.

Deterioration on the electrodes can have two major effects. Formation of a layer on top of the active
material can reduce the effective area and thus reduce sensitivity. Secondly, deteriorating effects if
they are aggressive enough could render the electrode entirely unusable.

To test the durability of the electrodes a stress test was performed. In this test a factory new electrode

from each material was submerged in 1 mTOI [NaCl] solution. The voltage was then swept with 1 4 up to

2V continuously for 5 minutes. This represents an accelerated test compared to the usual applii:ation.
A quick estimate of the relevant factors (i.e. typical ionic concentration 50 w and duty cycle 20 %)
gives an acceleration factor of roughly 100. Multiplying this with the time tested this comes out to 500
minutes or over 8 hours. If the electrodes can maintain functionality over this time-frame their reliability
over single applications will be sufficient for i.e. a long distance run or a football game.

The results for this experiment were mixed. The gold electrode tested is wholly unusable for cyclic
voltammetry and the degradation of the electrode is visible with the naked eye. Fig. 7.15 shows the
discoloration of the electrode from solid gold to mostly purple with some gold remaining. The electrode
has lost all capability to record a proper voltammogram.
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Figure 7.15: CE of gold electrode after stress test, 20x planar amplification

The platinum electrode held up better than the gold electrode with only a slight discoloration of
the working electrode. The surface of the CNT electrode showed no discoloration whatsoever. How-
ever any change would be harder to detect from the black starting state. Additionally, as an objective
measure, the surface roughness of the electrodes was determined and the change compared to mea-
surements of unused electrodes.

There are three main measures of surface roughness: S,, S, and S,,.. S, [um] is the standard deviation
of the surface height from the arithmetic average. This is a good overall measure for the change of
surface roughness. S, [um] is the maximum difference between peaks and valleys in the surface. An
increase in maximum deviation would indicate both etching of valleys and deposition on peaks. Lastly
Spe [ﬁ] is @ measure of the number of peaks of a certain height over valleys of relative height counted
along a line of 1 mm length.

In a general trend S, and S, increased for all materials with the change strongest in platinum followed
by gold and CNT. The increase in CNT was roughly +80 %. S,,. was only increased for platinum while
it stayed the same for gold and CNT.

The results show that stress increases the surface roughness, while sensitivity falls at the same time.
This indicates, that a layer of material (with a thickness of hundreds of nanometers up to several mi-
crometers) is deposited on the electrode surface. This theory is supported by the unchanged S,
indicating the layer above has a similar form.

The reduction in sensitivity to the electrode induced by the stress can be quantified. For the gold elec-
trodes the destructive processes taking place during the stress test reduces the sensitivity to zero. The
platinum electrode has lost about 90 % of the sensitivity it had prior to the stress test. A calibration with
a CNT electrode after the stress test with a known solution that had been calibrated for before the test
revealed a statistically significant shift in the peak location and a reduction in the ionic current of 20 -
50 % (95 % confidence interval).

The fluid used for the stress test was analysed. For this purpose the fluid was evaporated. The remain-
ing solids are presumably constituted of NaCl and NaOH (with traces of Au,Clg from the gold electrode
[both auric chloride and its subjugate base are strongly water soluble]). The solids were then weighed
and diluted 110 in demi-water. The pH of the demi-water and of the diluted stress solids was measured.
Adding the solids shifted the pH from 6.6 of the demi-water to 9.0. This indicates the presence of

~ 10 @ [NaOH]. Referring the amount of NaOH created to the NaCl we find that

Cnaon 3.7 % 107°

CNaCl
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Figure 7.16: Time domain result of LSV With Vg =1V and v = 1 g of 100 %‘” [NaCl] and 1 %"l [NaOH]

The ratio of NaOH created is relatively low. From the amount created during this stress test we can
conclude that in a usual application the process will never be inhibited by the amount of Na in solution.
Given the high concentration of NaCl in the original solution we can conjecture that the process was
inhibited by the pH-change induced in the solution.

7.8. pH-Changes

Changes in the pH of the solution can change parameters of the voltammogram including ionic current,
reaction voltages and the water window. The stress test indicates a change in the pH of the solution

during the experiment. To further investigate this phenomenon a solution containing 100 mr:wl [NaCl]

was prepared and 1 %"l [NaOH] was added to change the pH of the sample to 9.0. A simple LSV

with Vo = 1V andv =1 % was performed. The corresponding time-domain signal is depicted in
fig. 7.16. The result shows a double peak instead of the regular singular voltammetric peak. It can be
hypothesized that this is due to the presence of OH™ in solution before water splitting. The first peak is
attributed to the reaction of sodium with the OH™ present in solution a priori, while the secondary peak is
due to the creation of hydroxide groups during water splitting and the subsequent reaction with sodium.
At a pH of 9, as observed after the stress test, the ionic current and reaction voltage are significantly
lower. The process is thus to a certain extent self-inhibitory. Changes in pH would only play a minor
role in a prototype given the constant flow of sweat would prevent the build-up of hydroxide groups.

7.9. Discussion

The experiments performed in this chapter explore the feasibility of sweat measurement using cyclic
voltammetry. A focus was set on the sensor as a proof of concept. Thus the experiments test out
limiting factors for the process in an attempt to either prove its usability or find knock-out criteria. Cal-
ibration, the matrix of multiple ions in solution and the measurement of real sweat samples all aim to
explore the method rather than quantify any particular element of it.

The dry experiments and initial tests on general ionic fluids show the functionality of the sensor. The
different parameters such as sweep rate, resolution and range were verified and found to adhere to the
requirements set out in the design. The ionic current measured during these experiments revealed the
sensitivity of the system to be lower than expected within the envelope of the Randles-Sevcik equation
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but usable regardless.

Subsequently the system was calibrated. Here the differences in electrode material discussed in chap-
ter 4 were verified. The linearity of the sensor was found to be high within physiological limits and both
Pt and CNT show promise as material choices. The sweep rate as an influencing factor was tested
and an ’ideal’ sweep rate for determination of curve parameters chosen for subsequent experiments.

Determination of concentration of multiple ions in solution using CV is complicated. There are no mul-
tiple peaks expressed by the voltammogram. Thus the concentrations needs to be determined using
other curve parameters. A matrix of different concentrations of sodium and potassium were measured
and two independent variables with a linear relationship to combinations of the concentrations deter-
mined. This result shows promise for the measurement of complex ionic fluids such as real sweat. The
measurements performed on real sweat showed the validity of the surrogate ionic fluids. It also sup-
ports the possibility of using the sensor for the simultaneous measurement of sodium and potassium.
Given the concrete scenario of the sensor as a wearable real time monitor, reliability of the electrodes
was explored. CNT as a material showed promise during this experiment to perform with little degra-
dation during exercise.

Overall while CV appears to be usable for measurement of certain ionic concentrations in sweat care
needs to be taken during the design of the sensor. There are several pitfalls such as the flow inside the
sensor, electrochemical degradation of electrodes and proper measurement of the ionic current from
the voltammogram. While the advantage of being able to measure several ions in a single sweep us-
ing an unmodified electrode remains, simpler methods such as colorimetric patches or ISEs retain their
edge in usability. Whether CV is able to measure the ionic contents with sufficient accuracy remains
to be seen. Overall the concept of CV for measurement of ionic contents in sweat was proven but the
applicability in a prototype is subject of further research.



Conclusion and Outlook

In this project a sensor for the measurement of ionic concentrations in sweat was researched, designed,
implemented and tested. The process revealed a multitude of new insights regarding CV of ionic fluids
outside the water window and the applicability of new techniques for the measurement of sweat in a
wearable manner. The research showed the complexity of the topic and forms a foundation for future
experiments and prototypes.

The literature research explores in depth the issues of sweat secretion, state-of-the-art sweat mea-
surement and voltammetry. These chapters give an overview of the influencing factors, opportunities
and challenges facing sweat measurement in general and CV in particular.

Design of this sensor, while technically relatively simple, has to account for a large number of influenc-
ing factors. These factors were for the purpose of this thesis either neglected where possible (e.g. flow
rate) or explored in depth where necessary (e.g. multiple ions in solution). The multitude of influencing
factors is one of the major areas of future research.

Implementation of the sensor was simple and allowed for a variety of experiments to be performed.
These experiments showed some success and revealed some issues that could not be extracted from
literature. Generally the experiments served to prove the concept of the sensor while laying ground-
work for future explorations.

A prototype of a wearable CV sweat sensor would be substantially different from the proof-of-concept
presented here. To transform the sensor into a wearable device the electronics ought to be minia-
turized. As explored in the design and implementation of this sensor such a miniaturization appears
feasible. Furthermore a prototype should remove bottlenecks found in this thesis. Among these a
higher resolution ADC to improve resolution of the measurement is most prominent. Additionally the
author recommends the implementation of the sensor into a microfluidics platform addressing several
issues relating to sample flow. Moreover the author suggests the implementation of a pH-sensor in the
design to allow for the correction of the ionic current for this parameter. Finally, the author urges the
exploration of DPV be pursued given its adaptability

The present thesis developed a proof-of-concept of the principle for the measurement of ionic concen-
tration in sweat using cyclic voltammetry. The research while generally proving the concept as viable,
leaves the questions of applicability and practicality to future research.

56



anbijey 10} 80UBAS|S Y)IM SJUSNIISUOD JBOMS JO SJUSIDILO0D UOISNYIP pue sajejs ableyd ‘suonesuaouo) 'y a|qel

I+ 6.0 z20 280 wniofen

I+ 0270 #'0-20°0 DN wnisaube

|- €0'1 0S|  _OODHOHOSHO ajejoeT

— 8¢l 220 O°NYHO eain

- 260 660 £O0OH ajeuoq.edlg

1+ 05’1 8-l EHN Bluowwy

|+ 96'1 8- A wnissejod

|- €0'¢ 06-01 10 9pLoIyo

|+ ee’l 0601 LEN wnipog

ajeys abieysn AWE 6—0T) U110 uoIsNyIq ) jeams uj abuel uoRIIUSIUOD | BINWLIO) [B2IWBYD | 9|NIJOIN / UOj|

Vv Xlpuaddy

57



Appendix B

int sweep voltage [4] = {0, O, 0, 0}; //initialize sweep voltage for

S measurements
int result voltage [4] = {0, O, O, 0}; //initialize result voltage for

© measurements
int ce voltage [4] = {0, 0, O, 0}; //initialize ce voltage for measurement
int sum sweep voltage = 0; //initialize sweep voltage sum for transfer
int sum result voltage = 0; //initialize sweep voltage sum for transfer
int sum ce voltage = 0; //initialize ce voltage sum for trnasfer

int sweep voltage pin = Al; //define sweep voltage pin
int result voltage pin = A2; //define result voltage pin
int ce voltage pin = A3; //define ce voltage pin

int max voltage help = 102; //define help-value for max voltage (on scale
S 0 to 255 // 0 to 5 V)

int min voltage help = 0; //define help-value for min voltage (on scale 0
© to 255 // 0 to 5 V)

int wait time = 19; //integer portion of the wait time in ms

int wait time frac int = 906; //fractional part of the wait time in us

int output pin = 3; //define PWM output pin

unsigned long current micros = 0; //buffer for current time in us to time
& 1 ms cycle (overflows after 70 s!)

unsigned long previous micros = 0; //buffer for previous time in us to
S time 1 ms cycle

unsigned long current millis = 0; //buffer for ms (used for timestamp)

long data selector = 0; //define global variable to determine which value

& 1s transmitted over the serial connection

void setup() { //setup code to be run on bootup
pinMode (output pin, OUTPUT); //define the output pin as output
Serial.begin(115200); //setup serial connection with Baud rate of 115200
S bit/s
pinMode (3,155); //set pinMode to PWM-output with high frequency
TCCR2B = TCCR2B & B11111000 | B00000001; //write registers to increase PWM
& frequency to maximum value

void loop() {
for (int i = min voltage help; i < max voltage help; i++) { //for loop to
& cover a voltage sweep up
analogWrite (output pin, 1i); //write the PWM signal onto the output pin
& controlled via duty cycle
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for (int j = 0; j < wait time; j++){ //for loop for measurements on
& every sweep step
current micros = micros(); //write the current microsecond into the
© variable current micros
if (data selector % 4 == 0){ //if data selector divides by 4 with
& rest 0 do this
result voltage [1] = result voltage [0]; //shift values in voltage
© arrays, deleting oldest
result voltage [2] = result voltage [1];
result voltage [3] = result voltage [2];
ce voltage [1] = ce voltage [0];

ce voltage [2] = ce voltage [1];
ce voltage [3] = ce voltage [2];
sweep voltage [1] = sweep voltage [0];
sweep voltage [2] = sweep voltage [1];
sweep voltage [3] = sweep voltage [2];

result voltage [0] = analogRead(result voltage pin); //read and
© transform voltages into lowest position of respective array
sweep voltage [0] = analogRead(sweep voltage pin);
ce voltage [0] = analogRead(ce voltage pin);
current millis = millis(); //read timestamp into variable
© current millis
Serial.println(current millis); //serial print of timestamp

data selector = data selector + 1; //increment the data selector

}

else
if (data selector % 4 == 1){ //if data selector divides by 4 with
S rest 1 do this
result voltage [1] = result voltage [0];

result voltage [2] result voltage [1];
result voltage [3] result voltage [2];
ce voltage [1] = ce voltage [0];
ce voltage [2] ce voltage [1];
ce voltage [3] = ce voltage [2];
sweep voltage [1] = sweep voltage [0];
sweep voltage [2] = sweep voltage [1];
sweep voltage [3] = sweep voltage [2];
[0
0]

result voltage ] = analogRead (result voltage pin);
sweep voltage [ = analogRead (sweep voltage pin);
ce voltage [0] = analogRead(ce voltage pin);
sum_result voltage = result voltage [0] + result voltage [1] +
© result voltage [2] + result voltage [3];
//sum the result voltages from the last 4 cycles
current millis = millis();
Serial.println(sum result voltage); //serial print sum of result
© voltage
data_ selector = data selector + 1;
}
else
if (data selector % 4 == 2){
result voltage [1] = result voltage [0];
result voltage [2] = result voltage [1];
[

w N -

result voltage ] result voltage [2];
ce voltage [1] ce voltage [0];
ce voltage [2] = ce voltage [1];
ce voltage [3] ce voltage [2];
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= sweep voltage [0];
= sweep voltage [1];
sweep voltage [2];

sweep voltage [1]
]
]
0] = analogRead(result voltage pin);
]

1
sweep voltage [2
sweep_ voltage [3
[
0

result voltage

sweep voltage [ = analogRead (sweep voltage pin);

ce voltage [0] = analogRead(ce voltage pin);

sum_sweep voltage = sweep voltage [0] + sweep voltage [1] +

© sweep voltage [2] + sweep voltage [3];
current millis = millis();
Serial.println (sum_sweep voltage);
data selector = data selector + 1;
}
else
if (data selector $ 4 == 3){
result voltage [1] = result voltage [0];
result voltage [2] = result voltage [1];
[3

result voltage ] result voltage [2];
ce voltage [1] ce voltage [0];
ce voltage [2] = ce voltage [1];
ce voltage [3] = ce voltage [2];
sweep voltage [1] = sweep voltage [0];
sweep voltage [2 sweep voltage [1];
sweep voltage [3 sweep voltage [2];

[

0

]
]
]
result voltage [0] = analogRead(result voltage pin);
]

sweep voltage [ = analogRead (sweep voltage pin);

ce voltage [0] = analogRead(ce voltage pin);

sum_ce voltage = ce voltage [0] + ce voltage [1] + ce voltage [2] +
© ce voltage [3];

current millis = millis();

Serial.println(sum_ce voltage);

data_selector = data selector + 1;

}

while (current micros - previous micros <= 1000){ //check if 1000 us
& hasve passed
current micros = micros(); //only exit this loop if 1000 us have
& passed (wait 1 ms from start of this cycle)
}
previous micros = micros(); //save the current us into the
© previous micros variable

while (current micros - previous micros <= wait time frac int) {//loop
© only runs after the integer wait time has expired
current micros = micros(); //wait until the microsecond reaches the
© fractional value of the wait time
}
previous _micros = micros(); //save the current us into the
© previous micros variable; necessary so the next cycle 1is not
& shortened
}
for (int i = max voltage help; i > min voltage help; i--) { //for loop to
S cover a voltage sweep down
analogWrite (output pin, 1i);

for (int j = 0; j < wait_time; j++){
current micros = micros();
if (data selector % 4 == 0){

result voltage [1] = result voltage [0];




result voltage [2
result voltage [3]
ce voltage [1] = ce voltage [0];
ce voltage [2] = ce voltage [1];
ce voltage [3] ce voltage [2];
sweep voltage [1] = sweep voltage [0];
sweep voltage [2] = sweep voltage [1];
sweep voltage [3] sweep voltage [2];
[0
0]

] = result voltage [1];
result voltage [2];

result voltage ] = analogRead(result voltage pin);
sweep voltage [ = analogRead (sweep voltage pin);
ce voltage [0] = analogRead(ce voltage pin);
current millis = millis();
Serial.println(current millis);
data_selector = data selector + 1;
}
else
if (data selector % 4 == 1){
result voltage [1] = result voltage [0];
result voltage [2] = result voltage [1];
result voltage [3 result voltage [2];
ce voltage [1] = ce voltage [0];
ce voltage [2] = ce voltage [1];
ce voltage [3] = ce voltage [2];
sweep voltage [1] = sweep voltage [0];
sweep voltage [2] = sweep voltage [1];
sweep voltage [3] = sweep voltage [2];
[0
0]

[

result voltage ] = analogRead (result voltage pin);
sweep voltage [ = analogRead (sweep voltage pin);

ce voltage [0] = analogRead(ce voltage pin);

sum_result voltage = result voltage [0] + result voltage [1] +
& result voltage [2] + result voltage [3];

current millis = millis{();

Serial.println(sum result voltage);
data_ selector = data selector + 1;

}

else

if (data _selector % 4 == 2){
result voltage [1] = result voltage [0];
result voltage [2] = result voltage [1];

[3]

result voltage result voltage [2];

ce voltage [1] ce voltage [0];

ce voltage [2] = ce voltage [1];

ce voltage [3] ce voltage [2];

sweep voltage [1] = sweep voltage [0];

sweep voltage [2] = sweep voltage [1];

sweep voltage [3] sweep _voltage [2];

result voltage [0] = analogRead(result voltage pin);
0]

sweep voltage [ = analogRead (sweep voltage pin);
ce voltage [0] = analogRead(ce voltage pin);
sum_sweep voltage = sweep voltage [0] + sweep voltage [1] +

© sweep voltage [2] + sweep voltage [3];
current millis = millis();
Serial.println (sum_sweep voltage);
data_ selector = data selector + 1;
}
else
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}

if (data selector % 4 == 3){
result voltage [1] = result voltage [0];
result voltage [ result voltage [1];
[

w N
Il

result voltage ] = result voltage [2];
ce voltage [1] ce voltage [0];
ce voltage [2] = ce voltage [1];
ce voltage [3] = ce voltage [2];
sweep voltage [1] = sweep voltage [0];
sweep voltage [2] = sweep voltage [1];
sweep voltage [3] sweep voltage [2];
[0
0]

result voltage ] = analogRead (result voltage pin);
sweep voltage [ = analogRead (sweep voltage pin);

ce voltage [0] = analogRead(ce voltage pin);

sum_ce voltage = ce voltage [0] + ce voltage [1] + ce voltage [2]
© ce voltage [3];

current millis = millis();

Serial.println(sum ce voltage);
data_ selector = data selector + 1;

}

while (current micros - previous micros <= 1000) {

current micros = micros();
}
previous micros = micros();
while (current micros - previous micros <= wait time frac int) {
current micros = micros();

}

previous micros = micros();

+
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