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Summary

Our sedentary lifestyle leads to a significant risk of chronic diseases and an increased burden 
on our healthcare system. Sports participation can reduce the prevalence of chronic diseases 
but introduces a new risk of injuries related to exercise. In this research, we developed novel 
wearable sensor systems that empower physiologists and movement scientists to identify 
injury risk factors and develop injury prevention programmes.  The new wearable sensor 
systems can continuously measure physiological and biomechanical data of athletes in an 
unobtrusive way. 

The first part of this research focuses on developing sweat sensor systems to identify 
new biomarkers for injury prevention. The second part focuses on movement tracking of 
the lower limbs in field sports. During the development of these new sensor systems, an 
application-oriented design approach was followed. Sensor systems were tested in an early 
phase in physiological experiments. The outcomes of these tests were used as a starting 
point for the next design iteration.  

Sweat sensing during exercise
Advances in microelectronics and material science opened up opportunities for designing 
wearable sensor patches that can measure real-time sweat composition unobtrusively. 
However, from a physiological perspective, little is known about the physiological mechanisms 
of sweating and how sweat composition relates to an athlete’s health status. To find new 
sweat biomarkers, reliable real-time sweat measurement systems are required that are 
validated in a physiological setting. Current validation studies are limited since standardised 
validation strategies for novel sweat sensors do not yet exist. Therefore, we designed a 
new sweat collection patch that enables chronological sweat sampling in a sequence of 
reservoirs for offline analysis. The functioning of this collection patch was validated in a 
physiological setting. Second, a redesign of the patch was made which enabled continuous 
measurement of ionic content using a conductivity sensor. In an elaborate physiological 
experiment, real-time sweat conductivity measurements were compared against offline ion 
chromatography results (Na+, Cl-, K+) from the collected samples. A linear relationship was 
found between sweat conductivity and [Na+] and [Cl-] (R2=0.97). Furthermore, patch filling 
rate and real-time conductivity measurements were compared against a ventilated capsule 
sweat rate measurement. Ventilated capsule measurements were linearly related to sweat 
conductivity as well.  From these results, it was concluded that the collection patch can be 
used for real-time sweat measurement and chronological sampling for offline analysis of 
sweat composition afterwards.

The sweat conductivity sensors in the collection patch provide information about the total 
ionic content in sweat. The final part of the sweat sensing research focuses on developing 
sensors to monitor specific analytes continuously. Two systems are presented here. The 
first system is an NH3 sensor integrated into a ventilated capsule, which measures the NH3 
levels in the air evaporated from sweat. The second system is a potentiometric sensor patch 
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with Na+ and Cl- selective electrodes. Initial sensor characterisation experiments with these 
new systems were performed. Further development is required to use these systems in a 
physiological setting.

Movement tracking in field sports  
Real-time monitoring of the load on the hip-related muscles can contribute to the prevention 
of hamstring or groin injuries in field sports. To derive limb kinematics related to the load 
of the lower limbs in the field, movement scientists commonly use inertial measurement 
units (IMUs) that are taped to the skin. This measurement method is labour-intensive 
and is not suitable for day-to-day use. Therefore, the aim of this research project was to 
create smart sensor tights with integrated inertial measurement units that can be used 
during everyday training activities and matches. An iterative design approach was followed 
to develop the smart sensor tights. During a four-year research project, a new, improved 
prototype was developed and tested in the field in collaboration with human movement 
science researchers every year.

The smart sensor tights enclose an IMU at each limb segment and the pelvis. The IMUs 
measure linear accelerations, angular velocities and the earth magnetic field. The first 
prototype with commonly used sensors was created as a proof of concept to identify 
challenges for future product development. For the second prototype, larger range 
sensors (30g, 4000°/s) were implemented, and high sample rates (250 Hz) were achieved. 
Furthermore, the integration of electronics was improved. In a lab validation study, 
kinematics derived from the smart sensor tights were compared to measurements with an 
optoelectronic system, and good validity was shown. Field tests proved that participants 
found the tights comfortable to wear. The data from the tights need to be sent wirelessly 
to the side of the football field for fast interpretation by football coaches and medical 
personnel. While prototype 2 saved data locally on an SD card, prototype 3 was able to 
wireless transmit the sensor data to a user dashboard. Lastly, in the final prototype, the 
integration of the electronics was improved. The prototype contained encapsulated sensor 
modules that are ultra-light and thin and can be washed together with the textile.

In short, the sensor systems in this thesis provide researchers with new physiological and 
biomechanical data during exercise. The new sweat patch was designed for chronological 
collection of sweat samples and continuous measurement of sweat composition to research 
the change in sweat content during exercise. The patch can be used in physiological 
validation studies of novel sweat sensors that continuously measure sweat composition. 
These sensors can be employed to identify new sweat biomarkers related to an athlete’s 
health status. In the second project of this thesis, easy-to-use smart sensor tights were 
developed that can be worn during day-to-day training activities to monitor lower limb 
kinematics. The sensor tights facilitate large scale longitudinal movement science studies 
that aim to identify injury risk factors related to the load around the hip-related muscles.  
The outcomes of this research can be used to develop new load parameters that predict 
hamstring and groin injury risk in football and field hockey.
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Samenvatting
Onze zittende levensstijl leidt tot een significant risico op chronische ziektes en tot 
overbelasting van de gezondheidszorg. Sportparticipatie kan de prevalentie van 
chronische ziektes verminderen, maar introduceert een nieuw risico op sportblessures. 
In dit onderzoek ontwikkelden we nieuwe draagbare sensorsystemen, die fysiologen en 
bewegingswetenschappers in staat stellen om blessurerisicofactoren te onderzoeken en 
om nieuwe preventieprogramma’s te ontwikkelen. De nieuwe draagbare sensorsystemen 
kunnen continu fysiologische en biomechanische informatie verzamelen zonder de atleet te 
hinderen tijdens het sporten. 

Het eerste deel van dit onderzoek focust op de ontwikkeling van zweet sensorsystemen. 
Het tweede deel gaat over het monitoren van beweging tijdens veldsporten.  Tijdens 
de ontwikkeling van deze nieuwe sensorsystemen werd een toepassingsgerichte 
ontwerpaanpak gevolgd. Sensorsystemen werden in een vroeg stadium van ontwikkeling  
getest in fysiologische experimenten. De uitkomsten van deze testen werden gebruikt als 
startpunt van de volgende ontwerpiteratie. 

Zweet meten tijdens het sporten
De technische vooruitgang binnen de micro-elektronica en de materiaalwetenschappen 
zorgde voor nieuwe kansen om op een onmerkbare manier  de samenstelling van zweet 
te monitoren met behulp van slimme zweetpleisters. Als men echter naar de fysiologische 
literatuur kijkt, dan is er nog weinig bekend over de fysiologische mechanismen van het 
zweten en hoe zweetsamenstelling gerelateerd is aan de gezondheidsstatus van de atleet. 
Om nieuwe zweetbiomarkers te ontdekken, is het een vereiste dat er nieuwe betrouwbare 
zweetmonitoringsystemen ontwikkeld worden die gevalideerd zijn in fysiologische 
experimenten. De uitvoering van fysiologische validatiestudies in de huidige literatuur is 
beperkt, omdat gestandaardiseerde validatieprotocollen voor nieuwe zweetsensoren 
nog niet bestaan. Daarom ontwikkelden wij een nieuw zweetopvangsysteem dat het 
mogelijk maakt om zweetmonsters over tijd te verzamelen en op te slaan in een reeks 
van reservoirtjes. Naderhand kunnen deze zweetmonsters geanalyseerd worden in het 
laboratorium. Het naar behoren functioneren van de zweet opvangpleister  werd getest in 
een fysiologisch experiment. In een daaropvolgend onderzoek werd er een herontwerp van 
de pleister gemaakt. Dit herontwerp maakte het mogelijk om continu de ionische inhoud in 
zweet te meten met een conductiviteitssensor. In een uitgebreider fysiologisch experiment 
werden de conductiviteitsmetingen vergeleken met de analyse van de zweetmonsters 
met ionenuitwisselingschromatografie (Na+, Cl-, K+) in het laboratorium. Er werd een 
lineair verband gevonden tussen zweetconductiviteit en [Na+] en [Cl-] (R2=0.97). Daarnaast 
werden de vulgraad, die ook werd gemeten in de pleister, en de conductiviteitsmetingen 
vergeleken met zweetsnelheid, die werd gemeten met de geventileerde capsule techniek. 
De zweetsnelheidsmetingen gemeten met de geventileerde capsule bleken lineair 
gerelateerd aan de zweetconductiviteit.  Hieruit kan geconcludeerd worden dat de nieuwe 
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zweetpleister gebruikt kan worden voor het continu meten van zweetsamenstelling en voor 
het chronologisch verzamelen van zweet voor laboratoriumanalyse naderhand. 

De conductiviteitssensoren in het zweetverzamelsysteem verstrekken informatie over 
de totale ionische inhoud van zweet. In het laatste deel van het zweetonderzoek wordt er 
gefocust op de ontwikkeling van sensoren om specifieke analyten te meten. Twee systemen 
worden hier gepresenteerd. Het eerste systeem is een NH3 sensor die geïntegreerd is in een 
geventileerde capsule. De sensor meet de NH3 in de lucht die is verdampt uit het zweet.  Het 
tweede systeem is een potentiometrische sensorpleister die Na+- en Cl--selectieve elektrodes 
bevat. Initiële sensor karakteriseringexperimenten werden al uitgevoerd met deze nieuwe 
systemen. Voordat deze systemen in fysiologische experimenten gebruikt kunnen worden, 
is verdere sensorontwikkeling vereist.

 

Bewegingsregistratie in veldsporten
Het continu meten van de belasting op de spieren rondom het heupgewricht kan een 
bijdrage leveren aan de preventie van hamstring- en liesblessures in veldsporten. Doorgaans 
worden in de bewegingswetenschappen  zogenaamde ‘Inertial Measurement Units’ (IMU’s) 
op de huid geplakt om de kinematica tijdens het sporten te verkrijgen, die gerelateerd zijn 
aan de belasting op de onderste ledematen. Deze meetmethode is arbeidsintensief en 
niet geschikt voor dagelijks gebruik. In dit onderzoeksproject ontwikkelden wij een slimme 
sensorbroek met geïntegreerde IMU’s die gebruikt kan worden tijdens dagelijkse trainingen 
en wedstrijden. Om deze slimme sensorbroek te ontwikkelen werd er een iteratieve 
ontwerpaanpak gevolgd. Tijdens het project van vier jaar, werd er elk jaar een nieuw 
verbeterd prototype ontwikkeld en getest in samenwerking met bewegingswetenschappers. 
De slimme sensorbroek omvat een IMU op elk segment van de benen en op de pelvis. 
De IMU’s meten lineaire versnellingen, hoeksnelheden en het aardmagnetisch veld. Het 
eerste prototype werd gemaakt als een proefversie met laagdrempelige sensoren om 
de uitdagingen voor verdere productontwikkeling in kaart te brengen. Voor het tweede 
prototype werden sensoren met een groter meetbereik geïmplementeerd (30g, 4000°/s) 
en werd de samplefrequentie verhoogd tot 250 Hz. Tevens werd de integratie van de 
elektronica verbeterd. In een  validatiestudie in het lab werden de kinematica die werden 
verkregen met de slimme sensorbroek vergeleken met gelijktijdige metingen met een 
opto-elektronisch systeem. De resultaten kwamen goed overeen. Gebruikers vonden de 
broek comfortabel om te dragen in veldtesten. Voor snelle interpretatie van de data door 
coaches en medisch personeel, moeten de data draadloos naar de zijlijn verzonden kunnen 
worden. Waar prototype 2 de data nog enkel opsloeg op een SD kaart, kon prototype 3 de 
data draadloos versturen naar een dashboard. Ten slotte werd in prototype 4 de integratie 
van de elektronica verbeterd. Het prototype omvatte ultralichte en dunne ingekapselde 
sensormodules die samen met het textiel gewassen kunnen worden. 
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Kortom, de sensorsystemen in deze dissertatie verschaffen onderzoekers nieuwe 
fysiologische en biomechanische gegevens tijdens beweging. De nieuwe zweetpleister werd 
ontworpen voor het chronologisch verzamelen van zweetmonsters en het continu meten 
van zweetsamenstelling om de verandering in zweetcompositie te monitoren tijdens het 
sporten. De pleister kan gebruikt worden in validatiestudies van nieuwe zweetsensoren die 
zweetcompositie monitoren over tijd. Daarna kunnen deze sensoren ingezet worden om 
nieuwe zweetbiomarkers te identificeren, die gerelateerd zijn aan de gezondheidsstatus van 
de atleet.  In het tweede project van deze dissertatie, werd een slimme sensorbroek ontwikkeld 
die gemakkelijk te gebruiken is en die gedragen kan worden tijdens dagelijkse trainingen 
om de kinematica van de benen te monitoren. De sensorbroek faciliteert longitudinale 
bewegingsstudies op grotere schaal voor de identificatie van blessurerisicofactoren met 
betrekking tot de belasting rondom het heupgewricht. De uitkomsten van dit onderzoek 
kunnen gebruikt worden om nieuwe belastingsparameters te ontwikkelen die in voetbal en 
hockey het risico op hamstring- en liesblessures kunnen voorspellen. 
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1
Introduction

Living in a wealthy first-world country with an abundance of automated technology, we lead 
a sedentary life. In higher income western countries, 36,8 % of the population performs 
less than 150 minutes of moderate-intensity exercise per week (Guthold et al., 2018). This 
includes activities that cause a mild increase in heart rate, such as walking and bicycling 
(Bull et al., 2020). Our sedentary lifestyle, in combination with the ageing population, leads 
to a tremendously increased prevalence of chronic diseases. If historical trends continue, 
5.5 million people in the Netherlands will suffer from multiple chronic conditions in 2040 
(National Institute for Public Health and the Environment, 2018). The COVID-crisis showed 
that with large amounts of new patients, the burden on the healthcare system becomes 
untenable (Dinmohamed et al., 2020; Miller et al., 2020). To prevent that future doctors 
spend all their time prescribing anticoagulants and bronchodilators and to make people 
more resilient to new viruses, we have to stimulate people to become active. The World 
Health Organization advices all adults to undertake 150–300 min of moderate-intensity, or 
75–150 min of vigorous-intensity physical activity or a combination of the two. This reduces 
the risk of hypertension, cardiovascular disease mortality, type 2 diabetes, mental health 
problems, site-specific cancers and improves cognitive health, sleep and measures of 
adiposity (Bull et al., 2020; World Health Organization, 2020).

However, sports participation increases the risk of injuries. For example, in recreational 
running which is one of the most popular sports worldwide, injury rates of 20.8 injuries per 
100 female runners and 20.4 injuries per 100 male runners were reported (Hollander et al., 
2021). Furthermore, in football, which is the most popular sport in the world, Ekstrand et 
al. (2017) reported that a professional football team can expect 1.8 injuries per player per 
season. Injury prevention programs can help to significantly decrease injury occurrence, 
which is a relatively new field of research (Pless, 2006).

1.1. Research vision
This research is part of a nationwide multidisciplinary research consortium, in which 
movement scientists, data scientists and sensor developers joined forces with the ultimate 
aim to make injury-free exercise available for everyone. Within this consortium, our role 
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was to develop wearable sensor systems to support movement science research on injury 
prevention. Wearable sensor systems can provide researchers with new physiological data, 
to identify injury risk factors that can be used to develop injury prevention programmes. 
Moreover, these sensors can be used to create awareness about sedentary behaviour and to 
stimulate physical activity. In this thesis, a wearable sensor system is defined as:

 
“An on-body technological device that measures physiological signals (semi-)

continuously to unobtrusively monitor a subject’s health status.”
 

A well-known example of a wearable sensor system is the heart rate belt (e.g. Polar H10, 
Finland), which is commonly used by professional athletes as well as recreational athletes 
to improve their cardio-respiratory fitness. In this research project we aim to develop novel 
wearable sensor systems that acquire physiological information of athletes in action, that 
can support in making injury-free exercise available for everyone. 

1.2. The Citius Altius Sanius programme
Figure 1.1 shows the structure of the consortium. The program is divided in nine projects. 
Three fundamental research projects focus on sensor technology, data science and 
feedback. Six applied projects apply the knowledge from the three fundamental projects 
to research the most prevalent injuries in the Netherlands in a specific sports domain. In 
each project, two or three researchers specialized in movement science or engineering were 
appointed. Within this consortium, our role was to develop wearable sensor technology 
(P1) to acquire real-time physiological information for injury prevention and performance 
optimization. Furthermore, to stimulate interaction with the applied projects, a link was 
made with project P6. For project P6, we were asked to create a smart sensor garment for 
movement tracking of the lower limbs in football and field hockey.

Figure 1.1. Overview of the Citius Altius Sanius programme
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1.3. Thesis outline
To identify potential parameters of interest to unobtrusively monitor athletes for the 
prevention of injuries, physiological literature was studied and experts in physiology were 
consulted. An overview of potential physiological parameters was created based on the 
reviewed literature. At the same time, technological opportunities in wearable sensors 
research were assessed too and by combining the opportunities in both fields, the research 
directions were identified. The overview of physiological parameters of interest and the 
selected research directions are presented in chapter 2. Chapter 3 explains the design 
framework that was used for wearable sensor system development. This design framework 
describes the different stages in wearable sensor system development. All sub-projects in 
this thesis make use of this framework. After presentation of the framework, a summary of 
the two research projects is given. The first research project in this thesis focusses on sweat 
sensor systems for continuous analyte monitoring and offline analysis. First, a novel sweat 
collection system focusing on reliable collection of sweat and on the methodology for offline 
chemical analysis, is presented in chapter 4. A new improved version of the sweat patch 
includes real-time conductivity sensors and filling rate sensors. Validation experiments 
in a physiological setting prove that the system works well. The design and physiological 
validation of the second design are presented in chapter 5. Chapter 6 describes two sweat 
sensor system concepts for continuous monitoring of specific analytes: NH3, Na+ and Cl-.
The second research project focuses on the design of a sensor garment (tights or shorts) 
with integrated inertial measurement units for movement tracking in football and hockey. 
In chapter 7 till chapter 10, the development of four prototypes of the sensor tights are 
presented, including a technical validation study and user experience evaluation of prototype 
2 in chapter 8. In chapter 11 of this thesis, the most important findings of the research are 
discussed. Chapter 12 comprises the main conclusions of this thesis and research outlook.
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2
Advances in microelectronics, printed electronics and sensors created a tremendous 
number of different technological opportunities to develop wearable sensors for monitoring 
an athlete’s health and performance status. Many wearable sensor projects for unobtrusive 
athlete monitoring start from a technological premise. However, to develop sensor systems 
that will make a difference in supporting healthy sports participation, the following questions 
must be addressed first: I. Which physiological information provides insight in a subjects 
health status? II. What are the parameters of interest from a physiological perspective? 
These questions are answered in this chapter.

2.1. Physiological response to exercise
Intensity, duration and frequency of exercise together with the environmental conditions 
influence the physiological response to exercise. This response is reflected by a change in a 
large range of physiological parameters. These parameters are divided in 4 groups:

1. Respiratory parameters
2. Cardiovascular parameters and blood assays
3. Sweat analytes and sweat rate
4. (Saliva and urine markers) 

In this chapter, the first three categories are addressed to identify parameters of interest for 
unobtrusive athlete monitoring. Saliva and urine markers are not addressed in this overview, 
because they are either not commonly used in exercise physiology or do not enable real-
time monitoring.

2.1.1. Respiratory parameters
During physical exercise, there is an increased need of oxygen and substrate (like glucose) 

in the skeletal muscle to form ATP (Adenosine triphosphate), which is the principal energy 
molecule that enables muscle contraction. In the beginning of exercise, lung ventilation 
increases abruptly and later, this increase becomes more gradual. The amount of air moving 
in and out of the lungs per minute is called minute ventilation (VE). VE is defined as the tidal 
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volume (VT) times the respiratory rate. For fit individuals, VE will increase from 8 to 12-
150 L/min. The respiratory rate can remain elevated after exercise for up to 1–2 h (Astrand 
& Rodahl, 1970; O’Connor et al., 2009).The rate of oxygen demand is proportional to the 
rate of work. At the moment that a person starts exercising at a submaximal level, oxygen 
uptake increases asymptotically towards a steady state value. During severe exercise, oxygen 
uptake keeps rising slowly (Jones et al.,2011). Young men (20-30 years old) generally have a 
maximal oxygen uptake (VO2max) of around 2.5 L/min. For well-trained male athletes, this 
maximal oxygen uptake is typically twice as high. It needs to be kept in mind that there can 
be a large individual variation (Astrand & Rodahl, 1970). When the period of exercise ends, 
there remains an increased need for oxygen for some time. This is called the oxygen debt. 
The more a person got his energy from anaerobic processes during exercise, the greater the 
oxygen debt will be.

2.1.2. Cardiovascular parameters and blood assays
The cardiovascular system circulates 5 litres of blood per minute. However, during heavy 

exercise, this quantity can increase more than 4 to 8 times (~40 L/min), due to increased 
heart rate, stroke volume and peripheral resistance. The cardiovascular system also makes 
sure that more blood flows to the skeletal muscle and less blood is going to the non-
exercising areas. During peak exercise, 85% of the total blood flow can be redirected to the 
skeletal muscle.

An athlete’s heart rate can go from <40 bpm in resting state to >200 bpm during severe 
exercise (Baggish & Wood, 2011). There exists a linear relationship between heart rate and 
VO2. This is why heart rate is often used as a predictor of VO2. Figure 2.1 shows typical 
changes in blood and respiratory parameters from rest to maximum exercise. When there 
is not enough oxygen available, pyruvate will accept energy carriers and lactic acid starts 
to accumulate. This is called the anaerobic threshold (Wasserman et al., 1973). Although 
energy can be retrieved fast during the anaerobic process, in total, less energy is retrieved 
than during the aerobic process. From the aerobic process, 18 times more ATP/mole of 
glucose is generated (Burton et al., 2004; Johnson, 2007). Skinner and McLellan (1980) 
suggest a blood lactate level of 4 mmol/L as the quantitative definition of the anaerobic 
threshold. During incremental exercise, blood glucose levels tend to reduce until it reaches 
a breakpoint. Adrenaline produces an increase in blood glucose below a certain point, which 
is called the glycemic threshold (Sales et al., 2019; H. G. Simões et al., 2003).

Furthermore, arterial blood gas pressures provide information about the pulmonary 
response to exercise. The changes in partial pressure of arterial blood gases (pO2 and pCO2) 
and the pH of blood are usually small during moderate exercise. During intense exercise 
(above the anaerobic threshold), the pCO2 level initially rises, however this is counteracted by 
increased ventilation which results in a decrease in CO2 in the blood, and also compensates 
for further lactic acid production, preventing a decline in blood pH (Burton et al., 2004). 
Anaerobic exercise complicates maintaining a stable pH level (McArdle et al., 2010).

Additionally, concentration changes of oxyhemoglobin (O2Hb) and deoxyhemoglobin (HHb) 
in tissue, measured close to the exercising muscle with near-infrared spectroscopy, relate
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Figure 2.1. Typical changes in blood and respiratory parameters from rest to maximum exercise level. 
The aerobic threshold is defined as the shift form phase I to phase II. The shift phase II to phase III is 

the anaerobic threshold. Adapted from (Skinner & McLellan, 1980). 

to possible oxygen limitation in the muscle fibres. A breakpoint in Hb difference (Δ[O2Hb-
HHb]) occurs during an incremental exercise test and shows high correlations with the 
lactate threshold (Grassi et al., 1999). However it needs to be mentioned that adipose tissue 
thickness can strongly affect the measurements (van der Zwaard et al., 2016).

Electrolytes
Electrolyte concentrations provide information about an athlete’s physical status as well. 

Studies have shown that K+ concentration in plasma rises significantly (typically rising from 4 
mM to 6 mM) during exercise and is related to exercise intensity (Atanasovska et al., 2014) 
among others. Most cells possess an Na+-K+-ATPase which pumps Na+ out of the cell and K+ 

into the cell. In this way, the potential difference across the membrane can be maintained, 
which is critical for proper cell functioning in the muscles and nerves for example (Palmer, 
2015). Furthermore, Na+ concentrations and osmolality of blood plasma increase with 
dehydration (Lee et al., 2017). 
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Hormones
Hormones are essential for the physiological adaptations to exercise. Mainly testosterone 

and cortisol can be interesting biomarkers. Testosterone stimulates protein synthesis and 
glycogen replenishment, while cortisol inhibits protein synthesis, which means that an 
increased cortisol level inhibits muscle growth and recovery. Therefore, it can be interesting 
to monitor the testosterone/cortisol ratio. (Lee et al., 2017).

Cytokines, urea nitrogen, creatine kinase 
Lastly, several other blood constituents reflect the muscles health status. A few important 

examples are mentioned here. First, increases of cytokine levels (like IL-1β and IL-6) can 
indicate inflammation. However, it needs to be kept in mind that, due to the numerous 
functions of cytokines, multiple cytokines and other variables related to physiological 
function need to be measured to detect chronic inflammation (Lee et al., 2017). Second, 
an elevation in blood urea nitrogen may indicate protein breakdown and third, chronically 
elevated creatine kinase level may indicate insufficient recovery of muscle damage (Lee et 
al., 2017).

2.1.3. Sweat analytes and sweat rate
The muscles convert the energy retrieved from ATP to work. The efficiency of this process 

is only 20-25%. This means that a lot of heat is produced during this process. To maintain 
a constant body core temperature, this heat needs to be dissipated and the blood flow to 
the skin and the production of sweat are increased. In the absence of these physiological 
mechanisms, body core temperature would rise sharply, which can lead to heat exhaustion 
or heat stroke (Baker, 2019). Next to thermoregulatory function, sweating also has other 
important homeostatic functions that may relate to the performance and health status of 
an athlete. Sweat is secreted from more than two million sweat glands and whole-body 
transepidermal water loss ranges from 0.6 to 2.3 L for a thermoneutral individual with a skin 
surface of 1.8 m2  on a daily basis (Taylor & Machado-Moreira, 2013). This amount of sweat 
is easily accessible during moderate to heavy exercise, which makes it a very attractive body 
fluid for real-time health and performance monitoring. 

Nevertheless, the knowledge about the physiological mechanisms behind sweating is 
limited. Literature about how sweat analytes relate to blood biomarkers is inconclusive, 
due to several challenges involved in sweat sampling. At first, the chosen sweat induction 
method (e.g. active heating, passive heating or pilocarpine iontophoresis (Hussain et al., 
2017)) may influence the measured concentrations. Second, sweat collection methods 
are labour-intensive and prone to contamination. The most commonly used collection 
systems are the absorbent patch, the arm bag technique and Macroduct sweat collector 
(Hammond et al., 1994). Sweat can easily evaporate during sampling, sweat composition 
changes over time, and differences in skin preparation and hydration level can influence the 
measurements. 

Although more physiological research is inevitable, sweat contains several constituents 
of potential interest for monitoring an athletes performance and health status. The most 



23

2. Physiological parameters of interest..................................................................................

abundant ions in sweat are sodium and chloride. For these electrolytes, the secretion 
mechanisms are known (Baker, 2019). [Na+] and [Cl-] are related to sweat rate (Baker et al.; 
Dobson & Sato, 1972; Sato et al., 1989) which can possibly be used to estimate an athlete’s 
hydration status (Robinson et al., 1956). Furthermore, researchers suggested that [Na+] and 
[Cl-] may give an indication about electrolyte imbalance (Morgan et al., 2004). However, 
it needs to be mentioned that correlations between [Na+] and sweat rate in between-
participant comparisons show mixed results (Baker & Wolfe, 2020).

To identify potential sweat biomarkers, a first step would be to find out which well-
established blood biomarkers are represented in sweat (Klous et al., 2020). However, blood 
biomarkers do not necessarily relate to sweat constituents and, as explained before, research 
about how blood biomarkers translate to the same constituents in sweat is ambiguous and 
inconclusive. An example that illustrates the ambiguity around the use of sweat constituents 
as a biomarker for human health, is lactate. Plasma lactate levels can be used to monitor 
anaerobic metabolism during exercise. Hence, there is interest in using sweat lactate levels 
to monitor physiological stress in athletes. Multiple physiological articles state that sweat 
lactate levels do not correlate well with plasma lactate levels (Alvear-Ordenes et al., 2005; 
Baker & Wolfe, 2020). Lactate levels in blood are higher than in sweat, because it is produced 
as a by-product of sweat gland metabolism (Wolfe et al., 1970). Nevertheless, several lactate 
sensors were developed for this purpose (Anastasova et al., 2017; Promphet et al., 2019) 
and, for example Seki et al. recently reported a good correlation between sweat lactate 
threshold and blood lactate threshold (Seki et al., 2021). In short, there is no unequivocal 
answer to whether sweat lactate sensors can be used in sports physiology (Van Hoovels et 
al., 2021). 

As an alternative for using sweat lactate as a biomarker, several researchers investigated 
the potential use of [NH4

+] as an alternative measure of muscle fatigue (Alvear-Ordenes et 
al., 2005; Guinovart et al., 2013). When ATP levels run very low during very intense exercise, 
IMP and ammonium are formed from AMP, which is part of the purine nucleotide cycle 
(Bhagavan & Ha, 2011). In the scenario that this NH4

+ is excreted via the sweat, increased 
NH4

+ could possibly indicate muscle fatigue (Alvear-Ordenes et al., 2005). 
Blood glucose was mentioned as another parameter of interest during exercise. However, 

sweat glucose concentrations can be ~100 times lower than blood glucose concentrations 
(Klous et al., 2020). There is little evidence that sweat glucose levels relate to blood glucose 
levels and mixed results can be found (Baker & Wolfe, 2020). 

Lastly, exercise causes a significant increase in blood [K+]. It is known that sweat [K+] is often 
overestimated because of skin contamination. For [K+] part of the sweat gland secretion 
mechanisms is known. For the relation between blood and sweat [K+] contradictory 
results can be found as well (Holmes, 2016; Patterson et al., 2000). The ambiguous nature 
of the literature about the relation between blood and sweat analytes does not rule out 
the existence of any relationship between sweat and blood. The current methodologies 
for measuring sweat composition and sweat rate are underdeveloped and numerous 
different approaches are used in the research presented above. Furthermore, an important 
aspect that needs to be considered is the possibility that can take a reasonable amount 
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of time before a biomarker molecule in blood is secreted via the sweat. Novel real-time 
measurement systems and standardized protocols would empower physiologists to 
research the relations between sweat and blood markers in more detail and to identify the 
physiological mechanisms of sweating. For this reason, the sweat parameters are of interest 
for future applications of athlete monitoring.

2.2. Biomechanics
Biomechanics plays an important role in understanding the mechanisms of human 
movement. While the parameters mentioned in the previous paragraphs are related to 
internal load (Halson, 2014), biomechanical measurements are related to external load, 
which is defined as ‘the work completed by the athlete, measured independently of his or 
her internal characteristics’ (Halson, 2014; Wallace et al., 2009). With biomechanics it is 
possible to estimate the muscle forces during physical activity and these muscle forces can 
tell something about the muscle tissue load, which is related to musculoskeletal injury. In 
several applied projects of the Citius Altius Sanius programme, the analysis of movement 
and the forces acting on the muscles is taken as a starting point to identify injury risk factors. 
In order to translate measurable data to actual muscle forces, neuromuscular modelling 
methods can be used. Inverse dynamics is most commonly used to determine the joint 
moments and forces based on data collected by three-dimensional motion analysis (Hong & 
Bartlett, 2008). In Figure 2.2, an overview of this model can be found. As can be
seen in this overview, kinematic data are used to find the location, speed and accelerations 
of the body segments (Al-Amri et al., 2018). Force plate data quantify the externally applied 
loads (Payton & Bartlett, 2008). Electromyography (EMG) provides information about muscle 
activation (Hong & Bartlett, 2008; Kleissen et al., 1998) and lastly, anatomical information 
can be retrieved from anthropometric data or more specific MRI/CT data. 

Figure 2.2. Schematic overview of an inverse dynamic model. Adapted from (Hong & Bartlett, 2008).
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2.3. Overview of important physiological parameters 
To summarize the physiological parameters of interest for injury prevention and monitoring 
athlete performance, an overview was made (Table 2.1). Please note that in particular 
for sweat and blood parameters a selection of important more commonly researched 
constituents is made. The parameters are categorized in parameters that measure internal 
load and parameters that measure external load (Halson, 2014; Wallace et al., 2009).Taylor 
et al. (2012) identified four main purposes for training monitoring. They reported injury 
prevention, monitoring effectiveness of the training program, maintaining performance and 
prevention of overtraining as the main reasons. We used their definition as a starting point 
to form two more specific purposes: 

1. Injury prevention: these contain muscle injuries, thermal injuries, dehydration and 
nutrition and metabolic health issues. 

2. Monitoring effectiveness of the training/match: including maintaining 
performance, and prevention of overtraining and overreaching. 

Most of the parameters mentioned in the table show the potential to be used for both 
purposes. 

Table 2.1: Selection of physiological parameters of interest

Parameter What to detect?/ 
Purpose

Possible Sensing 
Technique

Required Measurement 
Range* 

Oxygen uptake Anaerobic 
Threshold/VO2 max/                   
Minute Ventilation1,2   

Galvanic fuel cell VO2: 0.5-3.0 l/min 
(Özyener et al., 2001)

Minute ventilation Turbine flow meter 10-150 l/min (Chlif et al., 
2018; Veicsteinas et al., 
1985)

Exhaled CO2 

concentration
Non dispersive infrared 
sensor

0.3-5 l/min (Chlif et al., 
2018; Wasserman et al., 
1973)

Energy/ Water 
intake

Prevent dehydration/
energy shortage1,2

Manually kilocalories/liters

Environmental data Humidity, 
temperature,atmos-
pheric pressure1,2

Capacitive humidity 
sensor/thermistor 

-20 to 50 °C/ 0-100%/ 
101-37 kPa
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Heart Rate Heart rate variability1,2 Electrocardiography                         
/ Optical sensor

4-250 bpm

Body core 
temperature

Hyper-/hypothermia1 Thermistor 30-45 °C

Electrical muscle 
activity 

Muscle activity1,2 Electromyography Freq. range: 5-450 Hz , 
Voltage (Vpp): 0 to 6mV 

Blood [lactate] Anaerobic threshold1,2 Laboratory testing/ 
hand held devices 
that use enzymatic 
amperometric 
detection (glucose & 
lactate)

1-4 mM (R. P. Simões et 
al., 2010)

Blood pH level Decrease in pH value1,2 7.5-7.2 (H. G. Simões et 
al., 2003)

Blood [glucose] Glycemic threshold1,2 4 mM -6 mM
(H. G. Simões et al., 
2003)

Blood [K+] Hyperkalemia1 3-7 mM (Atanasovska et 
al., 2014)

Blood osmolality Prevent dehydration1,2 280-310 mM (Cheuvront 
et al., 2013)

Blood [Urea] Elevated blood urea 
nitrogen2

9-13 mM in serum 
(Lemon & Mullin, 1980)

Blood Proteins: 
Creatine kinase(CK), 
Cytokines like IL-6

Chronically elevated 
CK 2 /Elevated Cytokine 
levels1

IL-6: 2.15*10-4 - 5.69
*10-4 nM (Sonner et al., 
2015) CK: 100-400 UI/L 
(Alvear-Ordenes et al., 
2005)

Blood Hormones: 
Cortisol/
Testosterone

Decrease in C/T ratio2 Cortisol: 300-700 nM 
Testosterone: 10-30 nM 
(Tanskanen et al., 2011)

Arterial Blood 
Gases pO2 and pCO2 
(partial pressure)

Increase in pCO2 and 
decrease pO2, related 
to AT1,2

Laboratory testing pO2 : 75-100 mmHg 
pCO2: 30-45 mmHg (H. 
G. Simões et al., 2003)
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Oxygen saturation 
SpO2

Decrease in SpO2
1,2 Pulse Oximetry 100%-90%

(Stewart & Pickering, 
2007)

O2 and CO2 

concentration in 
tissue

Δ[O2Hb-HHb]/
oxygenation index1,2

Near Infrared 
spectroscopy

Δ[O2Hb-HHb]: 0 till -0.8 
A.U. (Grassi et al., 1999)

Sweat Volume Sweat rate1,2 Impedance 
measurement/ scale/ 
humidity measurement

<1-20 nl/min/gland 
Gland density: 100-150 
glands/cm2(Sonner et 
al., 2015)

Sweat [Na+] & [Cl-] Prevent dehydration/ 
measure exercise 
intensity?,1,2

Ion-selective electrodes 10-90 mM (Baker, 2019)

Sweat [Lactate] Anaerobic threshold/
muscle fatigue?,1,2

Enzymatic/ 
amperometric 
detection

5-40 mM (Baker, 2019)

Sweat [NH4
+] Muscle fatigue?,1,2 ion-selective electrodes 0.5-8 mM (Sonner et al., 

2015)

Sweat [K+] Hyperkalemia?,1 ion-selective electrodes 2-8 mM (Baker, 2019) 

Sweat [glucose] Anaerobic threshold?,1,2 enzymatic 
amperometric 
detection

0.01 mM - 0.20 mM 
(Baker, 2019)

Body kinematics Limb segment 
orientation/joint 
angles/Segment strain 

Video sensing, 
Inertial measurement 
units, strain sensors, 
goniometry

Depending on sensing 
method

Global body 
location

body location GPS, RFID e.g. 0-150 m to cover a 
football field

Angular Velocity Angular velocity of 
body segments

Gyroscopes e.g. elbow during 
baseball pitch: >2000 °/s 
(Dun et al., 2007)
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Linear Acceleration Acceleration of body 
segments

Accelerometer e.g. foot peak acc. 
during kicking in football 
can be >50 g (Arpinar-
Avsar & Soylu, 2010)

Reaction forces Reaction forces of the 
environment

Force platforms 0-2500 N (Cross, 1999)

*Values give an indication of the measurement range.1 Injury prevention: these contain muscle 
injuries, thermal injuries, dehydration and nutrition and metabolic health issues. 
2 Monitoring effectiveness of the training/match: including maintaining performance, and 
prevention of overtraining and overreaching. 
?hypothetical purposes

2.4. Research directions
From the overview presented in Table 2.1, four possible research directions were identified 
for unobtrusive athlete monitoring (Figure 2.3). By assessing scientific potential from phys-
iological as well as technological perspective, while taking the research directions from 
the movement scientists within the consortium into account as well, two of these four 
research directions were selected. The chosen directions are highlighted. 

1. Measurement of internal load via sweat analytes. The physiological mechanisms 
behind sweating and their relation to blood biomarkers is not yet fully understood. 
An important reason for this knowledge gap is the lack of standardized 
measurement techniques for sweat collection and analysis. Real-time sweat sensor 
patches can empower physiologists to unravel the relations between sweat and 
blood biomarkers for future athlete monitoring applications. Therefore, we will 
focus on the development of a sweat collection patch for continuous monitoring 
during exercise and offline laboratory analysis of electrolytes afterwards. Four 
types of analytes were selected based on their potential purposes for athlete 
monitoring: ammonia, potassium, sodium and chloride concentrations in sweat.

2. Measure respiratory rate and heart rate to detect anaerobic threshold. 
Respiratory rate sensors and heart rate sensors can be used to measure pulmonary 
and cardiovascular reaction to exercise. Optical as well as electrical heart rate 
sensors are already widely used in sports. Respiratory rate is relatively easy to 
detect with for example an accelerometer or strain sensor. 

3. Measurement of the EMG signal. Electromyography is widely used among 
movement scientists to measure muscle activity. Wet Ag/AgCl electrodes are the 
standard electrodes used in such research. These electrodes cannot be used in 
day-to-day monitoring applications. A potential research direction would be to 
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identify ways of acquiring a reliable signal with wet or dry electrodes that are 
integrated in clothing for day-to-day use.

4. Tracking local movement of body segments. Measuring limb kinematics during 
trainings and matches would be of great value in determining external training 
load and the prevention of injuries. Currently, common practice is to tape inertial 
measurement units (IMUs) to the skin. However, this is labour-intensive, requires 
a lot of data processing steps and is not suitable for day-to-day use. Therefore, 
it would be desirable to develop an easy-to-use garment with integrated IMUs, 
which can monitor limb movements on the field and during daily training sessions. 
Such a garment should be co-developed with human movement scientists and 
would provide a highly practical tool for monitoring studies focusing on injury 
prevention.

Figure 2.3. Potential research directions for unobtrusive athlete monitoring.
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In this research, we used an application-oriented research and design approach towards 
the successful implementation of wearable sensor systems. This chapter describes our 
approach summarized in a framework that shows the different stages in wearable sensor 
system development. First, a general explanation of the framework is given. Afterwards, it 
is explained how the framework is applied to the two research projects presented in this 
thesis.

3.1. Design framework
As can be seen in Figure 3.1, the starting point for each project is a problem statement, 
research question, or need from a physiological or medical perspective. On the one hand, 
a problem statement can be based on a curiosity-driven research question. To give an 
example, a curiosity-driven research question from a physiological perspective can be: 
“Do sodium and chloride levels in sweat relate to hydration status during exercise?”. To 
find an answer to this research question, reliable sweat collection and analysis methods 
are required. For this research, the technological problem statement would therefore be: 
“There are no standardized methods to measure sodium and chloride levels in sweat real-
time during exercise” 

On the other hand, the problem statement can be application-driven. In this situation, 
the physiological parameter of interest has a clearly defined purpose, but the technological 
solution to measure this parameter does not yet exist or has major limitations. An 
application-driven research question would be “Can we measure body kinematics during 
day-to-day sports activities?”. 

After identification of the physiological starting point. It needs to be decided, which 
sensors are required to measure the parameter of interest. In some cases, the required 
sensors that have the desired specifications are commercially available and the designer 
can move to the system development phase. In other cases, a new sensor needs to be 
developed. Selecting the sensing concept, sensor fabrication, microsystem integration, and 
sensor characterization are part of this phase. In the wearable sensor system development 
phase, the sensor is integrated in a wearable device. This phase includes designing read-out 
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electronics, software development, electronics integration, and lab validation.
After system development, validation studies are performed in the application 

environment. In this case, the sensor systems are tested during sports activities. The fourth 
phase comprises technical validation and user testing. During the technical validation 
studies, the new sensors are compared against reference systems to prove that the sensors 
are measuring the desired parameter reliably. In user tests, user experience is researched. 

Figure 3.1. Design framework for wearable sensor systems (right) and research topics addressed in this 
thesis (left). 
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These in situ validation studies are not all-encompassing in the first place. Often, a certain 
part of the functioning is tested in situ and iterations are performed to improve the system. 
To emphasize that the development is not a linear process and that iterations are necessary 
to develop a successful wearable that supports in answering the initial research question, 
the arrows on the right side of Figure 3.1 are included. 

This thesis is concluded with the results of successful in-situ validation studies of a selection 
of wearable devices. In a subsequent phase, the sensor systems are ready to be used by 
physiologists or clinicians to perform extensive physiological and clinical trials. When these 
trials have positive outcomes, a commercial product can be developed, which is the last 
phase of wearable sensor system development.

3.2. Design cases 
This section describes how the framework was applied in the two research projects of 
this thesis. In the first project, three sweat sensor systems are developed starting from 
a curiosity-driven problem statement. In the second project, a clear application-driven 
motivation formed the start of the research project. A sensor garment with integrated 
inertial measurement units is developed to monitor lower limb kinematics in the sports 
field.

Sweat
Sweat sensing offers new opportunities for real-time unobtrusive monitoring of 

biomarkers. Although the sensor technology advances fast (Bariya et al., 2018), little is 
known about the mechanisms behind sweating and how sweat composition relates to blood 
composition. Therefore, scientifically validated applications of sweat sensors are still limited. 
An important reason for this limited physiological knowledge about sweating, is the absence 
of standardized methodology for collecting and analysing sweat during exercise. Current 
sweat collection methods include the absorbent patch technique (Morris et al., 2013), the 
armbag technique (Appenzeller et al., 2007) and sweat collection with the Macroduct sweat 
collector (Katchman et al., 2018) that is designed for the diagnostic process of cystic fibrosis 
(Doorn et al., 2015). These methods are labour-intensive and prone to contamination during 
exercise (Baker, 2017). Chemical analysis is performed offline. 

To enable reliable sweat collection and analysis, a novel sweat patch was developed. This 
patch collects sweat in a sequence of reservoirs that fill chronologically. To validate the 
use of this patch in situ, a physiological experiment was performed. Sweat samples were 
collected with the new patch from the back of an athlete and analysed offline using ion 
chromatography. The design and development of the first patch is presented in chapter 4.  

In the first part of this project, the fluidic patch was designed and developed and validated 
in a physiological setting. Chapter 5 presents the next steps in this project. Based on the first 
design, a new patch was developed that contains a filling rate sensor system and continuous 
sweat conductivity sensors. After benchtop characterization of this sensor system, the 
sweat patch 2.0 was validated in a more elaborate physiological experiment. Six participants 
performed an exercise in a climate chamber. The patch was placed at three locations at 
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the back and the continuous conductivity measurements from the patches were compared 
against other reference systems: a ventilated capsule measurement system and offline ion-
chromatography. 

With the sweat patch 2.0, total ionic content could be measured real-time. To measure 
specific analytes, other sensor principles need to be applied. In chapter 6, continuous 
measurement systems for specific analytes are presented. At first, we developed an 
electrochemical sensor that can measure [Na+] and [Cl-] in sweat. Second a sensor system 
was developed that can continuously measure NH3 that is evaporated from the sweat 
underneath a ventilated capsule. The development of these last two systems is part of an 
ongoing development process. The sensors were characterized and tested in preliminary 
physiological tests. Further benchtop characterization is necessary to use these systems in a 
more elaborate physiological experiment.

Movement tracking
Football is played by more than 260 million people worldwide (Fédération Internationale 

de Football Association, 2007). During an elite football game, players run about 10 km 
at 80 to 90 percent of their maximal heart rate. Numerous explosive actions take place, 
including high intensity sprints (which are quick accelerations followed by deceleration), 
turning, tackles, jumping, kicking and sustaining forceful contractions to maintain balance 
of the body and to control the ball (Stølen et al., 2005). In elite European football, 6 to 7 
hamstring muscle injuries occur per team per season, which results in an absence of 14 to 
180 days (Ekstrand et al., 2017). These injuries occur typically in the last part of a training or 
match. This implies that the accumulation of demanding actions is an important factor for 
hamstring injury risk. 

In current practice, physical player load is measured at the field by deriving the global 
location of the player with Global Positioning Systems (GPS) and Radio Frequency 
Identification (RFID) systems. However, these systems are not able to monitor leg movement 
and to distinguish demanding actions like kicking, cutting and jumping to monitor the load 
on the lower limbs. In order to monitor these actions in the field to quantify injury risk, a 
novel design of a smart garment is being developed. The smart garments are used by human 
movement scientists to research the aetiology of hamstring injuries. 

During the design phase of the new sensor garment, a participatory design approach 
(Dell’Era & Landoni, 2014) was followed. The movement scientists are involved in every 
main decision in the design process. State-of-the-art movement tracking systems include 
optoelectronic systems (e.g. Vicon V5 cameras, Vicon Motion Systems Ltd., UK) and inertial 
measurement units (Al-Amri et al., 2018). Optoelectronic systems are restricted to a lab 
environment. But inertial measurement units (IMUs) are miniaturized sensor units that 
contain 3-axis accelerometer, gyroscope and magnetometer, which allows to bring them 
to the field. These sensors can be placed at lower limb segments and with sensor fusion 
algorithms, limb kinematics can be derived. In this project, IMUs were integrated in shorts 
or tights, to enable measurement during day-to-day trainings and matches. 

Design challenges focused on identifying the right sensor locations, reliably reading out 
and storing data at a sample frequency of 250 Hz, washability and wireless data transfer.  
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The project had a time span of 4 years and every year a new, improved prototype was created. 
Each prototype represents a new iteration cycle in a new chapter (chapter 7 till chapter 
10). The prototypes were used in two types of validation experiments. On the one hand, 
prototypes were technically validated with an optoelectronic system, which is the golden 
standard in movement tracking. Results of one of those studies can be found in chapter 
8. On the other hand, field tests and user experience tests were performed. Athletes were 
asked to fill in a small questionnaire including questions about comfort and ease-of-use.

After the in situ validation tests new improved prototypes were developed. The function 
of wireless data transmission was integrated in a third prototype and in a fourth prototype 
robustness of the connections and washability was improved. At the current stage, the 
prototypes can be used in more extensive physiological tests, in which hamstring injury risk 
factors can be researched. 

3.3. Conclusions
During the course of this research project, a design framework was developed that can 
support sensor researchers and system engineers in developing wearable sensor systems for 
scientifically validated applications. For successful implementation, it is of great importance 
to work closely together with physiologists and to test the wearable systems in situ at an 
early stage. Based on the findings of early physiological tests, design iterations can be 
performed and systems can be created that fit the user’s needs. In the two research projects 
that were presented in this chapter, the framework was applied. All projects started with a 
problem statement from a physiological perspective. In this research project, we reached 
the stage of elaborate physiological testing in the movement tracking project as well as in 
the sweat patch project. 
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Continuous health monitoring can contribute to the prevention of chronic diseases, by 
creating awareness about lifestyle and by stimulating physical activity (Girginov et al., 2020; 
Gualtieri et al., 2016). Furthermore, it may support in the prevention of injuries (Di Paolo 
et al., 2021; Yan et al., 2017) and it can contribute to effective and efficient treatment 
of diseases (Rodbard, 2017; Rosero et al., 2013). Common health monitoring devices 
include heart rate monitors and movement sensors. Recent advances in wearable sweat 
sensor systems show great potential to add new physical and chemical information about 
a person’s health status. Sweat samples can be collected unobtrusively and continuously, 
which are main advantages compared to widely used blood tests. The unobtrusive nature 
of sweat sensing and its potential use in real-time health monitoring, motivated researchers 
to develop electrochemical sweat sensors to monitor sweat constituents. Literature reviews 
show a vast number of recently developed sweat sensors (Bariya et al., 2018; Ghaffari et al., 
2021; Kaya et al., 2019; Mohan et al., 2020; Moonen et al., 2020).

Although, sweat provides ways to unobtrusively monitor biomarkers, measuring sweat 
constituents introduces new challenges, that are not present in blood sampling. Below, 
the most important challenges are reported, based on literature and our own experiments 
(Baker, 2017; Heikenfeld, 2016). 

1. Sweat rates vary over time and influence sweat composition.
2. Sweat rate and composition differ per body location
3. Due to the low sweat rates per gland (nl /min/mm2), sample volumes are small. 
4. Skin and sweat gland metabolism influence the concentration levels in sweat.
5. Contamination of new sweat with old sweat, or by skin contaminants can occur.
6. Sample collection is difficult due to evaporation from the highly distributed sweat 

glands, and the irregular skin surface. 
7. Several sweat analytes, such as glucose and proteins, are present in very low 

concentrations.
Furthermore, scientific knowledge about the physiological mechanisms of sweating and how 
sweat analyte levels relate to blood levels, is limited (Klous et al., 2020). During strenuous 
exercise and/or exposure to hot environments, body core temperature rises. Evaporation of 
sweat from the skin plays a critical role in regulating body temperature (Baker, 2019). The 
thermoregulatory function of sweating is well-accepted, but the physiological knowledge 
about using sweat constituents, i.e. electrolytes and metabolites, as a biomarker is 
limited. For most constituents in sweat, correlations between concentrations in blood and 
concentrations in sweat are not known.

For sodium and chloride, with concentrations in sweat ranging from 10 mM till 100 mM, 
secretion mechanisms are known (Sonner et al., 2015). Na+ and Cl- ions are secreted in 
the secretory coil of a sweat gland and partially reabsorbed in the duct. The number of 
reabsorbed ions has a direct relation to the sweat rate. When sweat rates increase, a lower 
percentage of ions is reabsorbed and the absolute concentration of these ions in sweat 

Motivation
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increases (Baker, 2019; Buono et al., 2008). Several articles suggest that an increase in 
Na+ or Cl- levels can be used as a biomarker for dehydration (Gao et al., 2017; Rose et al., 
2015). There are also researchers who state that [Na+] and [Cl-] loss can indicate electrolyte 
imbalance (Bandodkar et al., 2014). However, in physiological literature, even for these 
most available ions in sweat, equivocal and even contradictory results can be found (Baker & 
Wolfe, 2020). The main reason for these existing gaps in literature is the lack of standardized 
methods for chrono-sampling of sweat (Hussain et al., 2017). Sweat samples are mostly 
collected with simple devices, such as absorbent patches and the Macroduct sweat collector 
(Liu et al., 2020). Chrono-sampling with these devices requires a lot of repetitive work. This 
results in a limited number of samples. 

To facilitate chronological sampling of sweat and to enable continuous sweat monitoring, 
many new sweat sensor systems have been developed recently. Most sensors focus on 
continuous measurement of a sweat constituent, such as electrolytes and metabolites, with 
a miniaturized wearable device. To give a few examples in the category of electrochemical 
sensing systems, Guinovart et al. (2013) created a potentiometric sensor integrated in 
a tattoo that can measure NH4

+ in sweat. Gao et al. (2016) designed a sensor array that 
enables potentiometric measurement of electrolytes, like Na+ and K+ and amperometric 
measurement of metabolites such as lactate and glucose. Mugo and Alberkant (2020)
developed a non-enzymatic cortisol sensor that makes use of molecular imprinted polymers 
for selectivity, and Yuan et al. (2019) created a sensor that can measure sweat rate, total 
ionic charge and sodium concentration. Some researchers focus on the microfluidic system 
that enables capture and transport of the sweat to the sensor (Koh et al., 2016; Ma et al., 
2020; Nyein et al., 2018). While other researchers focus on the fabrication and improving 
the specifications of the sensor itself (Liu et al., 2016; Zoerner et al., 2018). In particular, a 
lot of research is being executed in optimizing the sensitivity, selectivity and durablility of 
the electrode materials (Kinnamon et al., 2017; Lin et al., 2019; Liu et al., 2021). Additionally, 
significant progress has been achieved in design integration of the fluidic system and the 
sensors (Gao et al., 2016; Nyein et al., 2018). 

These novel systems may support physiologists in their research to find sweat biomarkers, 
but there are two major limitations. First, the fabrication of the systems has high complexity 
and requires advanced equipment and expensive materials. Second, the new systems are 
validated in an exercise setting with a very limited number of participants. Interpretation 
of the data and comparing them against results from other articles is a challenge, because 
protocols are not standardized, and in most cases no sweat reference measurements are 
performed during the exercise. 
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The aim of this research was to develop novel sweat sensor systems that enable continuous in 
situ monitoring of sweat composition and controlled sampling of sweat for (offline) reference 
measurements. At first, a new sweat sensing concept was developed that facilitates novel 
sweat sensor validation and physiological research towards finding new sweat biomarkers. 
The concept is presented in Figure 4.1. Sweat is collected from an enclosed part of the skin 
surface. Afterwards, it flows into an analysis chamber that contains real-time sensors for 
measuring sweat composition. The inflow of sweat needs to be monitored, because the 
sweat composition depends on the sweat rate (Baker & Wolfe, 2020). The sweat passes the 
sensor electrodes and flows into a sequence of reservoirs. The chemical composition of the 
samples can be analysed after the physiological tests in a chemical laboratory. 

Figure 4.1. Schematic representation of the new sensor patch concept.

Several iterations were performed during the development of the sensor patch. First 
the sweat collection system was developed. CFD simulations were performed and lab 
experiments with a syringe pump were executed. After validation in the lab, a first 
physiological experiment was performed. The design and validation of the first patch are  

Figure 4.2. The two main designs of the sweat patch. 

Research Approach
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presented in chapter 4. Second, conductivity sensors were integrated in a new version of 
the sensor patch (Figure 4.2). These sensors measure the filling rate of the patch and also 
perform a continuous sweat conductivity measurement. The second sensor patch was 
validated in a larger physiological experiment. The design and in situ validation experiments 
are presented in chapter 5. 

The sensor patch that is presented in chapter 5 measured total ionic content in sweat. A 
next step is the development of sensors for specific analytes. Continuous measurement of 
specific analytes can be of great value in research about physiological mechanisms behind 
sweating and identifying new sweat biomarkers. In chapter 6, two measurement systems 
for specific analytes are presented. The first system is an electrochemical sensor that can 
measure Na+ and Cl- concentrations in sweat and the second system measures sweat NH3 
levels in a ventilated capsule.
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Although a large quantity of compact and continuous sweat sensing systems are presented in 
recent literature, applications for monitoring an athlete’s or patient’s status are still limited. 
Physiologists are lacking proper collection and analysis systems for continuous monitoring 
to find useful sweat biomarkers and how they change over time. While in the technological 
literature, validation of novel sweat sensor systems in human trials appears difficult, 
because there are no standardized ways to perform reference measurements by chrono-
sampling sweat and analysing it in the lab afterwards. To solve these problems, we propose 
a new sweat collection device that can automatically collect a sequence of sweat samples 
(> 100 µl). The system is easier to fabricate and the collection surface is larger than in 
previously presented solutions, which facilitates the use of the system by both engineers 
and physiologists and increases reliability of the measurements. Physiological experiments 
and chromatography measurements are executed to prove that this method can be used 
to analyse electrolyte variations over time. The sweat collector device can in principle be 
connected to an electrochemical sensing system for continuous measurements. The testing 
of our new sweat collectors with an in-situ analysis system will be discussed in a subsequent 
chapter.

4.1. Method
In order to allow for continuous uptake of sweat volumes and to simplify the collector 
placement process, it was decided to develop a simple disposable foil type sensor patch that 
can automatically collect a sequence of 5 samples. The design, simulations of the inflow of 
sweat and lab experiments are presented first. After demonstrating the working principle of 
the collector, the new system was tested in a physiological experiment. Sweat was collected 
with the new patch during exercise and analysed in the lab with ion chromatography. 

Design & simulations
The fluidic system contains a sequence of reservoirs that are created from two layers of 

hydrophilic film (Visgard 275 (La Casse & Creasy, 1999), a PET film with a PU coating) with 
a double-sided adhesive (3M 1522 (3M, 2013), a PE tape with an acrylate adhesive) in 
between.



43

4. Wearable fluidic collection patch for sweat monitoring during exercise..................................................................................

Design
In Figure 4.3, an exploded view and a front view of the final design of the sweat collection 

system are presented. The sweat collection surface is 40 cm2. The funnel-shaped 2D structure 
of the skin adhesive (Figure 4.3, nr. 1.) guides the sweat to the inlet. In combination with 
the grating structure, it serves as a spacer to the skin too, to make sure that the sweat 
drops down. Due to capillary forces, the sweat flows from the inlet (Figure 4.3, nr. 7.) to the 
reservoirs (Figure 4.3, nr. 10.). The walls of the capillaries are highly hydrophilic to ensure 
that the flow rate of sweat is not negatively influenced by the channels. The sweat passes 
a T-junction (Figure 4.3, nr. 8) at a certain moment. At this junction the sweat needs to flow 
down into the reservoir. By creating sharp edges at the junction and by directing the left 
branch of the junction upwards, it is ensured that the sweat goes straight into the reservoir. 
The materials were cut in the desired shapes with a CO2 laser system (Merlin Lasers, Lion 
Laser Systems, The Netherlands). The film is rinsed with demineralized water (to remove

 Figure 4.3. Design of the sweat patch: a) left: exploded view, right: front view of the patch. b) The 
filling process of the reservoirs. When the reservoir is filled, the sweat will take the right turn and will 

flow to the next reservoir by capillary forces. Entrapment of air is prevented by placing air outlets 
(Figure 4.3, nr. 9) at the corner of each reservoir.

a)

b)
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surfactant that was applied to the film by the manufacturer, because it influenced the 
sodium measurements in preliminary experiments). Samples of the foil and adhesive were 
placed in vials with demineralized water (3ml, 24 hours), and ion concentrations (Na+, Cl- 
and K+) in these vials were analysed to ensure the absence of background contaminants 
from the materials. No significant Na+, Cl- and K+ peaks were detected in these samples. 
Contact angles of the materials were measured with optical tensiometry (KSV Instruments 
Ltd). The spacer tape has an average contact angle of 50.5° and the hydrophilic foil has an 
average contact angle of 92.2° (Figure A1, appendix).

Simulations
Gravitation and capillary effects are used to make sure that the sweat flows into the 

reservoirs at a similar or faster volumetric flow rate than the sweat rate. The capillary effects 
depend on the surface tension and the geometry of the channel. A relation between the 
capillary pressure and the contact angle and dimensions of the microchannel with a certain 
height (h) and width (w) is given by the Young-Laplace equation:

Where P is the capillary pressure, γ the surface tension of the liquid and θt, θb, θl, and θr are 
the contact angles of the top, bottom, left and right microchannel walls. For the design of 
capillary channels, there are a few practical guidelines. First, contact angles smaller than 60° 
are preferred (Berthier, 2013). Secondly, some of the walls of a microchannel can be made 
of a hydrophobic material if one takes into account that the ratio between for example 
the hydrophobic height and the hydrophilic width of the channel is very low. Furthermore, 
fluid flow near corners needs to be considered since it can affect the filling of the channels 
negatively by entrapment of air bubbles (Wu et al., 2018). It can be prevented by rounding 
edges and corners of the channels for example. 

Several designs were made and CFD simulations with COMSOL Multiphysics software were 
performed to test the functioning of the devices. For the simulations it was assumed that 
water can flow freely into the channel (ideal case). The transport of the fluid interface was 
given by a level set function (Comsol Inc, n.d.). This function was coupled with the Navier 
Stokes equations to describe mass and momentum transport of the fluid. The velocity of 
the fluid was dependent of convection, pressure, diffusion, the surface tension and gravity 
in this model. 

Initially, a small reservoir at the beginning of the microchannels was filled with water and 
the rest of the channels and the big reservoir were filled with air. The initial velocity is 0. 
A hydrostatic pressure was placed at the inlet of the channels (P=ρ*g*y) and the pressure 
at the outlet was 0. Atmospheric pressure could be omitted since it is acting on both the 
inlet and the outlet. The gravity was added to the model as a volume force. The wetted wall 
feature was used to identify hydrophobic and hydrophilic walls. First, the influence of the 
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spacer tape and corner flow effects were simulated with a straight channel. Second, parts 
of the collection patch were simulated to test if the reservoirs fill in the right way and to 
prevent entrapment of air. 

Syringe pump experiments
A syringe pump experiment was executed to test if the reservoirs will fill one after the 

other and to research if the sweat flow in the collector was the same as the actual sweat 
rate. The syringe pump (KDScientific 200, USA) was set at a rate of 48 µl/min. Via the funnel-
shaped structure, the sweat dropped down towards the inlet of the reservoirs. The collector 
was designed to be placed at the back of an athlete. The back was chosen, because of 
the high sweat rate and the presence of eccrine sweat glands at this location. Smith and 
Havenith (2011) measured a sweat rate at the back of 1.2 mg/cm2/min during a running 
exercise at around 155 bpm of 30 min (25.6 ± 0.4°C, 43.4 ± 7.6% relative humidity). The 
patch has a collection surface of 40 cm2, which means that the sweat rate will be around 48 
µl/min. Collector filling was recorded with a camera. After the experiment, stills were taken 
from the movie. Due to the blue colorant that was added to the fluid, it was possible to 
count all blue pixels in the image to derive the volume that was filled with fluid. This process 
was automated with a MATLAB program.

Physiological Experiments
The physiological experiments were approved by the Human Research Ethics Committee 
of Delft University of Technology. The participants gave informed consent before the 

experiment. Healthy recreational athletes (n=5, 20-30 yrs.) that play sports 2 till 5 times a 
week are asked to cycle for one hour at a cycling ergometer. The ergometer was equipped

Figure 4.4. a) Setup of the physiological experiment (reproduced from (Steijlen et al., 2020b). b) 
Placement of the patches in the final experiment. The patches A (location 1,2 and 3) are placed at the 
start. Patches B (1,2 and 3) are placed when patches A start filling. Patches of C (1,2,3) are placed when 

A is filled.

a) b)
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with a cadence meter, power meter (Garmin Vector 3s) and cycling computer, the Garmin 
Edge 820 (Garmin, USA), that was placed at the handlebar (Figure 4.4a). The subject wore 
a heart rate monitor and sweat collectors were placed at the back. A camera was placed 
behind the cyclist and focused on the sweat collectors to measure the filling speed. After 
placement of the heart rate belt and the first sweat patches, the subject was asked to cycle 
for one hour at a constant cadence and power output (in the final experiment a cadence 
of: M=91, SD=5 rpm, heart rate: M=158, SD=11 bpm and power: M=284, SD=28 W were 
measured (Figure A2), the temperature of the room was 20 °C). Two preliminary tests were 
performed before the final experiment to improve the test setup. Preliminary results (Figure 
A3) showed the importance of a strict and optimized test protocol. In the final experiment, 
the skin was cleaned with a sterile gauze pad that was wetted with demineralized water. This 
was executed two times before each patch was placed to avoid accumulation of old sweat 
constituents.

In the first two series of experiments the collectors were replaced at the same location, 
when a collector was filled completely. Unfortunately, a replaced collector does not start 
filling immediately (it can take approximately 10 minutes). To improve the continuity of 
the sweat measurements, the patches were placed as shown in Figure 4.4b in the final 
experiment. Patch B can now be placed 10 minutes before patch A is filled and more sweat 
can be collected. It is assumed that the sweat rates at locations left and right of the spine 
are identical.

Chemical analysis
After sweat collection, transfer to vials was done by perforating the bottom tip of the 

reservoir on one side. A syringe with air was placed at the air inlet of the reservoir and the 
sweat was forced out through the perforated tip to the vial. Before each perforation of a 
reservoir, the outside of the collector was cleaned to prevent that one sample contaminates 
the other (Figure A4). Approximately 5% of the sweat in each reservoir was lost during 
transfer. The sweat was diluted with 3 ml of ultra-pure water. The samples were stored 
in a fridge at 7°C. The day after, the sweat was analysed using ion chromatography/high 
pressure liquid chromatography (IC/HPLC) (Doorn et al., 2015). The IC system consisted of 
a Metrohm 881 Anion system and an 883 Basic IC plus system (Metrohm, Switzerland). The 
two systems worked independently. Both devices contained an HPLC pump that pumps the 
eluent through a column that separates the ions. After separation, the conductivity of the 
fluid was measured by a conductivity detector. 

To analyse the cations, a Metrosep C6 - 150/4.0 column was used for separation with 
a solution of 3 mM HNO3 as eluent. The flow rate is set at 0,9 ml/min. For the anions, a 
Metrosep A supp 5 - 150/4.0 column was used, and chemical suppression was performed by 
the Metrohm Suppressor Module, which is regenerated with 150 mM H3PO4. The eluent of 
the anion system contained 1 mM NaHCO3 and 3.2 mM Na2CO3. The flow rate in this system 
was 0,7 ml/min. A sample loop of 20 µl was used in both systems.

Before each analysis, standards needed to be made for all the ions of interest. Solutions 
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with 0.1 till 100 ppm were made. The measurements of the standards were used for 
calibration. After assigning manually the right retention times to the peaks, the MagIC Net 
software automatically created a calibration graph based on the peak areas which can be 
applied to the measurements. To quantify the accuracy of our method, standard deviation 
experiments were executed. Standard solutions with 0.1 to 100 ppm Na⁺, NH4⁺ and K⁺ ions 
and separate solutions with Cl- ions were created. The solutions were divided in 5 samples 
and measured one by one to obtain an idea of the standard deviation of the method at 
different concentration levels. 

4.2. Results & discussion
The results of the simulations and lab experiments are presented first. Thereafter, the results 
from the physiological experiments are discussed. 

Design & simulations
A first simulation was executed to find out what the effect of the hydrophobicity of a 

spacer tape (sidewalls of the channels) is on the volumetric flow rate in the channels. The 
dimensions of the simulated channel were 2*0.25*4 mm. Contact angles of θ = 112.5° and 
θ = 67.5° are chosen for the hydrophobic walls and the hydrophilic sidewalls, respectively.

To study the effect of corner flow, channels with rounded corners and the same dimensions 
as the previous channel were simulated as well. One channel had hydrophobic rounded 
sidewalls and the other had hydrophilic rounded sidewalls. Figure 4.5a shows the influence 
of the rounded and sharp, hydrophilic, and hydrophobic sidewalls on the contact point 
position of the fluid-air interface over time. The volumetric flow rate decreases significantly 
when the hydrophobic sidewalls have rounded corners. Since the laser cut spacer tape is 
placed on top of another layer of foil, the corners will be relatively sharp. 

Simulations were also performed to test whether the T-junction works properly. In Figure 
4.5b can be seen that the fluid first flows down and once the water reaches the bottom 
(t=5 ms), it goes left to the next reservoir. Lastly, a simulation was performed to check if 
entrapment of air would be a problem in the reservoirs. Figure 4.5c shows that the fluid 
does not block the air outlet during the filling process, so that air bubbles can be released. 
The filling time of a reservoir with a height of 10 mm, is now very small. This is due to 
the infinite supply of water at the inlet. The sweat rate will limit the fluid supply in reality. 
However, the simulation showed that even with an infinite supply of water, the reservoir fills 
in the right way. This accounts for the T-junction as well.

Syringe pump experiments
Figure 4.3 shows stills from one of the movies that is made during the syringe pump 

experiments, which prove that the reservoirs fill consecutively. The measurement results of 
the experiment are shown in Figure 4.5d. A delay of 50 to 80 seconds is observed before the 
fluid is in the reservoirs and recorded by using a camera. The average volumetric flow rate in 
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Figure 4.5. a) Contact point position of the fluid-air interface over time of designs with rounded and 
sharp, hydrophilic and hydrophobic sidewalls. b) Simulation of the T-junction: volume fraction of air 
at different time points. c) Simulation of the reservoir: volume fraction of air at different time points. 

d) Volumetric flow rate of the syringe pump vs. the volumetric flow rate in the collector.
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the collector is 47 µl/min, which means that the flow rate in the collector is 2% lower. From
this we can conclude that the fluid inflow is not significantly inhibited by the resistance of 
the channels.

Physiological experiments & chemical analysis
After sweat collection during the physiological experiments, the sweat in the collectors 

was analysed using ion chromatography/high pressure liquid chromatography (IC/HPLC). 
In the chromatographs of our sweat samples, the peaks are nicely separated and there are 
no significant unknown peaks that interfere with the peaks of the selected ions (Figure A5). 

To get an idea of the standard deviation that is introduced by the IC measurement 
method, standard deviations of the method were included. These were determined by 
analysing five samples of each standard (0.1-100 ppm) and plotting the average relative 
standard deviations (RSDs) in a graph (Figure 4.6a). The fitting curve was used to determine 
the SDs in the actual measurements. For Cl- and Na+ the SDs are relatively small, for K+, 
the concentrations in sweat are around ten times lower so the RSDs of the measurement 
method become important to consider. The measured concentration levels of Na+, Cl- and 
K+ of patch location 2 are shown in Figure 4.6b. The Na+ an Cl- concentrations show an initial 
steady increase which levels off. However, Cl- levels are systematically lower by on average 
16.4 mm (SD=2.5 mm) than the Na+ levels. This deviation can possibly be explained by the 
presence of other negative ions like lactate and bicarbonate (C3H5O3

- and HCO3
-) in sweat.

In Figure 4.6c, the Na+, Cl- and K+ levels of patch location 1 (between the shoulder blades) 
and 3 (lower back) are added. The Na+ and Cl- levels are very similar for collector 2 and 3 (Cl-: 
M=1.6, SD=2.9, Na+: M=0.4, SD=3.4 mm) while the Na+ and Cl- levels of collector location 1 
are significantly higher (Cl-: M=10.3, SD=2.4, Na+: M=10.4, SD=2.9 mm). One of the reasons 
for this difference between the absolute concentrations of collector 1 and collector 2 and 
3 is the variation in sweat rate across the different locations. Smith and Havenith (2011)
measured at the sides of the upper back a median sweat rate of 0.84 mg/cm2/min, while 
at the sides of the lower back this sweat rate was 0.75 mg/ cm2/min. Higher sweat rates 
decrease ion reabsorption per unit volume and therefore higher concentrations can be 
measured at the upper back.

Figure 4.6d shows the K+ levels at the three locations over time. A decrease was measured 
over time and no difference between the three locations was detected within the error 
margin. To test whether the trend is still a decreasing line, when taking the large SDs into 
account, random samples and their linear fits (n=1000) were created, assuming a normal 
distribution. Within the 95% confidence interval, the fits for location 1 and 2 were always 
a decreasing line. However, from literature it was assumed that only minimal changes in K+ 
levels occur in sweat (Baker & Wolfe, 2020). Therefore, it is expected that elevated values 
after the start of the exercise are due to the presence of old sweat or residue in the channels 
or other physiological effects that need further research. 
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Figure 4.6. a) The accuracy of the IC method: relative standard deviation at different ion concentration 
levels of standard solutions. b) the Na+ (top), Cl- (middle) and K+ (bottom) levels of patch location 
2. c) the Na+ (top), Cl- (middle) and K+ (bottom) levels of patch locations 1,2 and 3. d) Potassium 

concentrations over time for patch locations 1,2 and 3.

 
Because an increased sweat rate leads to less ion reabsorption in the reabsorptive duct, 
sweat rate measurements are important as well. The sweat collection rate is measured 
at location 2 during the experiments with the help of a camera. The average sweat rate 
is 1.19 mg/cm2/min. The sweat collection rate varied between 0.74 and 1.54 mg/cm2/
min (Figure 4.7a). The sweat rate was plotted against the concentration of Na+ and Cl-, to 
check whether this relation was visible. The data allows us in principle to verify a possible 
relation between sweat rate and Na+ and Cl- concentration. Although the plot of Figure 4.7b 
suggests a mild increase in ion concentrations with increasing sweat rate, the scatter in 
the current data is too large to draw a solid conclusion. In a next phase of this project, 
other sweat rate measurement techniques will be explored, by for example conductive or 
capacitive measurements. It would also be interesting to compare this new way of sweat 
rate measurement with conventional methods like the ventilated capsule measurement and 
the absorbent patch method in the same physiological experiment (Morris et al., 2013).
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Figure 4.7. a) Sweat rate and Cl- variation over time b) Relation between sweat rate and Na+ and Cl- 

concentration

4.3. Conclusions 
The results of the final physiological experiment showed that Na+, Cl- and K+ can be measured 
accurately with this new collection system in combination with ion chromatography. 
Although the Na+ and Cl- concentrations differ when the collector is placed at the upper 
back, all three collector locations show a similar trend in Na+ and Cl- levels. K+ measurements 
are also reproducible, and a decreasing trend was measured.

In the current study, data from only one physiological experiment of a single individual were 
compared, because it is well known that sweat analyte concentrations can differ considerably 
between individuals and that the day-to-day variability in sweat analyte concentrations can 
be large. Therefore, comparing, and interpreting data between individuals in small scale 
experiments, would be less relevant. 

However, the presently developed device will facilitate more systematic larger studies on 
the inter-individual variability as well as the daily variations of a single individual in sweat 
electrolytes. In this way, the new device can contribute to a better understanding of sweat 
mechanisms and their relation to blood values, to find useful biomarkers in sweat to monitor 
the status of an athlete. 

a) b)
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5
Sweat patch for continuous analyte 
monitoring and offline analysis

In the previous chapter, a new sweat collection concept was developed that enabled 
chronological sweat sampling and offline analysis using ion chromatography. The aim of this 
study is to develop and present a new version of the sweat collection patch that enables 
continuous in situ monitoring of sweat composition and maintain the function of controlled 
sampling of sweat in reservoirs for offline analysis. The new patch consists of an analysis 
chamber that hosts a conductivity sensor for measuring ionic content continuously. Once 
the sweat passes this chamber, it flows into a sequence of reservoirs which include level 
indicator electrodes. The level indicator electrodes measure the filling speed, which is 
dependent on the sweat rate. The sweat in the reservoirs can be analysed offline. In this 
way, in situ sweat composition measurements of the patch, can be directly compared with 
lab measurements. The new sweat patch is made with accessible fabrication techniques. 
This means that the patch can be easily reproduced and other novel electrochemical 
can be placed in the analysis chamber to perform controlled validation experiments in a 
physiological setting. 

To test the performance of the collector patch, lab validation experiments are executed 
followed by physiological experiments in a climate chamber. In these experiments, the 
relation between in situ sweat conductivity measurements and [Na+] and [Cl-] of the 
samples, measured by ion chromatography in the lab, is researched. Thereafter, sweat 
rates measured with a ventilated capsule measurement system are compared with the 
conductivity measurements and filling rate measurements from the patch. 

5.1.Materials & methods 

The sweat patch
The new patch design was based on the sweat patch presented in chapter 4. Figure 5.1a 

shows the first patch on the left. The patch consists of a funnel-shaped structure that guides 
the sweat to the collector inlet. By capillary and gravitational forces, the sweat will flow to 
the first reservoir. Once, this reservoir is filled, the new fluid will pass to the subsequent 
reservoir. The patch is designed to be placed at the back of a person. This version has 
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Figure 5.1. a) Front view of the design of the preliminary collector patch (left) and the new patch with 
integrated sensors (right). An extra reservoir is added near the inlet (no.7). All sweat will pass this 

reservoir. Electrodes in this reservoir measure sweat conductivity. Level indicator electrodes are placed 
in the in the bottom reservoir sequence. b) Exploded view of the new patch. c) Setup for physiological 
tests with the new sweat patch. The patch is placed at the subject’s back and electronics are placed in 
a waist pocket. For the ventilated capsule system, dry air flows through a capsule at the subject’s back 

and the humidity and temperature are measured by the sensors that are connected to the outlet of the 
capsule. d) Measurement locations of the patches (left) and the capsules (right) 
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a collection surface of 40 cm2 and can collect 5 samples of 130 µl. Sample volume and 
collection surface can be adjusted to the type of physiological experiment. 

After testing the first patch in a physiological setting, a redesign was made (Figure 5.1a, 
right). An extra chamber, the analysis chamber (Figure 5.1a, no. 7), was placed near the 
inlet of the reservoir system. This chamber has rounded corners so that there is constant 
renewal of sweat. Preferred marker specific electrodes can be placed in this reservoir. The 
extra air outlet in the top (Figure 5.1a, no. 5) ensures that electrodes stay covered with 
sweat. In this design, the back foil layer of the reservoir system was replaced with a thin 
printed circuit board layer (0.6 mm) with gold electrodes. The gold electrodes are located 
in the new chamber to measure the sweat conductivity over time. Furthermore, electrodes 
were added in the sequence of reservoirs to measure the filling rate which depends on the 
sweat rate (Figure 5.1a, no. 8). Two parallel elongated gold electrodes were positioned in 
each of the five reservoirs which allows us to measure a conductance change, when the 
reservoirs are filling up. A temperature sensor (LM35, Texas Instruments, USA) was placed 
at the PCB as well. Since the PCB materials are less hydrophilic, contact angle measurements 
and new syringe pump experiments were performed to test whether the new collector fills 
at the same rate as the sweat rate. Contact angles of the gold electrodes and the solder 
mask are 69.8° and 73.1° respectively, while the contact angles for the adhesive tape and 
the hydrophilic film are 92.2° and 50.5° (measured with water at t=10 s after contact with 
the surface, with optical tensiometry (KSV Instruments Ltd).

For both sensors, the AD5933 impedance converter (Analog Devices, USA) is used to 
measure the impedance. The integrated circuit contains a frequency generator (up to 100 
kHz, Vpp: 0.2 to 2 V), and a 12bit ADC to sample the impedance. The chip also holds a 
DSP that performs a discrete Fourier transform to return the magnitude of the impedance 
and the phase of the impedance at the defined output frequency. An 8-channel multiplexer 
(ADG1408, Analog Devices, USA) is used to switch between the conductivity sensor, sweat 
rate sensors and a calibration resistor. The excitation voltage is set at 0.2 Vpp, to prevent 
saturation of the ADC at lower resistances and the frequency is set at 80 kHz to minimize 
double layer effects. The AD5933 and the multiplexer are placed in a pocket that can be 
carried around the waist. The patch is connected to the readout electronics via simple 
header pins. Figure 5.1b. shows and exploded view of the patch design. 

To calibrate the conductivity sensor in the lab, different solutions of NaCl (from 10 mM to 
150 mM) were placed in the top reservoir of a patch. The impedance was measured for each 
solution to find the relationship between the NaCl concentration and the conductance in 
the analysis chamber. The functioning of the level indicator electrodes was tested using the 
syringe pump (KDScientific 200, USA). Pump rates ranging between 12 and 60 µl/min were 
chosen. For patches with a collection surface of 40 cm2, this translates to sweat rates of 0.15 
till 1.5 mg/cm2/min. For these experiments, an NaCl solution of 75 mM was used. 

Reference measurement
To research the performance of the sweat collector patch in the physiological setting, two 

types of reference measurements were performed. First, the continuous in situ conductivity 
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measurements were compared to ion chromatography measurements of the samples that 
were collected and stored in the sequence of reservoirs. Second, to investigate whether 
sweat conductivity measurements and patch filling rate relate to the actual sweat rate, 
these measurements were compared against sweat rate measurements with the ventilated 
capsule technique.

Ion chromatography 
This paragraph describes the procedure for offline chemical analysis. In each collection 

patch, tiny outlets are made in the PCB layer at the bottom of each reservoir (Figure 5.1a, 
no. 9). These holes are covered with adhesive tape during collection. Once the patch is 
removed, the tape can be removed and the sweat can be pushed into a vial by injecting air 
in the reservoir with a syringe at the air inlet. The sweat volume was weighed and diluted 
with ± 3 ml of ultrapure water, after which the vials are stored at -20° and analysed in the 
laboratory. In this study, we focused on analysis of electrolytes using ion chromatography/ 
high pressure liquid chromatography (IC/HPLC). [Na+], [Cl-] and [K+] were measured. For the 
anions, a Metrohm 881 Anion system with a Metrosep A supp 5 – 150/4.0 column was used. 
The cations were analysed with the 883 Basic IC plus system and a Metrosep C6 – 150/4.0 
column (Metrohm, Switzerland). A more detailed description of this method can be found 
in the previous chapter.

Ventilated capsule measurement 
The most common method for measuring local sweat rate in a lab setting are the ventilated 

capsule (VC) technique and the absorbent patch technique (Morris et al., 2013). Using 
absorbent patches requires a lot of repetitive work and a limited number of samples can be 
collected over time. Therefore, the VC measurement is more suitable to measure sweat rate 
continuously (Rutherford et al., 2021). Capsules with a collection surface of 5.3 cm2, made 
from a flexible 3D-printed photopolymer on a Connex 3 3D printer (Objet 350, Stratasys Ltd., 
Israel), were placed at the skin. The capsule is connected to a dry air cylinder and air flows 
through the capsule at a volumetric flow rate between 0.1 and 1.2 l/min. The flow rate is 
measured with a variable area flow meter (Keyinstruments, USA). A humidity sensor and 
temperature sensor (HDC1080, Texas Instruments, USA) are connected to the outlet of the 
capsule. The sensors are controlled with an MSP430 microcontroller (Texas Instruments, 
USA). We used the Antoine equation in the conversion of relative humidity to absolute 
humidity. Knowing the dry air flow rate, absolute humidity and sweat collection surface, the 
sweat rate was calculated. 

Lab measurements were executed to test the performance of our VC system. A detailed 
description of these experiments and the results can be found in Appendix B (B1). To 
test whether the VC system measures all sweat in the capsule and to test if there are no 
leakages, a predetermined amount of water was placed in a closed capsule and the total 
amount of sensed water was calculated by numerical integration of the evaporation 
rate measurements. It was concluded that the deviation was adequately small (1- 5%). 
Furthermore, the response and recovery time of the VC system were calculated. At a dry 
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air flow rate of 1.2 l/min, the response time is 118 s and the recovery time is 353 s. Because 
sweat rates will always increase or decrease gradually, the actual response time will be even 
faster in a physiological setting. This means that the VC system can be used for continuous 
monitoring of sweat rate. The maximal sweat rate that can be measured with the current 
system is 2.75 mg/cm2/min. 

Physiological experiments
Healthy recreational athletes (n=6, 20-30 years) cycled (Lode Excalibur, The Netherlands) 

in a climate chamber (b-Cat, The Netherlands) that was set to 33 °C and 65% relative 
humidity. Figure 5.1c shows the setup of the physiological experiments. The patches were 
placed at three locations at the back on the left side of the spine. Three ventilated capsules 
were attached to the right side of the spine at the same heights, as can be seen in Figure 
5.1d. The locations were chosen based on the study of Smith and Havenith (2011), which 
showed relatively high sweat rates at the back and similar sweat rates at the left and right 
side of the sagittal plane. The capsules were placed from the start of the exercise and the 
dry air flow rate was set at 1.2 l/min to allow for the detection of the expected high sweat 
rates in this climate. Heart rate was measured with a heart rate belt (Polar H10, Finland) 
and body core temperature was measured with a rectal temperature probe (Yellow Springs 
Instruments, USA) during the experiments. The participants cycled 30 minutes at 40-50% of 
their maximum heart rate (HRmax), followed by 20 minutes at 60% HRmax and 20 minutes 
at 70% HRmax. Afterwards, the participant stopped cycling and a cooling down period of 
20 minutes at the stationary bike was included. Sweat tests were approved by the Human 
Ethics Research Committee of Delft University of Technology. The initial 30 minutes included 
the 20 minutes wash out period of the skin (Baker & Wolfe, 2020). The first sweat patch was 
placed after this initial 30 minutes. Once all reservoirs were filled with sweat, the patch was 
replaced with a new one. Collectors with 10 reservoirs of 70 µl and a collection surface of 
20 cm2 were used. 

5.2. Results & discussion

Characterization of the collection patch
During the patch characterization experiments two topics were addressed. First, it 

was researched if the conductivity sensor in the analysis chamber can measure NaCl 
concentrations in the desired range. Figure 5.2a shows the impedance magnitude of the 
conductivity sensor in the top reservoir when it is filled with different solutions of NaCl (10 
till 150 mM). The frequency sweep (5-100kHz) results show that undesired capacitances do 
not influence the measurement above approximately 50 kHz for all solutions. The magnitude 
of the impedance lies between 3.6 kΩ and 250 Ω for all measurements. 

Figure 5.2b shows the relationship between the conductance measured with the 
conductivity sensor in the top reservoir and the concentration NaCl of the standard solutions. 
A linear relationship was found and the sensitivity of the sensor system was 24 µS/mM. 
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Figure 5.2. a) Impedance magnitude during the frequency sweep for different solutions of NaCl in 
the analysis chamber. b) Calibration plot of the sweat conductivity sensors in the analysis chamber at 
different NaCl concentration levels. c) Volume flow rate of in the new design vs. the previous design 

from video recordings. d) Results of a filling rate measurement when the syringe pump is set at 12 µl/
min. Each colour represents the measurement of a separate pair of filling rate electrodes in a single 
reservoir. Cumulative results show the course of the filling process. e) The conductance over time at 

4 different pump rates f ) Relationship between the syringe pump rate in µl/sec and the filling rate in     

S/sec. 

Using the molar conductance of NaCl in water (Chang & Thoman), a cell constant of 5.223 
/cm was calculated. Second, to monitor the filling process of the collector, a syringe pump 
(KDScientific 200, USA) is set at a rate of 48 µl/min. This rate is based on the size of the patch 
(40 cm2) and an average sweat rate at the back of an athlete during exercise (1.2 mg/cm2/
min (Smith & Havenith, 2011)). The pump is connected to a tube which is placed close to the 
inlet of the collector. The filling process of the collector was filmed with a camera. Afterwards, 
stills were extracted from the movie, a selection of the area that contains fluid was made 
and pixels are counted in each image. The pixel area was converted to volume, since the 
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dimensions of the patch are known. Figure 5.2c shows the volume plotted against time. A 
delay of around 50 s is visible, before the fluid of the pump starts entering the reservoirs. In 
the graph can be seen that the volume flow rate of the fluid in the second design is similar 
to the flow rate of the syringe pump and the first design (with two hydrophilic layers). The 
differences in flow rate are not significant. The camera images show that entrapment of 
air and formation of droplets can temporarily delay or accelerate the inflow of sweat. This 
emphasizes the importance of real-time measurement over a timespan that is larger than 
several minutes, to find the actual sweat rate. 

Furthermore, the performance of the collection system was tested with the level 
indicator electrodes. It was researched whether the reservoirs fill consecutively, and if 
the conductance change measured with the level indicator electrodes is linearly related 
to the volumetric flow rate settings of the syringe pump. To test the consecutive filling of 
the reservoirs, the syringe pump was set at a flow rate of 12 µl/min. Figure 5.2d shows the 
results of the measurement of the separate electrode pairs in pre-wetted reservoirs. Once a 
previous reservoir is filled, the total conductance is added to the next measurement, to see 
the course of the filling process. Figure 5.2e shows that the collectors fill at a constant speed 
at increased pump rates as well and a linear relationship between the different pump rates 
and the filling rate in Siemens per second was obtained (Figure 5.2f). 

Physiological Experiments
All 6 participants completed the protocol in the climate chamber. For most participants 

the patches started filling typically around 8 minutes after placement. Once a patch was 
completely filled, it was immediately replaced by a new one. Sweat rates highly varied 
among participants. For one participant at 2 locations at the back 3 patches of 10 reservoirs 
were completely filled, while for another participant, only 3 reservoirs were filled during the 
entire exercise. Body core temperature increased 1.03° ± 0.72° during the exercise. Figure 
B2 shows real-time rectal temperature and heart rate of participant 1 during the exercise. 
A picture of the experimental setting is presented in Figure B3. Figure 5.3a shows the sweat 
rate over time measured with the ventilated capsule system for the three different locations 
at the back of participant 1. The sweat rate was calculated using the air flow rate, humidity, 
and temperature measurements. Data were filtered with a Savitzky-Golay sliding window 
filter (Savitzky & Golay, 1964), using a second order polynomial and a window size of 150 
data points. The sample frequency of the measurements was 1 Hz. In Figure 5.3b, the 
conductivity measurements in the patch analysis chamber at the same locations on the 
left side of the back of participant 1 are plotted. Low conductance values (< 0.5*10-3 S) and 
abrupt changes in conductance, attributed to air bubbles in the system, were removed. 
Subsequently, a similar sliding window filter was used to remove high frequency noise 
components (window size: 50, sample rate: 0.3 Hz, 2nd order polynomial). Unfiltered data 
can be found in the appendix (Figure B4). Temperature changes over time varied from 0 to 
1.5 °C for each patch from the start of the filling process. The temperature coefficient of 
conductivity of electrolyte solutions is around 2 %/ °C at 25 °C (Robinson & Stokes). Thus 
the conductivity change due to temperature effects would be estimated between 0% and 
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Figure 5.3. a) Continuous sweat rate measurement from the VCs placed at the 3 locations at the back 
of participant 1. The incremental exercise was performed until t=4200 s, followed by a recovery period 
of 1200 s. The patches were placed at t=1800 s. b) Conductivity measured in the analysis chamber of the 
patches at the 3 locations of participant 1. Gaps are due to patch replacement (e.g. patch 2-1 is replaced 

by patch 2-2). c) [Na+], [Cl-] and [K+] data from chromatographic analysis of the samples from the 
individual reservoirs. Timestamps were derived from the filling rate measurements. Lines indicate that 

the samples are from the same patch d,e) Sweat rate from ventilated capsules (top) and conductivity 
measurements from the analysis chamber (bottom) of d) participant 3 and e) participant 4. Location 1 

is blue, location 2 is orange and location 3 is yellow. 
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3% maximum. Given that the conductivity increased more than 100% during the course of 
the exercise of participant 1, temperature changes have limited influence. 

It can be noted that all 3 graphs from participant 1 show a similar trend during the exercise. 
The sweat rate increased as the heart rate increased. After a few minutes from the start of 
the cooling down period t = 4200 s, the sweat rate decreases again. When the sweat rate 
increases, a lower percentage of ions will be reabsorbed by the sweat duct (Baker, 2019). 
Therefore, the conductivity measurement shows an increasing trend when the sweat rate 
increases. This corresponds to the ion chromatography results from the samples that were 
collected in the reservoirs. In Figure 5.3c. can be seen that [Na+] and [Cl-] increase, and when 
the participant stops exercising, the concentrations decrease again. [Na+] are on average 
6.84 mM ± 0.98 mM higher than [Cl-]. This difference is presumably being caused by the 
abundant presence of other negative ions in sweat such as lactate and bicarbonate. [K+] 
concentrations show a slight decreasing trend during the entire exercise. For K+, secretion 
mechanisms are partly known and probably these ions are not reabsorbed in the duct and 
therefore not influenced by changes in sweat rate (Klous et al., 2020). Parrilla et al. (Parrilla, 
Ortiz-Gómez, et al., 2019) also compared the results of newly developed sweat sensors 
during physiological tests with ion chromatography measurements. However, because they 
used the labour-intensive absorbent patch method and they used a different physiological 
protocol, the number of samples that were collected over time were limited to 1 for every 
10-12.5 minutes. Figure 5.3d shows the VC measurements and conductivity measurements 
of participant 3 at the three different locations. For this participant, the trends of the 
different measurements correspond as well. The dip around 3100 sec, originated from a 
deviation in the execution of the exercise protocol. Probably, due to a technical error of the 
bike, the participant stopped exercising for a moment and sweat rates decreased almost 
immediately. It is remarkable to see that this change is detected by the ventilated capsule 
measurement system as well as the conductivity sensors. Figure 5.3e shows the results of 
participant 4, with again corresponding trends of the different measurement methods. 

Sweat conductivity and [Na+] and [Cl-] 
In this study, it was aimed to test the performance of the sensor patch in situ, by validating if 

the lab measurements of the samples from the reservoirs can be used as a reference for the 
sensor in the analysis chamber. Therefore, a comparison between all ion chromatography 
results and conductivity measurements was made, by investigating the relationship between 
sweat conductivity and [Na+] and [Cl-] in sweat. First, the time intervals of the filling process 
of each reservoir were identified, by detecting the starting times and end times of filling each 
reservoir. Subsequently, the time that it takes for the sweat to move from the top reservoir 
to the bottom reservoirs was subtracted from the time intervals. The mean conductance 
values of the top electrodes at the resulting time intervals were compared with the ion 
chromatography results. Because each electrode pair covers 2 reservoirs, concentration 
levels of 2 samples were averaged. In Figure B5 the results including an error estimation of 
the three locations for each participant can be found. A large range of concentrations was 
measured (from 18 mM to 105 mM). 
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Figure 5.4a. shows all measurements in one graph. [Na+] and [Cl-] are plotted against 
conductivity and a strong linear relationship (R2=0.97) for both ions was found. From 
these results, it can be concluded that the collector patch showed good performance, 
because the continuous measurements in the analysis chamber were well related to the 
offline measurements. Furthermore, it can be concluded that a 2-point AC conductivity 
measurement with gold electrodes can be used to obtain [Na+] and [Cl-] levels with good 
accuracy in these physiological conditions. Because of the higher stability and less complex 
fabrication process of the electrodes, conductivity sensors might be more accessible choice 
than potentiometric sensors (Choi et al., 2017; Mazzaracchio et al., 2021; Pirovano et al., 
2020) for integration in smart sweat patches that are aimed to monitor [Na+] and [Cl-] levels 
of healthy individuals. To find out if conductivity measurements can be used to obtain [Na+] 
and [Cl-] concentrations in other physical or specific dietary conditions, further research is 
required.

Sweat conductivity and sweat rate
The filling rate of the reservoirs of the patch can be used as an indicator of the sweat rate. 

Therefore, it was researched whether this filling rate correlates well with the sweat rate 
derived from the VC technique. To obtain the actual filling speed from the level indicator 
readings, several data processing steps are required. The conductance will increase during 
the course of the filling process, but ionic content changes influence the conductance 
measurement as well. The cumulative average of the conductance data from the analysis 
chamber are used to compensate for the change in sweat conductivity due to ionic content 
change. Equation 5.1. shows the relation between the level indicator conductance (C2) and 
the cumulative average of the conductance in the analysis chamber (C1):

In which K1 and K2 denote the cell constant in the analysis chamber and the cell constant of 
the level indicator electrodes respectively. V is the current volume, t is time, Vtot is the total 
volume of the sweat that is covered by 1 level indicator electrode pair. A time delay (Δt), 
which is the time that it takes before incoming sweat at the inlet reaches the reservoirs, is 
included as well. In Figure B6, a graph of the filling rate (volume plotted against time) of two 
patches can be found. The abrupt changes in conductance over time are caused by droplet 
formation and a linear fit was made to derive the average filling rate of a collector. The slope 
of this fit, or the filling rate, is plotted against the average VC sweat rate. For one participant, 
who had exceptionally high sweat rates, sweat rates were above the maximum evaporation 
rate of the system. So these data were excluded. Patches that showed leaks, or patches 
that collected less than 4 samples were excluded as well. As can be seen in Figure 4b, the 
data of both techniques correspond reasonably well. However, a wider range of sweat rate 
measurements should be performed to draw a solid conclusion about the correlation. The 
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Figure 5.4. a) [Na+] and [Cl-] plotted against conductivity of all samples (n=97) of the physiological 
experiments. b) Sweat rate of the VC plotted against the sweat rate of the patch. The dashed line 

represents the identity line c) Relation between sweat conductivity and sweat rate of the VC at the 
upper back of participant 2.

main source of error appeared to be caused by reading accuracy of the flow meters. Reading 
errors can result in an offset of maximum 8.3% of the measured sweat rate. These errors are 
represented by the horizontal error bars in Figure 5.4b. Furthermore, the errors of the filling 
rate occur when small air bubbles are enclosed in a reservoir. The R2 value relative to the 
regression line of the best fit is 0.71 and relative to the identity line (y=x) is 0.65.

Lastly, the relationship between the sweat conductivity and the VC data was studied. 
The time interval of continuous flow of sweat through the reservoir was identified and the 
continuous measurements at this time interval were compared for each patch location. 
Figure 5.4c. shows the results at one location of participant 1. A significant relation was 
found for all patch locations (mean R2= 0.87), except for 1 case. In this case, the sweat 
rate did not increase significantly. The results show that conductivity is directly related to 
sweat rate. When sweat rate increases, the relative ion reabsorption rate changes and sweat 
conductivity increases, which corresponds to the theory described by Baker and Wolfe 
(Baker & Wolfe, 2020). Thus, the patches can be used to accurately monitor sweat rate 
changes during exercise.

 To summarize the results, the physiological experiments showed that the new patch can 
be used to test continuous sweat monitoring techniques and to simultaneously collect 
and store this sweat for separate, offline analysis. The sweat collection system enabled 
collection of 38 samples of 70 µl on average per participant during the physiological tests 
of 90 minutes. It was found that the [Na+] and [Cl-] of the samples were linearly related to 
conductivity, and conductivity data were related to VC sweat rate data as well. The current 
version of the patch was shown to work well, but the system can possibly be expanded with 
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an extra sensor for semi-continuous absolute measurement of sweat rate with the patch. 
A new narrow microfluidic channel with a small collection surface could be integrated, to 
minimize droplet formation and enclosure of air during sweat rate measurement. The filling 
of this new channel could be detected by placing tiny electrodes at multiple places along 
the channel and counting the moments that the fluid passes the channel, like in the patch 
of Yuan et al. (Yuan et al., 2019). The current filling rate electrodes should be maintained in 
this alternative version of the patch, to use them for timing purposes.

The simple fabrication process of the collection patch enables other researchers to easily 
replicate this system to compare their own sensors, such as electrochemical glucose sensors 
(Oh et al., 2018), or lactate sensors (Alam et al., 2020), against a reference. Furthermore, 
the reservoir volume and collection surface can be easily adapted to physiological tests 
performed in alternative conditions that evoke sweat rate levels of a different order of 
magnitude. Figure B7 shows an example of how an external screen printed potentiometric 
sensor can be integrated in the system and in Figure B8, a technical drawing is shown. With 
this new patch, novel sweat sensors can be validated. Thereafter, the sensors can be used 
by physiologists, to learn more about the mechanisms behind sweating and to identify new 
sweat biomarkers.

5.3. Conclusions
In this chapter, we presented a new version of the sweat collector patch for both 

continuous monitoring of analytes and chronological sampling of sweat for offline analysis. 
A conductivity sensor was integrated in the patch for continuous measurement and level 
indicator electrodes measure the filling rate of the sweat in the sequence of reservoirs 
that store sweat for offline analysis. The new sweat patch was characterized in the lab. The 
sensitivity of the conductivity sensor was 24 µS/mM NaCl, and the reservoirs fill at the same 
speed as the sweat rate in the desired range (12 to 60 µl/min). In physiological experiments, 
continuous conductivity measurements were successfully compared to ventilated capsule 
(VC) sweat rate measurements and offline analysis of [Na+] and [Cl-] by ion chromatography. 
Results (n=6, 3 locations for each participant) showed that VC sweat rate data were related 
to the conductivity measurements. Furthermore, sweat conductivity data were linearly 
related to [Na+] and [Cl-] from the samples stored in the reservoir sequence of the patch 
(R2=0.97). Thus, the new sweat collector patch allows to continuously measure sweat analyte 
concentrations during physiological experiments and to store the sweat in a sequence of 
reservoirs for offline reference measurement, as an in situ validation strategy for new sweat 
sensors. 
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monitoring

6
In the previous chapter, a sweat sensor patch with a conductivity sensor for continuous 
measurement of ionic content, was presented. This chapter focusses on sensor system 
concepts for continuous measurement of specific analytes. A selection of three sweat 
constituents was made based on the insights from the physiological review in chapter 2. 
As described in chapter 2, it is hypothesized that NH4

+ in sweat can be used to measure 
muscle fatigue. Since NH4

+ quickly evaporates from sweat, a novel device is developed 
that measures evaporated [NH3] underneath a ventilated skin capsule. Secondly, a new 
potentiometric sensor patch is presented that measures [Na+] and [Cl-] for potential sweat 
rate and hydration monitoring. Being the most abundant ions in sweat, real-time [Na+] 
and [Cl-] monitoring can also provide more insight in the physiological mechanisms behind 
sweating. 

6.1. NH3 capsule
Measuring muscle fatigue would be an interesting aspect of monitoring an athlete’s health 
status and monitoring efficiency of training programs. To find a relationship between muscle 
fatigue and sweat constituents, more physiological research is required. Although lactate 
levels in blood are a well-known indicator of muscle fatigue (Skinner & McLellan, 1980), 
it is known that lactate is a by-product of sweat gland metabolism as well (Derbyshire 
et al., 2012), and no significant relationship between lactate levels in blood and lactate 
levels in sweat have been found in literature (Klous et al., 2020). As an alternative, several 
researchers highlighted the possibility of using NH4

+ in sweat as a potential biomarker for 
muscle fatigue (Alvear-Ordenes et al., 2005; Guinovart et al., 2013). NH4

+ concentrations in 
sweat are relatively high (between 0.5 and 25 mM (Harvey et al., 2010)). To research if NH4

+ 
levels in sweat are related to blood levels, and if sweat [NH4

+] can be used as a biomarker for 
muscle fatigue, reliable real-time NH4

+ monitoring systems are required. 
Since NH3(aq) is evaporating quickly, we propose to measure the NH3 levels evaporated 

from sweat in a sensing capsule that is placed at the skin. A controlled air flow through the 
system is necessary to calculate the concentration in sweat based on the concentration 
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measured in the sensing capsule. Therefore, the sensor is integrated in a ventilated capsule 
system, which is commonly used by physiologists for measuring sweat rate (Morris et al., 
2013). 

Sensor system design
It is estimated that a sensor with a detection range between 0 and 100 ppm is required, 

by using data about [NH4
+] in sweat found in literature (Harvey et al., 2010), sweat rate and 

volumetric flow rate of air through the capsule. Based on measurement range, price, and 
ability to integrate this sensor in a wearable, the MICS-5914 semiconductor metal oxide gas 
sensor (SGX Sensortech, Switzerland) was selected. This sensor consists of a Si/SiO2 substrate 
with 4 gold-platinum electrodes. Two electrodes are used for heating the sensor and two 
are for performing the measurement. The metal oxide sensing layer including tungsten 
nano-plates, is placed on top (Krivec et al., 2015). When the sensor is exposed to NH3, the 
resistance across the sensing electrodes will drop. Next to NH3, the sensor is sensitive to 
ethanol, hydrogen, propane and butane. These gases will not be formed during sweating 
in general conditions. Figure 6.1 shows a schematic overview of the entire measurement 
system. We use a series-series feedback circuit to read-out the sensors (Figure 6.2). This 
circuit has a linear response, which facilitates calibration. It also reduces noise, distortion, 
and variations due to temperature influences. The circuit includes the precision operational 
amplifier LTC2057 (Analog Devices, USA) and the MCP3421 (Microchip, USA) analog to 
digital converter with differential input is used. These electronics with a single NH3 sensor 
and a humidity and temperature sensor (HDC1080, Texas Instruments) are placed at a small 
PCB (34 mm × 28 mm), that is designed to fit in a capsule (Figure 6.2b and Figure 6.2c). The 
capsule can be taped to the skin of the athlete. The sensors are placed inside the capsule 
and the other supporting electronics of the readout circuit are placed at the other side of 
the PCB, outside the capsule. The capsule PCB is connected to a shield that contains the 
current source for the heater circuit, the connection to a power supply and a multiplexer. 

Figure 6.1. An overview of the sweat NH3 measurement system. Four capsules with sensors can be read 
out by the microcontroller. Data can be retrieved through a UART connection.
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Figure 6.2. a) The series-series feedback circuit used to read out the MICS-5914 sensor. b) Top view of 
the capsule. c) Bottom view of the capsule. d) The shield for reading out 4 capsules. to switch between 

different capsules. 

Data of four sensor capsules can be read out with an STM32F411RE microcontroller board 
(STMicroelectronics, Switzerland) (Figure 6.2d). It was chosen to place the sensors as close 
as possible to the collection surface, to prevent that NH3 is absorbed by the materials of 
the capsule and the tubing, before the NH3 molecules are detected. A thin gold layer was 
sputtered on the inside of the capsule to prevent absorption in this area. The capsule itself is 
made of a 3D printed flexible photopolymer (Connex 3, Objet 350, Stratasys, Israel) and has 
a collection surface diameter of 26 mm. The airtight capsule will be placed at the skin with 
a double-sided acrylate adhesive (3M 1522, (3M, 2013)). During the in situ experiments, the 
capsule can be ventilated with dry air at a flow rate between 0.2 and 1.2 l/min, depending 
on the type of exercise test that will be performed. 

Lab validation 
Each of the MICS-5914 sensors has a different resistance in air and the sensitivity will also 

differ (SGXSensortech, 2014). Therefore, each individual sensor needs to be calibrated. A 
calibrated electrochemical NH3 sensor for air quality monitoring (S900, Aeroqual, New-
Zealand) was purchased to calibrate the sensors.  The sensor modules and the reference 
sensor are placed in a closed box with tubing to an Erlenmeyer flask. The air is circulated with 
a small fan through the glass and through the box. First, the sensor resistance must stabilize 
before NH3 can be measured reliably. Therefore, the sensors are started up 2 h before the 
measurement. One sensor is covered with aluminum foil, to keep an eye on the effects of 
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temperature changes. An ammonia solution is made in the Erlenmeyer flask from household 
ammonia and demineralized water. With this solution, different NH3 concentration levels 
can be created in the closed box. Measurements of 30 to 40 minutes are performed at 
concentration levels of 3, 5, 10, 20 and 30 ppm NH3.. Figure 6.3a shows the raw data of the 
resistance change of the sensors when environments with different concentrations NH3 are 
created. The temperature is 25 °C and the humidity level is 60%. The baseline resistance 
highly differs for each sensor (from 360 kΩ to 1140 kΩ). Furthermore, the sensor readings 
show a transient behaviour. In literature it was found that metal oxide gas sensors have a 
fast response time compared to other types of gas sensors (Dey, 2018), and in experiments 
with ethylene, the MICS-5914 has a sorption and desorption time constant of τs = 29 s and 
τd = 43 s (Krivec et al., 2015). On top of that, the reference sensor shows a very similar 
transient response. It is expected that the transient is mainly originating from the rising 
NH3 concentration in air, since the NH3 is evaporating from a flask, and it will take some 
time before an equilibrium at a certain concentration is reached. The small peaks between 
each concentration level originate from the moment that we change the flask and box is 
circulating air from the environment for a few minutes. During this moment, [NH3] and 
humidity levels will decrease, and sensor resistance will increase. When a new flask with an 
NH3 solution is connected, the resistance will immediately decrease again.

A calibration plot can be made using data from the MICS-5914 sensors (baseline 
resistance, R0 and sensor resistance, Rs) and the reference sensor measurements (Figure 
6.3b). A clear difference in sensitivity between sensors can be seen, which emphasizes 
that each individual sensor needs to be calibrated. In all experiments, it was found that the 
baseline sensor resistance drifts over time. This drift varies in each measurement. In further 
experiments, these measurements will be repeated multiple times, to test the stability of 
the sensors during NH3 measurements. A sensor with excellent stability would be beneficial 
if physiologists and clinicians want to know the absolute concentration levels in sweat. 

Figure 6.3. a) Sensor resistance plotted over time during the calibration experiment. The sensors are 
exposed to an environment with different concentrations of NH3. b) Sensor resistance (Rs) divided 

by baseline resistance (R0) plotted against [NH3] in ppm measured by the reference sensor. Data were 
fitted using a power function: y = a∙xb.

6. Continuous sweat NH3, Na+ and Cl- monitoring



68

Part II. Sweat Sensing during Exercise..................................................................................

However, in studies about the relationship between [NH3] and muscle fatigue, measuring 
relative changes in [NH3] would already give valuable information. When exposing the 
sensor to a changing humidity level from 38% to 50%, a clear drop in resistance, which varies 
between sensors (from 25% to 60%), can be seen. These changes are comparable to the 
changes measured by Krivec et al. (2015). Water molecules can be adsorbed at the sensor 
surface in a similar way as the volatile gas. These molecules reduce the baseline resistance 
and the sensitivity of the sensor because the available surface area for adsorption of NH3 
molecules decreases. The humidity measurements show the necessity of compensating for 
humidity influences during sweat NH3 measurements. 

After quantifying temperature and humidity effects in the expected conditions in the lab, 
it can be decided if the current sensor can be used with humidity change compensation or 
another, electrochemical sensor needs to be selected. Once the lab validation is concluded, 
the sensors will be tested in physiological experiments in which athletes will perform a 
high intensity cycling exercise. In these experiments we will validate the use of our NH3 
ventilated capsule system for NH3 sweat measurement. Trends in NH3 levels in the capsule 
during exercise at a cycling ergometer will be researched. Based on the insights from these 
experiments, further improvements of the system can be made. The current system is not a 
wearable, because measurements are restricted to a lab environment. Once it is known that 
NH3 in sweat can be used as a biomarker, the system can be made wearable.

6.2. Potentiometric sensor patch
From a technological perspective, real-time sweat sensors provide new opportunities for 
monitoring personal health status (Bariya et al., 2018). However, little is known about the 
relationship between blood and sweat composition (Klous et al., 2020) and how sweat can 
be used in diagnostics and health monitoring. The cardiovascular system is circulating blood 
at a speed of 5 l/min, which results in a blood composition that reflects the functioning of the 
body at an instant. For sweating, the story is completely different. The epidermis including 
the sweat glands has an important role in maintaining homeostasis as a physical barrier to 
the circulating nutrients and solutes in the body (Heikenfeld et al., 2018). Furthermore, the 
composition of sweat is location and sweat-rate dependent, which makes interpretation 
of sweat composition measurements more complex. To learn more about sweat secretion 
mechanisms and to identify sweat biomarkers, real-time ion-specific sweat sensors can 
provide new time-dependent information (Ghaffari et al., 2021; Parrilla, Cuartero, et al., 
2019). For example, to research relationships between blood and sweat composition with 
certain time delays. As a starting point Na+ and Cl-, were selected to be analysed because 
they are the most abundant ions in sweat and they show potential to be used in sweat 
rate and hydration monitoring. Furthermore, real-time [Na+] and [Cl-] measurements can 
be used in monitoring medicine effectiveness in the diagnostic process of cystic fibrosis 
(Bakker, 2019). 
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Sensor system design
Potentiometry is the most common measurement method to retrieve real-time Na+ and 

Cl- measurements with wearable sensors (Parrilla, Cuartero, et al., 2019). An accessible 
alternative would be colorimetry (Zhou et al., 2016). However, this technique does not 
enable continuous digital measurement. A potentiometric sensor contains two electrodes. 
The reference electrode is an Ag/AgCl electrode in a saturated NaCl or KCl solution resulting 
in a stable potential. The sensing electrode is selective to a certain ion. In this case the Na+ 
sensing electrode contains Sodium Ionophore X and the Cl- sensing electrode contains an 
Ag/AgCl layer for selectivity to Chloride. When the electrodes are immersed in an analyte 
solution, the difference in potential is measured under static conditions. As described by the 
Nernst equation, the cell’s potential (E) is proportional to the logarithm of the activity of the 
primary ion (ai(aq)) :

Where E0 is the standard electrochemical cell potential, R is the universal gas constant, 
T the absolute temperature, n the number of electrons in the reaction and F the faraday 
constant (Parrilla, 2016).

Figure 6.4 shows a top view and an exploded view of the design of the sensor. The layers 
were screen printed. During the sensor development process several iterations were 
performed. First the sensors were printed by hand in a small chemical lab environment 
in house. In a next stage, a series of sensors was printed by an external party specialised 
in printed electronics (Holst Centre, The Netherlands). The membranes were drop casted 
by hand. Table 6.1 shows the materials used for the final sensors. The detailed fabrication 
process was described by del Rio Garcia (2021). The sensors were printed on PET film. 

Figure 6.4. a) Top view and b) exploded view of the potentiometric sensors. Adapted from (Bakker, 

2019).
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Table 6.1. Materials for potentiometric [Na+] and [Cl-] sensors

Figure 6.5. Circuit overview of the potentiometric sensor system. Adapted from (Bakker, 2019).

A schematic overview of the readout electronics of the system is presented in Figure 
6.5. The STM32F103RB microcontroller (STMicroelectronics, Switzerland), an INA333 
instrumentation amplifier (Texas Instruments, USA) and a 16-bit ADC (ADS1115, Texas 
Instruments, USA) were selected. A filter was added to reduce noise and interference.

Material Manufacturer Productcode Function

Silver ink DuPont 5025 Conductive tracks

Carbon ink DuPont BQ226 Conductive pads/Solid 
contact interface

Silver/silver chloride 
ink (ratio: 32/68)

DuPont 5876 Chloride electrode/Reference 
electrode

Dielectric Dupont BQ10 Encapsulation

Sodium ionophore X Supelco 71747 Sodium membrane: 
ionophore

Bis(2 ethylhexyl) 
sebacate (DOS)

Supelco 84818 Sodium membrane: plasticizer

Na-TFPB Sigma Aldrich 692360 Sodium membrane: catalyzer

Polyvinyl chloride 
(PVC)

Supelco 81392 Sodium membrane: structure

Tetrahydrofuran 
(THF)

Supelco 87369 Sodium membrane solvent

Polyvinyl Butyral 
(PVB)

Sigma Aldrich P110010 Reference membrane: 
structure

Methanol Sigma Aldrich 34860 Reference membrane: solvent

Sodium chloride Sigma Aldrich 746398 Reference membrane
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Figure 6.6. Calibration experiment of the sodium sensor: a) the potential in mV of three pre-wetted 
sensors in different NaCl solutions (30-90 mM). b) The mean potential of the three sensors plotted 

against log[Na+].

Sensors were characterized in the laboratory with different NaCl solutions (20-90 mM). 
Figure 6.6a and Figure 6.6b show calibration examples of the Na+ sensor. The sensors show 
a Nernstian response with a mean sensitivity of 36.0 ± 2.8 mV/log[M]. 

To reliably transport the sweat from the skin surface to the sensors, a sweat collection 
system needs to be designed as well. Figure 6.7 shows an example of a collector designed 
for continuous athlete monitoring (del Río García, 2021). Fluidic channels were created by 
laminating TPU film (Dupont Intexar TE-11C, Dupont, USA) and two types of adhesive tapes 
(3M 9469PC, 3M 1522, 3M, USA). Sweat flows from the collection surface ( 50 mm2) into a 
microfluidic channel. Subsequently it is transported to the analysis area through capillary 
effects. In the analysis area, the sensors are positioned. The outlet area effectuates removal 
of sweat after analysis. In this concept, a tesla valve (Tesla, 1920) was added in the outlet 
area to control the flow (by slowing down fluid flow when the sweat has a high flow rate 
among others). 

Figure 6.7. Concept of a sweat collection patch for use on the back of an athlete during exercise. 

6. Continuous sweat NH3, Na+ and Cl- monitoring

a) b)
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Further microfluidics research is needed to quantify the effects of the Tesla valve in the 
sweat collector. The electronics were integrated in a box and connected to the patches via 
an FFC connector for a preliminary physiological experiment. The experiments showed that 
the sweat collection system enabled successful collection and removal of sweat. In future 
physiological experiments, the shielding and connection to the readout circuitry need to be 
improved to derive reliable continuous ion concentration measurements. 

6.3. Conclusions
In this chapter two different sensor system concepts for continuous measurement of 
specific sweat analytes were presented. The first sensor system uses a gas sensor that 
analyses evaporated sweat NH3 levels. A ventilated capsule system was used to control air 
flow through the NH3 capsule and measure sweat rate at the same time. From the sweat 
rate measurements, and gas sensor measurements, the absolute concentration of NH3 can 
be derived. The second sensor system comprises potentiometric sensors that are integrated 
in a sweat collection patch for continuous measurement of [Na+] and [Cl-]. It needs to be 
emphasized that the sensor concepts are still under development. First sensor validation 
experiments are performed, but more research is required to fully characterize the sensor 
systems for larger physiological studies. For example, the influence of humidity changes on 
the metal oxide gas sensor needs to be quantified to derive the absolute NH3 concentrations 
at different sweat rates. Furthermore, the stability of the potentiometric sensors needs to 
be measured and the integration of the readout electronics and potentiometric sensor 
patch needs to be improved before new physiological experiments can be performed. 
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Summarizing conclusions for sweat 
sensing
In this section, a series of novel sweat sensor systems was developed to continuously 
collect and reliably measure sweat rate and sweat composition during exercise. The most 
important contribution of this work is the design and validation of a sweat collection 
patch that enables real-time sweat monitoring as well as offline analysis for reference 
measurements. The development of the patch was divided in two parts. First, the fluidic 
collection system was created from hydrophilic foils and a double-sided adhesive using low-
cost fabrication techniques. The patch consists of a funnel-shaped collection area and a 
sequence of reservoirs that store the samples for further analysis. The design of the fluidic 
system was validated using CFD simulations and benchtop experiments with a syringe pump. 
A successful proof of concept study in a physiological setting was performed to validate the 
sequential filling and offline analysis of the collected samples by ion chromatography.

Second, a redesign of the patch was made. A thin PCB layer was integrated into the patch. 
The patch consists of an analysis chamber, hosting a conductivity sensor, and a sequence of 5 
to 10 reservoirs that contain level indicators that monitor the filling speed. The sensors were 
successfully validated in lab experiments using a syringe pump and different NaCl solutions. 
A ventilated capsule measurement system was built for reference measurement of sweat 
rate and a more elaborate physiological experiment was performed in a climate chamber. 
The physiological validation study proved that the patch enables to reliably compare real-
time sensor measurements with lab analysis of chronologically collected samples. Real-time 
sweat conductivity was linearly related to [Na+] and [Cl-] of the collected samples for all 
six participants. Furthermore, changes in sweat rate measured with a ventilated capsule 
related to changes in sweat conductivity. 

The abovementioned sensor system can continuously measure the total ionic content of 
sweat. Although [Na+] and [Cl-] from the sweat samples showed a strong relationship with 
the conductivity measurements, different physical and dietary conditions can influence the 
conductivity measurements. To learn more about the analyte-specific concentrations in 
sweat, two other sensor systems were developed. We presented a new ventilated capsule to 
measure NH3 that is evaporated from sweat. Additionally, an electrochemical sensor system 
was created that can measure sweat [Na+] and [Cl-]. Initial characterization experiments of 
these sensors were performed. Further research is required for the optimization of these 
systems for physiological testing. By testing these systems in physiological experiments in 
an early stage of development, we aim to create sensor systems that can reliably measure 
in the intended user setting.
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*The movement tracking section is based on the following publications: 
Steijlen, A., Burgers, B., Wilmes, E., Bastemeijer, J., Bastiaansen, B., French, P., . . . Jansen, K. (2021). 
Smart sensor tights: Movement tracking of the lower limbs in football. Wearable Technologies, 2, e17. 
doi:10.1017/wtc.2021.16
Steijlen, A. S. M., Bastemeijer, J., Plaude, L., French, P. J., Bossche, A., & Jansen, K. M. B. (2020). Development 
of Sensor Tights with Integrated Inertial Measurement Units for Injury Prevention in Football. Paper 
presented at the Proceedings of the 6th International Conference on Design4Health, Amsterdam.
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Over the years, the physical demands of football have increased. In the English Premier 
league for example, high intensity running distance and sprinting distance increased 
by more than 30% between 2006 and 2012 (Barnes et al., 2014). Likewise, in World Cup 
Soccer finals between 1966 and 2010, ball speed and passing rate increased by 15% and 
35%, respectively (Wallace & Norton, 2014). The high physical demands in football lead to 
a substantial injury risk. In professional football 8.1 injuries per 1000 hours of play were 
reported based on epidemiological data of 44 studies (López-Valenciano et al., 2020). Most 
injuries occur during competitive matches (Owoeye et al., 2020), and almost one-third of 
all time-loss injuries are muscle related. More than 90% of all muscle injuries are lower 
limb injuries, of which 37% concern the hamstrings (Ekstrand et al., 2011). Several studies 
conclude that increased age and previous injury significantly increase the risk of hamstring 
injury (Arnason et al., 2004; Freckleton & Pizzari, 2013). Moreover, Ekstrand et al. reported 
more cases of injury at the end of each half of a football game (2011), which suggests that 
fatigue is also an important risk factor. Therefore, investigating physical player load and 
its relation to hamstring injury prevalence can expand the knowledge on the aetiology of 
hamstring injuries, and can help to develop new methods to prevent these injuries in the 
future. 

The use of wearable electronic measurement equipment was approved by the FIFA in 
2015 (Dunn et al., 2018). Several commercial systems that can track individual athletes 
by GPS (Global Positioning System, e.g. Zephyr Performance Systems, US, Catapult Sports 
Ltd, Australia and JOHAN Sports, The Netherlands) or RFID technology (Radio Frequency 
Identification, e.g. Inmotio Object Tracking, The Netherlands) have been developed. In 
addition, the systems contain a 3-axis accelerometer. Based on the data from these systems, 
the total distance covered can be calculated, whole-body acceleration and deceleration 
data can be derived (Barrett et al., 2014) and activities can be classified (Datson et al., 2017). 
However, these data do not provide insight in the kinematics of the lower limbs. For detailed 
kinematic analysis of the lower limbs, the current practice is to use an optoelectronic 
measurement system (Cuesta-Vargas et al., 2010; Malfait et al., 2016; Schache et al., 2012), 
which is restricted to a lab environment and does not allow for on-field measurements 
during training or competition. Kinematic measurements outside the lab are commonly 
performed using inertial measurement units (IMUs), which are attached to body segments. 
IMUs measure linear accelerations (accelerometer), angular velocities (gyroscope) and 
the earth magnetic field (magnetometer) in three different axes making the 9 degrees of 
freedom (Ahmad et al., 2013). The orientation of an IMU can be derived by combining these 
measurements using a sensor fusion algorithm. After a calibration of the sensors to each 
limb segment, the lower limb kinematics can be obtained (Luinge et al., 2007; Roetenberg 
et al., 2007).

Recently, several applications of IMU systems have been presented. These IMUs consist of 
a box, typically with a size of 30 mm x 40 mm x 10 mm, containing all electronics including 
the battery. In most cases, the modules are tied around the limbs, chest, or hands (Anwary 

Motivation
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et al., 2018; Chen et al., 2020; Rawashdeh et al., 2016; Stiefmeier et al., 2008; Teague et 
al., 2020). Other researchers attach them to the skin with an adhesive at predetermined 
locations (Gaidhani et al., 2017; Hu et al., 2020). These sensor units are less suitable for 
long-term monitoring studies and little attention is paid to the integration of the IMUs in 
clothing in these papers. The company Xsens developed a motion tracking suit including 
software to derive body kinematics (MVN Link, Xsens, The Netherlands). Although, they 
found an elegant way to place the hardware in pockets in the garment, the electronics are 
relatively large, and it takes time and additional help to position all the electronics in the 
right locations when wearing the suit. The integration of electronics in textile is part of 
another research field that is more focused on materials science (de Mulatier et al., 2018; 
Komolafe et al., 2019; Varga, 2017). In this field some researchers have integrated IMUs in 
textiles. For example, Wicaksono et al. created a suit with an IMU on a flexible printed circuit 
board right below the sternum for measuring heart, and breathing activity (Wicaksono et 
al., 2020), and Wang and co-workers created a garment with integrated IMUs for posture 
monitoring (Wang et al., 2015). However, in all of the abovementioned monitoring systems, 
either the sensor modules are relatively large and not integrated in the garment, or the 
IMU sampling rate and detection range are limited (100 Hz or below, and 16 g or lower, 
respectively). Therefore, as far as we are aware of, a garment for unobtrusive monitoring of 
lower limb kinematics in everyday training situations which is accurate enough and can be 
used without the need of technical assistance does not yet exist.

To enable reliable long-term monitoring at the football field, we are developing an easy-
to-use wearable monitoring system with integrated IMUs, which will be referred to as smart 
sensor tights. This is an embedded system with IMUs integrated in textile on each segment 
of the lower limbs. The sensors are connected by flexible wiring to a central processing 
unit at the waist band that contains a single microprocessor and a power source. The 
advantages of this specific architecture are that the sensor modules are small, unobtrusive 
and of low weight. Moreover, no additional synchronisation of the sensors is needed, since 
they are all read out by one microprocessor. To the best of our knowledge, this is the first 
IMU system that has the sensors integrated in shorts or tights, which allows for easy on-
field measurements of fast movements of the lower limbs. By making use of a real-time 
operating system, high sample rates can be reached to track fast football-specific movements 
accurately. The measurement range of the IMUs is larger (±4000 °/sec for the gyroscopes 
and ±30g for the accelerometers) than in the systems presented above. The tights can be 
easily put on by the players themselves and can be worn in regular matches and trainings. 
The integration of the sensors in a garment facilitates long-term monitoring of players and 
larger scale studies outside a lab environment, which are required to find injury risk factors 
for injury prevention. 

This section presents the design and development of the smart sensor tights. First, the 
research approach is explained. Four prototypes of the sensor tights were created during 
the course of the research project. Each prototype showed new improved functionality. This 
is presented in the subsequent chapters.
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Hamstring injuries are among the most common injuries in field sports that involve 
explosive actions like jumping and sprinting (Woods et al., 2004). These injuries in most 
cases happen near the end of the match (Ekstrand et al., 2011), which suggests that the 
accumulation of these explosive actions results in a higher injury risk. The common aim 
of this multidisciplinary research project is to design a wearable system, the so called 
‘Smart Sensor Shorts’, that tracks the load on the hip-related muscles accurately, to prevent 
hamstring and adductor overload. Starting from a clear user need from elite football and 
field hockey, a consortium with human movement scientists and engineers was formed 
to research this. The sensor shorts are called sensor tights in this study, because multiple 
longer versions of the garment were created to also measure movement around the knee 
joint for researching the aetiology of hamstring injuries. 

Project overview
Figure 7.1 presents an overview of the different research aspects in this project. Our team 

from the TU Delft is responsible for system design and development of the sensor tights 
(Figure 7.1, no. 1). This includes design of the electronics, software development and the 
integration in textiles. 

Figure 7.1. Project overview of the Smart Sensor Tights for movement tracking.

Research approach
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The most important design criteria for the sensor tights are (Steijlen et al., 2020):
1. Five IMUs should be integrated in tights: one at the trunk, one at each upper leg 

and one at each lower leg. They gather accelerometer data, gyroscope data and 
magnetometer data in x,y,z directions.

2. Raw data should be saved and should be read out at a computer. 
3. The electronics should not harm the wearer and fellow players during a match. 
4. The product should be comfortable to wear and should not restrict the athlete’s 

movements.
5. The IMUs should not move with respect to the skin.

The data of the tights will be stored at an SD card, but for near real-time monitoring, a 
wireless connection to a central computer is required as well (Figure 7.1, no. 2). This 
computer will receive and store the data of all players in the team. It will show the data near 
real-time on a dashboard and via a web interface or hardware connection (e.g. a universal 
serial bus) the raw accelerometer, gyroscope and magnetometer data can be derived by 
the human movement scientists from the University of Groningen and the VU Amsterdam, 
who are responsible for translating these data to biomechanical models (Figure 7.1, no. 3). 
With the help of biomechanical models, a parameter for training load monitoring and injury 
risk will be developed (Figure 7.1, no. 4). This parameter should be easy to understand, 
so that in the future coaches and medical staff can use this parameter in daily practice. A 
potential parameter for the load around the hip joint that is part of current research, is the 
vector norm of the angular accelerations in three directions around the hip joint (αhip) in 
°/s2,divided by a scaling factor. |αhip| is squared to emphasize high intensity movements, 
which are expectedly increasing the risk of injuries. 

The accelerations are directly related to the forces around the hip, which would possibly 
give a good indication of the hip load. The parameter needs to be validated at different 
levels of play and during longitudinal monitoring studies. This research is performed at the 
campus of the Royal Dutch Football Association. Furthermore, the sensor data can be used 
for football activity recognition (Figure 7.1, no. 5), for example to count the number of shots 
or sprints that are performed during a match. At the mathematics department of the TU 
Delft, an algorithm is being developed to accomplish this (Cuperman et al., 2022).

As a last step in this project, a dashboard will be created that shows the new injury risk 
parameter in a user friendly way to coaches and medical staff (Figure 7.1, no. 6). This 
dashboard can be a completely new interface, or it can be added to existing dashboards (such 
as the dashboard of Inmotio Object Tracking) that show heart rate and GPS data. Detailed 
biomechanical data can be retrieved via the dashboard for more detailed investigation as 
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well. Finally, the new information derived from the sensor tights can be combined with 
other measurements such as heart rate data and GPS data, to obtain a more detailed view 
on the health status of the athlete.

Prototype planning
During the design process of the sensor tights, an iterative design approach was followed. 

Within a time-span of four years, four prototypes were created (Figure 7.2). The prototypes 
were tested in user studies and technical validation studies. Based on the insights of those 
studies, improvements were identified for the next prototype. In the following chapters the 
four prototypes including main design considerations and design validation are described. 

Figure 7.2. Prototype planning.
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At the start of the project a first concept of the system architecture was made, starting 
from the list of criteria. Commercially available IMU sensor modules are in most cases 
independent sensor nodes that contain a microcontroller, battery and an IMU sensor 
integrated in one device (e.g. the Shimmer3 IMUs, Shimmer Sensing, IRL). We choose to use 
a single microcontroller to read out all five sensors. This microcontroller, including power 
supply and user interface are placed in a central pocket at the waistband of the tights. An 
advantage of using a single microcontroller is that the sensors can be easily synchronized. 
Moreover, centralizing the power supply minimizes the mass of the sensor modules, to limit 
artefacts due to inertia of the modules. Furthermore, less components are required and the 
system becomes less bulky and obtrusive. 

7.1. Interconnects
Centralizing the microcontroller and power supply, means that a relatively long distance (>50 
cm) needs to be bridged to connect the sensor modules. The interconnects need to be highly 
deformable to not restrict the athlete during sports activities and to avoid disconnection. 
Zeng et al. (2014) described three approaches to make largely deformable interconnects. 
The first approach is to create new stretchable and flexible conductive materials. Several 
different types of composite materials were developed, such as carbon nanotube flexible 
materials. For example Sekitani et al. (2008) developed a material with single-walled carbon 
nanotubes in a copolymer matrix, covered by PDMS (polydimethylsiloxane). Additionally, 
graphene composites were developed, like graphene in PDMS (Someya et al., 2004). 
PEDOT:PSS/PDMS composites (Teng et al., 2013) and (liquid) metal films or particles (e.g. 
silver and gold) on or in stretchable membranes or fibres (Park et al., 2012) can be found 
as well. The second approach is to make stretchable interconnects from rigid inorganic 
materials by designing a smart structure. Several researchers used horseshoe/ meander-
based patterns on a flexible organic substrate to make stretchable interconnects (Gonzalez 
et al., 2007; Verplancke et al., 2012). An example of meander-based structure is shown 
in Figure 7.3a. Furthermore, net shaped structures (Someya et al., 2005) and out-of-plane 
wrinkles (Xu et al., 2012) of rigid conductors are developed. The third approach is the
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Figure 7.3. Integration of wiring in textile: a) a meander-based pattern of copper traces on TPU, 
laminated on a knitted sample. b) Carbon based conductive yarn embroidered on a knitted sample. c) 

Enamelled copper wire knitted in textile. 

creation of elastic textile structures. Metal wires can be woven (Locher & Tröster, 2008) or 
knitted (Li & Tao, 2011) in textile structures. Knitted structures are preferred over woven 
structures, because these are much more stretchable (20-30 % strain for woven structures 
and more than 100% strain for knitted structures). Figure 7.3c. shows an example of a 
knitted sample.

Zeng et al. (2014) performed a benchmark analysis for the three types of interconnects. 
They investigated the ability of the different structures to maintain conductance at a certain 
strain in repeated loading-unloading cycles (also called fatigue resistance). It was found 
that the knitted interconnects, in which copper wiring was knitted in textile, performed 
best. These knitted interconnect maintain function over 100.000 loading cycles, up to a 60% 
fabric strain, while the resistance is almost unchanged (0.09%).

Because the third category, integrating wiring in textile structures, shows at this moment 
a much higher fatigue resistance, it was chosen to embroider stranded copper wiring in a 
serpentine pattern on the textile. For the first versions of the tights, integrating the wiring 
was performed by hand. 

7.2. Proof of concept
The first prototype was designed in a very early phase of the project. Prototype 1 served as a 
proof of concept and was meant to identify the main challenges towards designing a reliable 
product. Therefore, this prototype was built with the userfriendly Arduino platform. An 
Arduino Due development board with 32-bit ARM core microcontroller (Arduino, USA) was 
used to readout 5 widely used inertial measurement units with an integrated magnetometer 
(MPU-9250, InvenSense, CA). The sensors were connected to the Arduino via an 8-channel 
I2C switch (TCA9548A, Texas Instruments, USA) with PVC insulated stranded copper wires. 
The wires and sensor modules were sewn in a serpentine pattern to a pair of tights 
(Figure 7.4). Solder connections were made to the break-out boards and the sensors were 
encapsulated in silicone (Shore (A) 15-40, two-part silicone elastomer, Siliconesandmore, 
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NL) to protect the electronics. Data were stored at an SD card. An important challenge that 
was encountered was that the sample frequency was not well controlled and limited to 165 
Hz. Furthermore, the sensor range was limited to 2000 °/s for the gyroscope and 16g for the 
accelerometer and clipping can occur during high intensity sprints and shots. 

To test whether accurate limb tracking was possible with the new garment, a preliminary 
validation study was performed to compare the sensor tights against the optoelectronic 
measurement system (Vicon Motion Systems Ltd., UK). Raw IMU data were translated 
to orientation data with a preliminary version of the sensor fusion algorithm (Wilmes et 
al., 2020). Three different football specific movements (10 m sprint, kick and jump) were 
executed at 2 different intensity levels (“jog” and “maximal”). It was observed that root mean 
square differences between the optoelectronic measurements and IMU measurements of 
the hip- and knee angles increased with intensity. To reduce the errors at higher intensity 
movements, several improvements were identified. First, measurement at higher sampling 
frequencies may gain more accurate results for higher intensity movements. Second, the 
sensor fusion algorithm can be optimized by tuning filter parameters. And third, the weight 
of the sensor modules can be reduced and integration in textile can be improved to limit the 
movement of the sensors with respect to the skin.

7.3. Sensor locations 
During the development of prototype 1 of the sensor tights, a study was performed to 
identify the best location of the sensors. Two considerations are important in optimizing 
sensor location. On the one hand, the sensor needs to be placed at the most comfortable 
and safe location and on the other hand, soft tissue artefacts (STAs) need to be minimized 

Figure 7.4. Pictures of prototype 1. a) side view b) back view c) the IMU sensor module d) encapsulated 
sensor module connected to the insulated copper wire embroidered in a serpentine pattern at the 

tights.
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(Barré et al., 2015). STAs are defined as measurement errors that arise from the relative 
motion between bone and sensor, for example due to muscle bulging during a contraction. 

To study the most safe and comfortable locations of the sensors, an observational 
study was performed, a survey was held among professional athletes and experts were 
interviewed (Ahsmann et al., 2019; Steijlen et al., 2020). In the observational study, a series 
of typical football interactions was identified that could cause problems with the electronics 
in clothing. A series of professional football trainings was observed via video recordings (87 
minutes in total) and the occurrence of these types of interactions was quantified. It was 
found that face-to-face duels (0.082 times per player per minute), face-to-back duels (0.051 
x per player/min.), and side-to-side duels (0.031 x per player/min.) occur most. The potential 
sensor locations at the medial and lateral sides of the thighs and at the upper part of the 
lower legs were least involved in the interactions. From the results of the observations and 
survey, the locations shown in Figure 7.5a. were chosen for further study.

To identify the locations with minimal STAs, a test was performed with the optoelectronic 
measurement system (Vicon Motion Systems Ltd., UK). 16 Markers were placed at bony 
landmarks, to identify joint centre coordinates. Seven markers were placed at potential 
sensor locations that were chosen based on the outcomes of the abovementioned tests. 
Four subjects performed an acceleration run (0-100%) and deceleration run (100%-0%). 
From the bony landmarks, a reference frame was created and perpendicular movement 
and parallel movement of the sensor location markers with respect to the reference frame 
was measured (see Figure 7.5b). Parallel movement was converted to movement relative to 
the segment length, because the segment length will vary during limb movement. From the 
study it was found that sensor locations at the outer sides of the thighs and the sides of the 
tibia show the lowest shift. Although this study gives an insight in the locations that have a 
larger influence of STAs, movement of the reference frame markers with respect to the skin 

Figure 7.5. Identification of the best sensor locations. a) sensor locations for the STA study (black 
markers) and the chosen sensor locations (green markers). b) The marker shift was measured 

perpendicular and parallel to the reference frame.
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will influence the outcomes and bone-fixed markers or röntgen stereophotogrammetric 
data are required for more accurate measurements. Based on the outcomes of the different 
tests the final sensor locations were chosen. In Figure 7.5, these locations are highlighted 
in green. 

7.4. Conclusions
During the development of the first prototype, several design decisions were made. At first, 
it was decided to centralise sensor readout, power supply and data storage, to reduce the 
weight of the sensor modules and to facilitate synchronization. Second, state-of-the-art 
flexible and stretchable interconnects were identified. For the prototypes, it was decided 
to embroider insulated stranded copper wire in a serpentine pattern on the textile. A proof 
of concept prototype was created to identify main improvements for the next prototype. 
These included, increasing sampling rates and measurement range and reducing the 
weight of the sensor modules. Lastly, a study was performed to identify suitable sensor 
locations at the lower limbs. Based on the outcomes of a soft tissue artefact experiment 
and an observational study, the best sensor locations (Figure 7.5a) were chosen. The sensor 
locations are implemented in the next prototypes. 
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To improve the technical reliability and user acceptance of the new system, an iterative 
design approach was followed. Multiple prototypes were made to enable simultaneous 
improvement of the hardware and software, as well as improvement of usability and 
comfort. Prototype one included widely used IMUs (MPU-9250, InvenSense, USA) and an 
easy-to-use microcontroller development board (Arduino Due). With this prototype, a proof 
of concept was created and based on field tests, major improvements were identified. 
These improvements included increasing the sampling rates, increasing the measurement 
range, and improving the robustness of the electronics. This formed the starting point for 
the design of the 2nd prototype that is presented here.

First, the new smart sensor tights system design is presented, followed by the detailed 
design of hardware and software. Secondly, a controlled test with football specific 
movements was executed in the lab to concurrently validate the novel sensor tights with 
an optoelectronic measurement system. Third, the sensor tights were worn during football 
specific exercises to test the performance in the field. Lastly, user experience is assessed.

8.1. Materials & methods

Design
The design of the sensor tights had to meet several requirements. To investigate the 

kinematics of the legs, 5 IMUs are integrated in this design as well. IMUs are placed on the 
thighs, shanks, and pelvis. The exact locations are explained below. Since the product will be 
used by researchers in biomechanics to derive lower limb kinematics, it is important that the 
IMUs have a sample rate of 250 Hz in each direction and that raw data can be obtained via 
an SD card. At a later stage, a wireless connection will be integrated. Furthermore, the risk 
that the electronics harm the wearer or fellow players during a match should be negligible. 
The garment should not restrict the players movement and it should be comfortable to 
wear. Lastly, the IMUs need to be tight to the skin and of low mass, to prevent shaking due 
to inertia of the sensors. 
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Hardware Design
For the hardware, it was chosen to centralize the data acquisition electronics and the power 

supply. This resulted in tiny and low weight sensor modules that reduced the measurement 
artefacts due to inertia of the sensors. Figure 8.1 shows an overview of the new system. 
The two subsystems are referred to as the IMU node and the central unit. A new PCB was 
designed for each subsystem. Linear accelerations and angular velocities are measured by 
the ICM-20649 (InvenSense, USA). This IMU was selected based on the wide measurement 
range of ±4000 °/sec and ±30g, which enables more representative analysis of kinematics 
of highly dynamic movements. Preliminary experiments showed that with sensors with a 
smaller measurement range (16g), clipping occurred at moments of impact with the ground. 
Via an I2C bus, a magnetometer (AK8963) with a range of ±4900 µT (Asahi Kasei Microdevices, 
Japan) is connected to the ICM-20649. The central unit is responsible for reading out the 
sensor, power handling and data storage at an SD card. The microcontroller that was 
chosen for the central PCB is the Arm Cortex-M4 with FPU processor (STMicroelectronics, 
Switzerland) which runs at 100 MHz maximum. The STM32F411 Nucleo-64 development 
board was used for software development (STMicroelectronics, Switzerland). Lastly, a 
CE marked power bank (1350 mAh, Xqisit, Germany) was used as a power supply. Data 
acquisition from the sensor nodes occurs via a Serial Peripheral Interface (SPI). The SPI bus 
was chosen, because the ICM-20649 can then directly be read out through SPI and no extra 
electronics are needed. Furthermore, the SPI bus is less prone to errors over long distances 
at high data transfer rates than the I2C protocol. 

Figure 8.1. System overview.
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Sensor locations 
Based on observation of training sessions and 

a soft tissue artefact (STA) study (chapter 7), the 
best sensor locations were chosen. The upper leg 
sensors are placed halfway the hip and knee joints 
on the lateral side of the thighs. STAs were expected 
to be relatively low because of the stiff underlying 
connective tissue. The lower leg sensors are placed 
at the inner sides of the shanks, close to the knees. 
The trunk sensor is placed in the waistband and 
the central unit, including the battery, is placed in a 
pocket located above the sacrum (Figure 8.2).

Software Design
To make sure that each sensor node can be 

read out with a sample rate of 250 Hz for the 
gyroscopes and accelerometers and 100 Hz for 
the magnetometers, a real-time operating system 
(FreeRTOS) was used for this design. An RTOS 
was used to implement a pre-emptive priority-
based scheduling scheme (Guan et al., 2016). Pre-
emptive scheduling means that a task with lower 
priority can be interrupted by a task with higher 
priority. Once the task with a higher priority is 
finished, it will continue with the lower priority task. Table 8.1 shows the different tasks 
and their priority level. With this software, the required sample rates can easily be reached. 
When the microcontroller is running at 100 MHz, it turns out that the microcontroller only 
needs 40% of available time to execute all tasks. The power consumption is around 110 
mAh, which means that with the current battery the system can run for 12 hours. 

Lossless data compression
Future prototypes must be able to send data wirelessly to the football coach or medical 

staff. Given that the total amount of bits per sample is 16, the data rate of one prototype is 
144 kbit/s. This implies that, when 22 players at the field are wearing the system, a data rate 
of 3.168 Mbit/s would be required. Based on the overview of different wireless protocols 
for a local network and their maximum bit rates and ranges by Kos et al. (Kos et al., 2019), it 
can be concluded that only Wi-Fi protocols would be suitable. On top of that, experimental 
findings from literature show that the presence of a human body between the transmitter 
and receiver can lead to significant disturbances in the radiation pattern (Kurusingal et al., 
2010; Sivaraman et al., 2010). To improve the reliability of wireless data transmission for 
future versions, the amount of data retrieved from the sensors can be compressed. 

Figure 8.2. Location of the electronics 
in the tights.
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Table 8.1. Scheduling scheme for microprocessor.

Therefore, the FELACS data compression algorithm (Kolo et al., 2015) was implemented in 
the software. The performance of the algorithm was thoroughly tested in a football specific 
setting. 

Prototype
Figure 8.3. shows images of the tights and important details. As can be seen in Figure 8.3g. 

an insulated stranded silver-plated copper conductor with a conductor area of 0.03 mm² 
was chosen and laced in a serpentine pattern to allow for stretchability on top of a base 
garment (stretchable running tights, Under Armour, USA). PTFE was chosen as insulation 
material, because of its high chemical inertness, hydrophobicity and mechanical strength, 
which will be of great value when the tights will absorb sweat and when they are washed. 
Miniature connectors for use in wearables are not yet commercialized. As an alternative, a 
regular miniature wire-to-board connector (Pico-clasp, Molex, USA) was chosen to connect 
to the central unit PCB and IMU node PCBs. To test the impact of washing with soap and 
water on the reliability of the connections, a washing test (40 °C, 1200 RPM, including 
other sports clothes) was performed with these connectors (n=12) and a 4-point resistance 
measurement was performed after each washing cycle. The resistance slightly increased 
after 7 washing cycles. However, it stayed below 1 Ω. The PCBs were placed in 3D-printed 
casings made from a photopolymer (Connex 3, Objet 350, Stratasys Ltd., Israel). The sensor 
nodes weigh 3.6 grams. The sensor nodes and central unit were placed in sleeves, which 
have a waterproof lining, to protect the electronics against sweat. For washing the tights, the 
sensors and central unit, can be disconnected. The wiring and connectors remain embedded 
in the garment. The central unit has an interface with three coloured LEDs and 2 buttons, 
to start and stop recording and to indicate a special event. Figure 8.3d shows the interface.

Task Frequency Priority

Read out accelerometers and gyroscopes for all IMUs 250 Hz Real-time 

Store accelerometer, gyroscope & magnetometer data 
into a buffer (size: 4kb)

250 Hz Real-time

Read out magnetometers for all IMUs 100 Hz High

Create SD card file and handle the user interface 5 Hz Above normal

Write the buffer to the SD card Event-based Normal
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Figure 8.3. a) Side view sensor tights. b) Back view sensor tights. c) Pocket with central unit PCB and 
battery. d) Battery and central unit with user interface. e) Pocket of a sensor node. f ) A sensor node. g) 

Interlaced wiring that allows for 100% stretching. h) Central unit during assembling.
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Validation study
The validation of the design was split in two parts. The first part was a validation test in 

the lab. The aim of this test was to assess the concurrent validity of the prototype with the 
golden standard optoelectronic motion analysis system. The second part was a validation 
test of the system on the football field. In this experiment, the functioning of the device 
was tested, and user experience tests were performed. It was verified if the datasets are 
complete, and the performance of the data compression algorithm for different football 
specific movements was measured. The study was approved by the Human Research Ethics 
Committee of Delft University of Technology. All participants gave informed consent.

Lab validation
As explained in the introduction, detailed lower limb kinematics can be derived by applying 

sensor fusion algorithms to the IMU data and performing sensor-to-segment calibration 
(Roetenberg et al., 2007). Recently, a paper has been published which explains the model 
that we use to derive lower limb kinematics with the sensor tights (Wilmes et al., 2020). In 
that study, individual sensor modules that are taped to the skin were used to validate the 
models and good concurrent validity with an optoelectronic system was shown. To validate 
the novel sensor tights, a similar protocol was performed. Since the previous study was 
already performed with 11 participants, it was chosen to compare the previous results and 
the results with the new garment of 1 participant to validate the new product. In the current 
experiment, one male participant (age: 23 years, height: 1.89 m) was wearing the garment 
with integrated IMUs, and the measurements of the garment were compared with the 
optoelectronic system measurements. The sensor-to-segment calibration consists of two 
steps. First, the participant is asked to stand still for 5 seconds in a neutral upright pose to 
identify the longitudinal axis of each segment by using the direction of gravity. Thereafter, 
the participant performs three movements in the sagittal plane to determine the frontal 
axis of each segment; a rise of the right upper leg, a rise of the left upper leg, and a bow 
forward of the trunk. A gradient descent Madgwick algorithm is used to estimate the sensor 
orientation during the measurements (Madgwick et al., 2011).

The optoelectronic system used eight cameras (Vicon V5 cameras, Vicon Motion Systems 
Ltd., UK), and 20 reflective markers were placed at the lower body. More information about 
marker placement can be found in Figure C1 (appendix). The motion capture area was 25 
m2. Five types of football-specific movements were executed: an acceleration run, a run 
with a cutting movement, a run with a 180 ° turn, kicking a ball (preceded by a few steps) 
and a jump. Each movement was performed at 3 different intensities (50%, 80% and 100% of 
maximum effort respectively). Each trial was repeated 3 times. A more detailed description 
of the protocol can be found in Wilmes et al. (2020). Data were processed in MATLAB (The 
MathWorks, USA). Hip and knee joint angles and angular velocities were calculated with the 
data from the optoelectronic system, and with the data from the sensor tights. Thereafter, 
the root mean square differences (RMSDs) and coefficients of multiple correlation (CMCs) 
were calculated between the sensor tights and the optoelectronic system for all types of 
movements separately.
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Field tests
Five male participants (recreational football players, age: 21.8 ± 1.3 years) were asked to 

wear the garment and to perform a high intensity football-specific training drill (Kelly et al., 
2013). This training drill is aimed to replicate the physical movements and technical actions 
during match-play. The drill was performed at least 2 times for each participant. Next to 
the training drill, two participants performed an extra series of isolated football specific 
movements at 50%, 80% and 100% of maximum effort. These movements included an instep 
soccer kick, running, jumping vertically, running with the ball, and running sideways. After 
the field experiment, all participants were asked to fill in a short questionnaire about their 
experience with wearing the tights. Data were processed in MATLAB (The MathWorks, USA). 
Differentiated signals and probability distributions of the decompressed accelerometer, 
gyroscope and magnetometer data were calculated to check the completeness of the 
dataset, and functioning of the sensors. Furthermore, compression ratios for each type of 
movement were calculated, to test the performance of the data compression algorithm. The 
compression ratio (CR) is defined as:

8.2. Results & discussion
This part describes the results and discussion of the validation study. First, a comparison of 
football specific movements measured by the optoelectronic system and by the prototype 
is made. Secondly, the results of the recorded training sessions and user tests are discussed.

Lab validation
One participant performed six types of football-specific movements, and these were 

tracked with the IMU system and the optoelectronic measurement system at the same 
time. To compare the IMU data with the optoelectronic measurement results, the raw 
IMU data were converted to joint angles and joint angular velocities. An example of the 
comparison of the joint angles and angular velocities of the right leg during a kick and a 
jump measured with the prototype and the optoelectronic system, is shown in Figure 8.4 
and Figure 8.5.respectively.

To evaluate the comparison, the root mean square differences (RMSDs) and coefficients of 
multiple correlation (CMCs) were calculated for each joint respectively. An overview of all 
RMSDs and CMCs at the different intensities and types of movement, is given in appendix 
C2. As shown in the tables of C2, RMSDs of the knee joint angles for all types of actions (each 
movement at a certain intensity) ranged between 14.11° and 2.98 °, and CMCs between 
0.911 and 0.997. For hip joint angles for all types of movement, RMSDs ranged between 
18.46° and 7.07 ° and CMCs between 0.830 and 0.983. Errors in hip joint angles are likely 
to be larger than errors in knee joint angles, because the hip has a larger range of motion. 
RMSDs of joint angular velocities for all separated actions ranged between 168.2 °/s and 
59.1 °/s for the hips and between 141.2 °/s and 37.7 °/s for the knees, respectively.
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Figure 8.4. Joint angles and angular velocities of the right leg during a kick. The vertical grey line 

indicates the moment of ball contact.

Figure 8.5. Joint angles and angular velocities of the right leg during a jump. The first vertical grey line 
indicates the time of push-off and the second indicates the landing.

CMCs ranged between 0.809 and 0.968 for the hip and between 0.979 and 0.9938 for the 
knee joint angular velocities. In general, It was found that the RMSDs and CMCs for all types 
of movement are within the same range as in the previous measurements of 11 players 
with the taped IMUs (Wilmes et al., 2020). In some cases (e.g. Figure 8.5, upper right) it 
seems that the differences are related to stronger filtering (peak suppression) by the Vicon 
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system, rather than measurement accuracy. Furthermore, the RMSDs and CMCs of joint 
angles found in the previous study by Wilmes et al. and in this study were comparable to the 
results from other studies. For example, Nüesch et al. measured RMSDs of 27.6° for the hip 
and 17.9° for the knee during jogging (~2.9 m/s), before they performed an offset correction 
(Nüesch et al., 2017). Additionally, Tadano et al. (2013) measured RMSDs of 9.0° for the hip 
and 7.1° for the knee during walking. Errors are expected to be higher for high intensity 
movements due to soft tissue artefacts and errors originating from the orientation filter. 
During this study, the participants performed higher intensity movements than reported in 
the other studies (e.g. acceleration runs with a mean running speed up to ~6.6 m/s), and 
the new IMU system still provides valid joint angle measurements (CMCs> 0.8) during these 
higher intensity movements. The advantage of the garment compared to the taped IMUs is 
that it is easier to use, comfortable to wear, and allows for longer-term monitoring studies 
during trainings and matches in the field. 

Field tests 
This part describes the results and discussion of the field tests. First, the technical validation 

results are discussed. Second, user experience insights are shown.  

Technical validation 
Datasets of the training sessions of the five participants were checked for completeness 

by plotting the probability distributions of the differentiated signals and visually inspecting 
the sensor data. It was found that for one participant, malfunctioning of a connector 
resulted in data loss of one of the lower leg sensors. For the other measurements, the 
differentiated signals of the sensors showed a Gaussian distribution. Figure 8.6a shows 
typical accelerometer data of the left lower leg in a single direction for the accelerometer. 
They were recorded during execution of a series of isolated movements. The figure shows 
results at different running intensities.

 The training session measurements showed that the accelerometers and gyroscopes 
worked properly and data transfer using the SPI bus through the laced wiring appeared to 
be no problem. However, the magnetometers occasionally showed double readings. Most 
likely, this is caused by a not-updated register of the sensor itself. In future versions, the 
magnetometer can be replaced with a newer version, which may improve reliability of the 
readings.

Detailed analysis showed that the compression ratios varied with movement intensity 
as expected. Lower compression ratios were reached at higher movement intensities, 
whereas the lowest compression ratios were observed while sprinting (~24%). During 
walking the compression ratios were around 48%. As a comparison, Chiasson et al. (2020) 
were able to achieve compression ratios of ~16% of IMU data during walking in a recent 
study. It should be noted that their data were converted using the CR definition presented 
in the methods section, because they used another CR definition. The sample frequency 
of their dataset was 60 Hz, with a lower measurement range, which probably explains the 
large difference with our data. On top of that, the encoding part of the FELACS algorithm
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Figure 8.6. a) Results from the left lower leg accelerometer (x-axis) of participant 1, during walking 
(1) jogging (2) running (3) sprinting (4) and running out (5). The spacings between each movement 
type indicate that the player is standing still or turning. b) A recording of a shot. Results from the 
right lower leg accelerometer and gyroscope in a single direction. c) Power spectrum analysis of 
accelerometer recordings (left lower leg, x-axis) at different running intensities (walking, jogging, 
running, and sprinting). For each running intensity, a recording of 1000 samples (4 sec) is used. A 

zoomed-in view of the range between 80 and 125 Hz is shown at the top right.

a)

b)

c)
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improves the representation of the quotient, most likely outperforming normal Golomb-rice 
encoding used by Chiasson et al. In this study, the average compression ratios of all sensors 
during the training session were between 43-45% for the different participants. In other 
words, the files of the training session data were 43-45% smaller than the original data set, 
which is beneficial for wireless data transfer in future prototypes. The algorithm for data 
compression adds only 1.6% to the total power consumption. These results are promising 
for wireless data transfer because the algorithm would markedly reduce the amount of data 
to be transferred at only a very small energetic cost.

At the start of this research, it was assumed that high sample rates (of 250 Hz) are required 
to prevent aliasing, and to ensure that the resolution is high enough to track all football 
specific movements accurately. First, when inspecting the raw data of the recordings of the 
isolated movements, sudden large changes were observed during high intensity movements 
such as sprinting and kicking. Figure 8.6b shows the data of the gyroscope and accelerometer 
of the right lower leg during a shot. The recording comprises 25 samples. Due to the limited 
number of samples, no transient behaviour was recorded during impact with the ball. The 
accelerometer measured a difference of almost 15g within 12 ms. This indicates that maybe 
even higher sampling rates than 250 Hz could be beneficial for high intensity actions like 
shooting. In lower intensity movements like walking, transient information and even noise 
were measured during a stride, so the sample rate is high enough for this type of movement. 

Secondly, to analyse if the high sampling rate of 250 Hz is sufficient, a fast Fourier transform 
(FFT) was used to represent the data at different running intensities in the frequency domain. 
1000 samples of each running intensity were used for a separate power spectrum analysis. 
The results are plotted in Figure 8.6c. The first peak in the power spectrum corresponds to 
the dominant movement frequency of the different activities. As can be seen from Figure 
8.6c, for walking, jogging, running, and sprinting, the dominant frequencies increase from 
2.0, 2.5, 2.75 to 3.75 Hz respectively. When zooming in at the last part of the graph, it can 
be seen that between 80 and 125 Hz the amplitude is higher for sprinting than for walking. 
A shock usually consists of a high magnitude main peak, associated with lower magnitude 
components at the higher frequency part of the spectrum. The high frequency components 
observed in Figure 8.6c are therefore attributed to these associated lower magnitude 
components. From the power spectrum analysis in combination with the abrupt changes 
in accelerometer and gyroscope data during shooting (Figure 8.6b) and sprinting, it can be 
concluded that this high sample rate adds information in case of high intensity movements. 
Further research is needed to find out if this extra information adds accuracy in deriving 
kinematics and estimating player load. Furthermore, a balance between high sample rates 
and practical implementation needs to be found. High sampling rates will increase the load 
on a wireless link in the future and it will increase energy use. Based on these considerations, 
a sampling frequency of 250 Hz is a justified choice. Future work may also include the use 
of adaptive sampling. For sprinting and shooting, the sample rates maybe even higher than 
250 Hz, while the sample rates could be reduced for walking without losing accuracy. 
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User Experience
To investigate user experience, each participant filled in a short questionnaire. Table 8.2 

summarizes the results. Testing the prototype in the field provided insight not only in user 
experiences, but also in reliability of the prototype and efficiency and effectiveness of the 
movement monitoring system. User experience scores on comfort and freedom of movement 
were relatively high. For both attributes a rating of 4 was given on average (Likert 5-point 
scale).  A tight fit of the tights is required for minimizing motion artefacts of the sensors. 
Four subjects experienced the tightness of the garment as a positive aspect. One subject, 
with the largest clothing size, experienced the garment as too tight. In the future, multiple 
sizes and shorts need to be developed to enhance comfort and freedom of movement 
for every player. In general, the subjects did not feel restricted in their movements by the 
electronics in the tights. However, one subject noted that the garment would seem too 
fragile for sliding’s. In future versions, connections will be made more robust to enable the 
players to make sliding’s. Furthermore, the thickness of the sensor modules will be reduced, 
and the use of a cushioning layer can be explored.

When a novel prototype is developed and a wireless module is added to the tights, it 
would be beneficial when the athletes can activate the sensor tights themselves. Therefore, 
future work will include optimization of the user interface to start and stop measurements 
for use by athletes. Future work should also include better integration and miniaturization 
of the sensor nodes and central unit to enhance safe use and comfort. Furthermore, the 
connections with the sensor nodes need to be improved. During the tests, it was found 
that even after very short instants of disconnection, for example during dressing, the data 
collection is interrupted for this sensor. Since the connectors chosen were not designed for
use in clothing, alternative solutions need to be explored. A very robust, yet not very 
sustainable solution, is to solder the wires to the PCB and encapsulate sensor nodes with 
an acrylate or silicone material. An alternative solution would be to develop a new type of 
connection, for example based on inductive coupling. In the current version of the garment, 
a waterproof textile layer was placed in the pockets between the electronics and the skin 
to protect against sweat. When the sensor nodes are encapsulated, the central unit casing 
is sealed, and an extra waterproof layer will be placed between the environment and the 
body, the system will also be resistant to rain. Lastly, although power consumption did not 
cause feasibility issues, it can be optimized to minimize the size of the battery. A smaller 
battery can enhance comfort and reduce safety issues. Power consumption can be reduced 
by optimizing the software and reducing power dissipation through the wiring. 
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Table 8.2. Results of the user experience tests. Positive feedback is indicated with a (+) and negative 
feedback with a (-).

8.3. Conclusions
In this study the second prototype of the sensor tights was developed for monitoring 
lower limb kinematics during every day, on-the-field training situations. Attention was paid 
to the aspects of unobtrusiveness, ease of use, as well as the accuracy and reliability of 
the recorded signals. In a human performance lab, hip and knee joint angles and angular 
velocities recorded with the tights were compared with the same measurements obtained 
with an optoelectronic measurement system and good validity was shown. The validation 
study with the prototype demonstrates that the sensor tights can be used to accurately 
monitor lower limb kinematics. During the field tests, the tights scored high on ease of use, 
comfort, and freedom of movement, which allows the sensor garment to be used in field 
training sessions and matches, and this shows that the tights can be used for long term 
monitoring studies. Improvements for the next prototype will focus on making a wireless 
connection to a dashboard for the coach and medical staff. This dashboard should show 
physical player load parameters.

Subject Size 
waist 
(cm)

Size 
inseam
(cm)

Comfort
(5-point 
Likert 
scale)

Freedom of 
movement
(5-point 
Likert scale)

Qualitative feedback

1 79 86 4 5 + Can be worn underneath 
football shorts 
- Garment feels very tight

2 76 81 3 2 + Garment is tight 
- Not suitable for sliding’s

3 76 81 4 5 + Very stretchable 
- Sensors seem fragile

4 79 81 3 4 + Not too tight
 - Probably not suitable in 
summer

5 76 81 5 5 + The same as ordinary tights
 - Feels hot during exercise

Mean (SD) 78 (2) 82 (2) 4 (1) 4 (1)  
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For prototype 2, data were stored at an SD card. However, to visualize data near real-time, 
wireless data transfer is required. In prototype 3, this extra functionality was added. This 
chapter describes the development of this prototype including selection of the wireless data 
protocol and hardware. Furthermore, a first version of a dashboard is presented, that shows 
the raw data and quality of the connection. 

9.1. Wireless communication protocol 
Several wireless communication techniques can be used to send data wirelessly to a central 
computer at the side of the football field. The following criteria were formed to identify the 
best wireless communication technique.

1. Bit rate: Each IMU contains an accelerometer and gyroscope that are sampled at 
250 Hz and a magnetometer at 100 Hz, the three sensors have 3 DOF and each 
sample is 16 bits. This means that the total sample rate per player is 133 kbit/s. 
Having 22 players in the field this would lead to a required bit rate of at least 3.168 
Mbit/s.

2. Coverage: The wireless network should cover a football field of 120 m x 90 m (the 
maximum size of a football field according to the International Football Association 
Board) 

3. Reliability: Data loss due to bad connection should be minimized to 10 ms for 
proper functioning of the biomechanical modelling algorithm. All data should still 
be saved at an SD card for detailed post-analysis. 

4. Energy consumption: Energy consumption of the transmitter should be optimized, 
to minimize the size of the battery. The power consumption of the measurement 
system is 110 mAh. When the required measurement time is 3 hours, at maximum 
340 mAh is left for wireless transfer with the current battery (1350 mAh).

5. Unobtrusiveness: Antennas and wireless transfer modules should be unobtrusive 
to wear in clothing.
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It was decided to focus on creating a local network, which is stand-alone and works in crowded 
stadiums as well as in rural areas. Recently, Kos et al. (2019) researched the potential of 
different wireless communication protocols for connected sensors and wearable devices. By 
comparing the different standardized wireless technologies (e.g. ZigBee, Bluetooth and IEEE 
802.11) on maximum range, transmit power and bit rate, it was found that IEEE 802.11n, 
IEEE 802.11af or IEEE 802.11ah can be used for our application. 

9.2. Hardware selection 
An important influence on performance of the wireless network is path loss between 
transmitter (the tights) and receiver. In high frequency bands (in GHz range) path loss is 
increased when people are present in the transmission path. This effect is called body 
shadowing (Januszkiewicz, 2018). The effect of body shadowing mainly depends on the 
environment, the location of transmitter and receiver and the frequency band. To give 
an example, Januszkiewicz (2018) measured path loss in an indoor environment. When 
transmitter operating at 2.4 GHz with a dipole antenna and a receiver were placed one meter 
from each other and a person was placed in between, path loss increased from 45 dB to 55 dB. 
In the application of the sensor shorts, data transfer occurs in an outdoor environment over 
larger distance. In a dynamic football situation, more people may obstruct the transmission 
path which may increase path loss. To minimize the effect of body shadowing, the switched 
diversity technique is implemented. A switch diversity system in our case uses two antennas 
on the transmitter side. Once, the signal strength is below a predetermined threshold, the 
transceiver will switch to the other antenna (William, 1974). A small Wi-Fi module that 
supports antenna switching (every 300 ms) is the xPico 240 (Lantronix, USA) and can use the 
IEEE 802.11n protocol. The module can be easily integrated in the waist pocket, since the 
dimensions are 22 x 35.5 x 2.73 mm including the edge card (Lantronix, 2021).

Two types of antennas were tested for integration in the sensor tights: a dipole antenna 
(FXP74.07.0100A, Taoglas, IE) and a patch antenna (W3230, Pulse Electronics, USA) (Figure 
9.1). The antennas were placed at the front and back on the sagittal plane at the height of 
the waistband of the sensor tights on a test person. With an EAP-225 access point (TP-LINK 
Technologies, CN), radiation patterns were mapped out. Furthermore, a test was performed 
to measure the received signal strength indication (RSSI) at different distances. 

Figure 9.1.The patch antenna (top) and dipole antenna (bottom) that are tested in prototype 3.
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For the dipole antenna configuration the gain increases on average 9.3 dB in the back and 
front of the athlete when using two antennas. For the patch antenna the gain increases 10.3 
dB on average in the back and front of the athlete when an extra antenna is used. Figure 
9.2.a shows the ideal radiation pattern of the dual configuration of the dipole and patch 
antenna.

The RSSI was measured at different distances between the transmitter and receiver (0 
to 50 m), while the two types of antennas were placed at opposite sides of a bucket of 
water (to simulate the body) and at opposite sides of a piece of wood. From this test it 
was concluded that the patch antenna outperforms the dipole antenna with 15 dB (Figure 
9.2b.) and is less prone to interference of conducting materials present on the backside of 
the antenna (such as our body). Based on these insights, it was concluded to use the patch 
antenna for prototype 3.

To test the performance of the wireless network in the field, 11 prototypes were created. 
This time, a short version with three sensors was created. Figure 9.3 shows an overview of 
the network and two images of this prototype.

Figure 9.2. a) The ideal radiation pattern of the configuration with two patch antennas. Two separate 
measurements of the antennas mounted at a waistband at the front and back of a person combined. 
The “T” represents the person viewed from above, with the front side of the body pointed to 0°. The 

black square represents the location of the pocket with electronics. b) RSSI at different distances 
between sender and receiver, for the dipole antenna and patch antenna placed mounted at a bucket of 

water and at a piece of wood. Data were fitted using the logarithmic function: y=a+b*log(x).
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Figure 9.3 a) The wireless network b) Back view of the sensor shorts c) Side view of the sensor shorts.

9.3. Dashboard
As shown in the overview, the data need to be collected by a central computer. As a first 
prototype, a Raspberry Pi 4B was used to collect the data. The data were shown near real-
time on a connected display and they could also be downloaded via a universal serial bus. The 
shorts can be controlled via a start and stop interface (Figure 9.4, no. 1). For this preliminary 
version of the dashboard, raw data are displayed using dynamic bar charts (Figure 9.4, no. 
2). Furthermore, received signal strength for each pair of shorts can be shown (Figure 9.4, 
no. 3). In a later stage, more userfriendly visualisations of the data and the new injury risk 
parameter can be implemented for use by coaches and medical personnel. 
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Figure 9.4. A preliminary version of the data dashboard.

9.4. Conclusions
In this chapter, we presented a prototype that can send the movement tracking data 
wirelessly to the side of the field. It was chosen to set up a local network using a Wi-Fi 
protocol. A series of prototypes with a Wi-Fi module and two patch antennas was created 
that can be used for further testing of the reliability of the network and finding the optimal 
configuration of the base station(s). Furthermore, a preliminary version of a dashboard was 
created. This dashboard can be used to observe the quality of the connection and to inspect 
the raw sensor data. 
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Smart sensor tights 4.0: washable 
integrated sensor modules

In the previous prototypes, commercial miniaturized connectors were used. These connectors 
introduced practical problems during measurements in the field, because they are not 
intended for integration in flexible and stretchable systems. Furthermore, the connectors are 
not intended for frequent connection and disconnection. Therefore, an alternative solution 
was implemented for the final prototype. It was decided to integrate the sensor modules 
even more in the clothing and to make the entire sensor string washable. The central unit 
including the microprocessor and the battery was kept as an independent module that needs 
to be removed for charging and before washing the tights. The connectors to the sensor 
modules were removed and solder pads were placed at the sensor PCBs. Elastic conductive 
wire tapes with stranded polyurethane coated copper wires (Amohr Technische Textilien, 
DE) were tinned in a solder bath and soldered to the sensor PCBs. An encapsulation material 
with a thickness of approximately 1 mm was dispensed on top of the PCB to protect all 
electronic components and connectors against moisture and detergent (Figure 10.1a). On 
the other side of the sensor string, a connector to the central unit was designed. Designing 
a completely new connector did not fit the scope of this research project. Therefore, it was 
decided to use a micro SD card 8 way push/push connector (Würth, DE) for the design, 
because it has a durability of 10 000 mating cycles. A micro SD card was replicated on a 0.8 
mm PCB and solder pads for the wiring were connected (Figure 10.1b).

Figure 10.1. a) The sensor module. b) The connector to the central unit.
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10.1. Encapsulation tests 
In collaboration with Linxens Wijchen (NED), a company specialized in connectors and 
electronics packaging, 5 potential materials were selected for encapsulating the sensor 
modules and solder joints of the SD card connectors (Table 10.1). These materials included 
acrylate based encapsulants, an epoxy encapsulant and a silicone encapsulant.

Table 10.1 Encapsulation materials

To test the reliability of these encapsulants in a washing test, a test PCB was designed. 
This test PCB had the same dimensions as the sensor node PCB ( 20 mm x 20 mm) with 
13 cm conductive wire tape connected. 6 traces were placed on the PCB with three 1 MΩ 
resistors and a 0 Ω component linking two different traces. The design including the different 
measurement locations can be seen in Figure 10.2a. Three 0 Ω measurements, to test if the 
interconnects stay intact, and three MΩ measurements, to test whether moisture affected 
the electronics, are performed. Each encapsulant was placed on three test PCBs. Reference 
measurements were performed and the samples were inspected with a microscope prior 
to the washing test. It was found that all materials adhere well to the wiring, but for the 
silicone material small air bubbles were found near de wiring. All samples were washed with 
detergent at 30 °C, 800 rpm and for 45 minutes, 8 times. Resistance measurements were 
performed after 1 washing cycle, after 3 cycles and after 8 cycles. Lastly, the samples were 
again inspected with a microscope (S8 APO, Leica, DE). 

Material Manufac-
turer

Product code Young’s 
Modulus 
(MPa)

Shore A/D 
Hardness

Viscosity
(mPa∙s)

Acrylate 
encapsulant

Delo 
Industrial 
Adhesives 

Dualbond AD4950 41 75 (A) 26000

Acrylate 
encapsulant

Delo 
Industrial 
Adhesives

Dualbond AD4930 30 80 (A) 14000

Acrylate 
encapsulant

Henkel Loctite Eccobond 
UV 9060F

2200 76 (D) 11000

Epoxy 
encapsulant

Henkel Loctite Eccobond 
EN 3838T

466 27 (D) 6700

Silicone 
encapsulant

Henkel Loctite Ablestick 
ABP 8035

n.k. n.k. 7880



106

Part III. Movement Tracking in Field Sports..................................................................................

Figure 10.2. a) The test PCB for reliability of the encapsulants after washing. The light grey lines on 
the PCB indicate the boundaries of the encapsulated part. Three 0 Ω measurements and three 1 MΩ 

measurements can be performed. b) and c) Microscopic pictures of the wires of the PCBs encapsulated 
in the acrylate encapsulants AD4950 and AD4930 after 8 washing cycles. d) and e) Microscopic pictures 

of the wires of the PCBs encapsulated in the acrylate encapsulant 9060f after 8 washing cycles.

From the tests, it was found that all resistance measurements for all samples did not 
change significantly after the washing tests. Measurements 1 till 3 (Figure 10.2a) were 
below 1 Ω, so the interconnects stayed intact. Measurements 4 till 6 were all below 0.999 
MΩ, which means that moisture did not cause shorts. When inspecting the samples with 
the microscope, differences were found. For the AD4930 and AD4950 encapsulants, the 
wires stayed intact (Figure 10.2b and Figure 10.2c) but for the other encapsulants, several 
strands of the copper wires were broken (Figure 10.2d and Figure 10.2e). The materials 
have a different viscosity of the uncured material ranging from 26000 mPa∙s to 7600 
mPa∙s. Materials with a low viscosity flow easier through the stranded wire and when the 
material is very stiff and hard , this may result in wire breakage. The hardness of the cured 
material varies from Shore 75A to 76D, the Young’s modulus from 30MPa to 2200 MPa 
for the different materials. The materials that showed the best performance (AD4930 and 
AD4950) have the lowest Young’s moduli and hardness. It was decided to use the AD4950 
for encapsulation of the sensor modules for the prototypes. At this moment, we just used 
passive components in the tests. In future studies the reliability of the encapsulated sensor 
modules can be determined by testing on a larger scale using multiple tests to simulate 
different conditions. For example, by performing a salt spray test (International Organization 
for Standardization, 2017) to research resistance to sweating and rain, mechanical tests and 
temperature/humidity cycling. 

Once, the right encapsulant was identified. Prototype 4 was built. Figure 10.3a shows 
a sensor string for prototype 4 with encapsulated sensor modules. These strings were 
integrated in a pair of tights. Figure 10.3b shows that the sensor modules and wiring are 
barely noticeable. The central unit is still a separate module (Figure 10.3c).
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Figure 10.3. a) The sensor module assembly. b) Detail of the sensor tights: the sensor of the right thigh 
is covered with a blue textile. c) Central unit of prototype 4. 

10.2. Future improvements
By creating 4 prototypes during 4 years of research and development, several important 
iterations were performed. It was proven that the IMUs can be read out at high sample rates 
(250 Hz) through stretchable interconnects using the SPI. The SPI bus is one of the most 
widely used buses for communication between sensors and microcontrollers. SPI enables to 
connect multiple slaves to one master and the hardware is simple. Furthermore, it supports 
higher clock frequencies than I2C. However, it has no error-checking mechanism by default 
and is not intended for use over long distances. Although the sensor tights system works 
well and the design of the electronics is simple, there is a risk that parasitics such as stray 
capacitances and self-inductance of the wiring will change significantly due to movement 
or moisture, which can result in bit errors. Figure 10.4 shows an oscilloscope measurement 
at the end of the clock line near the lower leg sensor. Although, at this moment no errors 
occur, the self-inductance effect is clearly visible. To make the system more reliable, it can 
be investigated if it is worth to implement RS-485 communication, which is more suitable 
for communication over longer distances and includes an error detection mechanism. The 
downside of implementing RS-485, is that more electronics are required at the sensor 
module and central unit.
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Figure 10.4. Oscilloscope measurement at the clock line near the lower leg sensor.

In a future version, the wireless data transfer system from the tights to a central computer 
needs to be improved as well. At first, the patch antennas that were used for prototype 3 
were not integrated in the textile yet. It needs to be researched, whether these antennas 
can be embedded in the textile or that a custom antenna needs to be build. Second, research 
will be performed to test the reliability of the wireless network on the football field when 
11 players are wearing the shorts. Based on the insights from these tests, the network can 
be optimized by for example adjusting the base stations. Furthermore, the wearable system 
was not yet designed for minimal power consumption. The software and electronics can be 
optimized to decrease the size of the battery. When the size of the battery is determined, the 
waist pocket can be redesigned and mounted higher on the back of the athlete to prevent 
concussion when the athlete falls backwards. 

In short, further product development is required for successful implementation of the 
sensor tights. However, more challenging research steps for successful product introduction, 
will focus on validating the hypothesized injury risk parameters in larger scale movement 
science studies. Once, one of these parameters has proven to be a good indicator of 
hamstring or adductor muscle load, the parameter can be presented at a user-friendly 
dashboard to coaches and medical personnel, to estimate injury risk real-time during match 
play and trainings.
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Summarizing conclusions for movement 
tracking
The technology of using IMUs for tracking lower limb movement of football players in 
the field was successfully demonstrated by designing and validating four prototypes of 
the smart sensor tights. Each of the four prototypes showed improved functionality. In 
prototype 2, a real-time operating system was implemented to reach sample rates of 250 
Hz for recording high intensity movements. Additionally, larger range sensors (30g, 4000 
°/s) sensors were used. A technical validation study with an optoelectronic measurement 
system was performed. It was proven that the limb orientation data derived from the sensor 
tights reflect player movement well for various football specific actions. 

Prototype 2 used local data storage and  prototype 3 included a wireless data transfer 
module. Data can be send wirelessly to the side of the field with two patch antennas. 
Furthermore, a first version of a dashboard to control the recordings with the sensor tights 
was made for prototype 3. With the dashboard, the reliability of the wireless connection can 
be checked and the data are shown in real-time graphs as well. For prototype 4, washable 
sensor strings were developed an de connections between the flexible wiring and central 
processing unit were improved. 

Further sub-system development and reliability studies are necessary to make this 
wearable system ready for market introduction. Compared to conventional off-the-shelf 
IMUs, the novel sensor tights are easy to use and facilitate measurement on the field, which 
is required for larger studies to investigate potential hamstring injury risk parameters. 
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In the previous chapters, application-specific insights and future work were discussed. In 
this chapter, we zoom out to discuss the impact of wearable sensor development in general. 
First, we will reflect on the wearable sensor system design process during this project. 
Second, the scientific impact of this work with regard to injury prevention is discussed. 
And lastly, the potential impact of the new wearable sensor systems on the end users and 
environmental impact are explained.  

11.1. The design process
In chapter 3, we presented our design approach towards the successful implementation 
of new wearable sensor systems. To identify relevant problem statements from a 
physiological perspective that form the starting point of sensor system development, it is 
of great importance to work closely together with physiologists and movement scientists. 
In this project, the large multidisciplinary consortium facilitated this. In the consortium, 
researchers worked on nine applied research lines which focused on a type of sports and 
the most prevalent injuries. From these projects, specific requests arose, which could form 
the starting point of sensor system research. For example, the movement scientists in the 
football and hockey research project wanted to track the movement of the lower limbs 
of field players accurately, to retrieve information about hamstring muscle load. They 
requested us to make an easy-to-use garment with movement sensors, that would enable 
them to track movement on the field. This need from a users’ perspective gives the new 
wearable garment a clear raison d’être.

Furthermore, to create wearable sensor systems that work in the desired application 
environment, it is of pivotal importance to test the systems in a physiological setting in 
an early development stage. In the sweat sensing research, a simple collection patch 
was designed first. By testing this patch in a physiological experiment, challenges during 
physiological measurements and future improvements could be identified. Moreover, sweat 
composition and sweat rate in this type of experiment could be quantified. This resulted in 
a well-considered design of the collection surface and reservoirs and experience for future 
physiological tests. Continuous sweat composition sensors were integrated into the second 
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version of the patch. This patch was tested in a more complex physiological experiment, 
where the patch measurements were compared with the ventilated capsule system and 
offline ion chromatography results. Because experience in physiological tests was gained 
with previous versions of the patch, it was possible to validate the sweat sensing patch 
properly using different reference techniques. 

As explained in chapter 3, after in situ sensor system validation experiments that were 
performed in this research, large scale physiological trials to identify injury risk factors would 
be the next step in wearable sensor system development. However, a challenge arises here. To 
perform large scale physiological studies, highly reliable measurement systems are required. 
The in situ validation studies presented in this thesis required a dedicated engineer to work 
with the technology. The systems would need more non-scientific development to create 
a product that can be used by laymen and is very robust and reliable. On the other side, 
non-scientific innovators would generally only invest in product development of this new 
wearable technology, when they know that a clear scientifically substantiated application 
can be identified. For this scientific basis of the application, large scale physiological studies 
are required, which cannot be performed when the product is not in a mature stage of 
development. To solve this issue, product development and production partners need to be 
convinced to invest in a small series of products with scientists as the first target group, so 
that they can perform large scale physiological trials to find this evidence.

Lastly, in wearable sensor system development, an important pitfall can be identified from 
an engineering perspective. Novel wearable sensors are often presented as a smart sensor 
that can measure a specific health parameter, such as stress or muscle fatigue. In fact, these 
novel sensors do not measure this abstract parameter but a measurable parameter, e.g. a 
specific sweat analyte or accelerations of the limbs, that potentially influences this health 
parameter. Since it is often not scientifically proven that this parameter is an indicator of 
our health, there is a possibility that a false promise is made. On one side this may lead 
to resistance among physiologists, movement scientist and medical experts to use these 
systems in further research to identify new health markers. On the other side, in the case 
that this research is brought a step further to commercialization with the engineering 
literature as a basis, the business will eventually fail when this promise cannot be fulfilled.  
Therefore, we believe that being careful in positioning your novel sensor system, especially 
in sweat sensor development, will lead to more scientific and societal impact. In many cases, 
the new sensor systems developed by engineering scientists will initially serve as a tool to 
identify new indicators for health status. They should be positioned as such, and not as a 
magical new device that can measure an athlete’s health status directly.

11.2. Scientific impact
In the introduction of this thesis, a research aim was identified. This aim was stated as 
follows: “We want to develop novel wearable sensor systems that acquire physiological 
information of athletes in action, that can support in making injury-free exercise available 
for everyone.” In this paragraph, we reflect on this aim and on the scientific impact of this 
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work. From the literature study that was performed at the start of this research, it was 
found that, although analysing sweat shows great opportunities to unobtrusively monitor 
the physical status of an athlete, little is known yet about the physiology of sweating and 
how sweat markers can be used to monitor health status. The new sweat collection patch 
that was developed, enables reliable collection of sweat during exercise for offline analysis. 
The information that is retrieved from these sweat measurements can be used to study 
the physiological mechanisms behind sweating and to identify new sweat biomarkers. 
Moreover, the collection patch offers a space for integration of newly developed analyte-
specific sweat sensor electrodes. In this way, the patch facilitates validation experiments 
for these new sensor materials, to find evidence that these new sensors can be used in 
physiological studies to reliably analyse sweat. 

For the second part of this work, the development of the smart sensor tights, a clear user 
need from other researchers formed the starting point of the project. To track movement 
of the lower limbs of football and hockey players during trainings and match-play, an easy-
to-use sensor garment with integrated inertial measurement units for movement tracking 
of the lower limbs needed to be developed. In the project, four prototypes were developed 
that proved that reliable movement tracking was possible with the sensor tights. Knowledge 
was developed about integration of electronics in textile and its main challenges, which is 
valuable for wearable sensor scientists. Moreover, the tights facilitate larger scale on-field 
movement science studies to research the relation between movement data, muscle load 
and the aetiology of injuries. 

In short, it can be concluded that the outcomes contribute to the initially defined research 
aim by providing practical tools to measure new physiological and biomechanical data of 
athletes in action. This information can be used to identify new injury risk factors, which 
can eventually be used to prevent injuries. In this research, we focused on wearable sensor 
system design for athlete monitoring. All subjects that participated in the physiological 
experiments were healthy individuals. However, wearable sensor system research with 
healthy subjects opens up opportunities for medical applications as well. In the case of 
sweat research, the physiological theory about sweating is underdeveloped compared to 
other body fluids such as blood. Research about sweat composition changes in healthy 
athletes measured with our new sensor systems can contribute to substantiating and filling 
the gaps in the theory. This may form a starting point for new medical applications of sweat 
sensors, where sweat quantities that need to be analysed can be as low as 0.02–0.3 nL/min/
gland in rest (Moonen et al., 2020) and miniaturized sensor systems will be required.

11.3. Societal & environmental impact
On the one hand, the deployment of novel wearable sensor systems has societal advantages. 
Sensor systems such as movement trackers can be used to motivate individuals to become 
physically active (Girginov et al., 2020; Gualtieri et al., 2016) and they can be used to prevent 
injuries. This can impact our current healthcare system by reducing the risk of chronic 
diseases and decreasing the burden on our healthcare system. On the other hand, there 
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are also potential negative effects. Continuous monitoring systems that are seamlessly 
integrated into garments can monitor individuals without notice. When the data of these 
systems are stored online, this can lead to privacy issues. Solid data protection mechanisms 
need to be in place to maintain the user’s ownership. Furthermore, wearable sensor data 
can also be used for performance monitoring. The athlete as well as coaches and trainers 
will have continuous insight into your performance. This can possibly create emotional 
pressure, which may have the opposite effect. Therefore, this aspect needs to be further 
investigated, especially during the development of intended user scenarios and designing 
tailored feedback systems. 

The design of tailored feedback systems is a very important aspect of further research. 
Our new wearable sensor systems in combination with established sensing technology that 
measure other physiological or biomechanical parameters provide a lot of information about 
an athletes’ physical condition. How can we translate this large amount of data into valuable 
metrics for the user? And can we give tailored training advice based on these metrics? Only 
if well-considered feedback mechanisms are in place, the sensor systems can contribute to 
injury prevention in recreational and elite sports. 

Finally, when the sensor systems will be implemented in recreational sports, the products 
will be produced in large quantities which increases environmental impact. Therefore, more 
attention needs to be paid to sustainable design. For the sensor tights, it is important to focus 
on design for disassembly so that materials can be recycled. In the current product, wiring 
can be removed and recycled. However, the sensor nodes are encapsulated to improve 
washability and robustness, which complicates recycling. On the other hand, effort has been 
paid to the miniaturization of the sensor modules to minimize raw material consumption. 
However, energy consumption still needs to be optimized to minimize the battery size. This 
is not only more sustainable but also facilitates better integration of the electronics for 
more comfortable tights. For the sweat sensing concepts, more sustainable solutions need 
to be considered as well. At this moment the readout electronics and a power supply can 
be reduced, but the sensor patches are disposables. It would be interesting to research if 
it is possible to create a patch that is made from biodegradable elastomer films such as 
poly(glycerol sebacate) (Wang, 2002) and biocompatible metals (Mg, Fe) when measuring 
sweat that has high salinity for example. Furthermore, the sweat sensors do not consume 
a lot of power, so a promising research direction would be to study if we can use energy 
harvesting from sports activities for these sensor patches to reduce environmental impact.
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In this project, we developed a vast number of wearable sensor systems to monitor athletes 
unobtrusively. In this chapter, we summarize the main conclusions of this research and 
identify opportunities for further research. First, the main insights of the sweat sensing 
research are addressed and second, the conclusions and outlook with respect to the 
movement tracking research are presented. 

12.1. Sweat sensing during exercise
The aim of the sweat sensing research was to create sensor systems that can reliably 
measure sweat composition and sweat rate during exercise, to identify parameters that 
give an indication of an athletes’ physical status. Different electrolytes were selected to be 
analysed continuously. [Na+] and [Cl-] were chosen because they can potentially be used to 
indicate sweat rate and dehydration during exercise (Gao et al., 2017; Rose et al., 2015). 
Furthermore, [NH4

+] in sweat are a potentially interesting marker, since it is hypothesized 
that increased NH4

+ levels may indicate muscle fatigue (Alvear-Ordenes et al., 2005; 
Guinovart et al., 2013). 

In recent technological literature, a large number of technically validated electrochemical 
sweat patches that measure electrolyte concentrations is presented (Bariya et al., 2018; 
Mohan et al., 2020). However, due to the absence of methods for validation using reference 
measurements in a physiological setting, applications are limited. Therefore, a new sweat 
collection system was designed that can be used to chronologically sample sweat during 
exercise for offline analysis. Benchtop experiments showed that the new collector enables 
to chronologically sample sweat in a sequence of reservoirs and that the inflow of sweat 
is not significantly inhibited by the channel resistance. The new collectors were tested in 
a physiological setting as well. [Na+] and [Cl-] of the samples were analysed offline using 
ion chromatography and the results from three locations at the back of an athlete showed 
similar trends. 

In the next phase, a more advanced design of the patch was made to measure ionic content 
continuously. The new patch included an extra analysis chamber with a sensor that measures 
sweat conductivity continuously. Furthermore, filling rate electrodes were integrated in the 
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patch. Physiological experiments were performed to compare the conductivity and filling 
rate measurements with sweat rate data from a ventilated capsule system and offline ion 
chromatography measurements. The continuous sweat conductivity data showed a good 
correlation with Na+ and Cl- concentrations from offline analysis for all six participants 
(R2=0.97). This means that continuous conductivity measurements can be used to derive 
[Na+] and [Cl-]. Although it needs to be researched if this correlation between [Na+] and 
[Cl-] and conductivity also applies to different physiological conditions (in different dietary 
conditions or exercise protocols), the results are promising and it would be interesting to 
research in larger physiological experiments if these conductivity measurements give an 
indication of hydration status. Additionally, results from the physiological tests showed that 
sweat rate measurements with the reference ventilated capsule system were significantly 
correlated with conductivity measurements at the different sweat collection locations 
(mean R2= 0.87). Lastly, the sensor patch included a filling rate sensor that measured the 
inflow of sweat. It was researched whether these measurements correlated with ventilated 
capsule sweat rate measurements. It was shown that the filling rate measurements can be 
used to derive an average sweat rate. Continuous measurement was not possible, because 
of droplet formation inside the channels. Future research should focus on the development 
of sensors for accurate continuous sweat rate monitoring. Reliable sweat rate sensors 
are of pivotal importance in continuous measurement of sweat content, because sweat 
composition changes with sweat rate (Baker, 2019).

The results of the physiological experiments proved that with this patch you can use the 
same sweat for analysing real-time during exercise and analysing offline for sensor validation 
experiments. This is a crucial step in the validation process of novel sweat sensors, because 
sweat composition and sweat rate inter- and intraindividual variability is very large, which 
makes it very challenging to compare measurements of different sweat sensing methods 
using separate sweat samples. 

Above, we presented a patch that can monitor total ionic content. To learn more about 
the mechanisms behind sweating and for the identification of new biomarkers, it would be 
of interest to measure specific analyte concentrations as well. Initial steps have been made 
to develop analyte-specific sweat sensors. A proof of concept of a potentiometric sensor 
system and a ventilated capsule that measures NH3 were created. The potentiometric 
sensor system measures [Na+] and [Cl-] with ion-selective electrodes. The NH3 measurement 
system consists of a skin capsule with a gas sensor that measures NH3 that is evaporated 
from sweat. Future research should focus on further sensor system characterization and 
physiological validation. Once these sensors are validated in a physiological setting using 
reference measurements, collaborative research projects with physiologists need to be 
initiated. In these studies, large scale physiological studies should be performed to research 
the physiological mechanisms of sweating and to identify new sweat biomarkers that can be 
used to monitor an athlete’s health status. 
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A glimpse into commercial use
The work presented in this thesis focuses on measurement techniques for research 

purposes, because little is known yet about using sweat the monitor a person’s health status. 
However, when looking to the future, several possible applications can be identified. The 
conductivity sensor patch, uses a relatively simple technique to derive total ionic content in 
sweat. This measurement can possibly be used to measure hydration status or electrolyte 
imbalance, which would especially be beneficial for endurance athletes such as marathon 
runners, cyclists and triathletes. The technology that is used is relatively simple and can be 
miniaturized for day-to-day use. 

12.2. Movement tracking in field sports
The aim of this part of the research was to create smart sensor tights with integrated 
inertial measurement units that can track the movement of the lower limbs accurately. The 
system should be unobtrusive and suitable for use on the field. An iterative design approach 
was followed to accomplish this. Four prototypes, each with improved functionality, were 
developed. The first prototype served as a proof of concept to identify the main challenges 
in designing a reliable movement tracking system. Five common inertial measurement 
units (IMUs) were integrated in tights and read out by a single microcontroller. The main 
improvements that were identified were; enabling higher sample rates and a larger 
measurement range to track high-intensity movements accurately, and integrating larger 
range sensors that are well integrated into the tights to minimize soft tissue artefacts. 

In prototype 2, these improvements were implemented. Sample rates increased to 
250 Hz and larger range sensors (4000 °/s, 32 g) were used. The sensor tights were 
concurrently validated with an optoelectronic measurement system. IMU data were 
converted to orientation data and subsequently compared with the kinematic data from the 
optoelectronic measurement system. The systems showed good concurrent validity (CMCs 
>0.8) for different football-specific movements. Furthermore, from the results of field tests, 
it was found that users experienced the tights as comfortable to wear and they did not feel 
restricted in their movements. 

The sensor tights will be used during trainings and matches on the football field. A wireless 
connection would enable near real-time visualization of the data so that a trainer or medical 
staff can use the data during play. A third prototype was made which enabled wireless data 
transfer to a central computer and user dashboard. It was found that the quality of the 
wireless connection is significantly decreased when a person is present in the transmission 
path. Therefore it was chosen to integrate two antennas in the tights and use antenna 
switching when the signal strength is below a threshold. 

For the final prototype, we focused on seamlessly integrating washable sensor modules 
in the tights. The sensor modules were encapsulated in an acrylate material to make them 
resistant to water and detergent. In this part of the research, we reached an advanced stage in 
product development (technology readiness level 6 (Mankins, 1995)). Further development 
is required for creating a wireless network that can transfer the data of two football teams 



121

12. Conclusions & outlook..................................................................................

in one football field reliably. In field experiments, multiple tights will be equipped with a 
wireless module that sends the data to a central computer. The effects of body shadowing, 
antenna configurations and the location of the base stations will be quantified. Moreover, the 
user interface needs to be improved. Once these product improvements are made, a small 
series of for example 50 tights could be made in collaboration with a production partner. 
These tights can be used in longitudinal movement science studies. When participants 
can be equipped with a pair of these user-friendly tights, they can record movement data 
themselves during trainings and matches over time. These large datasets are required to 
research the aetiology of muscle injuries and to identify a load parameter that estimates 
injury risk. This load parameter will be shown on a dashboard that is used by coaches and 
medical staff, so that they can anticipate when the risk for injuries is high.

In short, two types of wearable sensor systems were developed in this research. First, we 
presented a patch that enables reliable sweat collection and continuous measurement of 
sweat composition during exercise. And second, we presented a smart sensor garment for 
movement tracking of the lower limbs in football and hockey. Results from physiological 
validation experiments proved that both systems acquire new information of an athlete in 
action, to learn more about an athlete’s physical status during exercise. 
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Figure A1. Contact angle measurements.

Figure A2: Measured power output (moving average) and heart rhythm over time during the final 
cycling experiment.
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Figure A3: Results from the 1st tests: (a) Experiment 1: Na+ and Cl- measurements show an elevation 
in Na+ concentration in the first reservoir of a new patch (arrow). (b) Experiment 2: Na+ and Cl- 
measurements both are elevated when a new patch starts to be filled.

To illustrate the importance of a strict and optimized protocol for sweat collection and 
analysis two graphs of these first two tests area shown in the figure. Graph a) in figure 
A3 shows very sudden peaks in Na+ concentrations when a new patch was placed, but Cl- 

concentrations are not elevated. It was expected that this Na+  elevation is  the result of a 
surfactant that was placed on the foil to make it more hydrophilic. 

In the next experiments, the foils were rinsed with demineralized water to eliminate this 
source of contamination. To ensure that the contaminants were eliminated, new foil and 
cleaned foil were placed in vials with 3 ml of water for 24 h. In the new foil 10 ppm of Na+ 

was found and in the cleaned foil the Na+ was hardly present.  Graph b) in figure A3 is from a 
consecutive experiment when the surfactants were removed. In this graph is seen that both, 
Na+ and Cl- levels are still increased in the first reservoirs of a patch. In this experiment the 
skin was wiped with a dry gauze pad, before placing patch 2 and 3. It is expected that this 
resulted in accumulation of salts at the skin. 

a)

b)
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As an improvement, the skin was cleaned with a sterile gauze pad with demineralized 
water two times before placing a new patch. After this improvement, the peaks were gone. 
Results of the final experiment are shown in the paper.

Figure A4. Visualization of the steps to transfer the samples to vial

Figure A5. Chromatographs of the anions (a) and the cations (b)

a)

b)



137

B1.  Performance of the ventilated capsule measurement system

Method:
Lab measurements were performed to characterize the VC system. To find out if we can 

measure near real-time, it is important to study the response time and recovery time of the 
system. Absorption of moisture in the system may lower the response time. To quantify the 
response and recovery time, the cup was placed upside down and an accurately weighed 
amount of water (90 till 100 µl)  was placed in the cup. The bottom of the cup was covered 
with a hydrophilic membrane (Merck-Millipore, USA) to ensure that the water maintains 
distributed over the entire surface. The capsule was sealed quickly and attached to the 
tubing. The capsule was attached to an aluminium U-profile, that was placed in water of 
36 °C.  Furthermore, it was verified if the total amount of water that was measured by the 
VC system corresponded to the amount of weighed water that was placed in the capsule. 
The total amount of sweat was calculated by numerical integration of the sweat rate curve.

Results:
A defined amount of water (~300 µl) was placed in the capsule, the capsule was covered 

and a measurement was performed till all water was evaporated. From the relative 
humidity readings, the evaporation rate was calculated and by numerical integration the 
total detected amount of water can be derived. The deviation from the initial amount of 
water was between 1% and 5%. A small deviation will always be present, because during 
weighing and during placement of the capsule in the setup, the water can evaporate for 
a short period of time (60-120 seconds). Figure B1.a shows the response time and Figure 
B1.b shows the recovery time of the ventilated capsule system at different flow rates. The 
numbers are shown in the table in FigureB1.c. At a flow rate of 0.6 l/min, the response time 
(which is defined as the time that it takes to reach 90% of the maximum pump rate) is 332 
s and the recovery time is 685 s. At a flow rate of 0.6 l/min, a maximum evaporation rate 
of 8 mg/min can be reached. For the current capsule with a diameter of 2.6 cm, this means 
that the maximum sweat rate that can be measured is 1.7 mg/cm2/min.  When the flow rate 
is set at 1.2 l/min the response time and recovery time are 118 seconds and 353 seconds 
respectively and the maximum sweat rate that can be measured is 2.75 mg/cm2/min. In the 

Appendices: Chapter 5

B
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climate chamber, sweat rates at the back of the athlete can be larger than 2 mg/cm2/min 
and it is important that all sweat is evaporated and measured. Therefore, the ventilated 
capsule measurement system will be set at a flow rate of 1.2 l/min. So, the response time 
will be less than 2 minutes. Since sweating is a reaction to increasing body temperature, 
sweat rates will always increase gradually, which means that the sensor will measure the 
right humidity value faster than the response time. In short, it can be concluded that the 
system can be used for continuous sweat rate monitoring.

Figure B1. Response time of the ventilated capsule: the evaporation rate calculated from the relative 
humidity measurements plotted over time at different flow rates of the dry air (measurements with 
3 humidity sensors are plotted) in a) the response time is shown and in b) Recovery time is shown. c) 
Table with response time and recovery time data.

Air flowrate (l/min) Response time 
63 % - 90 % (resp. in sec)

Recovery time
63 % - 90 % (resp. in sec)

0.6 l/min 62-332 355-685

0.9 l/min 43-220 271-499

1.2 l/min 21-118 231-353c)
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Figure B2. Continuous heart rate measurement of participant 1 (top) and continuous measurement of 

rectal temperature of participant 1 (bottom).

Figure B3. Participant during a physiological test. Patches are placed at the left and the blue capsules 
are placed at the right.
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Figure B4. Raw sweat conductivity data over time for two participants. 
The blue, yellow and orange lines show the raw data of the conductance measurements at the 3 
locations. The black lines are the filtered data. First, conductances below 0.5*103 S were removed, 
because this indicates that there is air in the chamber. Thereafter, the data were filtered using a 
Savitsky-Golay sliding window filter (window size = 50 samples and a second order polynomial was 
chosen. The black dots are the data points that are used in the comparison with the measurements 
from the ion chromatograph.
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Figure B5. Relationship between [Na+] and sweat conductivity (left) and [Cl-] and sweat conductivity 
(right) at all three locations for each participant.
For participant 7, less than two samples per location were collected, because of exceptionally low sweat 
rates. These results were not shown here. Error bars show the mean root mean square errors between 
the filtered conductance data and the raw data. 
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Figure B6. Data processing to find the patch filling rates: an example with two collectors of 
participant 4.
a) The conductance change for each electrode pair. b) Cumulative conductance change after removal 
of the conductances below 0.5*10-3 S c) Calculated filling rate including the linear fit that was used to 
derive the average filling rate. The abrupt changes in conductance originate from droplets that are 
formed and drop down into the reservoir. Sweat rates that are calculated for location 1 (blue) and 
location 2 (orange) are 1.19 and 1.62 mg/cm2/min.
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Figure B7. An example of how a novel sweat sensor can be integrated in the patch for validation 
experiments in a physiological setting.
A screen-printed potentiometric sensor is placed between the PCB layer and the spacer tape. The PCB 
layout is adapted, so that a specific connector, such as an FFC/FPC connector, can be used. Signals can 
be read out via similar header pins as used for the conductivity readout.   
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Figure B8. Technical drawings of the sweat patches used in the experiments. The patch with 10 
reservoirs (left) and the patch with 5 reservoirs (right). The spacer tape consists of 4 layers of adhesive 
tape that are laminated to obtain the desired reservoir width (0.64 mm). 
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Figure C1. The setup for the validation experiment from posterior (left) and anterior (right) view: the 
IMUs are highlighted in blue. the Vicon markers (white dots) are placed at the following anatomical 
locations: At the posterior and anterior superior iliac spines, Halfway the length of hip and knee on 
the lateral and posterior sides of the thighs, at the medial and lateral femoral epicondyles, halfway the 
length of knee and ankle on the lateral and anterior sides of the shanks,  and at the medial and lateral 
malleoli.
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C2. Results of the lab validation study. 
Root mean square differences between the optoelectronic measurement system and the prototype for 
the different movement types at different intensity levels.

Movement:

Left 
Hip 
Angle 
(°)

Right 
Hip 
Angle 
(°)

Left 
Knee 
Angle  
(°)

Right 
Knee 
Angle 
(°)

Left Hip 
Angular 
Velocity 
(°/s)

Right Hip 
Angular 
Velocity 
(°/s)

Left Knee 
Angular 
Velocity 
(°/s)

Right Knee 
Angular 
Velocity 
(°/s)

Run 70% 8.88 10.55 7.47 4.12 87.79 75.85 68.71 81.73

Run 85% 7.63 11.14 7.03 5.49 99.05 91.10 80.76 90.08

Run 100% 10.71 8.72 2.98 8.88 168.24 161.05 80.19 141.24

Turn 70% 16.80 7.07 6.76 13.27 65.91 62.22 77.04 70.56

Turn 85% 14.83 7.77 6.46 14.11 64.49 68.48 73.90 77.29

Turn 100% 17.08 9.52 8.07 13.33 61.48 87.62 58.13 91.83

Cut 70% 12.09 12.75 6.14 6.79 138.33 98.78 65.68 58.56

Cut 85% 11.77 12.93 5.68 6.64 84.21 89.51 81.20 53.10

Cut 100% 11.33 10.71 6.18 9.86 95.03 80.18 80.33 52.40

Jump 70% 14.23 10.05 4.61 8.54 65.85 59.08 37.69 45.27

Jump 85% 14.20 9.39 4.88 8.55 61.89 66.90 57.32 73.84

Jump 100% 15.35 13.62 4.58 7.38 61.08 71.65 78.29 64.81

Kick 70% 12.75 10.70 3.91 7.34 61.24 81.63 68.66 68.10

Kick 85% 14.43 9.51 6.05 8.05 76.87 87.80 84.97 77.71

Kick 100% 18.46 8.08 11.63 11.20 93.01 103.10 79.26 96.25

Mean 13.37 10.17 6.16 8.90 85.63 85.66 71.48 76.18
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Coefficients of multiple correlation between the optoelectronic measurement system and the 
prototype for the different movement types at different intensity levels.

Movement:
Left Hip 
Angle

Right 
Hip 
Angle

Left 
Knee 
Angle

Right 
Knee 
Angle

Left Hip 
Angular 
Velocity

Right Hip 
Angular 
Velocity

Left Knee 
Angular 
Velocity

Right Knee 
Angular 
Velocity

Run 70% 0.952 0.952 0.990 0.996 0.948 0.969 0.993 0.989

Run 85% 0.972 0.957 0.992 0.995 0.947 0.968 0.993 0.990

Run 100% 0.966 0.983 0.997 0.989 0.913 0.946 0.994 0.989

Turn 70% 0.853 0.956 0.982 0.930 0.933 0.965 0.978 0.989

Turn 85% 0.872 0.957 0.986 0.911 0.916 0.963 0.983 0.984

Turn 100% 0.855 0.948 0.977 0.936 0.945 0.953 0.988 0.982

Cut 70% 0.855 0.892 0.983 0.979 0.809 0.936 0.989 0.990

Cut 85% 0.788 0.780 0.979 0.978 0.907 0.945 0.983 0.994

Cut 100% 0.757 0.868 0.979 0.951 0.906 0.962 0.983 0.992

Jump 70% 0.940 0.971 0.996 0.987 0.955 0.964 0.992 0.989

Jump 85% 0.932 0.968 0.994 0.981 0.956 0.955 0.985 0.979

Jump 100% 0.920 0.942 0.995 0.986 0.961 0.953 0.979 0.983

Kick 70% 0.628 0.896 0.992 0.952 0.927 0.946 0.987 0.979

Kick 85% 0.830 0.944 0.985 0.972 0.938 0.938 0.982 0.987

Kick 100% 0.839 0.977 0.948 0.966 0.945 0.949 0.984 0.987

Mean 0.864 0.933 0.985 0.967 0.927 0.954 0.986 0.987
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