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1. Introduction

Onalabs Inno-Hub SL [1] (henceforth Onalabs) is a company that develops non-invasive
wearable devices which measure, digitalize, and transmit health-related biomarkers. The
thesis presented here is an industrial PhD [2] jointly conducted between Onalabs and the
research group D2In-SIC-BIO from the University of Barcelona [3], [4]. As an industrial
PhD, this thesis does not only focus on scientific advances and new technologies, but also
on product development, validation, industrialization, and certification.

1.1. Wearable devices in the healthcare landscape

Due to the advances in the field of medical care, worldwide life span has increased over
the past decades (see Figure 1.1a). According to the 2019 revision of world population
prospects, elderly people will represent 16 % of the population by 2050 [5]. The
percentage of elderly will be larger in developed countries, such as the state members of
the European Union (EU) or the United States. For instance, individuals over the age of
65 will represent 30.4 % and 30.0 % of the population of Spain and Germany in 2050,
respectively [6], [7].

This rise in longevity comes hand in hand with an increase in health expenditure as aging-
associated diseases are becoming more prevalent. Aging associated diseases are normally
chronic illnesses that need constant attention. Public health expenditures in the EU
member states have grown during the last decades (5.9 % of GDP in 1995 to 8.1 % in
2021) [8] and it is expected to rise even more in the following years due to the population
aging. Therefore, structural reforms must be carried out in order to maintain the
sustainability of healthcare systems, while at the same time guaranteeing access to
services for all citizens.

Most of the population over 65 years exhibits chronic diseases, with at least one affecting
80 %, while two or more afflict 68 % [9]. The most common chronic illnesses are heart
failure, chronic obstructive pulmonary disease, diabetes, and hypertension, among others
(see Figure 1.1b). These account for a significant percentage of DALYs (disability-
adjusted life years), which is a measurement that reflects premature deaths and years lived
without health [10].

One of the major risk factors of most chronic diseases is a sedentary lifestyle. For
instance, there is a strong correlation between obesity and the risk of suffering diabetes.
Diabetes is an illness that occurs either when the pancreas does not produce enough
insulin (a hormone that regulates blood glucose), or when the body cannot effectively use
this hormone [11]. The major consequences of diabetes are cardiovascular diseases, such
as ischemic heart disease and stroke, which are leading causes of death and a major
contributor to disability in developed countries [12].
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Figure 1.1. Evolution of population life expectancy and chronic diseases related to the longevity rise. (a) Longevity worldwide rise
in function of time. Courtesy of Scott (2021) [13], used with permission. (b) Most prevalent aging associated diseases. Courtesy of
Chen (2023) [14], used with permission.



Apart from the increase of chronic diseases, the COVID-19 pandemic demonstrated that
the healthcare system is not ready for an exponential growth of patients in a short period
of time. During a health crisis, such as a pandemic, reorganization and prioritization of
scarce resources are necessary to avoid the collapse of this system. A resilient and
adaptive response is necessary to ensure a balanced response in a fast-changing scenario.

Pandemics have been present in every period of history. During the last century, the
influenza A/HIN1 pandemic of 1918-1919 (Spanish Flu) claimed an estimated 50 million
lives worldwide and the influenza A/H2N2 pandemic of 1957 caused the death of one
million individuals [15]. The recent COVID-19 pandemic has killed nearly seven million
people during the past four years (see Figure 1.2) [16]. It is impossible to predict the next
pandemic, but certainly another one will appear, and the society must be prepared to
confront it.
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Figure 1.2. COVID-19 deaths reported worldwide (weekly) [16].

Given this scenario, there is a growing need to reduce the impact on the healthcare system
of aging associated diseases and future pandemics. To increase the sustainability of this
system, Hospital at Home (HAH) units have been created. HAH units offer to patients the
alternative of receiving treatment and hospital care at home, under conditions comparable
to those provided by conventional hospitalization [17], [18]. This model provides better
outcomes of health recovery [19] along with reduced costs up to 38 % in comparison to
traditional hospital methodology [20].

Most HAH nurses’ and doctors’ visits are focused on the acquisition of biometric data
related to patient physiological status, such as oxygen saturation or arterial blood
pressure. These personnel can be better used in more critical scenarios where their
expertise and skills are urgently required. Digital or electronic health (eHealth) is defined
as the organization and provision of health services using information and communication
technologies. The term involves technological development but also a new way of
working, aimed at improving health care at local, regional, and worldwide levels through
the use of technological devices, information, and communication [21], [22], [23], [24].
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A complementary concept is telemedicine, defined as remotely performing medical
activity using technological resources.

The aim of telemedicine is to be able to improve healthcare processes, communication
and monitoring mechanisms, speed up red tape, and reduce costs. Thanks to technological
advances and increased availability of easy-to-use equipment, eHealth is increasingly
accepted by both health services and patients. The COVID-19 pandemic situation has
made clear that telemedicine is a necessary component of clinical practice as it provides
safer care during and after this health crisis [25]. Using technological resources as a basic
tool in the management of healthcare processes ensures greater traceability of information
and helps to standardize work systems [26].

To regularize the application of new technologies in the medical field, the Action Plan on
Electronic Health 2012-2020 was drafted [27]. The first eHealth action plan was drawn
up in 2004 and since then the European Commission has been formulating specific policy
initiatives to encourage widespread adoption of electronic health throughout the EU.

If applied effectively, eHealth provides personalized and citizen-centered healthcare. It
also provides more specific and effective attention, reduces medical errors and
hospitalization duration. The European Society of Cardiology mentions that eHealth can
complement conventional cardiac rehabilitation, for instance to increase patient
participation and long-term adherence to healthy behaviors [28]. Furthermore, the
standards of the Spanish Society of Arteriosclerosis indicate that telemedicine facilitate
access to clinical patient information and better control of cardiovascular risk factors [29].

A wearable device is any system designed to be worn on the user's body, such as a bracelet
or a patch (see Figure 1.3) [30], [31]. This characteristic enables continuous and remote
monitoring of the patient removing the need to use trained personnel to perform this task
[32]. The measurements performed by these systems are not always accurate [33], [34]
since most wearable devices on the market are envisaged as consumer electronics that do
not have the medical certification required to be used in a clinical environment [35].

Despite the lack of reliable commercial wearable devices, these systems have been
increasingly used in clinical settings. The primary emphasis on the inclusion of wearable
devices in the healthcare system is checking the patient’s health status on a frequent basis
while ensuring the patient’s comfort [36]. Periodically monitoring individuals generates
huge amounts of data that can be used to develop specialized algorithms utilizing big data
techniques [37]. These algorithms can be extremely useful for disease prediction,
prevention, and intervention [38], [39], permitting an improved attention. Thus, one of
the main data groups to be considered when thinking of wearable medical devices are
vital signs, as they provide a lot of information about the patient’s health status. These
parameters reflect the essential body functions, allowing healthcare providers to estimate
the progression of a disease and determine if any kind of attention is required, or the
treatment must be adjusted. Wearable medical devices have been present on a wide
variety of studies, such as a study that shows the benefits of continuous monitoring to
improve patient safety on surgical ward [40] or another one that associates the continuous
monitoring of patient vital signs using wearable monitoring technology with the reduction
in unplanned Intensive Care Unit (ICU) admissions [41].



Figure 1.3. Common wearable devices. (i), Apple watch, (ii), Oura ring (iii), Philips VitalPatch (iv), Wearable ultrasound patch (v),
Mobile Cardiac Outpatient Telemetry ECG sensor (vi), Sensoria Fitness Smart Socks (vii), Dexcom CGM (viii), Integrated
wearable sensor (ix), Wearable microneedle array (x), and Orpyx Insoles plantar pressure sensor. Courtesy of Chen (2023) [14],
used with permission.

Vital sign monitoring allows doctors and nurses to know the state of health of a patient,
but they do not show the complete picture. To complement the information provided by
these parameters, the biochemical data, such as the level of glucose in blood, must be
collected and analyzed. Blood tests are the gold standard method (reference technique)
[42] for biochemical analysis, but it has several drawbacks that limit its use. These tests
are invasive, require trained personnel, and only allows to know the state of the patient at
the moment of the extraction. An alternative analysis that has gained a lot of interest
during the past few years is based on the use of sweat as the sample to be analyzed [43],

[44].

Sweat is a biofluid composed mainly of water, but it contains various electrolytes, ions,
amino acids, proteins, and other small molecules. Due to its rich content, this fluid has
become a great candidate for analysis. Sweat analysis is non-invasive, does not require a
professional to collect the sample, and can be carried out continuously, since this biofluid
is always present on the skin due to the body’s thermoregulation [45]. Despite these
advantages, nowadays, sweat is barely used and only some clinical trials, such as the
cystic fibrosis test, utilize this biofluid [46]. The lack of tests that utilize sweat as a sample
is because a standardized method to extract sweat from skin does not exist. This fact,
along with the low sample volume available (range of nanoliters) and liquid evaporation,
turns sweat into a biofluid difficult to be measured [47].

Tracking simultaneously the vital signs and chemical biomarkers of individuals gives a
large amount of information to nurses and doctors that can be used to provide an improved
service to the users of the healthcare system [14]. The new generation of wearable devices
will give this rich longitudinal information in order to offer continuous monitoring of
chronic diseases, ranging from diabetes and cardiovascular diseases to dementia and
arthritis.



1.2. Medical wearable devices

The global wearable market was valued at USD 61.30 billion in 2022. An important
percentage of this market are wearable medical devices, which were valued at USD 23.10
billion in 2021 and it is projected to reach USD 81.30 billion by 2030 [48], [49]. A
wearable medical device is any portable device used to track the user’s state of health.

Wearable devices, such as smart watches or finger rings, have been around for a while,
but the COVID-19 pandemic increased the interest in these devices. This pandemic made
the population more concerned about their health and part of the society focused their
attention on this novel technology.

Despite the increase of the wearable medical device market, most of the available systems
are consumer electronic devices that do not provide reliable data [50]. These devices are
intended to be used for fitness and they cannot be utilized in healthcare systems. The
medical devices used by doctors and nurses must be approved by the health national
authorities of each country where they are commercialized.

The certification process of a medical device is time-consuming (from a few months to
several years depending on the device’s characteristics) and very expensive. To obtain
the approval of the authorities, several requirements must be fulfilled: the trustworthiness
of the data must be demonstrated in a clinical trial, the patient information security must
be verified to the authorities, and the device must be demonstrated to be safe, among
others. This hard process reduces the number of new medical devices available on the
market, but it ensures that the equipment that obtains the approval of the authorities is
reliable.

Medical devices in the EU are regulated by the Medical Device Regulation (MDR) [51].
The MDR is a set of norms and regulations that every medical device must comply with
to be distributed in the European Economic Area, which includes EU members as well as
some non-EU countries. Notified bodies are the organizations designated by EU countries
to assess the conformity of medical products before being placed on the market [52].

The MDR classifies medical devices into four categories: 1, Ila, IIb, and III [53]. This
classification is a system based on risk, considering the inherent risks associated with the
design or manufacturing of medical devices and their potential impact on patients. To
classify a medical device in one or another category, not only the technical aspects or the
fabrication process are taken into account, but also its intended use is. The intended use
of a device refers to the purpose for which it is designed and produced. Depending on the
intended use of a medical device, it can be classified in different categories. For instance,
the difference between class Ila and IIb is a thin line that mainly depends on its purpose:

e Class Ila: “Active devices intended for diagnosis or monitoring of vital
physiological processes”.

e Class IIb: “Active devices monitoring of vital physiological parameters and the
nature of variations of those parameters is such that it could result in immediate
danger to the patient”. For instance, variations on the central nervous system or
cardiac performance.



Once the medical device is classified, several requirements must be fulfilled and specific
tests must be carried out. Then, the obtained evidence is presented to a notified body,
which evaluates this data. If the presented evidence demonstrates that all the requirements
are fulfilled, the notified body grants the CE mark to the product (see Figure 1.4). The CE
mark is a certification mark that indicates a device complies with EU safety, health, and
environmental requirements. This mark is mandatory for certain products, such as
medical devices or consumer electronics, to be commercialized in the European
Economic Area [54]. The requirements vary depending on the device, so the trials that
must be performed in medical devices are not the same for consumer electronics.

To design, implement, evaluate, and manufacture a medical device, organizations must
follow a quality system standard. This standard is regulated by the norm ISO 13485 [55],
which ensures that an organization adheres to the procedures for fabricating and
distributing medical products. While this quality standard is not mandatory for obtaining
the CE mark of a medical device, the organization must comply with this norm for
manufacturing the medical product once certification is granted.

Define the intended use of the Classify the medical device in n
medical device of 4 MDR categories
g ofs v
Obtain the evidences that the
medical device fulfils each
requirement of the MDR category
Granted of the medical device Present all the evidences to a)‘
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Figure 1.4. Certification process of a medical device in the EU.

1.3. Vital signs as a patient monitoring tool

Vitals signs are a set of physiological parameters that reflects the essential functions of a
living organism [56]. All these parameters tend to be within a well-defined range to
maintain the homeostasis, which it is the body state of equilibrium. Homeostasis is a
dynamic condition as the body responds to the changing environment conditions using
several internal regulation mechanisms. When the body is not capable of maintaining the
homeostasis, an illness appears [57].

The five vital signs (see Figure 1.5) [58] that are typically measured by healthcare
providers are:

e Pulse rate (PR) and/or Heart rate (HR)
e Peripheral oxygen saturation (SpO2)

e Blood pressure (ABP)

e Respiratory rate (RR)

e Body temperature (BTEMP)



Each vital sign is related to the others, so it is important to measure every parameter in
order to assess the health status of a patient. For instance, if the SpO» decreases due to a
sleep apnea, the body will increase the PR to ensure that the oxygen arrives to every tissue
and organ [59].
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Figure 1.5. Traditional vital signs measured to assess the health state of a patient.

1.3.1. Pulse rate and heart rate

The PR and HR are the number of times that the heart beats per minute (bpm) and the
only difference between them is how they are measured. The PR is estimated from the
flow of the blood in the arteries and the HR from the heart’s electrical activity. To measure
the PR, a pulse oximeter is typically used, and to extract the HR, an electrocardiogram is
utilized.

The PR normally ranges between 60 to 100 bpm at rest for an adult. There are several
factors that affect this parameter, such as age, sex, fitness level, stress level, or overall
health, among others. For instance, newborn resting PR ranges from 100 to 175 bpm, and
then it gradually decreases until young adulthood (see Table 1.1) [60], [61].

Age PR (bpm)
Newborn to 1 month 100-175
1 month to 2 years 90-160
2 to 6 years 70-150
7 to 11 years 60-130
12 to 18 years 50-110
Adults 60-100

Table 1.1. Pulse rate by age.



By the monitoring of the PR two different conditions can be detected:

e Tachycardia: Tachycardia refers to a condition where the heart beats too fast. In
adults, a resting PR over 100 bpm is considered tachycardia. There are several
types of tachycardia, including atrial fibrillation which is an irregular and rapid
heartbeat, supraventricular tachycardia that consist of a fast heartbeat originating
above the heart's ventricles, and ventricular tachycardia which is a rapid heartbeat
originating in the heart's lower chambers. Tachycardia can be caused by various
factors such as stress, fever, anemia, some cardiomyopathies, or certain
medications [62].

e Bradycardia: It refers to a slow PR, typically less than 60 bpm in adults. Athletes
and certain individuals, such as those who are very physically active, may have a
resting PR below 60 bpm, which is normal for them. However, in some cases,
bradycardia can indicate a problem of the heart's electrical system. It can be
caused by aging, heart damage from heart attack, infections that affect the
circulatory system, certain medications, or an inherent problem with the heart's
structure [63].

The normal PR is regular, but sinus arrhythmia is a common condition in children,
adolescents, and young adults. Sinus arrhythmia involves an irregular pulse rhythm in
which the PR varies with the respiratory cycle: the heart rate increases at inspiration and
decreases back to normal upon expiration. The underlying physiology of this condition is
that the pumping frequency increases to compensate for the decreased stroke volume from
the heart’s left side upon inspiration [64].

1.3.2. Oxygen saturation

Oxygen saturation is the percentage of oxygenated hemoglobin compared to the total
amount of hemoglobin in blood. The hemoglobin is a protein present in blood that binds
up to four oxygen molecules and it carries them to the body's tissues and organs.
Therefore, oxygen saturation is an indicator of the respiratory function and overall oxygen
levels in the body [56].

The acceptable oxygen saturation ranges between 95 and 100%. Saturations below 90%
are considered hypoxemia, which is a condition characterized by insufficient oxygen in
the blood and requires the immediate attention of healthcare providers. Some illnesses
like chronic obstructive pulmonary disease cause low levels of oxygen saturation that
must be controlled regularly to ensure the well-being of the patient and avoid risky
situations [65].

The oxygen saturation is generally measured at the extremities of the body, such as fingers
or ear, using a pulse oximeter. This instrument gives the peripheral oxygen saturation
(SpO2) value, which is the level of oxygenation at the boundaries of the body. To know
the level of oxygenation of the whole body, a catheter must be inserted into an artery to
analyze the arterial blood composition (Sa0»). Exists a strong correlation between the
SpO7 and the Sa0s, so it is no significant difference to measure one or another parameter.
To avoid of using a catheter, the instrument typically utilized is a pulse oximeter [66].



1.3.3. Blood pressure

Blood pressure is the force of blood against artery walls. This pressure changes depending
on whether the heart is contracting and pushing blood out in the arteries or whether the
heart is in a resting phase and filling with blood [56]:

e Systolic blood pressure (SABP): Maximum pressure on the arteries during left
ventricular contraction, which is responsible for pumping blood (systole).

¢ Diastolic blood pressure (DABP): Pressure on the arteries between each cardiac
contraction when the heart’s chambers are filled with blood (diastole).

The blood pressure is usually reported in millimeters of mercury (mmHg), in which the
SABP is the numerator and DABP is the denominator. A normal blood pressure reading
is around 120/80 mmHg, but this can vary depending on factors such as age, sex, and

overall health. ABP too high or too low can be classified in the following way (see Table
1.2):

e Hypertension: It is defined as chronic blood pressure measurements of 140/90
mmHg or above in the adult. Hypertension is a silent disorder, so hypertensive
patients may not recognize their condition and not adhere to their treatment plan.
The result is often a heart attack or stroke. Hypertension may also lead to
peripheral arterial chronic kidney disease, or heart failure.

e Hypotension: Hypotension is considered less than 95/60 mmHg in an adult.
However, low ABP measurements are always interpreted in the context of a
patient’s baseline and past readings, as well as their health state. Common
symptoms associated with hypotension are lightheadedness, loss of
consciousness, blurry vision, clammy skin, and fatigue.

Category SABP (mmHg) and/or DABP (mmHg)
Low Less than 90 and Less than 60
Normal Less than 120 and Less than 80
Elevated 120-129 and Less than 80
Hypertension stage 1 130-139 or 80-89
Hypertension stage 2 140 or higher or 90 or higher
Hypertension crisis Higher than 180 or 90 or higher

Table 1.2. Blood pressure ranges [67].

ABP is generally taken in a sitting or supine position to not disturb the measurement.
There are different instruments used to measure this vital sign, but the most common is
the automatic sphygmomanometer.

1.3.4. Respiratory rate

Respiratory rate refers to the number of breaths taken in one minute. The respiratory
system provides oxygen to the tissues and organs of the body, removes the carbon
dioxide, which is the waste product of cellular respiration, and helps to maintain the acid-
base balance. Inspiration is the process that causes air to enter the lungs, and expiration
is the process that causes air to leave the lungs. A respiratory cycle is one sequence of
inspiration and expiration [68].
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Normal RR has a regular rhythm and varies depending on age, activity level, and overall
health. The normal RR rate for adults is 10 to 20 breaths per minute. Children younger
than one year normally have a RR of 30 to 60 breaths per minute, but by the age of ten,
the normal rate is usually 18 to 30 [56].

Several illnesses can be detected by the measurement of the RR:

e Pneumonia: An unusually high RR can be an early sign of pneumonia, especially
in children and the elderly.

e Asthma: Rapid breathing or shortness of breath is a common symptom during
asthma attacks.

e Anxiety: Emotional states, such as anxiety or panic, can cause an increase in
respiratory rate.

1.3.5. Body temperature

Body temperature refers to the average internal body temperature. This parameter is
regulated by the hypothalamus, which ensures that the body maintains a stable
temperature, even when external conditions change. For instance, the hypothalamus can
activate peripheral vasoconstriction to prevent a decrease in BTEMP [56].

The normal core BTEMP is 36.5-37.5°C. A wider range from 35.5 to 37.7°C is acceptable
in infants since heat control mechanisms are less effective. There are different factors that
influence the temperature of the body such as the diurnal rhythm, exercise, stress,
menstrual cycle, and pregnancy. The diurnal cycle (circadian rhythm) causes a fluctuation
of one degree Celsius, with temperatures lowest in the early morning and highest in the
late afternoon [69].

Accurate measurement of core temperature allows to identify hyperthermia and
hypothermia conditions:

e Hyperthermia: It refers to an elevated body temperature and it can be related to
an internal or external source. On one hand, external sources include exposure to
excessive heat on a hot day or being in a sauna or hot tub. On the other hand,
internal sources include fever caused by an infection or tissue breakdown
associated with physical trauma or some neurological conditions.

e Hypothermia: Hypothermia refers to a lowered body temperature. It is usually
related to an external source such as being exposed to the cold for an extended
period.

There are multiple methods to measure the BTEMP based on age, cognitive functioning,
state of health, and safety. The most accurate method is an invasive technique through a
pulmonary artery catheter, but it is only performed in ICUs when constant measurements
are required. Other methods include oral, axillary, tympanic, rectal, and dermal routes,
although they do not provide core temperature. It is important to consider the body
position where the temperature is taken since this parameter changes in every position
(see Figure 1.6) [70].
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Figure 1.6. Body temperature in the human body. (a) Temperature in cold and (b) in warm environments. Courtesy of White (2011)
[71], used with permission.

1.4. Sweat as an alternative biofluid for non-invasive

biomarker measurement
Sweat is a mixture of secretions from millions of eccrine, apocrine, apoeccrine, and
sebaceous glands as well as bacteria, yeast, fungi, other microbiota, and cellular debris
that reside on the skin. It is mainly composed of water (~99 %) with large numbers of
different small molecules, such as sodium, chloride, lactate, or glucose [45]. Several
research have studied the sweat composition and have quantified every component
present in this biofluid (see Table 1.3) [72].

It has multiple functions on the operation of the organism:

e Thermoregulation: The main function is to regulate the body temperature. When
the body overheats due to physical activity, high temperature, or fever, this
biofluid is produced in order to cool down the internal temperature of the
organism.

e Excretion: Sweat contains small amounts of waste products, such as urea or
ammonium. Sweating allows the body to eliminate these substances.

e Protection: A protective barrier is created by sweat, which prevents some
bacterial and fungal infections. The acidic nature of this biofluid can inhibit the
growth of certain microbes on the skin surface.

Sweat is excreted from the body by the sweat glands. The process of sweating is regulated
by the autonomic nervous system and can be triggered by various factors, including
temperature, physical activity, and emotional stress.
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Constituents | Median concentration (M) | Min. concentration (M) Max. concentration (M)

Primary electrolytes

Sodium 3.1x 107 1.1x 10 3.9x 10"
Chloride 2.3x 1072 1.7x 107 2.8x 10"
Calcium 52x107 4.7x10° 1.5x 107
Potassium 6.1x 107 6.7x 10 3.8x 102
Magnesium 8.2x 103 7.4x10% 3.8x 107
Phosphate 3.1x10* 2.3x 107 1.1x 103
Ionic constituents
Sulfate 42x10* 7.0x 103 2.0x 103
Copper 9.4x107 1.3x10% 1.2x1073
Iron 9.8x10°¢ 1.5x10% 1.1x1073
Manganese 1.1x10° 1.1x10° 1.3x1073
Lactic acid 1.4x10? 3.7x1073 5.0x 1072
Glucose 1.7x10% 5.6x10° 2.2x103
Amino acids
Isoleucine 1.7x 10 7.6 x 10-5 2.8x 10
Ammonia 5.2x107 47x 104 2.5x 1072
Uric acid 5.9x 107 42x10° 4.8x107
Urea 1.0x 107 1.8x 107 4.6x1072
Creatinine 8.4x103 8.8 x10¢ 2.0x 107
Vitamins
Thiamine 5.0x 107 45x10° 5.0x10°
Folic acid 1.6x 10°® 1.2x10% 2.0x 108
Ascorbic acid 1.0x 107 1.1x107 3.6x10%
Inositol 1.6 x 10 8.3x 107 1.2x10°
Choline 2.6x107 6.8x 107 1.5x10*

Table 1.3. Estimated content of sweat. Adapted with permission from Harvey (2010) [72].

1.5. State of the art of biometric devices

There are several wearable devices that are capable of recoding physiological data of a
patient. They can be split between devices that monitor the vital signs and systems that
analyze the sweat content.

1.5.1. Vital sign monitoring wearable devices

The market is plenty of wearable devices capable of monitoring the vital signs of an
individual (see Table 1.4). Despite the number of devices available, most of these systems
cannot be used by healthcare providers since they are consumer electronics and not have
been granted with medical certification. There are a few wearable devices that have been
approved by health national authorities. In almost every case, the information provided
by the approved medical devices is incomplete because these systems do not monitor all
the vital signs. Furthermore, most wearable devices cannot be connected to third-party
programs and must be utilized in the applications/programs of the distribution companies,
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which can be a problem for institutions that possess their own digital systems, such as
hospitals or insurance companies.

Compan Device Clinical trials Medical
pany performed certification

Samsung

Electromics Samsung Galaxy Watch 6 NO NO

Apple Inc. Apple Watch 9 YES NO

Corsano Health Cardio Watch 287 YES NO

Masimo Masimo W1 YES NO

corporation
Biosency Bora-Band BB-100 YES Europe
Bio-Beat Wrist Monitor YES Europe and EEUU

Table 1.4. Sample of wearable devices available on the market that measure the vital signs [73], [74], [75], [76], [77], [78].

Apart from the certification, there are other barriers that prevent potential users to utilize
medical wearable devices in their daily lives. Older adults typically have high adherence
to using a wearable watch, and most are willing to contribute with home monitoring [79].
Nevertheless, age remains a major barrier to the acceptability of digital services [80],
[81]. Those with digital literacy and visual impairments may have trouble using
smartphones with numerous buttons and tiny text. Expanding digital health services to
the geriatric population requires simpler and user-tailored devices. Wearables need to be
centered on individuals with a range of other pre-existing health conditions, such as
fragile skin or reduced vision. The lifetime, size, and weight of the developed devices
should also be taken into consideration. Overall, a better understanding of the barriers
that older adults face will enable designers to tailor future devices to their needs [14].

To facilitate the adoption of medical wearable technologies to the elderly and disabled
population, novel functional approaches must be developed. An approach that seems easy
but requires a lot of work to be implemented involves the creation of smart systems
capable of monitoring the individual without user interaction. These devices are placed
on the patient and start taking measurements continuously. The main issue with these
systems is that they must be able to distinguish certain situations in order to record a
measurement only when the result can be accurate.

1.5.2. Sweat analyzers

Sweat is barely utilized by the medical community. The lack of trials that use sweat as a
sample is due to the non-existence of a standardized method to collect this biofluid, the
low volume of the sample (range of nanoliters), and the liquid evaporation. These issues
can be solved by attaching sensors to the skin, but this methodology produces a major
issue: contamination of the sample due to the accumulation of sweat on the sensor’s
surface. To avoid this unwanted situation, a microfluidic system can be used to renew the
sample and expel the generated waste [82].

Several research groups have developed systems capable of collecting sweat from the
skin, processing it, and analyzing its content using different sensors. Liang et al.
developed a paper-based microfluidic device for the real-time monitoring of sweat
potassium [83]. Martin et al. presented a microfluidic detection platform for the
monitoring of glucose and lactate levels [84]. Kim et al. developed a microfluidic patch
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that allowed for rapid colorimetric assessments of the concentrations of multiple essential
nutrients in sweat [85]. Feng et al. presented a patch capable to monitor the lactate,
glucose, potassium, and sodium sweat concentrations in real-time [86].

Apart from the devices developed by researchers, there are several commercial products
capable of analyzing sweat content. These devices are focused on diagnosis of conditions
such as cystic fibrosis or peripheral neuropathies (see Table 1.5).

Cystic fibrosis is a genetic disease that causes persistent lung infections and limits the
ability to breathe over time. Early diagnosis and treatment can significantly improve the
quality of life and lifespan of patients. The gold standard to detect cystic fibrosis consists
in the conductivity analysis of sweat due to the fact that chloride content in this biofluid
is altered, increasing exponentially the medium’s impedance [87], [88].

Peripheral neuropathy is a common complication of diabetes and leads to an increase in
morbidity. It is crucial in the pathogenesis of foot ulcers. 15 % of diabetics develop a foot
ulcer that can progress to severe injury and even amputation. A neglected component of
peripheral neuropathy is sudomotor neuropathy, which results in reduced sweating, dry,
and sensitive skin with a propensity towards callus and fissure formation. A reliable
method to detect this condition consists of using a colorimetric patch that changes its
color by the presence of chloride ions in sweat. This presence is related to an abnormal
perspiration, so the neuropathy can be diagnosed utilizing this system [89], [90].

During the past few years, novel devices capable of performing more complex analysis
have appeared on the market, such as the Gx Sweat Patch (Epicore Biosystems;
Cambridge, MA, USA) [91]. This device is a colorimetric patch that enables sweating
rate analysis and sweat chloride concentration estimation, which can be used to know the
user’s dehydration. It is typically utilized by athletes to monitor their health status during
a training or competition. To use this device a smartphone is required because to extract
the data from this patch, a photograph of the device must be taken [92]. This requirement
reduces the usefulness of this system since continuous monitoring cannot be carried out.

All the sweat analyzers available on the market have the same limitation: there are single-
use devices. Single-use systems help the healthcare providers to assess the state of an
individual at a specific moment although it does not allow to see the user’s evolution. So,
a new generation of devices capable of analyzing the sweat in a continuous manner are
necessary.

Manufacturer Research/Industrial Parameters monitored
Liang et al Research Potassium
Martin et al Research Glucose and lactate
Kim et al Research Vitamin C, cglcium, zing,
and iron
Feng et al Research Laqtate, glucose.,
potassium, and sodium
ELITechGroup Industrial Sweat conductivity
Neuropad Industrial Chloride
Epicore Biosystems Industrial Sweating rate and chloride

Table 1.5. Sweat analyzers (research and industrial) [83], [84], [85], [86], [91], [93], [94].
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1.6. New generation of hospital at home units

As discussed earlier, the rising life expectancy directly impacts on the sustainability of
healthcare systems. There is a growing need for new methods and tools to reduce this
impact and improve the attention provided to patients. In response to these challenges,
Onalabs developed a monitoring medical system for HAH units (see Figure 1.7). This
system is composed of three key elements:

e Biometric devices: These elements are wearable devices that collect
physiological data from the users and send this information to a cloud by means
of a gateway.

e Gateway: This component can be a specific hardware or a mobile phone. It acts
as a repeater: it receives the data from the mentioned wearables and send the
information to a digital platform.

o Digital platform: This element receives the data sent by the gateway and analyzes
the information, so rapid deterioration can be identified, and medical personnel
efficiently assigned. The system is a cloud platform with capabilities of data
storage and data management along with the digital security required in the
healthcare field.

The digital platform is the central module of the system. It collects the acquired data and
analyzes the obtained information. Users, healthcare providers, and institutions can
access to the data by means of an Application Programming Interface (API). An APl is a
software interface that allows two or more programs to communicate to each other [95].
This system based on APIs enables the integration of the platform on third-party software,
such as that used by doctors and nurses at hospitals. The adoption of this kind of digital
platforms is not always easy because the healthcare providers need rapid solutions to a
changing and stressful environment, so the integrating new solutions in the actual systems
ease their adoption.

The Onalabs system was designed and developed to be scalable. Scalability refers to the
ability to handle increasing amounts of work without compromising performance or
efficiency of the system. It is a big issue that usually is overshadowed by other aspects of
the technological development. A system must be capable of handling workloads that
vary constantly depending on the number of devices connected to the network. The
system also must be responsive to these changes and manage the data provided by the
biometric devices without losing valuable information in the process.

Another important aspect of the Onalabs system is the use of gateways to transmit the
data from the biometric devices to the cloud. One of the most common approaches consist
of transmitting the gathered data directly from the device to the cloud utilizing powerful
communication systems, such as WiFi or 3G/4G/5G. These communication systems send
the information at high speed, but require a lot of energy, which significantly reduces the
autonomy of portable devices. A gateway solves this problem since it collects the
information and transmits this data to the digital platform. To establish the
communication between wearables and gateways, less power consuming communication
systems can be used, like Bluetooth or NFC [96]. There are multiple devices that can be
utilized as gateways and the most common one is the smartphone. A smartphone has the
capabilities to be a gateway and permits to display the gathered data. A drawback of these
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hardware which acts as a gateway can be installed on the settings where they are utilized,

devices is that the user does not always possess a smartphone. In these cases, a specific
such as hospitals or homes.
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access the information of the cloud, an API is used. This API allows to easily integrate the system to third-party platforms.

Figure 1.7. Structure of the Onalabs’ HAH system. The biometric devices (wearables) collect physiological data of the patients and
send this information to a digital platform by means of a gateway. All the data acquired is stored and analyzed by this platform. To



1.7. Contribution of this thesis

The aim of this thesis is developing wearable devices for the Onalabs’ biometric
monitoring system. These devices must be able to track the patient's health status by
measuring their vital signs and analyzing their sweat content. Tracking both vital signs
and sweat biomarkers provides an accurate and comprehensive assessment of an
individual state.

On one hand, a medical wearable device capable of measuring the patient's vital signs is
implemented. This monitoring tool allows healthcare providers to assess the patients’
health status continuously and remotely in a non-invasive manner. Not only this device
is developed, but the certification and industrialization of this system are carried out,
giving as outcome a robust product ready to be used by the medical personnel.

Medical certification is mandatory for using a device in a clinical setting, such as hospitals
or clinics. This certification is granted by the regulatory authorities of the country where
the system is utilized. The medical certification process involves several steps ranging
from assessing device security to demonstrating data accuracy, which must be conducted
meticulously to ensure the wearable device receives the medical device label.

Industrialization refers to the process of transitioning a product from its initial design to
mass production. This process involves setting-up the manufacturing processes, systems,
and infrastructure to produce the device efficiently, cost-effectively, and in large
quantities. Industrialization must be carried out properly to ensure that every
manufactured system has the same characteristics.

On the other hand, a novel wearable device able to capture sweat from the skin and
analyze its content is developed. Sweat is a biofluid with a rich content that provides a
huge amount of data about the individual in a non-invasive and continuous way. A system
capable of analyzing this biofluid can be an invaluable tool for the medical personnel
because it provides clinical information only available by means of blood testing.

These two wearable devices are connected to the same digital platform, so the gathered
data from both systems can be used to assess the individuals’ state. The biometric
monitoring system developed has the potential to revolutionize the healthcare field
because a remotely, non-invasive, and continuous monitorization of individuals can be
carried out.

This work is focused on the wearables developed and the electronics involved. The other
parts of the system are described, but the insights of these elements are not presented here
since they are out of the work’s scope.

The thesis is structured in the following way:

e Chapter 1: In this section, the aging population problem and diseases related to
age have been described. Wearable technology has been presented as a solution
to mitigate this problem because it allows continuous and non-invasive
monitorization of healthcare system users. The data gathered by these devices
improves the resource management of healthcare institutions being more efficient.
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e Chapter 2: A description about the functional and operational capabilities of the
system developed by Onalabs is presented. Here, the capabilities of the system
and the technologies involved are described. Furthermore, the process followed
to develop the wearable devices described in this thesis is presented.

e Chapter 3: In this chapter, the device able to monitor the patients’ vital signs is
described. This system is a bracelet that is worn on the user’s wrist. It was
conceived taking in mind the target user (patients) and it was created in a close
relation with healthcare providers to satisfy their necessities.

e Chapter 4: The clinical evaluations carried out using the vital signs monitoring
device are presented. Every phase of the evaluation is described, and the obtained
results are discussed.

e Chapter 5: Any device used in a clinical setting must be approved by the
regulatory authorities. This process is costly and time consuming, but it ensures
that every system granted with medical certification is safe and provides accurate
data. Apart from the certification process, the industrialization of the device must
be handled properly to produce devices with the same performance and
characteristics. Here, both processes (medical certification and industrialization)
are described.

e Chapter 6: In this section, the novel wearable device capable of collecting sweat
from the skin and analyzing its content is presented. This device is applied to the
sports medicine field due the fact that it is easier to obtain larger volumes of this
biofluid passively during a physical activity.

e Chapter 7: Eventually, the thesis conclusions are presented, and the future work
is described.
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2. System Architecture

The previous section introduced the Onalabs’ monitoring system alongside the wearable
devices developed in this thesis. While a general description of each element has been
provided, specific details regarding the system and devices have not been included.

In this chapter, a description of functional and operational capabilities of the whole
system is provided. On one hand, functional characteristics encompass the features
provided to users whether they are patients, doctors, or healthcare organizations. On the
other hand, operational characteristics refer to how these features are delivered, i.e. the
technologies involved. Furthermore, the process followed to develop the system and the
associated management risk plan are described.

2.1. Functional characteristics

The accuracy and robustness of the system rely on three key components: wearable
devices, gateway, and digital platform (see Figure 2.1). First, the wearable device sensors
obtain raw physiological data from the user and the health features are extracted from this
raw data using an embedded processing algorithm. These features are sent to the gateway
which resends this information to the digital platform. Finally, the information is received
by the digital platform, which stores every health feature and analyzes this data. After this
analysis, the cloud platform delivers medical relevant information, such as
recommendations, to the healthcare professionals, caretakers, and patients. All the data is
displayed in a web dashboard, or it can be integrated into third-party programs using an
Application Programming Interface (API).

WEARABLE GATEWAY DIGITAL PLATFORM
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Figure 2.1. Process followed to estimate the user’s health features.

One of technological trends is to create networks of interconnected devices and sensors
that send the information acquired to the cloud. This is the concept of the well-known
Internet-of-Things (IoT) [1], which has been extensively implemented in different areas,
such as home automatization. During the past few years, this trend has expanded to the
medical world, and it receives the name of Internet-of-Medical-Things (IoMT) [2]. The
architecture defined in this work is an IoMT system that has the goal to enhance the
healthcare system.
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The cloud of an IoMT system is the central module. All the information is stored in the
cloud, and it can be accessed anywhere and anytime giving a lot of flexibility to
individuals and healthcare providers. The Onalabs platform (see Figure 2.2a) is a
complete tool that allows nurses, doctors, and medical institutions to assess the health
state of a patient. To perform this task, a modular platform that allows customization of
the web dashboard using the API was created. The healthcare providers can display the
historical evolution of each physiological parameter of every patient (see Figure 2.2b).
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Figure 2.2. Digital platform of the system. (a) Dashboard of the platform, and (b) sample of the historical evolution of a single
patient.
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[oMT systems gather and store huge amounts of sensitive data that must be protected
against attacks or unauthorized access. Cyber security is the practice of protecting digital
systems from malicious activities [3]. Multiple cyber security standards must be followed
by IoMT platforms, such as the General Data Protection Regulation (GDPR) [4] or the
ISO 27001 [5], to protect the users and their information.

Not every digital platform user can display the data of each patient. A hierarchical system
has been implemented to secure the information and avoid privacy issues. There are
different user’s profiles inside the platform that allows to manage the data and avoid
uncertain situations:

e Manufacturer admin: Main administrator of the digital platform. It manages the
system and creates the other profiles. The administrator does not have access to
the patients’ information. This role is done by Onalabs.

e Organization admin: It manages the entities of the system, e.g., caregivers,
patients, etc. This role is performed by the healthcare institutions and has access
to the patients’ information.

e Caregiver: A physician or nurse who can observe patients’ data remotely. They
have access to the data of their patients.

e Patient: The individual who uses the device. This user has access to their own
data which is the same as caregivers view. Patients have the inherent right to
access to their medical records/profile.

There are multiple applications to the [oMT technology developed. This system can be
applied to the telemedicine to provide medical attention to the patients at their homes.
The remote and continuous monitoring of patients allows to know the state of health of
individuals and act accordingly. This system can be also used in hospitals both at care
units and hospital emergency departments. Most of the hospitals do not have continuous
monitoring equipment and only have this kind of instruments at the Intensive Care Unit
(ICUs), so a biometric device that gives physiological information about the patients can
be a powerful tool that facilitates the job of the healthcare providers and improves the
attention provided.

2.2. Operational characteristics

To provide the mentioned functionalities, multiple technologies are involved. These
technologies encompass sensors, electronic instrumentation, and cloud services, among
others. This thesis makes emphasis on the development and implementation of wearable
devices, so only the related parts to the device are described.

A wearable device can take multiple forms and have diverse functionalities, but normally
has the same structure/architecture (see Figure 2.3):

e Control unit: The control unit is composed by a microprocessor or a microcontroller
(MCU) and their peripherals, such as buttons and/or LEDs. This component runs the
system firmware. The firmware is the embedded program inside the MCU that
controls every action performed by the wearable device. It also realizes the analysis
of the results obtained from the sensors.

e Sensors and instrumentation module: This module contains the sensors and the
electronic instrumentation used to measure the parameters of interest.
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e Power supply module: This module extracts energy from a battery or other power
source and uses this energy to power all the elements of the wearable device.

e Communication module: The communication module sends/receives information
to/from the gateway.

e External memory: The external memory is an optional module that is used to store
the data processed by the control unit.

,----| External memaory

: A

i 4
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module
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'
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....................

BATTERY

Figure 2.3. General architecture of a wearable device.

Each module, except both the sensors and the batteries, is integrated in a single printed
circuit board (PCB). The PCB serves as mechanical support for every component and
provides electrical connection between them.

2.2.1. Control unit

The control unit is formed by a microprocessor or MCU, and their peripherals. This unit
is the brain of the system, since it manages all the operations performed by the system
and analyzes the generated information.

Normally, a MCU is the central component of a control unit. This component performs
specific tasks and is commonly used in dedicated systems rather than general-purpose
computing. The key elements of a MCU include:

e Central Processing Unit (CPU): It is the core of this integrated circuit (IC) which
executes the firmware instructions and performs every necessary calculation.

e Memory: A MCU normally has program memory to store the firmware and
intermediate results.

e Peripherals: MCUs have pins that allow it to interface with its environment. These
connections can include digital and analog input/output pins, communication ports,
timers, counters, and other specialized peripherals.

e Clock circuit: MCUs require a clock signal to synchronize their operations. The
clock circuit provides the timing reference for the IC.
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MCUs are chosen for their compact size, low power consumption, and the ability to
provide a cost-effective solution. Common microcontroller families include PIC, AVR,
ARM, among others.

2.2.2. Sensors and their electronic instrumentation

To quantify a magnitude, a sensor is used. A sensor is a device that measures the
parameters of interest from the environment and gives a response proportional this
magnitude. The sensor’s input can be practically anything, such as light, heat, or
electricity, and it usually has as output an electrical signal. This signal is processed by an

electronic instrumentation and the response of this instrumentation is recorded by an
MCU [6], [7].

Sensors and their related instrumentation are one of the main points of this thesis. Here,
an introduction about these elements is provided and the information is extended in each
chapter along with the obtained results.

There are multiple ways to classify sensors. The two most common classifications
include:

e Based on the measured magnitude: One of the most common ways to cluster
sensors is by the magnitude to quantify. For instance, there are optical sensors that
measure the light and chemical sensors which quantify a chemical reaction.

¢ Based on the sensor technology: Another method to classify sensors is by the
sensing technology utilized. For example, a resistive sensor uses changes in
electrical resistance to measure a variable and a piezoelectric sensor converts
changes in pressure or force into an electrical signal.

Depending on the application, one type of sensor or other is used. To ensure that fits the
requirement of the project involved it is important to review the main characteristics of
the sensor [8]:

e Dynamic range: Ratio between the minimum and maximum value that the sensor
can measure.

e Accuracy: Similarity (correlation) between the measured and the true (reference)
values.

e Precision: Capacity of a sensor to give the same reading when repetitively
measuring the same quantity under the same prescribed conditions.

e Linearity: Maximum deviation between the measured values of a sensor from
ideal calibration curve.

e Noise: Random fluctuation of the output’s sensor independent of the input
parameter.

e Reproducibility: Ability of a sensor to produce the same output when the same
input is applied.

e Repeatability: Ability of a sensor to produce the same output when the same
input is applied, and all the physical and measurement conditions kept the same.

e Response time: Time at which the output of the sensor reaches a certain
percentage of its final value.
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An electronic instrumentation is required to acquire the response of every sensor. The
instrumentation (front-end) adapts the sensor output to the levels of the Analog to Digital
Converter (ADC) of a MCU (back-end), which acquires this signal. It is crucial to design
and develop the instrumentation according to the sensor used, due to the system
performance relies on all the system elements. Nowadays, there are countless ICs that
integrate in a single package both the sensors and the electronic instrumentation. These
chips allow to speed up development, so developers mainly focus on the overall system.

Either a sensor along with a custom electronic instrumentation or simply an IC is used,
the sensor response must be processed by an MCU. An MCU performs diverse
mathematical operations to extract relevant information from the acquired signals. This
set of instructions is known as an algorithm. An algorithm generally has several well-
defined steps. The first step is the pre-processing of the signal which consists in reducing
the noise from the signal by means of several filters. Then, the relevant features are
extracted from this signal. Eventually, the analysis of these features is carried out [9].
This process is described in more detail in the third chapter, where the algorithms related
to the vital signs monitoring device are presented.

To estimate the vital signs of a patient and analyze his sweat content, it is necessary to
use different types of sensors. These sensors have diverse characteristics and modes of
function.

2.2.2.1.  Vital signs monitoring sensors
There are multitude sensing technologies that can be used to monitor a patient’s vital
signs. Only the most common techniques are described here.

A. Pulse oximetry

Pulse oximetry (PPG) is a technique that allows caregivers to assess both the pulse rate
(PR) and peripheral oxygen saturation (SpO.) in a simple and non-invasive manner. It is
regularly used in hospitals and ambulatories for patient screening, and it has been
demonstrated to be very helpful in emergency scenarios, such as the recent COVID-19
pandemic [10].

Oxygen is transported from the lungs to the body tissues by means of hemoglobin. The
hemoglobin that carries oxygen is called oxyhemoglobin (O2Hb), and the one that does
not is named reduced hemoglobin (HHb). O2Hb and HHb have different light absorption
properties (see Figure 2.4a). O,Hb absorbs greater amounts of infrared (IR) light and
lower amounts of red light than does reduced hemoglobin. On the other hand, HHb
absorbs more red light. This difference is used to estimate the percentage of O2Hb respect
to the total amount of hemoglobin in blood and hence to determine the SpO> value [11].

The PPG signal (see Figure 2.4b) reflects the changes of blood volume at the capillaries
and hence reflects the cardiac cycle. During the systole, the blood volume increases, and
it decreases at the diastole. This difference can be observed in the PPG signal since there
is a constant baseline at the diastole and at the systole appears a pulsatile component
corresponding to each heartbeat. Measuring the time elapsed between the heartbeats, the
PR can be calculated.
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Another application of this technology consists of assessing the cardiovascular state of a
patient by means of the PPG signals. The PPG signal reflects the state of the circulatory
system since the fluctuations of the blood vessels are acquired. Studying the shape of
these signals, several conditions can be assessed. For instance, the stiffness of blood
vessels can be determined by the PPG signals form [12].

Although pulse oximetry is very useful, it has several drawbacks that limit its use. On one
hand, there are multiple health conditions that cause poor perfusion, making impossible
to the system to estimate the PR and SpO2[13]. On the other hand, several artifacts appear
on the PPG signals due to the movement, hindering the calculation of any parameter [14].
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Figure 2.4. Basic concepts about pulse oximetry. (a) Absorption spectra of the hemoglobin. Courtesy of Dildy (1996) [15], used
with permission. (b) Sample of a PPG waveform.
The pulse oximeter operation is very simple: it emits light directly to the skin and
measures the light that is not absorbed. LEDs are used to emit the light and photodiodes
(PD) are utilized to capture the response. There are two configurations of pulse oximeters
depending on the position of the transmitter and the receiver [16]:

e Transmissive PPG: The light source is placed on one side of the body, and a PD
is placed on the opposite side (see Figure 2.5a). The light from the source passes
through the tissue and the PD detects the transmitted light. This is the technique
used when the measurement side is an extremity of the body, such as a finger or
an earlobe.
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¢ Reflective PPG: Both the light source and the PD are placed on the same side of
the body part (see Figure 2.5b). The light is emitted into the tissue and then
reflected to the PD. This is the method utilized when the measurement position is
not an extremity of the body, such as the wrist.

The PPG instrumentation operates the LEDs and captures the PD response. To do that,
the common approach is developing a circuit that biases the light emitter and measures
the current produced by the PD. This approach is used less and less because a lot of
commercial chips with these capabilities have appeared on the market. Chips like that
integrate in the same package all the elements required to perform the measurement and
transmit the data directly to a MCU using a digital interphase.

:’i?*sg?

LED PD

Figure 2.5. Configurations of PPG. (a) Transmissive and (b) reflective PPG. Courtesy of Tamura (2014) [16], used with permission.

B. Electrocardiography

Electrocardiography is the gold standard technique in cardiology. It consists of recording
the heart’s electrical activity over a certain period of time, which gives as a result an
electrocardiogram (ECG) [17]. An ECG is the plot of the electrical activity of this organ,
and it is interpreted by cardiologists that assess the heart state. Every wave of the ECG
reflects a function of this muscle (see Figure 2.6a):

e P Wave: Represents the depolarization of the atria (the upper chambers of the
heart).

e QRS Complex: Represents the depolarization of the ventricles (the lower
chambers of the heart).

e T Wave: Represents the repolarization of the ventricles.

The heart’s electrical activity is produced by action potentials. An action potential is a
brief change in the voltage across cell membranes. The cardiac action potentials are
originated in specialized cells at the right atrium which they are called the sinoatrial node,
the natural pacemaker of the heart. This voltage passes along the cells of this organ
causing the contraction of the heart. To record this process to obtain an ECG, a set of
electrodes are used. There are different types of electrodes and using one or other only
depends on the application. For instance, single-use pre-gelled electrodes are regularly
utilized to obtain medical grade ECGs. These electrodes are adhered on the patient’s skin
and the conductive gel allows to record a clear and accurate ECG since the resistance
between the skin and the electrode is reduced by this gel. The reduced resistance improves
the electrical signal transmission [18].
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The minimum number of electrodes required to record an ECG is two. However, an ECG
recorded by two electrodes is poor and only allows to identify the QRS complex. A great
number of electrodes must be used to obtain a medical grade ECG. Normally 10
electrodes are utilized for this purpose and the difference of potential between each
electrode is recorded. This system is named 12 derivation ECG, since 12 electrical signals
from various perspectives around the heart are recorded to create a comprehensive view
of this organ electrical activity (see Figure 2.6b) [19].
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Figure 2.6. Basic concepts about electrocardiography. (a) Origin of every wave of an ECG. Adapted with permission from Pereira

(2022) [20]. (b) Derivations of a complete ECG. Courtesy of Romero (2023) [21], used with permission.
An electronic instrumentation is essential to record an ECG. This circuit captures the
potential difference between the electrodes using an instrumentation amplifier. Following
this amplifier, an amplification stage adapts the signal amplitude, and several filters
reduce the noise from this signal [22]. An ECG instrumentation can be implemented using
analog components, but nowadays, there are several analog front-ends available on the
market that integrate in a single package all the necessary elements to perform an ECG
(see Figure 2.7).

Instrumentation
amplifier

Amplification H Filtering stage ]—C} ADC
stage

Figure 2.7. Basic configuration of an ECG instrumentation.
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C. Temperature estimation

There are two types of thermometers (sensor that measures the temperature): contact and
non-contact sensors. Contact sensors measure the temperature by coming into direct
contact with the object of interest and non-contact sensors do not require this interaction
[23].

On one hand, the most common contact thermometer are the following ones:

e Thermocouples: A thermocouple consists of two dissimilar metals that generate
a voltage proportional to the temperature difference between the two ends.

o Thermistors: A thermistor is a resistor whose electrical resistance changes with
temperature.

On the other hand, the most popular non-contact temperature sensors are the infrared
sensors. These sensors detect the infrared radiation emitted by the eardrum and convert it
into a temperature reading.

The utilization of one type of sensor or another depends on the system requirements. For
instance, the oral and rectal thermometers are thermocouples or thermistors, meanwhile
tympanic thermometers are infrared sensors. In general, contact sensors are cheaper
because they are composed by materials whose electrical properties change in function
of temperature, whereas non-contact sensors rely on an optical system composed by
lenses, light sources, and detectors that are very expensive.

As every sensor, an instrumentation that acquires its response is required. In the case of
contact sensors, the front-end is an analog circuit, such as a Wheatstone bridge or a circuit
composed of several operational amplifiers (OPAMPs). Meanwhile, most non-contact
thermometers are sold in an IC with a digital interphase to extract the data.

D. Other relevant parameters

Other relevant parameters apart from the vital signs can be recorded and used to assess
the status of an individual. Normally, these parameters are complementary to vital signs
monitoring and provide information about non-critical functions of the body. For
instance, a parameter of great interest for healthcare providers is the number of steps that
a patient does during a day [24]. This parameter indicates the patient lifestyle, which is
relevant to monitor diseases related with sedentary habits, such as diabetes. Another
parameter of interest is the gait of a patient. Multiple biomechanical studies have
demonstrated that the analysis of gait can reveal the presence of certain diseases, such as
Alzheimer or Parkinson disease [25].

These parameters are related to body movement. The movement of the body can be
monitored using accelerometers, gyroscopes, and magnetometers. All these elements are
sensors that provide information about the position of a body in the space:

e Accelerometer: This sensor measures linear acceleration along the 3-dimensional
axes. It is used to determine the direction and intensity of the acceleration forces
acting on an object or person.
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o Gyroscopes: The gyroscope measures angular velocity or the rate of rotation
around the same axes. It helps to track the object's orientation and angular
movement.

e Magnetometer: A magnetometer measures the strength and direction of the
magnetic field around the sensor. It is used to determine the object's orientation
relative to the Earth's magnetic field.

The combination of these sensors in the same package receives the name of Inertial
Measurement Unit (IMU). By combining the data from these sensors, an IMU can provide
information about an object's position, velocity, and orientation in real-time.

Aside from estimating relevant parameters, these elements can be utilized to complement
the information provided by other sensors. For instance, a PPG has a lot of artifacts caused
by the user movement, so an accelerometer can help to discriminate when a section of a
signal presents motion artifacts or not [26].

The electronic instrumentation of an IMU is minimal due to most of these sensors are
commercial chips with a digital interphase to extract the data. So, to use an IMU, only it
is necessary this component and a MCU to acquire the recorded information.

2.2.2.2. Sweat biomarkers estimation sensors

Biosensors are used to analyze the sweat content. A biosensor is a type of sensor that
converts a biological response to a quantifiable and processable signal [27]. Chemical
sensors are a subfamily of biosensors utilized in multiple industries. This kind of sensors
use molecules named bioreceptors to recognize the analyte (chemical component under
test) specifically. Bioreceptors are immobilized on a transducer element and produce a
chemical reaction when interacts with the analyte. This reaction is converted to a
measurable signal by a transducer [28].

Electrochemical sensors are the largest group of biosensors. These sensors convert the
biological recognition event into an electrical signal proportional to the analyte
concentration. An electrochemical sensor is formed by a bioreceptor and an electrode that
acts as a transducer. The bioreceptor is immobilized on the electrode and when the
chemical reaction takes place, an electric signal can be recorded on the transducer [29].

An electrochemical cell is formed not only by a single electrode. This cell normally has
three electrodes: a working electrode (WE), that it is the surface where the
electrochemical reaction takes place; a counter or auxiliary electrode (CE), which tracks
the potential solution; and a reference electrode (RE), which supplies the current required
for the electrochemical reaction at WE. Depending on the technique utilized and the
application, the materials and the operation mode of these electrodes vary [30].

Electrochemical sensors have several advantages in front of other detection techniques
like high speed, high specificity, easy mineralization, or low cost of manufacturing,
among others. There are three main families of electrochemical sensors depending on the
operating principle:

e Amperometric: Measure the current resulting from oxidation or reduction
(redox) of an electroactive species. A great number of electrochemical sensors
developed nowadays are amperometric sensors. The most famous amperometric
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sensor is the glucose sensor, which it is used to quantify the sugar level in diabetic
patients’ blood.

Conductimetric: Measure the medium conductivity. A subset of this family is
impedimetric sensors which estimate the impedance of the system under study.
An application of this technique that has gained a lot of interest in the past few
years is the quantification of bacteria in water.

Potentiometric: Measure the potential when zero or no significant current flows
between the electrodes. They are usually utilized to quantify the concentration of
ions. One of the most popular sensors of this kind is pH sensor, which are
extensively utilized at chemical laboratories.

There are multiple electrochemical techniques, but the most popular are cyclic
voltammetry (CV), chronoamperometry (CA), and electrochemical impedance
spectroscopy (EIS) [31]:

Cyclic voltammetry: A variable potential is applied to the electrochemical cell
while the current that provides this electrochemical cell is measured (see Figure
2.8a). The voltage varies until it reaches an established potential value, then it
changes direction (triangular waveform). This process is repeated an established
number of cycles depending on the sensor. The result is plotted in a cyclic
voltammogram, which represents the current through the WE against the voltage
applied to the electrochemical cell. This technique gives a lot of information about
the chemical and physical behavior of a system by simply observing the shape of
the cyclic voltammogram.

Chronoamperometry: This technique consists of the application of a constant
potential at the WE and the current produced is measured as a function of time
(see Figure 2.8b). The current varies according to the diffusion of an analyte from
the bulk solution to the sensor surface. Chronoamperometry measures the
dependence between the current and time of a diffusion-controlled process that
changes with the analyte concentration.

Electrochemical Impedance Spectroscopy: Resistance is a measure of the
ability of a system to resist the flow of electrical current and it is defined by the
Ohm's law (see Equation 2.1):

v 2.1)
k= I

where R is the resistance, V is the voltage, and I is the current.

This well-known relationship is limited to the ideal resistor. In the real-world
other phenomena, such as capacity or inductance, must be considered, so the
concept of resistance is extended to impedance. Impedance is frequency-
dependent, so it is necessary to apply an AC potential to the electrochemical cell
and then measure the current through the cell. In EIS multiple signals at different
frequencies are applied and the response is captured. There are different ways to
represent the impedance, but the most common way to do it is by means a Nyquist
plot (see Figure 2.8c). The study of this plot provides a large amount of
information about the system composition.
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Figure 2.8. Electrochemical techniques. (a) Cyclic voltammetry input and output waveforms, (b) chronoamperometry input and
output waveforms, and (c) electrochemical impedance spectroscopy (an oscillating perturbation produces an oscillating current
response which is typically represented using a Nyquist plot). Courtesy of Montes Cebrian [31], used with permission.

A lot of biological samples are liquids, such as blood or saliva, that are difficult to handle.
These samples normally require a pre-treatment before an electrochemical sensor
quantifies their content. To perform this treatment in a controlled and automatic way,
microfluidic systems are used. A microfluidic device is a miniaturized system designed
to manipulate and control small volumes of fluid (nanoliter to microliter scale). These
systems simplify the measurement process and allow a continuous monitorization of the

analyte.

An electronic instrumentation is necessary to acquire a biosensor response. The
potentiostat is the instrumentation of most electrochemical sensors. A potentiostat is a
circuit that biases the cell under study and captures its response. Depending on the
technique utilized, its mode of operation changes. In the case of an amperometric sensor,
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the potentiostat fixes a constant potential between the RE and the WE injects current to
the CE to balance the system. This instrumentation also captures the current produced on
the WE when the chemical reaction is produced [32].

Despite many electrochemical sensors have been developed during the last decades, only
a few are regularly used outside laboratories [33]. The glucose sensor is the most well-
known sensor, but other ones such as amperometric lactate sensors can be found on the
market. The lack of electrochemical sensors in the market is due to the difficulty to
maintain the reproducibility and stability of the sensor in complex real environments, the
inability to identify suitable niche applications, the elevated cost of production, and the
problems related to the industrialization of the product.

2.2.3. Power supply module

A system requires a power source to operate. In the case of a wearable device, this power
source is typically a battery. A battery is an electrochemical cell that stores electrical
energy in the form of chemical energy and releases this energy as electrical power by
means of a redox reaction when it is connected to a circuit. There are multiple types of
batteries and the selection of one or another depends on the characteristics and needs of
the system (see Table 2.1) [34]. Batteries can be classified by different criteria:

e Type of chemistry: This classification refers to the chemical materials used to
generate energy. It is important to know the chemistry of a power source since the
characteristics of the battery differ depending on the materials utilized to
manufacture it. Some of the most popular batteries are the lithium-ion batteries
(Li-ion), nickel-metal hydride batteries (MiMH), and nickel-cadmium batteries
(NiCd), among others.

e Rechargeability: A battery can be rechargeable or not. Rechargeable batteries
(primary cells) have the capability of being charged and used multiple times,
while non-rechargeable batteries (secondary cells) are used once lifecycle and
then discharged.

e Energy density: The energy density is the amount of energy that can store a
battery relative to its size and weight. High-energy density batteries, like lithium
batteries, are smaller and lighter compared to the quantity of energy that they can
provide. It is normally expressed in watts-hour per kilogram (Wh/Kg).

Before selecting a battery, it is crucial to study the characteristics of this cell [35]:

e Nominal voltage: It is the average voltage between the battery terminals when it
is fully charged. Batteries have different voltage ratings, with common nominal
values such as 1.5 V (alkaline AA batteries) and 3.7 V (lithium-ion batteries).

e Capacity: The capacity is the amount of electrical charge that a battery can store,
and it indicates how long a battery can supply current before becoming depleted.
Higher capacity batteries can provide power for longer durations. It is normally
expressed in ampere-hours (Ah) or milliampere-hours (mAh).

e Peak current: Maximum current that a battery can deliver. It is directly
dependent on the internal equivalent series resistance of the power source.

e Self-discharge rate: All batteries gradually lose their stored energy over time,
even when they are not used. This parameter refers to how quickly a battery loses
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its charge when idle. Low self-discharge batteries retain their energy for longer
periods of time.

e Cycle life: For rechargeable batteries, cycle life is the number of charge and
discharge cycles that a battery can endure before its capacity significantly
degrades. A longer cycle life is desirable for rechargeable batteries.

e Temperature dependence: Temperature is an important parameter for the
batteries because they have a high dependency with this parameter. Extreme
temperatures can affect a battery's capacity and overall performance.

The most common power sources for wearable devices are coin cells, alkaline batteries,
and lithium-ion/lithium polymer batteries. On one hand, coin cells and alkaline batteries
are regularly used in multiple devices, but only on low-power systems that do not require
frequent charge. These electrochemical cells are cheap and available in any store. On the
other hand, the lithium-ion/lithium polymer batteries are extensively utilized in portable
systems that must be charged periodically. They are rechargeable and the energy density
is very high compared to its weight. Their main drawbacks are the elevated production
cost and its flammability.

Batiery Energy density Pr.ice Rechargeable

Lithium-ion Q2 5()H \;\%ﬁ/kg) (15 toPgl(%r }é/Wh) e
Alkaline (lgg)e\?\}lﬁﬁl{g) (0.5 to Ii%%attery) e
Lead-acid (30-4}011%\}/1h/kg) (10 toLZCE)W€/Wh) e

Table 2.1. Popular batteries and their characteristics.

Despite the market is full of batteries, this technology must improve to satisfy the
increasing demand of new wearable devices. On one hand, the current batteries have a
limited capacity which does not allow to use a system for more than a few hours or days.
Since the volume and weight of wearable devices is limited, batteries with higher energy
densities are required. On the other hand, some batteries, such as lithium batteries, must
be handled in a proper way because they are very fragile, and explosions can occur. The
battery-explosion accidents are originated from the thermal runaway caused by
mechanical abuse (crash, penetration, etc.), electrochemical abuse (short circuit, over-
charge/discharge, etc.) and thermal abuse (overheat, thermal shock, fire, etc.). A new
generation of batteries that are safer than the current ones are necessary to ensure the users
safety [36].

Battery technology is in continuous development and new technologies appears every
year. These new solutions are led using novel materials and configurations, but despite
the progress made, there are no batteries capable to solve the aforementioned problems.

An alternative to the conventional systems is the energy harvesting. Energy harvesting
represents the energy derived from the ambient sources and directly converted into
electrical energy [37]. This approach prevents the utilization of batteries and avoids
unwanted situations, such as the amount of waste generated by the discarded batteries.
Despite this field has evolved a lot, more investigation is required and, nowadays, a
wearable device cannot rely on this power source to operate.
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Regardless of the power source used to supply wearable devices, the energy must be
adapted to power the system. Power management circuitry is used to efficient distribution
and regulation of power through the device. There are multiple power management ICs,
such as Linear-Dropout Regulators (LDOs) or BOOST and BUCK converters. These
circuits perform the following tasks:

e Voltage regulation: Every circuit requires stable voltage to operate correctly.
This tension is within a fixed range, and the voltage must be adapted from the
power source to supply the system. Specialized ICs regulate the tension for the
correct operation of the device.

e Current regulation: Circuits not only require tension, but also current. This
magnitude is not fixed and varies depending on the action performed by the
multiple ICs involved. Power management circuits must provide the amount of
current required at every moment.

e Power monitoring: Another feature related to these circuits is measuring the
amount of energy remaining inside the battery. This function is not essential for
the operation of the device, but it is highly recommended for correct power source
management.

e Battery management: There are specialized ICs used to charge the battery and
assess its state. These circuits help to correctly manage the power source and avoid
unwanted situations, such as overheating or aging.

Correctly dimensioning of the required power source and designing an efficient power
management system is essential to optimize the wearable device autonomy. Each circuit
consumes different amounts of current which are provided by both mentioned elements
(power source and power management circuity). More functionalities mean more circuits,
and therefore more current consumption, which reduces the system autonomy. There is a
tradeoff between the functions performed by the equipment and the consumption. The
autonomy of a wearable device is given by the following expression (see Equation 2.2):

Capacity (Ah)
Current consumption (A)

Autonomy (hours) = (2.2)

For instance, if the rated capacity of a battery is 100 mAh and the system consumes an
average of 100 mA, the autonomy of this device is one hour.

2.2.4. Wireless communication module

The data collected by a biometric device must be transmitted to a gateway. To do that, a
wireless communication module is used. A wireless communication system is a
technology that allows the transmission and reception of information without the need of
a physical connection [38].

The main characteristics of a wireless communication system are the following ones:

e Range: Refers to the maximum distance over which the system can transmit and
receive data effectively. It is measured in meters or kilometers.

e Communication rate: Indicates the amount of data that can be transmitted per
unit of time. It is expressed in bits per second (bps) or its multiples, such as kilobits
per second (Kbps) or megabits per second (Mbps).
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Frequency band: Wireless communication systems operate within specific
frequency bands. Different frequency bands have different propagation
characteristics.

Bandwidth: Range of frequencies within the frequency band that the wireless
communication module can use for transmission.

Latency: Delay between the moment of sending and receiving data. Low latency
is critical for real-time applications.

Power consumption: It refers to the amount of electrical power that the system
requires to operate. Low power consumption is essential for devices that run on
batteries.

There are dozens of wireless communication protocols (see Table 2.2), but some of the
most popular are the following ones [39]:

Bluetooth and Bluetooth Low-Energy (BLE): Bluetooth is a short-range, high
data rate, and low-power wireless technology that operates in the 2.4 GHz
industrial, scientific, and medical (ISM) band. The low-power version of this
protocol is BLE, which provides considerably reduced power consumption and
cost while maintaining a comparable range. Bluetooth is one of the most popular
communication systems and it can be found on any portable device.

Near Field Communication (NFC): NFC is a short-range, low data range, and
ultra-low-power communication system. It operates at 13.56 MHz, and it is
designed for exchange of data between two devices that are brought into close
proximity, typically a few centimeters. This characteristic makes it suitable for
secure transactions, such as payments.

WiFi: WiFi is a medium-range, high data rate, and high-power wireless
communication protocol. It operates at 2.4 or 5 GHz and WiFi is normally used
to establish a wireless connection between devices and a router.

LoRa: LoRa is a long-range, low data rate, and low-power wireless
communication protocol. It uses license-free sub gigahertz bands like 433, 915,
and 923 MHz. LoRa is a type of network that serves the needs of applications
requiring long-distance communications, but also with limited power budget.
Cellular networks (3/4/5G): Cellular networks are long-range, high data rate,
and high-power communication systems. Depending on the technology, the
frequency band changes, and velocity of the transmission varies. This type of
protocols are mainly used by smartphones that exchange information at high
speed.

The election of a communication system or another depends mainly on the intended use
of the device. For instance, a medical wearable device powered by a battery requires a
communication system that enlarges the life of this battery, so a module of low power
consumption, such as BLE or NFC, are normally used.
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Protocol Range Data rate Power consumption
Bluetooth Short High Low
and BLE (up to 10 meters) (up to 2 Mbps) (few milliwatts)
NEC Short Low vay
(up to 10 cm) (424 Kbps) (few milliwatts)
WiFi Medium High High
(up to 35 meters) (several Gbps) (hundred milliwatts)
Lon
LoRa (severgal Low L.OV.V
kilometers) (tens of Kbps) (few milliwatts)
Cellular Medium High High
networks (hundred meters) (several Gbps) (hundred milliwatts)

2.3.

Table 2.2. Popular wireless communication protocols.

Development procedure

The international standard ISO 13485 establishes the procedure to develop a medical
device. This procedure ensures that medical devices comply with the regulatory standards
for safety and effectiveness. To create the wearable devices described in this thesis, this
development procedure was followed.

Based on the ISO 13485 standard, the development procedure can be divided into the
following steps (see Figure 2.9):

Early Design: The first step consists of creating an initial concept of the system
based on the user needs and market requirements. Preliminary designs and
feasibility studies are conducted in this phase.

Planning: After the early design phase, a plan outlining tasks, milestones,
resources, and timelines for the development process is created. Regulatory
requirements, risk management strategies, and quality assurance measures are
also established during this stage.

Development: Once the planning is ready, the actual design and engineering of
the medical device take place. Prototypes are built, refined, and tested iteratively
to ensure functionality, safety, and reliability.

Implementation: Upon the validation of the design, manufacturing process is
established to mass-production of the device. Quality control procedures are also
implemented to maintain consistency and adherence to specifications during
production.

Test and Validation: Rigorous testing and validation are conducted to verify the
performance, safety, and efficacy of the system. Results are analyzed, and
necessary adjustments are made based on the observations.

Certify and Release: Eventually, the information related to tests and validation
is gathered and submitted to the notified body for approval. Regulatory organisms
review the documentation to ensure compliance with applicable standards and
regulations. Once regulatory clearance or approval is obtained, the medical device
is certified for commercial release.
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Figure 2.9. Development procedure of a medical device.

2.4. Risk management plan

Apart from the development procedure described in the previous section, a risk
management plan is required to design, implement, and validate a medical device. This
plan is a document which describes the process for identifying, assessing, and mitigating
potential risks associated with the design, development, manufacture, and use of the
device. It includes risk assessment methodologies, mitigation strategies, and monitoring
measures to ensure the system’s safety and effectiveness throughout its lifecycle. To
develop the wearable devices described in this thesis, risk management plans for both
products were implemented.

The risk management plan is based on risk levels, so the first step is defining the risk
tolerance levels for every part of the development procedure. Five different levels can be
set based on the norm ISO 14971 [40]:

e Critical: The system provokes an injury to the user.

e Major: A long-term malfunction of the device occurs.

e Serious: A short-term malfunction of the system occurs.

e Minor: Slight user inconvenience occurs.

e Negligible: Any or negligible risk to the user or the device.

Depending on the probability occurrence, the risk is classified as acceptable or
unacceptable (see Table 2.3).

Negligible Minor Serious Major Critical
Frequent
. UNACCEPTABLE UNACCEPTABLE UNACCEPTABLE UNACCEPTABLE | UNACCEPTABLE
(1 in 100)
Probable
. ACCEPTABLE UNACCEPTABLE UNACCEPTABLE UNACCEPTABLE | UNACCEPTABLE
(1 1n 1000)
Occasional
. ACCEPTABLE ACCEPTABLE UNACCEPTABLE UNACCEPTABLE | UNACCEPTABLE
(1 in 10000)
Remote
. ACCEPTABLE ACCEPTABLE ACCEPTABLE UNACCEPTABLE | UNACCEPTABLE
(1 in 100000)
Improbable
. ACCEPTABLE ACCEPTABLE ACCEPTABLE ACCEPTABLE UNACCEPTABLE
(1 in 1000000)

Table 2.3. Risk acceptability criteria.
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Then, the initial hazard analysis documents the preliminary risk analysis for the device
under development. This analysis is an essential activity to control and/or reduce residual
risk from intolerable to acceptable based upon previously defined risk tolerance levels.
The identified hazards are transferred onto the failure mode effects analysis (FMEA)
report and evaluated to determine whether the benefit outweighs the risk.

Next, the development requirements along with the associated acceptance criteria are
extracted from the risk assessment. These risk assessments and analysis in conjunction
with the established procedures related to the standard ISO 13485 provide the tools for
the development of a medical device that ensures the following:

e Good performance: Medical devices must provide accurate and precise
measurements relevant to their intended claims (i.e. measurement of pulse rate).

e Device safety: The device must be safe for the user and other stakeholders in the
framework established by its intended use, precautions, and warnings (i.e. adult
patients in a homecare scenario).

Upon establishing the development requirements, the specific technical requirements
must be subservient to accomplish the claims and intended use of the medical device with
the technologies best suited and clearly marked acceptance criteria for the technical
development validation.

Eventually, once the development has been completed, an evaluation plan must be carried
out to verify the medical device is ready for certification as it performs as intended,
accomplishes the claims, and it is safe to use.

2.5. Conclusions

In this chapter, the functional characteristics of the HAH system developed have been
presented and described. This system uses biometric devices (wearable devices) to collect
the physiological information of the patients and send this data to a digital platform by
means of a gateway. The information gathered can be consulted anywhere and anytime
by the system users, either healthcare providers or patients. This system flexibility allows
doctors and healthcare organizations to monitor the evolution of each patient and use the
resources efficiently.

Apart from presenting the functions of the system, the operational characteristics have
been described. The operational characteristics refer to the technologies involved in the
operation of the HAH system, focusing on the wearable devices. Each element that
usually forms a wearable device has been presented and described. Especial emphasis has
been made in the sensing technologies used to estimate the vital signs and analysis the
sweat content.

Finally, the development procedure and the risk management plan have been described.
Following these steps are fundamental to develop, implement, and validate a medical
device, so must be handled correctly to obtain a robust product.

Both the functional and operational characteristics along with the development procedure
are described deeply in the following chapters. In these sections, the wearable devices
developed are presented and characterized giving a better understanding of the HAH
system.
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3. Vital Signs Monitoring Device

The first chapter described every vital sign and highlighted the importance of measuring
these parameters to assess the health status of a patient. Then, the second chapter
presented the technologies involved to develop a wearable device capable of monitoring
these biomarkers and the process that must be followed to design, implement, and validate
a medical device. In the present section, a wearable device named ONAVITAL capable
of measuring the vital signs of an individual is presented and characterized. This system
is intended to be a medical device used by healthcare professionals as a tool to facilitate
their job and enhance resource management, so this wearable device was meticulously
developed to meet medical standards.

3.1. Architecture of the system

The ONAVITAL device (see Figure 3.1a) [1] is a wearable device that takes the form of
a small bracelet. This bracelet is attached to the patient’s wrist and measures the user’s
pulse rate (PR), peripheral oxygen saturation (SpO.), arterial blood pressure (ABP), and
skin temperature (STEMP). When the heart pumps blood, the ABP receives the name of
systolic blood pressure (SABP), and when this muscle rests, ABP is named diastolic
blood pressure (DABP).

This monitoring device is formed by a plastic case (see Figure 3.1b), an electronic board
with a battery soldered to it (see Figure 3.1c), and a hypoallergenic strap (see Figure 3.1c).
The device’s design was kept as simple as possible to facilitate the system’s adoption by
the potential users. The target population is the geriatric population which normally has
difficulties to use digitals systems, such as smartphones or smartwatches, so the system
must be orientated to them [2]. Apart from helping the patient adherence, making the
device simple reduces the manufacturing costs because the number of components is
reduced.

(a)

* \onalabs)

(b)

Figure 3.1. Structure of the ONAVITAL device. (a) Complete system, (b) plastic case, (c) electronics of the system, and (d) strap.
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The wearable device case (see Figure 3.2) is made of biocompatible plastic, and it is the
interphase between the system and the environment. It has several functions:

e Interact with the user: By means of a LED, the device indicates its state to the
user. It also integrates a button which is utilized to reset the system.

e Interphase between sensors and environment: The case has a lens that
transmit/receive the light produced by the pulse oximeters (PPGs) of the wearable
device. It also has a metallic piece that conducts the heat from the patient’s skin
to the thermometer integrated onto the board.

e Wear the device: The plastic case holds the strap that allows to wear the product.

e Charge the device: This system can be charged using a custom cable that is
attached to the case by means of a magnet.

(b)

(a) HIDDEN
BUTTON DETACHABLE

/

THERMOMETER

% \onalabs) LENS OF PPGs

CHARGER

Figure 3.2. Parts of the ONAVITAL case. (a) Top and (b) bottom of the system.

To attach the wearable device to the patient, a cloth strap is utilized. The materials used
to manufacture this strap are medical grade in order to ensure that the device is
biocompatible and does not cause any harm to the user. Most of the potential users of this
system are fragile patients that are susceptible to complications and infections, and their
health can deteriorate rapidly if it is not properly cared [3]. The strap can be changed by
another one by means of a detachable pin, so when a strap is damaged or must be washed,
it can be rapidly replaced.

The ONAVITAL’s electronics (see Figure 3.3) controls and performs every device’s
actions. These electronics capture the sensors’ response, process the gathered data, and
send the estimated health features to a gateway via Bluetooth Low Energy (BLE). BLE
is a short-range wireless communication protocol that stands out by its low-power
consumption and its versatility. Furthermore, it allows to exchange data with a multitude
of systems because nowadays it is a standard of the electronics industry [4]. To power the
device, a lithium polymer (LiPo) battery with a nominal voltage of 3.7 V and a rated
capacity of 150 mAh is utilized. LiPo batteries possess a high energy density and are
rechargeable, making it an ideal option to power a wearable device.

The electronics block represents almost 80 % of the device cost, so the economic
scalability of the design has thoroughly been taken into account. All the electronics and
sensors of the system are embedded in a single board to fulfill this goal.
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29,00 mm

Figure 3.3. Photograph of the ONAVITAL electronics.

The data collected by the ONAVITAL device is sent to the cloud platform by means of a
mobile phone application. Acting as a communication hub, the smartphone running this
application not only facilitates the transmission but also provides a user-friendly interface
for data visualization. To use this application, the patient must identify himself by means
of both an email and a password. This authentication step is crucial, as each wearable
device is linked to a unique patient profile. After the authentication phase is complete, the
ONAVITAL device corresponding to the patient’s profile establishes connection to the
smartphone. Finally, the patient can visualize the last measurement taken by the system
and perform new measurements by means of the ON-DEMAND button (see Figure 3.4).

PULSE RATE
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TEMPERATURE
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Figure 3.4. Mobile phone application of the ONAVITAL device.
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The gathered data can be also sent to a specific hardware that acts as a gateway (see Figure
3.5). Most potential users of ONAVITAL device are elderly which are not accustomed to
digital tools, such as mobile phone applications. Furthermore, smartphones are not always
available, so an alternative gateway is very helpful in several settings. Utilizing a specific
hardware address both issues at once. This hardware receives the information and sends
the data to the cloud, acting only as a repeater. It consists of a board contained inside a
plastic case and possesses every processing and communication capabilities of a
smartphone. Authentication is not necessary when using this gateway, as each gateway is
linked to one or more ONAVITALSs.

ONAVITAL device } ={ Gateway Digital platform

Figure 3.5. Gateway configuration.

The information collected by wearable devices is stored into a cloud-based platform. This
platform is used to manage the registry of each bracelet, associate wearable devices with
individuals, provide authentication to individuals accessing the ONAVITAL application
or the gateway, and act as a data repository. The data gathered by the bracelets can be
visualized through application programming interfaces (APIs) or a cloud-based
dashboard.

3.2. Electronics of the system

The board architecture (see Figure 3.6) is the same as it is detailed in the previous chapter:
control unit, power supply module, electronic instrumentation, wireless communication
module, and external memory. Only one major difference is found which is both the
instrumentation and sensors are included in the same module.

This wearable device has two operational modes: low-power and measurement states.
Initially, the device remains in the low-power mode until it detects a patient. Then, the
system switches to the second mode and starts to monitor the patient’s vital signs.
Measurements are taken every 15 minutes, but this frequency can be modified by means
of the cloud-based platform. Multiple frequencies can be set and the selection of one or
another depends on the criteria of the healthcare provider, but it must take into account
that there is a tradeoff between the measurement frequency and battery life. The device
consumption rises when the measurements are taken more often, and it falls when the
period between measurements increases. A sampling frequency of 15 minutes is deemed
sufficient to capture the evolution of every physiological parameter without an excessive
power consumption. The ONAVITAL device monitors the vital signs until the user
removes the bracelet. At this moment, the system returns to the first state.
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Figure 3.6. Architecture of the ONAVITAL electronic board.
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To detect the presence of a patient, the ONAVITAL device uses an Inertial Measurement
Unit (IMU) and a PPG. This IMU is continuously recording the acceleration and when it
surpasses a fixed threshold, the system starts to look for the presence of an individual by
means of the PPG, since considers that a patient wants to wear the device. The PPG emits
infrared (IR) light and capture the environmental response. This response is analyzed, and
the presence of an individual is determined when the signal is larger than a fixed
threshold. Both fixed thresholds were established after analyzing the raw data of dozens
of individuals.

The ONAVITAL board consumes 7.14 pA and 51 mA at low-power and measurement
mode, respectively. This electronic board is capable of disabling and enabling different
modules of the system to reduce power consumption. Furthermore, the processing of the
sensors’ raw data is carried out by the device itself instead of sending this information to
the cloud for health features extraction. This latter approach consumes a lot of energy
since many values must be sent rather than the estimated parameters. Given these
characteristics, if the measurements of the ONAVITAL device are taken every 15
minutes, the expected battery life is five days.

3.2.1. Control unit

The control unit acts as the brain of the system. It manages all the actions performed by
the wearable device and analyzes the sensors’ response. These actions are controlled by
the firmware embedded on the unit’s microcontroller (MCU).

This module is composed by the MCU STM32L476JEY6TR (STMicroelectronics;
Geneva, Switzerland) [5], its peripherals, and a RGB LED used to indicate different
device states to the user, such as low charge of the battery. This component is an ultra-
low-power MCU with a high-performance ARM Cortex-M4 32-bit RISC core. It includes
in the same package several peripherals, such as analog to digital converters (ADCs) or
digital to analog converters (DACs), and communication interfaces, like 12C or UART.
These features allow to create electronic systems that perform complicated operations
without consuming a lot of energy.

The power consumption of this unit depends on the system’s operational mode. During
the first state, the MCU is configured in a low-power mode resulting in an average
consumption of 1.5 pA. When the system switches to the second mode, this component
is activated and consumes an average current of 1 mA. It is important to reduce as much
as possible the power consumption of this component since it is an element that usually
consumes a lot of energy.

3.2.2. Power supply module

The energy used to supply the system is extracted from a battery. This electric energy is
regulated by the power management module of this board. Furthermore, this module is
utilized to recharge the battery and estimate its charge level.

A. Battery

To power this electronic board, a LiPo battery is utilized. These electrochemical cells are
rechargeable batteries with high-energy density which means that they possess a lot of
charge capacity in comparison to their weight. Besides, these batteries provide stable
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current, but the voltage decays with the charge level [6]. Hence, the electrical potential
must be regulated to power the circuit.

The LiPo battery used for the ONAVITAL device has a nominal voltage of 3.7 V, and a
charge capacity of 150 mAh.

B. Regulation of the voltage

Most elements of the ONAVITAL device work at 3.0 V. Only the PPGs require different
potentials to operate, which are 1.8 V and 5.0 V. Combining a BOOST converter and two
low-dropout regulators (LDOs), these voltages are obtained. The first component elevates
the voltage to 5.0 V and then it is regulated to 3.0 V by an LDO. Eventually, the other
LDO is utilized to lower the potential from 3.0 V to 1.8 V (see Figure 3.7).

LiPo BOOST
battery CONVERTER Logaay

ra
Unregulated 50V 35V 30V ONAVITAL
voltage system
o
A4
P
3.0V \ 18 vJ—» PPGs
\

LDO 1.8V

Figure 3.7. Schema of the ONAVITAL voltage regulation.

The boost converter and both LDOs are ultra-low-power integrated circuits (ICs) which
only consumes 325 nA, enhancing the battery duration since these elements are always
enabled. The 1.8 V LDO only consumes 25 nA and 3 nA when it is enabled and disabled,
respectively. This LDO is controlled by the MCU to reduce the PPG consumption.

C. Charge of the battery

LiPo batteries are potentially dangerous because they can explode or burn when they are
not handled properly. To manage this electrochemical cell, the battery charge
management circuit BQ25150 (Texas Instruments; Dallas, TX, USA) [7] is used. The
main function of this chip is to charge the battery in a controlled and secure way. It also
monitors the state of the LiPo battery and disconnects this electrochemical cell from the
system when a potential hazard is detected. This module communicates with the MCU
by means of 12C and it consumes 18 pA when it is working.

D. Estimation of the battery level

The battery fuel gauge BQ27220 (Texas Instruments; Dallas, TX, USA) [8] is used to
estimate the level of charge of the battery. This element determines the amount of charge
remaining in the electrochemical cell and provides information about its state. The
information recorded is sent to the MCU via I12C. This module consumes 600 nA and 50
LA when is disabled and enabled, respectively.
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3.2.3. Sensors and instrumentation module

The ONAVITAL device integrates both the sensors and electronic instrumentation onto
a single board. Different sensors are utilized depending on the physiological parameter
being measured.

To monitor the PR, SpO», and ABP, two reflective PPGs MAX30101 (Analog Devices;
Wilmington, MA, USA) [9] are utilized. This IC includes the LEDs and photodiodes
required to carry out the pulse oximetry technique, along with the instrumentation
necessary for their operation. The PPGs emit light at three wavelengths, which are 537nm
(green), 660nm (red) and 880nm (IR). The response of the environment is captured by
the system photodiodes and sent to the MCU via an 12C, which process the acquired
signals to estimate the vital signs.

Temperature is measured using the digital thermometer TMP117 (Texas Instruments;
Dallas, TX, USA) [10]. The heat is transferred from the skin to the thermometer using a
metallic heat-conducting part built-in in the device case. The values extracted from the
sensor are sent to the MCU via 12C.

Finally, to evaluate the patient’s activity, the IMU ISM330DHCX (STMicroelectronics;
Geneva, Switzerland) [11] is used. This IMU contains both an accelerometer and
gyroscope, and it is used to detect when the patient takes the device to wear it. The data
collected by this device is sent to MCU via I2C.

All these sensors consume 51 mA when they are measuring and 4.75 pA at low power.
Since the measurement frequency is very low (15 minutes), there is no major concern
with the battery life.

3.2.4. Wireless communication module

The gathered data by the wearable device is sent to a gateway. To perform this task, the
certified BLE module RN4871 (Maxim Integrated; San Jose, CA, USA) [12] is used. This
module sends/receives the information depending on the orders given by the MCU via
UART.

BLE systems handle the transfer and storage of information through characteristics. A set
of characteristics is known as a service. Several services and characteristics are defined
to exchange information with the mobile phone application/gateway. For instance, there
is a characteristic for the HR measurement and another one for the battery level.

To reduce the power consumption, an analog switch controlled by the MCU disables the
power supply of this IC when it is not used. Despite BLE is a low-power communication
protocol, it requires several mA (average of 5 mA) to send and receive information, so to
enhance the battery life it is recommended to disable this system.

3.2.5. External memory

To ensure that any data is lost, a backup of the data collected is made after each
measurement. This backup is stored in the external memory flash GD25Q128EWIGR
(GigaDevice Semiconductor; Beijing, China) [13]. A flash memory is a non-volatile
memory, which means that its content is not erased even when the power supply fails, i.e.
the coin cell discharges. The storage capacity of the flash used is 16 Mbytes and can store
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up to 20 years of measurements. Data is sent from the flash to the MCU via a Quad SPI
interface.

This module consumes 12 mA and 100 nA when it is enabled and disabled, respectively.
The elevated power consumption of the memory flash is associated with the process of
saving/retrieving data. This process only longs 100 ms, so the impact on battery life is
minimal.

3.3. Algorithms

The STEMP value is extracted from the device’s thermometer. The other physiological
parameters are estimated by processing the acquired PPG signals, so three custom
algorithms were developed to obtain the PR, SpO», and ABP values. Given the limited
resources of a MCU, algorithms cannot be very complex at computational level, because
excessive resource usage drains a lot of energy reducing the device autonomy.
Furthermore, the temperature of a MCU rises when many operations are carried out,
which increases the board temperature, leading to erroneous STEMP recordings.

The first step of the three algorithms is acquiring the PPG signals. On one hand, the green
light is used to estimate both the PR and ABP values. Green light is more energetic than
other wavelengths of the visible spectra, so it penetrates deeply into the skin which
improves the signal-to-noise ratio (SNR) [14]. A high SNR is crucial for PR and ABP
algorithms to discern the details of the PPG signal corresponding to the cardiovascular
system. On the other hand, red and IR light are utilized to calculate the SpO> value. As
discussed in the previous chapter, the SpO, algorithm exploits the absorption difference
between these two wavelengths to estimate the percentage of hemoglobin oxygenated and
not (see Figure 3.8a).

PPG signals can be easily corrupted by movement, making it impossible to utilize these
signals for estimating any physiological parameter. To reduce measurement error, an
algorithm capable of distinguishing between high- and low-quality signals is employed
before any estimation. This algorithm is referred as signal quality index (SQI) [15].
Acceptable or excellent quality signals are used to estimate both the PR and SpO> (see
Figure 3.8b), or excellent in the case of ABP (see Figure 3.8c¢).

3.3.1. Signal quality index

Several physiological parameters can be estimated in a non-invasive way utilizing the
pulse oximetry technique. Despite its versatility, there are different drawbacks that limit
its use. On one hand, motion artifacts corrupt PPG signals by introducing random noise
[16]. On the other hand, this technique presents reduced efficiency when it is applied to
individuals with darker skins. This issue is caused by the elevated light absorption
provoked by more prevalent melanin content of darker skins, leading to low SNR [17],
[18].

There are several methods to reconstruct corrupted PPG signals, but these techniques
require many computational resources [19], [20]. An alternative method to these
techniques consists of a classifying algorithm that clusters the signals according to its
quality and only the signals with acceptable or excellent quality are processed [21].
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Most PPG manufacturers use the perfusion index as the gold standard for assessing signal
quality [22]. Perfusion index is the ratio of pulsatile to the non-pulsatile blood in a
patient’s peripheral tissues. Despite this parameter is extensively used by transmissive
PPG devices, which provide excellent quality signals by its own nature, this method is
not effective for reflective systems because the recorded signals are normally noisier.
Several alternative methods to the perfusion index assessing technique have been
developed ranging from descriptive statistics to more complex approaches, such as deep
learning [23]. These latter approaches are not feasible for wearable devices because their
elevated computational complexity.

A SQI algorithm based on descriptive statistics is used by the ONAVITAL device. The
statistics utilized are:

e Mean value: Arithmetic average of the signal (see Equation 3.1).

Zg=1 Xn
N (3.1

X =

where X is the mean value, X, is each value of the signal, and N is the number of
samples in the signal.

e Standard deviation (STD): Measurement of the signal dispersion (see Equation
3.2).

Ym=1(xn — %) (3.2)
N-1

where o is the STD, X is the mean value, X, is each value of the signal, and N is
the number of samples in the signal.

e Kaurtosis: Measurement of symmetry of the data distribution (see Equation 3.3)

1

K =
Nzrl\llzl[xn -

3 (3.3)
5]

where K is the kurtosis, X, is each value of the signal, X is the mean value, o is
the STD, and N is the number of samples in the signal.
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Two different thresholds are defined for each descriptive statistic. These thresholds were
defined after a process of calibration with multiple volunteers. Using these thresholds, the
signals are classified as low, acceptable, or excellent. Excellent quality signals (see Figure
3.9a) are those in which the systolic peaks can be clearly observed. These peaks can be
also observed for acceptable PPG signals (see Figure 3.9b), but some noise is present on
these signals. Finally, low quality signals (see Figure 3.9¢c) are those in which any peak
is observed, or the noise corrupts entire sections of these signals.

3.3.2. Pulse rate

To estimate the PR, the green PPG signal is used. The PR algorithm is executed when the
SQI algorithm classifies signals as acceptable or excellent. Each systolic peak within the
acquired PPG signal is utilized to calculate the PR (see Figure 3.10a). These peaks
correspond to the heartbeats, so the distance between peaks directly correlates with this
vital sign.

The first step of the PR algorithm consists of reducing the noise from the PPG signal. To
perform this task, a second order Butterworth band-pass filter with a pass band from 0.5
to 4 Hz is used. This band was selected to improve the detection of systolic peaks because
PR typically ranges between these frequencies, which correspond to 30 to 220 bpm. Then,
the autocorrelation of the filtered signal is calculated. The autocorrelation extracts the
period of a signal by suppressing the aperiodic component which allows to extract the
frequency of this signal. Finally, the autocorrelation peaks are detected, and the value of
the PR is estimated using the following expression (see Equation 3.4):

60 - Sampling frequenc
PR — pling frequency

(3.4)
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Figure 3.10. Pulse rate estimation. (a) Systolic peaks of the PPG signal, and (b) algorithm used to calculate this parameter.
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The algorithm is applied to 10-second PPG signals. This window is split into several
sliding windows of five seconds. The PR is calculated for each window and the results are
stored in an array. An upper and lower limit are set using the mean and the STD of each
element inside the array. Another limit is fixed using the maximum physiological PR value
[24]. The values outside these limits are considered outliers and removed from the array.
Eventually, the PR value is calculated by doing the mean of the values contained on this
array (see Figure 3.10b).

3.3.3. Oxygen saturation
To estimate the patient SpO., the red and IR PPG signals are used. This operation is
performed when the SQI algorithm classifies signals as excellent.

First, the direct component (DC) and the alternating component (AC) of each signal are
estimated. The constant baseline and the pulsatile component are referred as DC and AC
of the signal, respectively. On one hand, the root mean square (RMS) of the mean value
of every signal is used to calculate the DC, and, on the other hand, the RMS (see Equation
3.5) of each signal without the DC component is utilized to estimate the AC.

RMS = (3.5

where N is the number of samples in the processed PPG signal and x, is each value of this
signal.

Then, both components of the red and the IR light are used to estimate the R value (see
Equation 3.6):

AC
RED /DCRED

R =
ACIR/
DCig

(3.6)

where the ACrep and ACrr are the pulsatile component of the red and IR signal, and the
DCrep and DCir the baseline of both signals.

The R value is proportional to SpO», but it is not equivalent to this physiological parameter.
To extract the oxygen saturation value the following equation is used (see Equation 3.7):

Sp0, = aR?> +bR + ¢ (3.7)
being SpO: the peripheral oxygen saturation, R the R value, and a, b, and ¢ empiric

coefficients. These coefficients depend on the device optical system and they are obtained
after an initial calibration process (see Figure 3.11) [25].
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Figure 3.11. Algorithm used to calculate oxygen saturation.

3.3.4. Arterial blood pressure

The green PPG signal is utilized for estimating the ABP. This algorithm is executed when
the SQI algorithm classifies PPG signals as excellent. PPG signals reflect the volume
changes in blood vessels corresponding to the systolic and diastolic cycles of the heart.
By analyzing the nature of these changes, the ABP can be estimated by calculating the
area under the PPG signal (see Figure 3.12a).

First, the PPG signal is filtered separately by a third order Butterworth low-pass filter
with a cut-off frequency of 15 Hz, a second order Bessel low-pass filter with a cut-off
frequency of 2 Hz, and a DC filter. Then, the peaks and valleys corresponding to each
filtered signal are detected and categorized as maximums and minimums, respectively.
The area compressed between two valleys and one peak is considered as one complete
cardiac cycle (systolic and diastolic). Following this categorization, the area under every
triangle is calculated by integration. These values are intermediate results of both the
SABP and DABP. Finally, a correction algorithm is applied to discard the unrealistic
values and the final value of both SABP and DABP are estimated (see Figure 3.12b).
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Figure 3.12. Blood pressure estimation technique. (a) Principle of the ABP estimation by means of a PPG signal, and (b) algorithm

used to calculate this parameter.
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3.4. Calibration process

Some of the algorithms used by the ONAVITAL device require a calibration process
since these measurements depend on the system optics. These algorithms are the SQI,
SpO,, and ABP estimation methods. As humans were involved in this calibration process,
the experiments were conducted in accordance with the international ethical declarations
of Helsinki [26].

3.4.1. Signal quality index

The SQI algorithm must be calibrated because the characteristics of the PPG signals
depend on the system optics. Variations in these characteristics are translated to the
descriptive statistics used to cluster the signals as low, acceptable, or excellent quality.

To carry out this calibration process, multiple volunteers were recruited and gave their
consent to treat their data (see appendix 2 — Data protection consent). Upon the consent
was obtained, an ONAVITAL device was attached to the wrist of each volunteer and one
minute of pulse oximetry (green, red, and IR wavelengths) was recorded using a sampling
rate of 50 Hz. To reduce the number of motion artifacts on the recorded signals, the
acquisition of the raw data was at rest while the partaker was sited. The recorded signals
were labelled manually depending on their quality and stored in a custom database. This
database comprises over 3000 PPG signals of multiple partakers.

Once the data collection was over, the generated database was split in two to calibrate the
SQI algorithm: training and testing dataset. Using the training dataset, the thresholds
corresponding to the descriptive statistics were defined. Then, the estimated thresholds
were included on the algorithm and the performance of this system was assessed utilizing
the training dataset. A confusion matrix [27] was utilized to evaluate if the SQI algorithm
classifies the signals correctly depending on its quality. This matrix showed that almost
every signal was classified properly, so this algorithm can be considered accurate (see
Figure 3.13).
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Figure 3.13. Accuracy of SQI algorithm represented by a confusion matrix.
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3.4.2. Oxygen saturation

The DC and AC of both red and IR signals vary depending on the system optics, so the
oxygen saturation measurement technique must be calibrated as well as the SQI
algorithm. This calibration process provides the empiric coefficients of the equation that
relates the R value and the SpO,.

As it was discussed in the first chapter, the oxygen saturation barely changes and typically
ranges between 95 and 100 %. This range is not enough to calibrate the system since
critical values of this parameter are below 90 %. To calibrate this measurement, a set of
partakers must be recruited, and their levels of oxygenation must be reduced artificially.
This process is normally carried out using a mask which deprives the partaker oxygen
intake and SpO> as low as 70 % can be obtained using this technique [28]. However,
improper handling of this method can pose a danger to volunteers, so an alternative
technique to calibrate this measurement is highly recommended.

(b)

ONAVITAL
device

Reference
equipment

Figure 3.14. Set-up used to calibrate the oxygen saturation measurement. (a) Hypobaric chamber from outside and (b) inside, and (c)
a volunteer with the device ONAVITAL and the reference instrument.
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A hypobaric chamber is a controlled environment used to simulate high altitude
conditions and low atmospheric pressure. These chambers are used for training pilots,
aerospace medicine, and mountain climbing research. The main purpose of a hypobaric
chamber is to expose individuals to reduced atmospheric pressure, replicating the lower
oxygen levels and reduced air density found at high altitudes [29]. High-altitude
environments place considerable stress on the body causing variations on vital signs. For
instance, when the SpO; is reduced by the low-pressure exposure, the HR increases to
compensate lower oxygen levels in blood to deliver this molecule to every tissue [30].
Since the oxygen level is reduced along with the altitude, a hypobaric chamber can be
utilized as an alternative method to calibrate the oxygen saturation measurement (see
Figure 3.14). This calibration method was the method used to calibrate the oxygen
saturation measurement of the ONAVITAL device.

To calibrate the SpO, measurement 21 males and 13 females with ages ranging from 18
to 34 (mean of 22.0 years and STD of 3.4 years) were recruited. They were informed
about the trial and gave their consent (appendix 2 — Data protection consent) to use the
gathered data during the experiments. Before each trial, the skin pigmentation of every
partaker was recorded using the Fitzpatrick scale as reference system (mean of 1.9 and
STD of 0.8). This scale is a numerical classification system utilized to categorize human
skin types based on their response to ultraviolet light [31]. Several studies demonstrated
a racial bias of pulse oximetry technology leading to undetected hypoxemias among
individuals with darker skin tones, which poses a significant public health concern [32].
To address this issue, regulatory organizations, such as the federal agency of Food and
Drug Administration (FDA) of the United States, demands to calibrate oxygen saturation
measurement systems using volunteers representing diverse skin pigmentation.

Once consent was obtained, an ONAVITAL device was attached to the wrist of each
volunteer and the partakers entered to the hypobaric chamber in groups of two. In this
chamber, the calibration process was conducted as follows (see Figure 3.15):

e A simulated ascent in five minutes to 2000 meters. At this altitude, five minutes
at rest and five minutes of gentle exercise using a stationary bicycle at a constant
load.

e A simulated ascent in five minutes to 4000 meters. At this altitude, five minutes
at rest and five minutes of gentle exercise using a stationary bicycle at a constant
load.

e A simulated descent in five minutes to 2000m altitude. At this altitude, five
minutes at rest and five minutes of gentle exercise using a stationary bicycle at a
constant load.

e A simulated descent in five minutes to see level.

Every five minutes, 10 seconds of PPG signals (red and IR wavelengths) at a sampling
rate 50 Hz were recorded by each ONAVITAL device. A reference measurement was
also taken at the same time using the equipment Nonin Onyx Vantage 9590 (Nonin
Medical; Plymouth, MA, USA) [33]. This instrument is a certified medical device
regularly utilized in hospital Intensive Care Units (ICUs).
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Figure 3.15. Protocol used to calibrate the oxygen saturation measurement.
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A custom database was created using the gathered data and the R value was calculated
for the signals classified as excellent by the SQI algorithm. Then, the results were plotted
against the reference equipment using a linear regression [34]. A linear regression is a
statistical method used to model the relationship between two different variables,
typically to predict one variable based on the other. The regression was fine-tuned and
each empiric coefficient that relates the R value and SpO, was extracted (see Figure 3.16).
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Figure 3.16. Oxygen saturation linear regression fit.

3.4.3. Blood pressure

The ABP algorithm must be calibrated because the PPG signals change in both shape and
magnitude depending on the used optics. These variations affect the calculation of the
area under the systolic peak, which is utilized to estimate this vital sign.

To calibrate the ABP measurement, 20 males and 12 females with ages ranging from 21
to 40 (mean of 27.8 years and STD of 8.5 years) were recruited. They were informed
about the trial and gave their consent (appendix 2 — Data protection consent) to use the
data gathered during the experiments. Upon the consent was obtained, an ONAVITAL
device was attached to the volunteer wrist and three minutes of pulse oximetry (green
light) were recorded using a sampling rate of 50 Hz. To reduce the number of motion
artifacts and ensure the hemodynamics were always the same (forces and pressures
involved in the circulation of blood within the cardiovascular system), the acquisition of
the raw data was at rest while the partaker was sited. After acquiring the raw data from
this wearable device, three consecutive reference measurements were taken using an X4
OMRON sphygmomanometer (Omron Corporation; Osaka, Japan) [35]. The arithmetic
mean of the three measurements was utilized as the reference value.

Once the data collection was over, the SQI algorithm was used to classify the signals and
those clustered as excellent were used to create a custom database. This database was
split in two and utilized to adjust the ABP algorithm following the same methodology of
the SQI calibration process.
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3.5. Preliminary studies

After the calibration process, several studies were conducted to assess the accuracy of
each measurement. These studies consisted of the direct comparison between the data
provided by a reference equipment and an ONAVITAL device. As it was done with the
calibration process, the international ethical declarations of Helsinki were followed.

3.5.1. Pulse rate

To assess the accuracy of the PR measurement, a custom database formed by PPG signals
acquired from multiple ONAVITAL devices was used. This database was created by
attaching a wearable device to the wrist of each volunteer, who was previously informed
about the trial and gave consent to treat the gathered data (appendix 2 - Data protection
consent). 10 seconds of pulse oximetry (green wavelength) were acquired using a
sampling rate of 50 Hz. At the same moment of this recording, the PR registered by the
reference equipment Onyx Vantage 9590 (Nonin Medical; Plymouth, MA, USA) was
also taken.

The participants of this study were six males and three females with ages ranging from
21 to 61 (mean of 32.3 years and standard deviation of 11.5 years). Once the data was
gathered, the SQI algorithm was used to classify the PPG signals and those clustered as
acceptable or excellent were processed by the PR algorithm. A linear regression was used
to compare the results of the ONAVITAL device in front of the reference equipment (see
Figure 3.17). The determination coefficient of 0.933 shows a good fit between the values
obtained and the reference data, so the system can be considered accurate.

140

120

100

80

ONAVITAL PR (bpm)

40 60 80 100 120 140
Reference PR (bpm)

Figure 3.17. Comparison between the PR calculated by the wearable device and the reference equipment.

Moreover, a Bland-Altman plot [36] was employed to assess the agreement with the
reference method (see Figure 3.18). This plot is a graphical method that allows to visually
inspect the presence of any systematic bias or trends between the two measurement
techniques, as well as to identify any potential outliers across the range of measurements.
In this case, the Bland-Altman plot reveals few outliers within acceptable limits of
agreement, underscoring the reliability of the PR algorithm.
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Figure 3.18. Bland-Altman of the PR values obtained.

In addition to these analytical methods, two metrics were calculated. These metrics were
the mean absolute error (MAE), that expresses the agreement between the predicted and
the reference value (see Equation 3.8), and the STD, which is used to assess the data
dispersion.

N
1
MAE =Nz X, — T (3.8)
n=1

where X, is the predicted value, X, is the reference value, and N is the number of
measurements for both metrics.

As the obtained MAE is below the limit of 3 bpm imposed by the international standard
for pulse oximeters ISO 80601-2-61 [37], the system can be considered accurate for the
PR measurement. Furthermore, the STD below 5 bpm indicates that this vital sign
estimation is reliable and robust (see Table 3.1).

Metric Value
MAE 2.99 bpm
STD 3.82 bpm

Table 3.1. PR metrics of the ONAVITAL device.

3.5.2. Oxygen saturation

To validate the oxygen saturation measurement, the same protocol as the calibration
process was used. The main difference relied on the estimation of the SpO- value by the
ONAVITAL device instead of recording raw data. The participants of this study were 18
males and 16 females with ages ranging from 19 to 29 (mean of 21.4 years and STD of
3.8 years). Each volunteer was informed before the trial and gave their consent to use the
data extracted from the experiments (appendix 2 - Data protection consent).

Many of the recorded signals by the ONAVITAL device were classified as low-quality
signals by the SQI algorithm due to motion artifacts. This issue gave as an outcome a
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dataset with low data dispersion because the majority of the recorded values are
comprised in the range from 90 to 100 %. Due to the low data dispersion, instead of a
linear regression analysis, the root mean square error (RMSE), that expresses the
agreement between the predicted and the reference value (see Equation 3.9), and the STD
were calculated (see Table 3.2).

N
1
RMSE = NZIxn —%,|2 (3.9)
n=1

where X, is the predicted value, X, is the reference value, and N is the number of
measurements for both metrics.

Metric Value
RMSE 3.35%
STD 2.44 %

Table 3.2. SpO, metrics of the ONAVITAL device.

As the calculated RMSE is below the limit of 4 % marked by the norm for pulsi oximeters,
the measurement can be considered accurate. Furthermore, the STD below 2 % indicates
the low data dispersion.

3.5.3. Arterial blood pressure

To assess the accuracy of the ABP measurement, the same protocol of the calibration
process was used but instead of recording the raw data, this vital sign was estimated. The
volunteers of this preliminary study were 16 males and 18 females ranging from 19 to 50
(mean of 22.3 years and STD of 7.3 years). Every participant of this study was informed
before the trial and gave the consent to treat the gathered data (appendix 2 - Data
protection consent).

Two Bland-Altman plots were used to evaluate the agreement of the ONAVITAL device
with the standard method (see Figure 3.19). The first plot was utilized to assess the
performance of the SABP and the second to evaluate the DABP. Both plots show few
outliers within reasonable limits of agreement, so the ABP algorithm can be considered
accurate and reliable.

Furthermore, the MAE and the STD for both the SABP and DABP were calculated (see
Table 3.3). The obtained MAE is below the maximum error of 5 mmHg accepted by the
international norm for non-invasive sphygmomanometers ISO 81060-2 [38], so the
system can be considered accurate for monitoring this vital sign. Besides, the STD lower
than 8 mmHg shows acceptable data dispersion.

Metric Value
MAE (SABP) 4.79 mmHg
STD (SABP) 6.24 mmHg
MAE (DABP) 4.55 mmHg
STD (DABP) 4.86 mmHg

Table 3.3. ABP metrics of the ONAVITAL device.
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Figure 3.19. Bland-Altman of the ABP values obtained. (a) Systolic and (b) diastolic blood pressure.

3.5.4. Skin temperature

Eventually, to evaluate the accuracy of the STEMP measurement, the readings of an
ONAVITAL device were compared to the measurements taken by a thermocouple. Both
the wearable device and the reference equipment were placed on an IKA RCP B hot plate
(IKA-Werke; Staufen im Breisgau, Germany) [39], which it controlled the environmental
temperature. The temperature was incremented from 30 to 34 °C at a rate of one degree
per minute. A single measurement was recorded each minute, and the results were
compared using a linear regression (see Figure 3.20). The results show a linear response
and a determination coefficient of 0.921, so the STEMP measurement can be considered
accurate.

Furthermore, the mean difference, which measures the mean difference between the
actual values and the predicted values, was calculated (see Table 3.4). This metric below
one degree demonstrates a good accuracy. There is no international standard for skin
temperature measurement, so accuracy of this parameter is considered well-suited
because the significant changes in STEMP typically span multiple degrees, as discussed
in the first chapter.
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Figure 3.20. Comparison between the measurement taken by the temperature probe and the wearable device.

Metric Value

Mean difference 0.18 °C
Table 3.4. STEMP metrics of the ONAVITAL device.

3.6. Conclusions

In this section, a new wearable device for real-time tracking of vital signs is presented.
This system is equipped with different sensors, enabling the collection, processing, and
analysis of physiological data directly from the wearer's skin. The device conducts
multiparametric measurements of multiple physiological parameters, allowing nurses and
doctors to monitor the state of health of every patient remotely.

The ONAVITAL device takes the form of a bracelet that is attached on the patient's wrist.
Its minimalistic design and conventional style make it easier for the users to adhere to the
treatment and regularly wear this wearable device. The materials used to manufacture this
device were selected carefully and all of them are biocompatible in order to not harm the
user. Most of the potential users of the ONAVITAL device are fragile patients that are
susceptible to complications, so special caution was taken when designing the device.

Every element of this wearable device has been described and characterized. The obtained
results are satisfactory because the ONAVITAL system is capable of monitoring multiple
physiological parameters accurately in a non-invasive and continuous way. Despite the
good results, a clinical study is mandatory to assess the accuracy and robustness of this
system.

The general characteristics of the developed wearable device are shown on the following
table (see Table 3.5):
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Form factor Value
Dimensions 46 x 26 x 14 mm
Weight 15 grams
Health features Range Accuracy
Pulse rate 40 to 180 bpm + 3 bpm
Oxygen saturation 80 to 100 % +2%
Arterial blood pressure 40 to 200 mmHg + 5 mmHg
Skin temperature 30 to 34 °C +1°C
Autonomy Value
Rated capacity of the battery 150 mAh
. 5 days
Battery life (measurement frequei]lcy of 15 minutes)
Connectivity Value
Range Up to 10 meters
Protocol Bluetooth Low Energy

Table 3.5. ONAVITAL device characteristics.
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4. Clinical evaluation

As stated in the first chapter, every device employed in a clinical setting must gain
approval from the regulatory authorities of the country where it is distributed. This
process is costly and time-consuming because each aspect of the device must undergo
rigorous scrutiny. The accuracy and robustness of the physiological data provided are
crucial functionalities of a monitoring medical device and must be validated in a clinical
trial involving a healthcare institution. In this chapter, the clinical evaluation of the
ONAVITAL device presented in the third section is described. This evaluation consisted
of the direct comparison between the equipment used in the Intensive Care Units (ICUs)
of a hospital and the wearable device under test.

4.1. Significance of a clinical study

The ONAVITAL device monitors the patient’s vital signs providing valuable information
to the medical personnel. To validate the accuracy and robustness of this wearable device,
several clinical trials were performed in the hospital Germans Trias 1 Pujol (Badalona,
Spain) [1]. This hospital provides care in the geographical area of Barcelones Nord
(Badalona, Santa Coloma de Gramenet, and Sant Adria del Besos) and Maresme Sud (El
Masnou, Alella, Teia, Montgat, and Tiana), which represents a population of 0.4 million
inhabitants, more than 0.25 million assigned to this hospital as a basic referral. The
hospital Germans Trias i Pujol promoted the creation of a Hospital at Home (HAH) unit
at the beginning of 2000s to improve the attention provided to patients. Although this unit
has a great number of advantages for patients and the organization, the physical separation
from the hospital makes it difficult to monitor individuals during their stay at home, so a
new tool is required to record the patient’s status remotely.

To evaluate the accuracy of the data provided by the ONAVITAL device, three clinicals
trials were carried out. Each study had different objectives:

e Study 1: This first trial involved assessing the accuracy of the data provided by
this wearable device. The study was carried out with healthy volunteers. The main
goal was to demonstrate that this system can be used in a clinical setting. Only the
pulse rate (PR), oxygen saturation (SpO»), and skin temperature (STEMP) were
measured.

e Study 2: The following study consisted of monitoring patients with
cardiovascular and/or respiratory diseases at ICUs. The primary objective was to
validate the data accuracy when extreme values are involved. Only the PR, SpO-,
and STEMP were measured.

e Study 3: This final step consisted of repeating the first study to assess the
accuracy of the arterial blood pressure (ABP) measurement.

Testing a new medical device in hospital facilities normally takes a lot of time, as an
ethical protocol must be approved by a hospital committee to ensure patient safety and
privacy. This period was longer than expected due to the COVID-19 pandemic, which
collapsed the healthcare system from 2020 to 2022. For these reasons, different versions
of the ONAVITAL device were utilized in the multiple stages of this clinical trial. During
the first and second trials, a simpler version of the ONAVITAL was utilized (see Figure
4.1a), while the final system was used in the third test (see Figure 4.1b). This first version
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included all the sensors of the definitive wearable device, but the Signal Quality Index
(SQI) and the ABP algorithm were not developed yet.
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Figure 4.1. Versions of the ONAVITAL device. (a) Device used on the first and the second phase. Courtesy of Aguilar-Toran

(2022) [2], used with permission. (b) Wearable device utilized in the third phase.
These studies were conducted in accordance with the international ethical declarations of
Helsinki, the recommendations of the World Health Organization (WHO) [3], and the
Biomedical Research Law of Spain [4]. Volunteers of each study were informed about
the objectives, development, and scope of the study, and gave their consent to participate.
The protocols were evaluated and approved by the Committee on Research Ethics
(CEIM) of the hospital Germans Trias i Pujol.

4.2. Evaluation with healthy volunteers

The first trial was carried out at the Polyvalent Clinical Research Unit (UPIC) of the
hospital Germans Trias i Pujol. This study had two main objectives:

e Validate the wearable device data by monitoring healthy volunteers.
e Assess the security of the ONAVITAL device in a clinical setting.

This phase consisted of the direct comparison between the data provided by the wearable
device and the multiparametric monitors in the UPIC bedside area (see Table 4.1). These
monitors are equipment regularly used in ICUs to measure the patient’s vital signs.

Monitoring station Parameters recorded
Philips SureSigns VS2 PR, SpO», and body temperature
Philips SureSigns VM4 Electrocardiogram (ECG) acquisition

Table 4.1. UPIC monitoring stations [5], [6].
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A sample of volunteers were contacted to assess their willingness to participate in the
study and to schedule a screening visit. At the visit, the UPIC’s medical staff assessed the
state of health of each partaker by a series of measurements. Partakers were included in
the study if their vital signs were within the normal healthy range stated in the first
chapter.

The participants were four males and two females with ages ranging from 23 to 26 years
(mean of 23.7 years and standard deviation of 1.21 years). An ONAVITAL device was
attached to the wrist of each volunteer. A single measurement of every parameter (PR,
SpO», and STEMP) was recorded by this wearable device every five minutes. This
measurement frequency was established in order to register as many points as possible
without consuming the wearable device’s battery. At the same time of each measurement,
the monitoring station Philips SureSigns VS2 (Philips; Eindhoven, Netherlands) recorded
the partaker’s vital signs. This trial lasted five hours resulting in 60 data points per
volunteer.

Volunteers alternated positions during the biometric recording. Measurements started at
rest and alternated periods of gentle activity (walking inside the UPIC) lasting 30 minutes
with periods of rest in decubitus position on the bed for another 30 minutes. These
alternate positions allowed to assess the performance of this wearable device in different
scenarios and evaluate if the movement affected measurements. Between these two
scenarios, an ECG was recorded by the Philips SureSigns VM4 (Philips; Eindhoven,
Netherlands) monitoring station.

4.2.1. Pulse rate

A linear regression was used to compare the PR measurement performance in front the
reference system (see Figure 4.2a). There is a notable difference in the accuracy of the
measurements when the volunteer was seated or standing. This is due to the technology
itself, which is pulse oximetry. The pulse oximetry is sensitive to movement giving as a
result corrupted pulse oximeter (PPG) signals and, consequently, erroneous estimations
of the physiological parameters.

Apart from the linear regression, Bland-Altman plots were utilized to evaluate the
agreement with the two methods. The first plot (see Figure 4.2b) shows the performance
of the system when partakers were seated and the second plot (see Figure 4.2b) when they
were standing. Few outliers were identified outside the confidence limits in the first
scenario compared to the second one. As most of these outliers were related to the
movement, the measurement can be considered accurate when no movement is present.
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Figure 4.2. Pulse rate recorded by the ONAVITAL device and the monitoring station Philips SureSigns VS2. (a) Linear regression

and Bland-Altman plot for (b) volunteers seated and (c) stand.
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To test the motion artifact phenomena and conduct a reliability study, ECG heart rate
(HR) measurements every 30 minutes were carried out during this study. The ECG HR is
the gold standard for heart assessment, and this measurement is virtually unaffected by
movement. Another linear regression and a Bland-Altman plot were employed to analyze
the obtained results (see Figure 4.3). The results show a good fit between both systems,
so the measurement errors observed above can be mostly associated with the
measurement technology and not relevant to the purpose of the device's operation.
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Figure 4.3. Pulse rate recorded by the ONAVITAL device and the monitoring station Philips SureSigns VM4. (a) Linear regression
and (b) Bland-Altman plot.

Furthermore, two different metrics were calculated to assess the performance of this

system when the volunteer is not moving. These metrics were the mean absolute error

(MAE), which expresses the mean error between the predicted and the reference value,

and the standard deviation (STD), which quantifies the data dispersion (see Table 4.2).

Metric Value
MAE 2.66 bpm
STD 3.32 bpm

Table 4.2. Metrics of pulse rate comparison corresponding to the first study.
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As the obtained MAE is below the limit of 3 bpm imposed by the international standard
ISO 80601-2-61 for pulse oximeters, the system can be considered accurate for the PR
measurement. Besides, the STD below 5 bpm indicates that this vital sign estimation is
reliable and robust.

4.2.2. Oxygen saturation

Oxygen saturation for healthy individuals normally varies between 95 to 100 %. The
values recorded by this wearable device during the trial consistently ranged from 97 to
100 %, aligning with the expected values. Due to the low dispersion of the gathered data,
instead of a linear regression analysis, the root mean square error (RMSE) and the STD
were calculated (see Table 4.3).

Metric Value
RMSE 1.96 %
STD 1.26 %

Table 4.3. Metrics of the oxygen saturation comparison corresponding to the first study.

As the calculated RMSE is below the limit of 4 % marked by the norm ISO 80601-2-61
for pulse oximeters, the system can be considered accurate for the SpO, measurement.
Furthermore, the STD below 2 % indicates the low dispersion of this vital sign estimation.

4.2.3. Skin temperature

The core body temperature typically varies between 36.5 and 37.5 °C in healthy
individuals. When measuring the STEMP of the upper body extremities, temperatures
ranging from 30°C to 34°C are expected. During tests, temperatures similar to those
expected were obtained (see Figure 4.4). Variations of up to 4°C were observed depending
on whether the patient was seated or standing. This fluctuation can be attributed to the
cooling effect caused by air movement and sweat generated by body activity.
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Figure 4.4. Temperature recorded by the ONAVITAL device and the monitoring station Philips SureSigns VS2 for a single
individual.
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4.2.4. Discussion about healthy volunteers’ evaluation phase

In terms of PR, the results obtained during the trial can be considered satisfactory due to
the linearity of the data and the low STD. The main issue of the system are the motion
artifacts, which hamper the PR measurement. This issue can be solved by means of the
SQI algorithm presented in the previous chapter.

The SpO: recorded at the clinical trial is the expected for healthy individuals. Despite
these favorable results, more variability is required to evaluate how the system estimates
oxygen saturation. To verify the wearable device measurement, the second trial with
respiratory patients was carried out.

Eventually, the STEMP recorded is not the same as the core body temperature. This was
expected and another approach is applied on the following trials to evaluate this
measurement.

4.3. Evaluation with semi-critical patients

The second study was performed at the Intermittent Respiratory Care Unit (UCRI) and
the Coronary Care Unit (UCO) of the hospital Germans Trias i Pujol. The main goal of
this study was to validate the ONAVITAL device for remotely, continuously, and real-
time collection of biometric data across various groups of individuals:

e Patients with cardiac and/or respiratory pathologies.
e Those in severe clinical decompensation.
e Individuals admitted to the semi-critical care units.

This phase also consisted of the direct comparison between the data provided by the
wearable device and the multiparametric monitors of both units (see Table 4.4). The
monitoring stations recorded the patient’s PR, SpO2, and STEMP.

Monitoring station Unit
Philips Intellivue MX550 UCoO
Mindray ePM15 UCRI

Table 4.4. UCO and UCRI monitoring stations [7], [8].
The selection criteria (inclusion and exclusion) of patients were as follows:

Inclusion criteria:

e Patients both sexes > 18 years.
Exclusion criteria:

e Patients with pathologies that interfere with an adequate assessment (i.e. terminal
illness or serious psychiatric illness).

e Patient in palliative care or with limited life expectancy.

e Patients with a cognitive impairment that prevents them from understanding or
completing the informed consent form.

e Patients who have participated in an interventional clinical trial during the
previous three months.
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The recruited participants were seven males and three females with ages ranging from 41
to 88 years (mean of 64.8 years and STD of 11.9 years). After recruiting the patients, an
ONAVITAL device was attached to the wrist of each volunteer. A single measurement
of each parameter (PR, SpO., and STEMP) was recorded with a frequency of 15 minutes.
A sampling period of 15 minutes is considered enough to capture the evolution of every
physiological parameter without an excessive power consumption. At the same time of
the wearable device measurement, the monitoring station recorded the vital signs of each
partaker. The trial lasted 24 hours resulting in 96 data points taken per volunteer.

4.3.1. Pulse rate
The dataset obtained from the trials was divided into two based on the unit where the
trials were conducted (UCRI or UCO).

On one hand, a linear regression (see Figure 4.5a) was used to compare the PR results of
the ONAVITAL device versus the UCRI monitoring station Philips Intellivue MX550
(Philips; Eindhoven, Netherlands). There was a good fit between the data provided by
both systems since the coefficient of determination is close to one. On the other hand, a
Bland-Altman plot was utilized to evaluate the agreement between the two monitoring
methods (see Figure 4.5b). A few outliers were detected outside the confidence limits of
the plot, so the dispersion was very low.

(@ 120
110
100
9%
80

70

ONAVITAL PR (bpm)

60

50 y : :
50 60 70 80 90 100 110 120

Reference ECG (bpm)

(b) 20

Difference (bpm)
=)
[ ]
L)
[ ]
. L]

65 70 75 80 85 90 95 100
Mean (bpm)

Figure 4.5. Pulse rate recorded by the ONAVITAL device and the monitoring station Mindray ePM15 from the UCRL. (a) Linear
regression and (b) Bland-Altman plot.
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The same methodology was used to analyze the results obtained in the UCO by the
monitoring station Mindray ePM15 (Mindray Medical International Limited; Shenzhen,
China). On one hand, the coefficient of determination (see Figure 4.6a) is worse than the
previous analysis. On the other hand, the value of the Bland-Altman plot confidence limits
is higher than expected (see Figure 4.6b), which means a large dispersion between
measurements.
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Figure 4.6. Comparison between the pulse rate recorded by the ONAVITAL device and the monitoring station Philips Intellivue
MX550 from the UCO. (a) Linear regression and (b) Bland-Altman plot.

The larger error on the UCO dataset comes from a single patient (see Figure 4.7a). During
the night, the PR recorded by the wearable device was lesser than the reference equipment
which monitors the HR using an ECG. This issue can be attributed to the technology
itself, since the PR recorded by the bedside monitor presented the same tendency as the
ONAVITAL device (see Figure 4.7b). For individuals who have certain heart conditions,
the heart may not efficiently push blood through the body with each contraction resulting
in a PR lower than HR. Discarding the data collected from this patient, the coefficient of
determination of the linear regression increases to 0.973 (see Figure 4.7¢).
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Figure 4.7. Analysis of the PR when the outlier patient is discarded. (a) Comparison between the PR measured by the ONAVITAL
device, and the HR recorded by the bedside monitor from the UCO (in gray is highlighted the night). (b) Comparison between the
PR measured by the wearable device and the reference equipment (in gray is highlighted the night). (¢) Linear regression after

discarding the outliers” values.
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Furthermore, both the MAE and STD for both units were calculated after discarding the
aforementioned outlier values (see Table 4.5). The obtained MAE is practically equal to
the limit of 3 bpm imposed by the international standard ISO 80601-2-61 for pulse
oximeters, so the system measures PR with acceptable accuracy. Besides, the STD below
5 bpm indicates that this vital sign estimation is reliable.

Metric Value
MAE 3.15 bpm
STD 3.75 bpm

Table 4.5. Metrics of the UCO and UCRI pulse rate comparison.

4.3.2. Oxygen saturation

Lower values of SpO, were recorded at both units compared to the previous study.
Despite lower saturations were obtained, many volunteers were administered with
artificial oxygen, which maintains the SpO: levels stable and within the healthy range.
This situation gives as an outcome a low data dispersion. Due to this fact, instead of a

linear regression analysis, the RMSE and the STD were estimated for both units (see
Table 4.6).

Metric Value
RMSE 1.75 %
STD 1.01 %

Table 4.6. Metrics of the UCO and UCRI oxygen saturation comparison.

The obtained results are positive since the RMSE was below the limit imposed by the
international norm for pulse oximeters and the STD is less than 2 %.

4.3.3. Skin temperature

During this clinical trial, the reference STEMP was also measured using a temperature
probe attached to the patient’s arm (see Figure 4.8). The adherence of this probe was not

very reliable, so during some phases of this test the temperature acquired by the bedside
monitor was the environment temperature.
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Figure 4.8. STEMP evolution of a single patient.
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Due to the low dispersion of the recorded data, both the mean difference and STD were
estimated and used to analyze the system performance (see Table 4.7).

Metric Value
Mean difference 1.49 °C
STD 1.10°C

Table 4.7. Metrics of the UCO and UCRI skin temperature comparison.

The mean difference and the STD calculated were greater than expected and can be
attributed to the bad adherence of the temperature probe. Despite this fact, the results can
be considered acceptable due to the low dispersion of the gathered data.

4.3.4. Discussion about semi-critical patients’ evaluation phase

The obtained PR results can be considered satisfactory for both the UCRI and UCO trials
due to the data linearity and the high correlation coefficients. The main issue was found
in the OCU dataset, since the PR of one patient was different to the recorded HR. This is
a limitation of the PPG technology since individuals who have certain cardiac conditions
can present lower PR than HR. The same trend of PR was followed by the reference
equipment and the wearable device, so the ONAVITAL PR measurement can be
considered accurate.

Graphs related to SpO, and STEMP are not presented due to the low dispersion of the
recorded data. Instead, RMSE and STD were the metrics used to analyze the obtained
results. These results can be considered satisfactory for both measurements due to the low
value of the metrics calculated.

4.4. Arterial blood pressure validation

Eventually, the first trial was carried out again using the final version of the ONAVITAL
device. The main goal of this trial was to assess the accuracy of the ABP measurement.
The same procedure of the first study was followed except for the position of the body,
which was always seated to minimize motion artifacts.

Once the volunteers were recruited and included in the study, an ONAVITAL device was
attached to the wrist of each volunteer. The participants consisted of four males and four
females with ages ranging from 20 to 25 years (mean of 22.6 years and STD of 1.3 years).
A single measurement of every parameter (PR, SpO2, ABP, and STEMP) was recorded
by this wearable device every 20 minutes. At the same time, the monitoring station Philips
SureSigns VS2 (Philips; Eindhoven, Netherlands) recorded the partaker’s vital signs.

The 20-minute recording frequency was set to reduce the inconvenience caused by
constant measurement of the ABP by the reference equipment. This measurement was
made using a sphygmomanometer, which blocks the flow of blood to carry out this
estimation leading to major discomfort. Given this measurement period, 18 data points
per volunteer were recorded as the trial lasted 6 hours.

Despite measuring every parameter, only the PR and ABP were analyzed. The other
parameters did not vary enough, and the same results as those obtained in the first clinical
trial were expected.
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4.4.1. Pulse rate

As was done previously, a linear regression (see Figure 4.9a) and a Bland-Altman plot
(see Figure 4.9b) were used to analyze the obtained results. There is a good fit between
the data recorded and the reference equipment as the coefficient of determination is close
to one. Besides, the plot shows scarce outliers outside reasonable limits of confidence, so
the measurement is reliable.
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Figure 4.9. Pulse rate recorded by the final version of the ONAVITAL device and the UPIC’s monitoring station. (a) Linear
regression and (b) Bland-Altman plot.

Furthermore, the metrics were calculated again (see Table 4.8). This final system
complies with the norm ISO 80601-2-61 as the MAE is lower than 3 bpm and STD is

below 5 bpm.

Metric Value
MAE 2.01 bpm
STD 3.91 bpm

Table 4.8. Metrics of the final version of the ONAVITAL pulse rate measurement.
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4.4.2. Arterial blood pressure

The ABP pressure for healthy individuals normally oscillates within a well-defined range.
Due to the nature of this vital sign, the dispersion of the data is not enough to use a linear
regression and other statistical methods must be used. Two different Bland-Altman plots
were used to assess the robustness of this measurement technique for both the systolic
blood pressure (SABP) and diastolic blood pressure (DABP).

More outliers were identified for the SABP (see Figure 4.10a) than the DABP (see Figure

4.10b). Despite this fact the number of these points is residual, which means that both
measurements are reliable.
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Figure 4.10. Bland-Altman plot of the (a) SABP and (b) DABP values recorded by the ONAVITAL and the reference device.

Apart from the Bland-Altman plot analysis, the MAE and the STD for both measurements
were calculated (see Table 4.9).

Metric Value
MAE (SABP) 4.50 mmHg
STD (SABP) 6.12 mmHg
MAE (DABP) 10.34 mmHg
STD (DABP) 8.08 mmHg

Table 4.9. Metrics of the ONAVITAL arterial blood pressure measurement.
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On one hand, the MAE of the SABP measurement is below the 5 mmHg imposed by the
international norm for non-invasive sphygmomanometers ISO 81060-2, so it can be
considered accurate. Furthermore, the STD indicates an acceptable data dispersion
because it is inferior to the 8 mmHg marked by this standard.

On the other hand, the MAE of the DABP measurement is higher than the expected, but
the STD is close to the limit marked by the norm. This discrepancy can be associated with
the simultaneous measurement of the ABP using the sphygmomanometer and the
ONAVITAL device since the cuff changes the body’s hemodynamics. The variation of
hemodynamics leads to a negative constant bias as it is observed in the Bland-Altman
plot.

To evaluate and confirm that the DABP calculation is affected by the simultaneous
measurement of a sphygmomanometer, another study was carried out. This study
consisted of measuring the ABP three consecutive times using the ONAVITAL device
prior, during, and after the recording of the reference equipment X4 OMRON (Omron
Corporation; Osaka, Japan).

The participants of this study were six males and four females ranging from 62 to 22
(mean of 33.4 years and STD of 12.9 years). Once each measurement was carried out,
both the MAE and STD for the DABP were calculated for every scenario (see Table 4.10).

Scenario MAE STD
Before sphygmomanometer 3.96 mmHg 4.87 mmHg
measurement
Simultaneous measurement 13.48 mmHg 14.61 mmHg
After sphygmomanometer 7.66 mmHg 14.13 mmHg
measurement

Table 4.10. DABP metric calculated for every measurement scenario.

An increase of the error is observed in the calculated metrics. This error can be attributed
to the occlusion caused by the sphygmomanometer, so the results can be considered
acceptable given this harsh scenario.

4.4.3. Discussion about the arterial blood pressure evaluation

The obtained results for the PR are satisfactory since this measurement complies with the
standard for pulse oximeters. Besides, an improvement compared to the first version of
the device is observed. This enhancement can be associated with the SQI algorithm
incorporated on the last version of the system.

On the other side, the ABP results can be considered acceptable for both the SABP and
DABP. On one hand, the metrics of the SABP are below the limit imposed by the
international norm for non-invasive sphygmomanometers. On the other hand, the DABP
metrics are worse than expected, but these results are caused by the reference equipment.
This data discrepancy does not hamper to use the ONAVITAL device to measure this
parameter because the study carried out to assess this issue reveals an increase of the error
of this measurement. If the sphygmomanometer is not used at the same time, an error
inferior to the limit imposed by the norm is expected.
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4.5. Conclusions

In this chapter, the clinical evaluation of the ONAVITAL device is presented and
described. This process is an essential step for every system intended to be used in a
clinical setting, such as a hospital. The clinical evaluation assesses the system accuracy
and security of the device under study. Furthermore, it is crucial to demonstrate in front
of the notified bodies that the system can be certified as a medical device.

Every measurement of the ONAVITAL device was compared to the results obtained by
multiparametric monitors regularly used in ICUs (see Table 4.11). The outcomes of these
trials reveal a close correlation between the values recorded by this wearable device and
the reference equipment. This alignment demonstrates the accuracy of this system and
makes the ONAVITAL device feasible to be used in a clinical setting to monitor the
health state of patients with multiple pathologies.

Health features Metric Value Acce.:pta.nce Norm
criteria
Pulse rate MAE 2.01 bpm <3 bpm ISO 80601-2-61
STD 3.91 bpm <5 bpm ISO 80601-2-61
. RMSE 1.75 % <4 %
Oxygen saturation STD 101 % 2% ISO 80601-2-61
i <
Systolic blood MAE 4.50 mmHg <5 mmHg 1SO 81060-2
pressure STD 6.12 mmHg <8 mmHg
. . * <
Diastolic blood MAE 10.34 mmHg ( ) <5 mmHg 1SO 81060-2
pressure STD 8.08 mmHg (*) | <8 mmHg
Mean o /3 o
Skin temperature | difference 1.497°C (%) =1°C N/A
STD 1.10 °C (*) <1°C

Table 4.11. ONAVITAL measurements performance. The (*) indicates the discrepancies observed and discussed previously.
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5. Certification and industrialization

The clinical evaluation presented in the previous chapter is an essential part of the medical
certification process, but other steps are also involved. On one hand, the safety of the
system must be tested and evaluated by regulatory authorities. On the other hand, the
manufacturing process must be handled properly to ensure that every fabricated device
has the same characteristics. In this section, both certification and industrialization
process of the ONAVITAL device are described.

5.1. ONAVITAL certification process

As it is explained in the first chapter, any device utilized in a clinical setting must be
approved by the regulatory authorities of the country where it is distributed. Medical
devices in the European Union (EU) are regulated by the Medical Device Regulation
(MDR), which is a set of norms that every system must comply with to receive the CE
mark. Notified bodies are the organizations responsible for evaluating medical devices.

The medical certification process is divided in the following steps:

e Intended use definition: The intended use refers to the purpose for which a
device is designed and produced. Every medical device must define its intended
use to classify the equipment in one of the four MDR categories.

e C(lassifying the medical device: There are four categories in the MDR regulation
that classify devices depending on its inherent risk. Depending on the category,
different requirements must be fulfilled.

e Obtain evidence: The device must be safe and performs as is intended. Evidence
verifying compliance with the MDR category requirements must be gathered.

e Evaluation by a notified body: Once the information is collected, the evidence
is presented to the notified body. If the presented information demonstrates that
the device is accurate and safe, the notified body grants CE mark to the system.

The above steps were followed to certify the ONAVITAL wearable device as a medical
device.

5.1.1. Product classification

The first step of the medical certification process is classifying the device in one of the
four MDR categories. To do that, its characteristics, functionalities, and intended use must
be considered.

The ONAVITAL device has the following characteristics:

e Standalone, so it is not used in conjunction with another medical device or
accessory.

e Non-invasive and does not come into contact with injured skin.

e Intended to monitor vital physiological parameters.

e Intended to be used directly for the medical benefit of individual patients.

According to the nature of this wrist band and its purpose, the ONAVITAL device can be
classified as an Ila or IIb medical device. The difference between the two classes is a thin
line that depends mainly on the intended use:
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e Class IIa: “Active devices intended for diagnosis or monitoring of vital
physiological processes”.

e Class IIb: “Active devices monitoring of vital physiological parameters and the
nature of variations of those parameters is such that it could result in immediate
danger to the patient”.

As the variations of the recorded parameters can result in immediate danger for the
patient, the ONAVITAL device is classified as a IIb medical device.

In addition, considering the device intended use and classification of this system, and
according to what it is stipulated on the ISO 60601-1-11 [1] entitled "Medical electrical
equipment - Part 1-11: General requirements for basic safety and essential performance”,
the device it is additionally classified as Transit-Operable and Portable, which defines the
safety validations that must be carried out.

5.1.2. Safety assessment

Once the device is classified in one of the four categories, evidence about its safety must
be collected. The clinical evaluation presented in the previous section demonstrates its
accuracy, but other tests must be carried out to verify its safety: biocompatibility,
electrical safety, electromagnetic compatibility, ingress protection, and shocks,
vibrations, and free falls tests. These tests were performed by certified regulatory
agencies.

A. Biocompatibility

Biocompatibility refers to the ability of a material to perform the function for which it has
been designed without producing any harm to the user [2]. Every medical device must be
biocompatible to not cause any undesirable effect on the patient. The most restrictive
biocompatibility requirements are found on the class III, since many of these systems are
invasive devices, such as pacemakers or prosthetics.

The ONAVITAL device is a non-invasive system that is in direct contact with the skin’s
patient. Due to its non-invasive nature just one major risk must be considered which is
skin irritation. To avoid this unwanted situation, the elements in contact with the patient
must be biocompatible. These elements are both the cloth strap and plastic case.

The norm ISO 10993-10 [3] was utilized to evaluate if the device can cause skin irritation
to the user. A dilution of 100 ml using 20 grams of the elements in-contact with the skin
was prepared. Different doses of this dilution were applied on the skin of 10 guinea pigs,
as these animals exhibit similar immune responses to humans. As no response was
observed on the guinea pigs in comparison to the control group formed by six other guinea
pigs, the ONAVITAL devices passed this test successfully.

B. Electrical and electromagnetic safety

Electronic devices of any kind must undergo thorough testing and certification before its
commercialization. The main goal of this testing process is assessing the electrical
security of the system and ensuring that the device does not cause interferences with other
electronic equipment. To do that, electrical and electromagnetic trials are carried out.
These tests characterize the device electromagnetic compatibility (EMC), which is the
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ability of an electronic equipment to function satisfactorily in its electromagnetic
environment without introducing intolerable electromagnetic disturbance to anything in
that environment [4].

The electrical and electromagnetic trials depend on the medical device classification, its
characteristics, and its intended use. In the case of the ONAVITAL device, these tests
were the following ones:

e Emission test: Emission test measures the amount of energy emitted by an
electronic system. Devices that emit large quantities of energy can interfere with
other systems and represent a harm to the patient’s health. To pass this test, the
emission level registered during the trial must be below a certain threshold.

e Immunity test: It characterizes the ability of an electronic device to operate in
presence of an electromagnetic disturbance. To pass this test, the device must
remain unaffected by any disturbance throughout the trial.

e Electrostatic discharge (ESD) test: ESD is a sudden and momentary flow of
electric current between two electrically charged objects. An ESD provokes
multiple types of failure, such as burn or metallization defects, that may cause the
device to behave abnormally or to stop operating [5], [6]. To pass the ESD test,
the device must remain unaffected by a discharge applied directly on the system
and operate without any interruption.

The emission and immunity trials were carried out in an anechoic chamber (see Figure
5.1). An anechoic chamber is a room designed to minimize reflections of electromagnetic
waves. This room also isolates from electromagnetic energy entering from their
surroundings being a perfect scenario to characterize the device EMC [7].

(a)

(b)

Figure 5.1. Set-up of emission and immunity trials. (a) Anechoic chamber and (b) the device under test.
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For the emission testing the norms ETSI EN 303 446-1 [8], ETSI EN 301 489-1/-3 /-17
[9], and UNE-EN 60601-1-2 [10] were used. An operating ONAVITAL device was
placed inside an anechoic chamber and measurements of its emissions were recorded. The
frequencies measured during this trial ranged from 30 MHz to 6 GHz (see Figure 5.2).
Recordings were taken using a receiver antenna in both horizontal and vertical
polarization. Levels of radiation recorded were below the limit imposed by the norm
except for the Bluetooth’s exclusion band. Peaks between 2.40 and 2.48 GHz are allowed
by the norms in order to the communication system to establish connection and exchange
data. Therefore, the device passed the emission testing successfully.
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Figure 5.2. Emission spectra of the ONAVITAL device from 1 to 6 GHz. The green line corresponds to the average radiation
emitted by the device, the blue line corresponds to the maximum peaks emitted by the wearable, the purple line corresponds to the
average emission limit allowed by the norm, and the red line correspond to the peak emitted limit allowed by the norm. Triangles

mark the peaks detected by the analysis software.
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The aforementioned norms were also utilized for immunity testing. An ONAVITAL
device that sends data continuously to a mobile phone was used and placed inside an
anechoic chamber. A disturbance electromagnetic field that varies from 0.15 to 100 GHz
was generated inside this room. During this trial, the wearable device did not interrupt the
communication with the mobile phone except for the 2.4 GHz band. This band is the BLE
carrier frequency, and it is an exception to the norm, so the device passed the test
successfully.

Eventually, the same norms were used to evaluate immunity to ESD. An operating
ONAVITAL device that exchange information continuously with a mobile phone was
utilized. Discharges of +8 kV at a frequency of 1 Hz were applied to the charge
connections and the thermometer a total of 10 times. The same procedure was applied to
the plastic case, but this time a voltage of £15 kV was used. Discharges did not affect the
functionality of the wearable device, so the test passed successfully (see Figure 5.3).
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Figure 5.3. ESD testing set-up.

C. Ingress protection

Electronic equipment deteriorates or malfunction when water or dust enters inside the
device. The ingress protection (IP) rating is an international standard that grades the
resistance of an enclosure against the intrusion of solid particles (i.e. dust and dirt) or
liquids. The IP code is composed of two digits: the first one indicates the protection
against solid objects, and it is rated on a scale from 0 (no protection) to 6 (no ingress of
dust), and the second one rates the enclosure’s protection against liquids and uses a scale
from 0 (no protection) to 9 (high-pressure hot water from different angles) [11].

The minimum IP for a medical device is IP22, which means that it is protected against
objects greater than 12.5mm diameter and it is protected against drops of water. To allow
patients to perform their daily routine, the ONAVITAL plastic case was designed as a
grade IP65. An IP65 case does not permit ingress of dust and it is protected against
powerful water jets. These characteristics allow to use the device even when the patient
is taking a shower.

To ensure that the ONAVITAL device is a grade IP65, the case design was carried out
with this feature in mind. All the components comprising the case must be sealed to
prevent liquid entering inside the device. To do that, some elements of the plastic case
are glued together, and others are joined by a sonotrode. A sonotrode is a tool utilized in

103



ultrasonic welding, which it is a technique that uses high-frequency ultrasonic vibrations
to join materials together (see Figure 5.4) [12].

The norm UNE-EN 60529 [13] was used to evaluate the ingress protection level of the
ONAVITAL device. On one hand, to evaluate the solid particle protection, a functional
device was placed inside a chamber where fine particles are suspended in the air. After
the exposure, the ONAVITAL device was still working, thus achieving a rating of level
six for protection against solid objects. On the other hand, to evaluate the liquid
protection, the same device was placed inside a chamber and subjected to powerful water
jets. Since the ONAVITAL device operated correctly after the test, the level five against
liquids was granted to the system.
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Figure 5.4. Ultrasound welding schema. Courtesy of Friel (2015) [14], used with permission.

D. Shocks, vibrations, and free falls

Mechanical stress can damage an electronic device and lead to malfunctions. Medical
devices must be resistant to shocks, vibrations, and accidental falls to avoid unwanted and
unexpected situations. Portable medical devices, like the ONAVITAL device, operate in
harsh conditions because they are utilized in uncontrolled environments, so these systems
must be resistant to mechanical stress. To evaluate this characteristic, shocks, vibration,
and free falls tests were carried out. The shock test is regulated by the norm UNE-EN
60068-2-64 [15], the vibration test by the norm UNE-EN 60068-2-27 [16], and the free
falls test by the norm ISO 60601-1-11.
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The shock test consisted of fixing an ONAVITAL device onto a platform and applying a
series of shocks to it with predefined magnitudes, durations, and directions. This wearable
device was tested in every axis during 6 milliseconds using an acceleration of 300 m/s?.
The wearable device remained fully functional despite the shocks, thus passing the test
successfully.

To evaluate its resistance to vibrations, a functional device was fixed on a vibration test
platform. This platform generates random vibrations across a range of frequencies and
amplitudes. The frequency range used was between 10 and 2000 Hz and each axis of the
device was tested for 30 minutes. After the exposure, the wearable device was still
working, thus the test passed successfully.

Eventually, the free fall test consisted of suspending an ONAVITAL device in the air at
a height of 0.25 meters and dropping it from this altitude. The drop was conducted for
each axis of this wearable device. Falls did not affect the functionality of the wearable
device, so the test passed successfully.

E. Summary

Each test to evaluate the ONAVITAL device safety was conducted, and the outcomes of
these trials were successful (see Table 5.1). Thus, this wearable device can be considered
safe for users because it complies with the corresponding safety norms.

Test Description Norm
Assessment of skin
irritation produced by the

Biocompatibility ) ISO 10993-10
components 1n contact
with the human body.
Evaluation of the amount ETSI EN 303 446-1
Emission of energy emitted by the | ETSI EN 301 489-1/-3/-17
wearable device. UNE-EN 60601-1-2
Evaluation of the ability to ETSI EN 303 446-1
. operate in presence of ETSI EN 301 489-1/-3/-17
Immunity electromagnetic
: UNE-EN 60601-1-2
disturbances.
Assessment of the device ETSI EN 303 446-1
ESD resistance against ESD ETSI EN 301 489-1/-3/-17
discharges. UNE-EN 60601-1-2
Rating of the device
Ingress protection protection against solid UNE-EN 60529

objects and liquids.

Shocks Assessment of resistance EN 60068-2-64
against shocks.

Vibrations Assessment of resistance EN 60068-2-27
against vibrations.

Falls Evaluat{on of resistance IEC 60601-1-11
against shocks.

Table 5.1. Safety assessment summary.
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5.2. ONAVITAL industrialization process

An underestimated step of the medical device development is the industrialization
process. Industrialization is the process of transitioning a product from its initial design
and development phase to mass production on an industrial scale. This involves setting-
up the manufacturing processes, systems, and infrastructure to produce the device
efficiently, cost-effectively, and in large quantities [17]. A medical device must be
industrialized in a proper way since the quality of the system depends on this process and
the outcomes of a medical device must be excellent regardless of the system used.

The industrialization process involves several steps which are the following ones:

e Concept and design: In this phase, the initial concept of the system is carried out
and the detailed design specifications are created.

e Prototyping: It consists of assembling prototypes for testing and validation.

e Design for manufacturing: In this step, the product’s design is optimized for
efficient and cost-effective manufacturing.

e Process planning: This process consists of developing a detailed plan for the
manufacturing process, including workflow and quality control points.

e Quality control systems: Quality control consists of implementing quality
control measures, including testing protocols and inspection processes.

e Production trials runs: During this phase small-scale production runs are carried
out to identify and address any issues that may arise during the manufacturing
process.

e Scaling production: In this last phase, the production volumes gradually increase
while maintaining quality and efficiency.

The mentioned steps were followed to industrialize the ONAVITAL device. Once this
process is completed, large amounts of this system can be manufactured in a cost-efficient
and effective manner. The process to produce this wearable encompasses the next phases:

e Manufacturing process: Every element that forms an ONAVITAL device is
manufactured or purchased. These components must meet the quality standards
of a medical device, so this step is crucial for the well-function of this system.

e Assembly process: To create an ONAVITAL device, these components must be
assembled. This phase must be properly handled to ensure that any part of the
system is damaged.

¢ Quality control: Quality control guarantees the performance and reliability of
every manufactured device. Each wearable device undergoes to a rigorous
scrutiny to check if every system operates as it is intended.

5.2.1. Manufacturing process
The ONAVITAL device is composed of various elements, not all of which are custom-
made, some are commercial components. The off-the-shelf components are:

e Lithium polymer (LiPo) battery

e Charging cable

e C(Cloth strap

e Metallic piece for the thermometer
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The remaining components must be manufactured since they are unique for this system:

e FElectronic board
e Plastic case

A. Electronic board

First, the printed circuit board (PCB) of the ONAVITAL device is fabricated. This PCB
contains each electronic component and sensor in a small area (29.0 x 22.3 mm) due to
the device’s reduced dimensions. The result of this area limitation is a high-density
interconnected (HDI) PCB composed of multiple layers. A multilayer board is well-suited
for small devices because it provides more routing space (electrical connections between
components) by means of its internal layers, improving the signal integrity, and reducing
the electromagnetic compatibility (EMC).

This board was designed as a 4-layer PCB. It counts with a stack-up (arrangement layers
that make up a PCB) composed by power and ground planes at the external and inner
layers, respectively. FR4 is the core material of this PCB, which is standard material in
the electronics industry. This choice of characteristics (stack-up and core material) was
made to reduce the manufacturing costs while retaining excellent specifications.

Once the PCB is manufactured, the electronic components and sensors are soldered onto
this board. This is done using a surface-mount technology (SMT) assembly line (see
Figure 5.5a). A SMT line is utilized because every component is a surface-mount device
(SMD), which they are more integrated compared to traditional through-hole technology
(THT) components. Using only SMD components not only reduces costs but also
simplifies the assembly process, as a consistent technology is employed throughout the
soldering process.

The first step of the soldering process is placing the solder paste on the board’s exposed
pads using an automated screen-printing system. Then, a pick and place machine places
every component in its well-defined position. Eventually, an oven is used to solder each
element to the PCB (see Figure 5.5b).

(b) )
Deposition of solder paste on
the exposed pads of the board

"

Y

Placing of each component

using a pick and place
machine

| —— 4

vl S i

Solder using a reflow oven
N

Figure 5.5. Assembly of the ONAVITAL PCB. (a) Image of the SMT line and (b) schema of the soldering process.
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After soldering every component, a test for assessing the assembly process must be
carried out. There are several testing methods and the use one or another depends on the
board characteristics and the production rate (see Table 5.2).

Test Description Advantages Drawbacks
Involves a ﬁxture with | Checks fo.r shots, Space on PCB for
Bed-of-nails/Tn- | & bed of sprlpg-loaded opens, res.lstance, test points
Circuit Test probes (nails) that and capacitance to :
(1CT) make contact with show whether the | High fixture costs
specific test points on assembly was (only available for
the PCB correctly fabricated | large productions)
Uses a set of movable | Checks for shots,
. Space on PCB for
probes controlled by a | opens, resistance, .
Flying Probe computer that move | and capacitance to test points
(FPT) around the board to show whether the
make contact with test assembly was Long test times
points correctly fabricated
Speed and access
limited
Automated AOI uses cameras and Non-contact est No functional
Optical image recognition testing
Inspection software to inspect | Can observe solder | No programming
(AO]) PCBs for defects quality or
component skew | Ambiguous results
problems

Table 5.2. Board testing methods [18], [19], [20].

An alternative to the traditional board testing techniques, such as the bed-of-nails/in-
circuit test or flying probe, is the JTAG testing methodology. JTAG is a testing
technology that is widely used in the electronics industry for testing and programming
circuits. This system can be used to test almost every element of an electronic board
without requiring physical access to the circuit. It also allows to program the circuit after
a successful test.

The JTAG core is the boundary scan architecture. Each integrated circuit (IC) designed
with JTAG capabilities includes a set of registers called boundary scan registers. These
registers are at the boundary of the chip, between its functional core and its connection
pins/balls to the rest of the system. When a JTAG test is carried out, the functional core
of the integrated circuit (IC) is disconnected, and the pins are controlled by the boundary
scan registers. Thus, values can be driven onto every net and the response can be
monitored, which allows to detect electrical faults, such as short-circuits. JTAG testing
can be also utilized to verify the board logic functionality by using the JTAG enabled
devices on a board to communicate with non-JTAG peripheral devices, like DDR RAM
and flash [21].

To test the ONAVITAL board, the JTAG testing technology is used. The JTAG provides
excellent test coverage for this board, as most of the chips establish communication with
the microcontroller (MCU) using a digital interface. This fact allows to perform a
functional testing of almost every element of the manufactured board (see Figure 5.6).
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Figure 5.6. JTAG testing technique. (a) Set-up and (b) program used to test the ONAVITAL board.

B. Plastic case

There are multiple methods to manufacture a plastic case (see Table 5.3) and the choice
of the technique depends on factors such as the production volume, part complexity,
material properties, and cost considerations.

Technique Description Advantages Drawbacks
. No tooling Limited material
Layer-by-layer additive . .
. required options
manufacturing - - -
. Rapid prototyping | Slow production
oy technique where a e
3D printing . . capabilities speed
digital model is created .
. .. . Surface finish
layer by layer using Minimal material :
. requires post-
plastics waste .
processing
Computer Numerical ngh precision and High material
tight tolerances wastage
Control (CNC) -
. Wide range of .
CNC machines remove . Long lead times
. . . materials
machining material from a solid -
. Suitable for both
block of plastic to totvDi 4 | Hich tooli ¢
create a desired shape prototyping an 180 tooling costs
production runs
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Plastic sheet is heated

until pliable and then

Thermoforming | stretched over a mold

using vacuum, pressure,
or both

Cost-effective for
low to medium
production
volumes

Limited to simple
shapes

Low tooling costs

Limited precision

Fast manufacturing
process

Not be suitable for

parts with intricate

details or complex
geometries

Table 5.3. Plastic case manufacturing techniques [22], [23], [24].

When the production volume is large, the cost of each plastic case must be as low as
possible to maintain competitive prices. Injection molding is a manufacturing technique
that consists of injecting molten material into a mold cavity, where it solidifies and takes
the shape of the mold (see Figure 5.7) [25], [26], [27]. This technique has several

advantages:

e Injection molding allows high production rates with minimal material waste.
e This technique produces parts highly detailed with tight tolerances.

e The injection molding process provi

e The cost per unit decreases as production volume increases.

des repeatable results.

Despite these advantages, it also has different drawbacks. The most significant limitations
are the high cost of the initial tooling cost and the long lead times for tooling. However,
this method is widely used in the industry to manufacture plastic pieces.

Granules

Hopper Heater Mold cavity

Mold

N
Screw Barrel

INJECTION UNIT

Nozzle  Moveable platen

CLAMPING UNIT

>l

AI

I

Figure 5.7. Injection molding technique. Courtesy of Svecko (2013) [28], used with permission.

The ONAVITAL case is manufactured using this technique. Two different molds are
utilized to fabricate the different parts of the case. These parts are the following ones:

e Bottom case

e Upper case

e PPG lens

e Light guide of the RGB LED
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5.2.2. Assembly of the device

After manufacturing every device part and acquiring the off-the-shelf components, the
assembly of this wearable is carried out. The first step is screwing the board to the bottom
plastic case. Then, the serial number of the device is engraved along with the required
symbols (CE Mark, IP grade, etc.). Next, the pulse oximeter (PPG) lens and the metallic
piece that transmits the skin temperature to the thermometer are glued to the bottom case
and the RGB LED’s light guide to the upper case. Following this step, the upper case is
welded to the bottom case by means of a sonotrode. Eventually, the cloth straps are
attached to the plastic case (see Figure 5.8).

Manufacture all the custom Engrave the serial number

parts and purchase the off-the-

Screw the board to the bottom

case along with the symbols on the

shelf components bottom case

esh

wnnd

Wrist strap assembly

Upper and bottom case Glue all the different elements
welding to the upper and bottom case

|- ) Ry

Figure 5.8. Flow diagram of the product assembly.

5.2.3. Quality control

The last step of the production process is testing every assembled device. This operation
ensures that each manufactured wearable device operates as intended. The next steps are
followed during this process:

First, the tester (person who performs the product testing) initiates the testing
program.

Subsequently, the tester logs into the testing software using both a username and
password.

Then, a series of questions are asked by the software to the tester. These questions
are related to the visual inspection of each device and must be answered with YES
or NO. If every answer 1s YES, the next steps of the process are followed.
Otherwise, the device is disposed, revised, and repaired if it is possible.

Next, the device is activated by connecting the charge cable. Once the LED starts
to shine, the charging cable is disconnected.

Following the activation of the wearable device, the tester reads the data matrix
engraved on the bottom of this wearable using a scanning tool.

Then, the tester uses the testing program to establish a connection between the
device and the computer.

Next, the testing software reads the serial number of the ONAVITAL device under
test and the identifier (ID) of each sensor. This information is sent to the computer
and the program provides a PASS /NOT PASS outcome. If the test result is PASS,
the product is ready for packaging. Otherwise, the product is disposed, revised,
and repaired if it is possible.
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e A report is automatically generated and stored on the computer.

e The reports are collected using a USB storage device and uploaded to a database
that stores the information of every manufactured device.

e Eventually, a reset pin is used to shut down the device.

5.3. Traceability

Traceability refers to the ability to trace a product through every stage of production,
processing, and distribution. Medical devices must be traceable and easily identifiable by
both the end-user and the manufacturer. In the case of any event, such as a malfunction
caused by a manufacturing issue, the equipment must be identified and retired or replaced
as quickly as possible.

The Unique Device Identifier (UDI) [29] is a unique alphanumeric code related to a
medical device. This code allows clear and unambiguous identification of specific devices
on the market and facilitates their traceability. Each UDI consists of two parts: the device
identifier, which identifies the version or model of the system, and the production
identifier, that includes information such as the device batch number, serial number, and
manufacturing date.

The ONAVITAL device is traceable at every step of its life cycle. Before the fabrication
of this wearable, a manufacturing batch is generated. This code identifies each
manufactured element, such as the electronics or the plastic case, that is part of the end-
product. The manufactured code is 1 YYMMDDX, where 1 is the internal product code,
YY are the last two digits of the year, MM the month and DD the day of the manufacturing
order, and the X is the hexadecimal number of the batch in ascending order (0 to F) for
each manufactured batch in the same day. This only applies to the electronic circuits, as
1000 units batch were defined, for the rest of the components the X is 0, as the whole
order is considered a batch.

Then, a serial number that identifies every produced unit is generated and associated with
each manufactured board by attaching a sticker to it. This sticker contains the serial
number encoded inside a data matrix. After attaching the data matrix to the board, the
serial number is read using a barcode scanner and it is stored in the device internal
memory. The ONAVITAL serial number is ManBatchIDAAA, where ManBatch is the
manufactured code and AAA is each single device of the batch (0 to 999).

Eventually, when the electronic board is screwed to the case, the sticker is read again, and
the UDI of the device is generated. This UDI contains the device identifier, the
manufactured code, and the serial number. Eventually, the UDI is laser engraved on the
bottom plastic case (see Figure 5.9).

The UDI is sent to an online database during the final product testing. In this database,
not only the UDI is stored, but the testing results and the information related to the product
are saved.
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[1]

2]

[3]

DATA MANUFACTURING SERIAL
MATRIX DATE NUMBER

Figure 5.9. Traceability symbols engraved on the ONAVITAL case.

5.4. Conclusions

In this chapter, the medical certification process of the ONAVITAL device has been
presented and described. This process is costly and time-consuming, so a lot of
manufacturers avoid it. However, the only way to use a device in a clinical setting and
impact the patients’ lives is obtaining the medical CE mark. This process has several steps
that include defining the intended use of the system, classifying the device in one of the
four MDR categories, obtaining evidence about the performance and safety of the system,
and presenting this data to a notified body. Only the CE mark is granted if each phase is
completed successfully.

Apart from the certification process, the industrialization of this wearable device has been
described in this section. Industrialization is the process of transitioning a product from
its initial design and development phase to mass production. Every medical device must
successfully complete this process to ensure that each distributed system has the same
characteristics. This process encompasses from manufacturing to product testing, so it is
a complex task that must be carried out meticulously.

Both the certification and industrialization processes are essential for the deployment of
amedical device. Any device must obtain the medical CE mark to be used in ambulatories
and hospitals, but if the industrialization is not handled correctly, the devices distributed
do not perform this function as it is intended. Therefore, both processes are
complementary and must be carried out successfully.
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6. Sweat Monitoring Device

The first chapter presented the sweat analysis as an alternative to the traditional blood
testing. Then, the second section described the technologies involved to develop a
wearable device capable of performing this analysis. In this chapter, a novel wearable
device named ONASPORT, able to capture sweat from the user’s skin and quantify its
content during a physical activity, is presented and characterized. When an exercise is
performed, large amounts of sweat are generated to cool down the internal temperature
of the body. The analysis of this biofluid during a physical activity allows sport medicine
doctors to assess the performance and health state of an athlete. This information can be
used to plan trainings and recovery plans in an efficient way.

The ONASPORT device is not intended to be a medical device unlike the other wearable
presented in this thesis. The sensing technology behind the sweat measurement carried
out by this wearable device is a starting point for translating this monitoring system into
the healthcare field. Despite not being a medical device, the medical development
procedure presented in the second chapter was followed to design, implement, and
validate this system.

6.1. System architecture

The ONASPORT device [1] is conceived as a band that it is placed on the athlete’s chest.
This band was modified to integrate a microfluidic system, an array of sensors, and
device’s electronics. The system is intended for estimating the user’s heart rate (HR),
dehydration, and blood lactate levels during physical activity. Despite this device
measures all these parameters, the methods for the obtention of blood lactate levels and
dehydration state from the gathered data are not developed here because this thesis
focuses on the wearable device’s development.

Monitoring physiological parameters using wearable devices during a physical activity
helps to prevent injuries and enhance the performance of athletes [2]. However, mainly
the HR is used by sport professionals to determine the athlete’s state during the exercise
[3]. Other parameters are rarely measured, and when they are monitored, a special test
must be carried out.

This system (see Figure 6.1a) is formed by three different elements:

e Central module (see Figure 6.1b)
e (artridge (see Figure 6.1c¢)
e Chest strap (see Figure 6.1d)

The central module contains the system electronics (see Figure 6.2). These electronics
capture the response of the device’s sensors by means of a custom analog front-end,
process the raw data obtained from the sensors, and send the results to a mobile phone
application via Bluetooth Low Energy (BLE). BLE is a low-power communication
system that can be used to establish communication to a multitude of devices, such as
smartphones, fitness trackers, and smartwatches. Nowadays, the interconnectivity
between devices is more demanded by users, so be able to connect with different
technological garments to display the acquired data is very useful to ease the adoption of
this system.

117



—
O
j—

Figure 6.1.Structure of the ONASPORT device. (a) Complete system, (b) central module (electronics of the system), (c) cartridge
and (d) chest strap. Courtesy of Aguilar-Toran (2023) [4], used with permission.
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To power the whole system, a lithium coin cell battery is utilized. Coin cell batteries are
a popular power source solution for wearable devices because they are commonly
available in any store, their compact size, and their long shelf life.

67,50 mm

Figure 6.2. Photograph of the ONASPORT electronics.

The cartridge (see Figure 6.3) is the element that collects sweat from the skin and
canalizes it into a microfluidic channel. Inside this channel there are several sensors which
analyze the content of this biofluid. This cartridge is a single-use component (disposable)
that must be changed after each test. However, continuous measurements can be carried
out for a given test, obtaining the evolution profile of every parameter during the exercise.

(2)

(b)

CONDUCTIVITY SWEAT RATE
SENSOR SENSOR

Figure 6.3. Photograph of the cartridge. (a) Front and (b) back of the disposable. At the back of the cartridge is highlighted each
sensor (lactate, conductivity, and sweat rate sensors). Adapted with permission from Aguilar-Toran (2023) [4].

The chest strap provides a comfortable and robust attachment to the body, and it is utilized
to carry out HR measurements. This measurement is possible thanks to two rubber
electrodes integrated inside the band.

Every mentioned element must be connected together in order to take measurements.
The chest strap and the cartridge are attached to the central module (see Figure 6.4).
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Figure 6.4. How to connect the different elements of the system. (a) First, slide the cartridge into the central module, (b) then, attach
the strap to the electronics, and (c) finally, place the band around the chest. Courtesy of Aguilar-Toran (2023) [4], used with
permission.

The information gathered by the ONASPORT device is sent to a smartphone. This
smartphone runs an application, which enables data visualization during the physical
activity (see Figure 6.5). After finishing each training session, the data collected is sent
to the cloud platform. The platform stores the information and allows to the user see the

evolution of every physiological parameter by means of a web dashboard.
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Figure 6.5. Mobile phone application of the ONASPORT device.

6.2. Sensing elements

The sensing elements of this wearable device are the chest strap and the sensors integrated
inside the cartridge. The chest strap is employed for HR measurement, while the sensors
within the disposable are utilized to estimate the sweat content.

6.2.1. Chest strap

The chest strap has two rubber electrodes that are in contact with the athlete’s skin. These
electrodes are used to record an electrocardiogram (ECG). Rubber electrodes are typically
utilized in sport bands because they are reusable and washable. A single-lead ECG is
recorded using this configuration of electrodes, which lacks the necessary quality to be
used in clinical settings, but the QRS complex can be identified easily in the obtained
signals (see Figure 6.6). This complex indicates that one beat has taken place, so it can
be used to estimate the HR value.
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Figure 6.6. Example of the ECG recorded using the ONASPORT electrodes. Each QRS complex in this signal is highlighted.

The system uses the chest strap from the heart rate monitor TICKR product (Wahoo
Fitness; Atlanta, GA, USA) [5].

6.2.2. Cartridge

The cartridge is an adhesive patch attached directly to the athlete’s skin as well to the
central module of the device. This patch collects sweat from the skin and canalizes it
inside a microfluidic channel. There are different sensors in this channel that are used to
estimate both the dehydration and lactate levels of the athlete (see Figure 6.7).

Microchannel ) Outlet
Electromics

U

I N\

Sweat glands Skin

Figure 6.7. Schema of the microfluidic system.

A detailed description of the sensors and the microfluidics is not given here, since it is
out of the scope of this thesis.
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A. Dehydration sensors

Dehydration is the condition that occurs when the body loses too much water. It can be
caused by several reasons, such as sweating too much or not drinking enough water. If
left untreated, this condition can lead to poor body function and, in extreme cases, death

(6], [71, [8].

During a physical activity, water is lost due to thermoregulatory sweating. The sweat
glands of the body collectively secrete between 0.8 and 1.5 L of water in the course of a
moderate-intensity workout [9], [10]. This fluid loss can lead to the athlete dehydration,
and it also produces imbalance of the salts, since a lot of ions are lost through sweat [11].

Two different sensors are used to estimate the athlete’s dehydration. These sensors are a
capacitive sensor [12], [13] utilized to know the perspiration rate of the athlete, and a
conductometric sensor used to estimate the sweat ionic strength.

The capacitive sensor (see Figure 6.8a) is formed by two layers of copper and a
microfluidic channel that is placed in the middle of two metal sheets. All these elements
are laminated forming the sensing system. This sensor can be modeled as a parallel plate
capacitor which capacitance varies as follows (see Equation 3.1):

A
C = gogda (31)

where ¢, is the permittivity of space, €4 is the relative permittivity of dielectric material
between the metal layers, d is the separation between these sheets, and A is the area of
the sheets.

At the beginning of each trial, the chamber is full of air, and once the test initiates, the
channel starts to be filled with sweat. When the content inside the chamber changes, the
dielectric constant of the sensor varies as well. This variation is translated to a
modification of the system capacitance, so the volume changes within the channel can be
detected by measuring this parameter. The volume measured during a certain period of
time can be related to the total volume of fluid lost by the user and thus the dehydration
level can be estimated.

The ionic strength sensor (see Figure 6.8b) is formed by two screen-printed electrodes
that are integrated inside the microfluidic channel. Screen-printing is a technique that
deposits ink onto a substrate, such as fabric, plastic, or metal, using a mesh screen with a
defined pattern. This printing technique is extensively utilized in the industry to
miniaturize sensors at low cost [14]. The electrodes of the ionic strength sensor are in
direct contact with the sweat that flows in the channel, and they are used to measure the
impedance of this fluid. The main contribution of the sweat impedance is the resistance
of this biofluid, which directly depends on the number of ions present in the medium.
Therefore, the concentration of ions can be estimated by measuring the conductivity of
this biofluid. Specifically, the sodium concentration can be easily calculated, as it is the
most abundant ion in sweat and dominates the conductivity response [15].
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Figure 6.8. Dehydration sensors. (a) Scheme of the capacitive and (b) the conductometric sensors, respectively. Courtesy of Aguilar-
Toran (2023) [4], used with permission.

B. Lactate sensor

Lactate is a molecule produced through the breakdown of glucose under anaerobic
conditions. Elevated blood lactate levels indicate an oxygen deficiency in some tissues of
the body. During exercise, lactate is generated because there is insufficient oxygen
reaching the muscles. The increase in lactate implies a higher concentration of protons
within the cells, so if the lactate production rate is high, it may exceed the buffering
capacity of protons and cause a decrease in pH, generating lactic acid that affects the
performance of muscles [16], [17].

The blood lactate concentration varies from 0.6 to 2.0 mM, but it can increase up to 10
mM during intense physical effort [18]. Many factors affect sweat lactate concentration,
but it is estimated that it varies between 1 mM and 100 mM during physical activity [19].
Currently, lactate tests need a blood sample, generally taken from the earlobe through a
needle, that causes great disadvantage in real-time monitoring. Using this method can be
difficult for taking a series of measurements during training and therefore obtaining
follow-up results [20].

The lactate sensor used in this wearable device is an enzyme-based amperometric sensor.
This sensor consists of a working electrode (WE) made of a mixture of carbon and
Prussian blue mediator, a silver reference electrode (RE), and a carbon counter electrode
(CE). These electrodes are screen-printed on the surface of a polyethylene terephthalate
(PET) foil. The WE is functionalized with lactate oxidase, which it is immobilized in a
biopolymeric membrane whose function is to retain the enzyme on the electrode’s
surface.

To know the relationship between the lactate levels in blood and sweat, a bioequivalence
study was carried out. In this study, physiological data from more than 30 volunteers was
collected and analyzed. The study concludes that does not exist a direct equivalence
between the lactate level at blood and sweat without considering other parameters. To
estimate the equivalence, a custom algorithm that takes HR, perspiration level, and sweat
lactate concentration as inputs is required (see Figure 6.9) [21].
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6.3. Electronics of the system

The system electronics are embedded in a single board. The board architecture (see Figure
6.9) follows the schema described in the second chapter: control unit, power supply
module, electronic instrumentation, wireless communication module, and external
memory.
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This wearable device has the same operational modes as the ONAVITAL system: low-
power and measurement states. Initially, the system remains in the low-power mode until
the athlete wears the device. Upon detection by a skin detector system, the device
switches to measurement mode. In this state, the wearable device records the HR
dynamics and analyzes the sweat content. The measurement frequency is not the same for
every parameter since the dynamics of each biomarker are different and depend on the
nature of the physiological process behind it. On one hand, HR is measured every five
seconds, and, on the other hand, the other parameters are estimated every two minutes.
Once the activity is completed, it returns to the low-power state.

Figure 6.9. Architecture of the ONASPORT board.

The ONASPORT board consumes 27 pA and 1.77 mA at low-power and measurement
mode, respectively. This device is capable of disabling and enabling different modules of
the system in order to reduce power consumption. Furthermore, as the ONAVITAL
device, the processing of the sensors’ raw data is carried out by the device itself to
enhance the battery autonomy. Given these characteristics, if the user uses the device one
hour per day (training average time) with a coin cell with a capacity of 235 mAh, the
expected battery life is 100 days.

Whenever possible, the same electronic components are used for the ONASPORT and
ONAVITAL board. This approach cuts the manufacturing costs because the price of each
element is greatly reduced when large amounts of the same components are purchased.
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Furthermore, using the same elements simplifies their maintenance and reduces the
inherent risks.

6.3.1. Control unit

The control unit is based on the same microcontroller (MCU) of the ONAVITAL device
but does not include a RGB LED for indicating device states. The MCU runs the firmware
that manages all the actions performed by the system and analyzes the sensors’ response.
The current consumption of this module depends on the operational mode of the system.
During the first mode the MCU only consumes 1.5 pA and in the second mode 1 mA.

6.3.2. Power supply and power management module

The energy used to supply the system is extracted from a coin cell battery. This electric
energy is regulated by the power management module of the ONASPORT board. Apart
from performing this task, this module is also used to estimate the charge level of the
battery.

A. Coin cell

To power the board, a CR2032 battery is utilized. This electrochemical cell is a non-
rechargeable battery of lithium-manganese dioxide (Li-MnOz). The specifications of this
battery vary depending on the manufacturer, although some characteristics, such as
dimension (20 mm of diameter and 3.2 mm of thickness) and nominal voltage (3.0 V) are
always the same. CR2032 coin cells provide a stable current, but the voltage decays with
the level of charge as lithium polymer batteries. Hence, the potential must be regulated to
power the circuit.

ONASPORT device can use any CR2032 coin cell available on the market, but it is
recommended to power the system utilizing a coin cell with a rated capacity of 235 mAh
[22].

B. Voltage regulation

Every ONASPORT’s components work at 3.0 V. To obtain this voltage, the potential
provided by the coin cell is elevated to 3.5 V by boost converter and then it is regulated
to 3.0 V by a low-dropout regulator (LDO) (see Figure 6.10). The boost converter cannot
be used to power the system directly since a ripple appears on the component’s output.
This ripple can cause malfunctions on the system, particularly in the analog
instrumentation. The LDO removes the noise from this signal and provides a stable power
source. Using this configuration, coin cells that are nearly dead can be used due to battery
tensions as low as 1.25 V can be elevated.

BOOST
COIN CELL CONVERTER LDO

1& Unregulated 35V 15V 30V ONASPQF{T
w voltage electronics

Figure 6.10. Schema of the ONASPORT regulation voltage.
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Both the boost converter and 3.0 V LDO are the same as the ONASPORT device and
only consumes 325 nA combined. This current consumption is very low, which it is
crucial since the power supply module is always enabled.

C. Estimation of the battery level

To estimate the battery charge level, the battery fuel gauge BQ35100 (Texas Instruments;
Dallas, TX, USA) [23] is used. This component determines the amount of charge
remaining in an electrochemical cell by means of a coulomb meter and provides
information about its state of health using custom algorithms. The data recorded by this
IC is sent to the MCU via I2C. This module consumes 50 nA and 40 pA when is disabled
and enabled, respectively.

6.3.3. Instrumentation

The ONASPORT system has several instrumentations that capture the sensors’ response.
This front-end adapts their output signals to the levels of the MCU’s ADC, which acquires
its response.

A. ECG recording and heart rate estimation

To record the athlete’s ECG, the commercial IC AD8233 (Analog Devices; Wilmington,
MA, USA) [24] is used. This chip is an analog front-end for the signal conditioning of
cardiac biopotentials. It is composed of an instrumentation amplifier, an operational
amplifier, and a right leg drive amplifier.

Two different filters are implemented to eliminate the noise present on the ECG signal.
The first filter is a first-order high-pass filter with a cutoff frequency of 7 Hz, and it is
used to delete motion artifacts and the electrode half-cell potential. The second filter is a
second-order low-pass filter with a cutoff frequency of 25 Hz, and it is utilized to remove
other interference signals.

Apart from the signal conditioning circuitry, this IC contains a skin detector system. This
system monitors the impedance between the two rubber electrodes. To do that, it injects
an AC current of 100 kHz to one of these electrodes and measures the potential at the
other one. If the tension measured surpasses a certain level, it is considered that a user
wears the chest strap.

The Pan-Tompkins algorithm is used to calculate the HR from the ECG recorded by the
analog front-end [25]. To estimate the HR, windows of five seconds of the ECG recording
are utilized. The sampling rate of this recording is 50 Hz. The current consumption of this
module is 150 pA and 500 pA when it is activated and deactivated, respectively.

B. Sweat rate and conductivity instrumentations

On one hand, a modified Schmitt Trigger oscillator is utilized to measure the capacitive
sensor response (see Figure 6.11a). This circuit is based on the OPAMP
OPA348AQDBVRQI1 (Texas Instruments; Dallas, TX, USA) [26]. The oscillator
generates a square signal whose frequency depends on the capacitance of the system (see
Figure 6.11b). The capacitance is the sensor itself, so the changes in the period of the
signal are directly related to the variation in the sensor impedance. As was mentioned

127



before, the perspiration sensor modifies its capacitance as sweat enters inside the
microfluidic channel, so the changes in volume inside this channel can be easily detected.
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Figure 6.11. Modified Schmitt Trigger Oscillator. (a) Schematic of the circuit and (b) response of this instrumentation. In blue is
highlighted the output signal when the disposable is empty and in orange is the response of the instrumentation when the cartridge is
full of fluid. Courtesy of Aguilar-Toran (2023) [4], used with permission.

On the other hand, a circuit that combines an amplification stage and a transimpedance
amplifier are used to quantify the sweat ionic strength (see Figure 6.12a). This circuit uses
the operational amplifier (OPAMP) OPA4348AQPWRQI1 (Texas Instruments; Dallas,
TX, USA) [27]. The control unit MCU generates a square signal of 8 kHz using a digital
to analog converter (DAC) and injects this signal into the circuit (see Figure 6.12b). Then,
the signal amplitude is reduced by the amplification stage in order to not saturate the
conductivity sensor. Finally, this signal is applied to the sensor, and the response is
captured by a transimpedance amplifier. The bandgap reference REF35102QDBVR
(Texas Instruments; Dallas, TX, USA) [28] 1s used to provide a bias to adjust the signal
to the ADC levels of the MCU. From the amplitude of the acquired signal, the
conductivity of the biofluid is estimated. To obtain this value, the cell constant of this
sensor is utilized. This constant depends on the geometry of the sensor, and it defines the
resolution of this measurement [29]. Once the conductivity is calculated, the number of

ions present in this biofluid can be estimated.
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Figure 6.12. Conductivity instrumentation. (a) Schematic of the instrumentation and (b) response of this circuit. In blue is the signal
used to bias the sensor and in orange is the response of the system to a conductive fluid inside the disposable. The amplitude of the
signal provided by the instrumentation changes depending on conductivity of the medium. Adapted with permission from Aguilar-
Toran (2023) [4].
The current consumption of the first module is 250 pA and the second one is 800 pA
when they are activated. These two modules are enabled or disabled by two different

analog switches that are placed in the middle of the power supply of these circuits.
C. Potentiostat

A custom potentiostat based on the OPAMP ADA4505-4 (Analog Devices; Wilmington,
MA, USA) [30] is used to estimate the lactate concentration (see Figure 6.13a). This
potentiostat is designed to work along two or three electrodes amperometric sensors.
Three electrode configuration is normally used due to the extra electrode helps to stabilize
the potential on the electrochemical cell. Its architecture is based on a transimpedance
amplifier with a direct voltage bias application and a final non-inverting amplifier, as low
current levels are expected from the lactate sensor. Moreover, a capacitor is introduced
as a first-order low-band-pass filter. This potentiostat can provide a whole voltage supply
compliance voltage as well as read both oxidation (negative current) and reduction
currents (positive current) from the amperometric sensor. It is complemented by the same
bandgap used for the conductometric instrumentation and the MCU DAC, which provides
the necessary voltage bias to the sensor [31].

This circuit is capable of carrying out both cyclic voltammetries (CV) and
chronoamperometries (CA), depending on the DAC’s configuration. On one hand, a CV
is performed when the DAC potential varies until it reaches an established potential value,
then it changes direction (triangular waveform). On the other hand, a CA is carried out
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when the generated voltage is fixed. To quantify the sweat lactate concentration, CA is
performed (see Figure 6.13b), since this technique is faster than CV.
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Figure 6.13. Potentiostat. (a) Schematic of the instrumentation and (b) response of this circuit when a CA is carried out. Adapted
with permission from Aguilar (2020) [31].
This module consumes 150 pA when it is enabled. The potentiostat is enabled or disabled
by means of an analog switch placed in the middle of the power supply.

6.3.4. Communication system

The data gathered by the ONASPORT device is sent to a mobile phone that acts as a
gateway. To carry out this task, the same communication module as the ONAVITAL
device is used. The main difference between both systems lies in the BLE services and
characteristics implemented, since the information sent to the gateway is completely
different.

6.3.5. External memory

To ensure that no information is lost, a backup of the collected data is constantly made
during each training session. This backup is stored in the same external memory as the
ONAVITAL device. After finishing each training session, the data stored in the memory
flash is sent to the mobile phone via BLE (if the connection is established) and this
memory is erased. The flash memory used can store up to 1000 hours of training.
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6.4. Preliminary studies

The system was validated by means of several in vitro and in vivo tests. In vitro trials
ensured good functioning of each measurement and in vivo tests demonstrated their
functionality in a real environment.

6.4.1. In-vitro tests

Each sensor and instrumentation were tested individually and validated by comparing the
data obtained using the gold standard method of every type of measurement. Unlike the
ONAVITAL device presented in the third chapter, the performance of each system was
not valued utilizing international standards because no norms exist due to the novelty of
sweat measurement technology.

A. Heart rate

To characterize the HR parameter, a specific protocol was created. This protocol
consisted of an equivalence study between the wearable device and the sports band
Suunto Smart HR Belt (Suunto; Vantaa, Finland) [32]. It has been demonstrated that this
kind of band has an accuracy similar to an ECG Holter monitor [33]. The protocol of this
study is as follows:

e Moisten the rubber electrodes of the wearable device and the reference band,
before placing them on the chest of a volunteer.

e Collect the data from each device using a mobile phone application, while the
volunteer is sitting, for five minutes.

e (ollect the data from each device using a mobile phone application, while the
volunteer is pedaling on a stationary bicycle at a constant load, for five minutes.

e Collect the data from each device using a mobile phone application, while the
volunteer is sitting, again, for five minutes.

Using this protocol, nine tests were performed, and the results of these trials were
analyzed. The volunteers of this study included six males and three females with ages
ranging from 21 to 61 (mean of 32.3 years and standard deviation of 11.5 years). These
volunteers were informed about the trial and gave their consent to treat their data (see
appendix 2 — Data protection consent). Besides, this study was conducted according to
the international ethical declarations of Helsinki.

A linear regression was used to compare the performance of the ONASPORT device with
the reference band (see Figure 6.14). The coefficient of determination of 0.884 is close to
one, so the HR obtained by the wearable device shows no significant difference when is
compared with the data provided by the Suunto Smart HR Belt.
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Figure 6.14. Fit between the HR calculated by the ONASPORT device and the Suunto Smart HR Belt.

B. lonic strength

To validate the ionic strength measurement, a direct comparison was carried out between
the wearable device and the reference equipment LAQUAtwin EC-11 (Horiba; Kioto,
Japan) [34]. The analyte utilized to perform this analysis was artificial sweat. This
artificial sweat was prepared using deionized water with 0.5 % sodium chloride, 0.1 %
potassium chloride, 0.1 % lactic acid, and 0.1 % urea. From this solution, ionic strength
dilutions of 10, 30, 50, 70, 100, and 130 mM were made.

Multiple measurements were taken using three different conductometric sensors. A linear
regression was employed to compare the device performance with the reference
equipment (see Figure 6.15). The coefficient of determination of 0.995 shows a good fit
between the data, so the system can be considered accurate.
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Figure 6.15. Fit between the conductivity calculated by the wearable device and the reference equipment. Courtesy of Aguilar-Toran
(2023) [4], used with permission.
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C. Sweat rate

To validate the perspiration level measurement, no reference equipment was used because
there does not exist standard instrumentation to estimate the sweat rate. Instead, a KDS
Legato 101 syringe pump (KD Scientific; Holliston, MA, USA) [35] was utilized to
simulate the perspiration of the user. This element continuously pumped artificial sweat
inside the disposable at a fixed rate of 2 pL/min, which it is an expected perspiration rate
for an individual exercising [36].

A trial of 30 min was performed using this syringe pump and a cartridge. During this test,
both sweat rate value and conductivity were recorded (see Figure 6.16). The response of
the capacitive and the conductometric sensors remained constant at the beginning of the
test since the fluid had not yet entered inside the microfluidic channel. When the liquid
entered the chamber, the conductometric sensor gave an unstable output that was
stabilized at a fixed value after two minutes. The sweat rate sensor was activated
immediately, and it gave a response that is linearly time dependent. Finally, when the
microfluidic channel was full of liquid, the sensor response stayed constant because the
system capacitance could no longer change.
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Figure 6.16. Conductivity and sweat rate obtained during an in-vitro test. Courtesy of Aguilar-Toréan (2023) [4], used with
permission.

D. Lactate

Eventually, the lactate measurement was characterized using artificial sweat. This
solution was modified to obtain 0, 10, 30, 50, 70, and 100 mM lactate concentrations.
Multiple measurements with six different lactate sensors were made using the custom
potentiostat and the reference equipment PalmSens4 (Palmsens BYV; Houten,
Netherlands) [37]. Chronoamperometries using a working potential of —0.3 V during 60
seconds were carried out. Only the last value was taken because it is the moment when
the sensor stabilizes its response.
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To evaluate the performance of this system, two different metrics were calculated. These
metrics were the mean difference, which measures the difference between the actual
values and the predicted values, and the standard deviation, which assesses the dispersion
of a dataset (see Table 6.1).

Metric Value
Mean difference -0.043 pA
Standard deviation 0.064 pA

Table 6.1. Performance of the ONASPORT potentiostat.

The level of current (when its response is stable) varies from -0.2 to -1.5 pA for
concentrations of 10 to 100 mM. Since both calculated metrics are lower than the
minimum value of current recorded, this measurement can be considered accurate.

6.4.2. In-vivo tests

Once both the sensors and the electronics were validated in vitro, the system was ready
to be tested in vivo. This test consisted of the utilization of this wearable system to analyze
the sweat content of volunteers during a physical activity.

All the participants of the study were informed and gave their consent to use the data
extracted from the experiments (appendix 2 - Data protection consent). This study was
conducted in accordance with the international ethical declarations of Helsinki. The
volunteers included two males and one female. Before starting the test, the participants
were asked to provide the researchers with a series of personal data (see Table 6.2).

Parameters Volunteer 1 Volunteer 2 Volunteer 3
Sex Male Female Male
Age (years) 30 21 39
Height (cm) 175 164 176
Weight (kg) 80.4 52.0 75.0
BMI (kg/m?) 26.3 19.3 24.2

Table 6.2. Characteristics of the volunteers of the in-vivo tests.

The protocol of the in-vivo tests was as follows:

e (lean with water the skin area where the disposable is placed, and then, dry the
area to ensure that the disposable’s adherence to the skin is good.

e Attach the heart rate monitor strap to the central module and wet both rubber
electrodes.

e Remove the adhesive liner of the disposable and adhere the central module
carrying the cartridge to the skin.

e Collect the data from the wearable device while the volunteer is pedaling on a
stationary bicycle at a constant load (see Figure 6.17a). The data is gathered using
the ONASPORT mobile application, and this information is downloaded as a CSV
file.
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Figure 6.17. Real-time perspiration analysis during stationary cycling. (a) Photograph of the experimental set-up. (b) Results
obtained by one in-vivo trial. In gray are highlighted the moments when the cartridge is empty and full. The time in which the
cartridge is filled is marked in blue. Adapted with permission from Aguilar-Toran (2023) [4].
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The in-vivo results were the expected ones for every partaker (see Figure 6.17b). At the
beginning of the test, the HR increased until it reached its maximum value and remained
stable. When the HR value increased, the perspiration of the athlete began. A few minutes
passed until the cartridge started to collect sweat from the skin, as is observed in the
response of the conductometric sensor. This sensor gave an initial peak that can be
associated with the trapped minerals (iron, zinc, magnesium, etc.) in the sweat duct [10].
The progressive increase when the activity continued could be explained by the
dependence on sweat rate (reabsorption channels in the sweat duct) [38]. More
importantly, these results mean that the microfluidic system associated with the sensor
was making the sweat continuously circulate and was able to determine the chronological
evolution of the different biomarkers. Meanwhile, the capacitive sensor gave an
increasing response over time until the microfluidic channel was full of liquid.
Eventually, the lactate sensor started its measurement by giving an increasing output until
it stabilized its response at a fixed value after a few minutes elapsed.

The behavior of every sensor was almost the same as in the in-vitro trials. Only small
changes were observed in the response time and the absolute value of the sensors. The
first difference was expected since the perspiration rate of the in vivo test was not constant
over time and every volunteer had different perspiration profiles. On the other hand, the
second difference can be associated with the sweat composition. Artificial and real sweat
are not the same, so different responses were expected. Sweat contains a large quantity
of ions that modify the properties of the medium. Enzymatic electrochemical sensors are
affected a lot by environmental conditions. In this case, the saltiness of the medium
interacted with the activity of the lactate sensor enzyme, producing higher current levels
than initially expected.

6.5. Conclusions

In this chapter, a wearable device designed for continuous athlete monitoring in real-time
through sweat analysis is presented. This innovative and patented system (appendix 2 —
Patent 1) utilizes a conventional sports band that incorporates a single-use cartridge
capable of collecting, processing, and analyzing sweat from the user's skin, all thanks to
an array of sensors integrated in this disposable.

Two aspects of the device make this approach exceptional. On one hand, the ONASPORT
device provides instant assessment of the athlete's health without disruptions to their
routine. This device is not only non-invasive, but is seamlessly integrated into the user's
daily life, making adoption effortless. On the other hand, this device performs
multiparametric measurements of sweat which allows to analyze its content with
precision. Sweat is a complex fluid that contains a lot of components that interact with
each other, so a multiparametric analysis must be performed to carry out a good
assessment.

Apart from enhancing the daily life of athletes, this technology has the potential to play a
crucial role in the medical field. The non-invasive and continuous measurement of the
composition of sweat could provide to doctors’ information about biochemical
parameters, such as the glucose level, that allows them to improve the attention given to
the patients and improve their treatments. To translate this device from the sports to
medical field, a lot of work is required in the field of sensing and microfluidics in order
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to be capable of processing low volumes of sweat. These modifications also imply to
adjust the electronic instrumentation of this device to meet with the specifications of the
new measurement methods.

Apart from modifying this system, it is imperative to conduct a clinical trial to assess the
accuracy of the performed measurements. Furthermore, the safety of this wearable device
must be demonstrated by means of several trials. Eventually, the accumulated evidence
needs to be presented to a notified body for the certification of this system as a medical
device.

The general characteristics of this wearable device are shown on the following table (see
Table 6.3):

Form factor Value
Central module dimensions 75 x 35 x 16 mm
Disposable dimensions 34 x 33 x 3 mm
Central module weight 26 grams
Disposable weight 4 grams
Health features Range Accuracy
Heart rate 40 to 220 bpm + 1 bpm
Perspiration rate 0 to 2 pL/min + 0.1 pL/min
Conductivity 0 to 12 mS/cm + 0.1 mS/cm
Lactate Level 0 to 100 mM + 1 mM
Autonomy Value
Recommended coin cell capacity 235 mAh
Battery life using the recommended 100 hours of training
battery
Connectivity Value
Range Up to 10 meters
Protocol Bluetooth Low Energy
Table 6.3. ONASPORT device characteristics.
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7. Conclusions and future work

This final chapter summarized the monitoring system presented in this thesis along with
its main elements. The characteristics of every element are presented focusing on the
wearable devices designed, implemented, and validated. Eventually, the future lines of
work derived from this research are presented.

7.1. Conclusions

The process of developing a medical wearable device for remote physiological data
collection is presented in this thesis. This process encompasses the system design to the
medical certification and even the industrialization. Devices implemented using this well-
defined methodology are robust products ready to be used in clinical settings, such as
hospitals or ambulatories.

Two different wearable devices were designed, implemented, and validated following the
abovementioned procedure. Both devices are intended for remote, continuous, and non-
invasive assessment of the individuals’ health status. These monitoring tools address
several issues related to the aging population due to the rise of longevity.

As it is discussed in the first chapter, increased life expectancy makes diseases associated
with age more prevalent causing a huge raise in health expenditure. In addition, seasonal
infections, such as the flu, or pandemics, like the recent COVID-19 crisis, can collapse
the healthcare system and drastically reduce its efficiency. To mitigate these problems,
Hospital at Home (HAH) units were created. These units have demonstrated to be a well-
rounded solution, but most of the visits are focused on the acquisition of biometric data
related to patient physiological status. To improve the efficiency of HAH units, novel
tools capable of monitoring the patients’ health state continuously and remotely are
required. The company Onalabs developed a monitoring medical system for HAH units
based on the two wearable devices presented in this thesis.

In the second chapter, the functional characteristics of the aforementioned monitoring
system are presented and described. This system uses wearable devices to collect
physiological information from patients and send the gathered data to a digital platform
by means of a gateway. Apart from presenting the functionalities, the technologies
involved in the operation of this system are presented too. Every element is described,
focusing on the sensing technologies of the implemented wearable devices. Finally, the
development procedure followed during the design, implementation, and validation of a
medical device is presented.

The third chapter presents and characterizes a new medical wearable device named
ONAVITAL which it is capable of monitoring the vital signs of a patient continuously,
remotely, and in a non-invasive way. Vital sign monitoring allows medical personnel to
determine the individual’s health status and evaluate the efficiency of treatments. This
wearable device is a bracelet that is worn on the user’s wrist and contains multiple
sensors, enabling the collection, processing, and analysis of physiological data directly
from the wearer's skin. It measures the pulse rate, oxygen saturation, arterial blood
pressure, and skin temperature providing valuable information to assess the patient status.
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In the fourth chapter, the clinical evaluation of the ONAVITAL device is presented. The
clinical evaluation assesses the accuracy of the developed system and evaluates the
viability to use this wearable device in a clinical setting. Both the clinical evaluation with
healthy volunteers and critical patients are described. This clinical trial consisted of the
direct comparison between the data provided by the ONAVITAL device and the
equipment regularly used to monitor patients at the hospital facilities.

The fifth chapter presents the ONAVITAL medical certification process. To use a device
in a clinical setting, it must be approved by the regulatory authorities of the country where
it is distributed. Certifying a equipment as a medical device verifies both the accuracy
and safety of this system. Apart from the certification process, the industrialization of this
wearable device is described in this section. This process allows to produce a large
number of devices with the same characteristics and functionalities at a reduced cost. The
industrialization phase is normally overshadowed during the technological development
but it is critical since the well-function of the final devices depends on this process.

Eventually, the sixth chapter presents and describes a novel wearable device capable of
collecting and analyzing the sweat content of an individual. Sweat is a biofluid that
contains many biomarkers, which can be used to determine the patient’s health status, but
it is barely utilized in clinical settings because it is difficult to process it. To overcome
this issue, a microfluidic system able to analyze this biofluid was created. This
microfluidic system is inside a single-use cartridge which collects sweat from the skin
and canalizes it into a microfluidic channel. Inside this channel there are several sensors
that analyze the content of this biofluid. The cartridge is connected to the wearable device
named ONASPORT, and it is used to monitor the state of an athlete during a physical
activity. This patented device estimates the user’s heart rate alongside the dehydration
level and blood lactate levels in real-time. Monitoring all these parameters during a trial
gives a lot of information to sport medicine doctors and allows for efficient training and
recovery.

7.2. Future work and perspectives

The monitoring system described in this thesis can be used in countless scenarios, but
there are two main applications for the developed technology. On one hand, this system
can be utilized to improve the efficiency of HAH units. The ONAVITAL device measures
the vital signs of individuals, allowing for continuous and non-invasive assessment of the
patient's health status remotely. These characteristics enable more effective resource
allocation, thereby improving the attention provided by nurses and doctors. On the other
hand, this monitoring system can be also used to monitor the athletes’ status during a
physical activity and improve their training methodology. The ONASPORT device
measures continuously the content of sweat giving insights about the user performance.

Apart from the mentioned applications mentioned, the work developed in this thesis open
a wide range of opportunities and research lines:

e Personalized care can be provided to every patient monitored by an ONAVITAL
device. Unique patterns can be identified through the study of the physiological
parameters recorded by this wearable device. Identifying these patterns allows
healthcare professionals to treat conditions even before symptoms appear. To
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perform this task, artificial intelligence (AI) algorithms must be developed using
as dataset the huge amount generated by this device during extensive periods of
time [1], [2], [3]. Al applied to the healthcare field can revolutionize the diagnosis
and treatment, improving the attention provided while reducing costs.

From the signals recorded by the ONAVITAL sensors, more physiological
parameters can be estimated. The patient’s respiratory rate can be measured by
processing the recorded pulse oximetry (PPG) signals [4], [5]. Monitoring this
parameter would allow a complete assessment of an individual health status
because every vital sign would be measured.

Not only the vital signs can be monitored using the PPG sensors. Heart rate
variability can be also measured this system. Heart rate variability is the variance
in time between heart beats and it is typically used to determine the emotional
state of an individual [6], [ 7], so the ONAVITAL device can be a tool for assessing
the patient’ psychological status.

Another sensor of the ONAVITAL device is an inertial measurement unit (IMU)
formed by an accelerometer and a gyroscope. This sensor monitors the user’s
movement and relevant information can be extracted analyzing this data. For
instance, the gait evolution can be analyzed which is an indicator of mortality [8],

[9].

The ONASPORT device is capable of providing information about the athlete’s
status during a physical activity but does not give advises and recommendations.
To exploit this novel technology, a huge dataset must be created and analyzed.
Through Al algorithms more useful information can be provided to sport medicine
doctors and athletes.

Heart rate variability is regularly used in the athletic world to identify periods of
optimal training and to monitor recovery status and any potential overtraining
[10]. The ONASPORT device can measure this physiological parameter by
processing the electrocardiogram (ECG) used to estimate the user’s heart rate.

Apart from enhancing the daily lives of athletes, the sweat monitoring technology
has the potential to play a crucial role in the medical field. Non-invasive and
continuous measurements of sweat can provide healthcare providers with
information about patient’s biochemical parameters, improving the attention to
patients and their treatment. To translate this system to the healthcare field, the
sensors and microfluidics must be modified to process low volumes of sweat
(range of nanoliters).

Other biomarkers can be estimated from sweat analysis. For instance, several

studies demonstrated that exists a strong correlation between blood and sweat
glucose concentration [11], [12]. A sweat based wearable device capable of
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monitoring glucose has the potential to improve the lives of millions of diabetic
patients since every glucose monitoring device available on the market is invasive.

e Despite the two wearable devices presented in this thesis were designed for
different applications, they can be used together. These systems used in
conjunction allow a complete monitoring of an individual because both the vital
signs and chemical analysis are performed at the same time. Furthermore, the
study of the physiological parameters monitored can generate new health features
that complement the current ones.

e Both systems use batteries as power sources. Batteries have a limited lifespan
which produce a hiatus in the measurements when they discharge. Energy
harvesting represents the energy derived from the ambient sources that is
extracted and directly converted into electrical energy [13]. The power source of
the wearable devices could be substituted by an energy harvesting system that
supplies the system electronics and sensors.
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Appendix 1

Resumen

La esperanza de vida no ha dejado de crecer durante las ultimas décadas. Esta situacion
sin precedentes es debida a los avances técnicos producidos tanto en el campo de la
medicina como el de los cuidados. El aumento de la longevidad provoca que el conjunto
de la poblacion envejezca de forma dramatica haciendo que el porcentaje de personas de
la tercera edad no pare de crecer. Esta situacion trae consigo multitud de problematicas
que las sociedades modernas deben abordar.

La poblacion mayor de 65 afios es propensa a presentar enfermedades cronicas como la
osteoporosis, la diabetes, o las enfermedades cardiovasculares. Estas afecciones requieren
de atencion constante por parte del personal médico, ya que los pacientes deben ser
monitorizados continuamente y tienen que recibir tratamiento especifico para paliar los
efectos de sus enfermedades. Para poder atender a una poblacion envejecida, se necesitan
nuevos métodos y herramientas que ayuden al personal sanitario a llevar a cabo su labor.
Sino se aborda esta situacion se corre el riesgo que muchas personas queden desatendidas
e incluso que el sistema sanitario colapse si hay un aumento inusual de pacientes, como
ya sucedi6 en la reciente pandemia de COVID-19.

Los dispositivos wearable, como las pulseras inteligentes, han demostrado ser una
herramienta muy til para el personal médico, ya que permiten monitorizar de forma
continua y remota a los pacientes. De esta forma, se elimina la necesidad de que médicos
y enfermeros realicen las tareas de seguimiento. Al reducir la carga de trabajo, los
recursos se pueden usar de forma mas eficiente haciendo que el sistema sanitario sea mas
sostenible.

Aunque estos dispositivos son de gran utilidad, la mayoria de los wearables actuales no
son fiables. Esto es debido a que son dispositivos de electronica de consumo, los cuales
no estan certificados como equipo médico. La certificacion médica es indispensable para
que un sistema sea utilizado en un entorno clinico, como un ambulatorio o un hospital, y
asegura que el equipo tiene un estandar de calidad alto ademds de que es seguro tanto
para el paciente como para el personal sanitario.

Para saber el estado de salud de una persona se pueden medir multitud de parametros,
aunque la monitorizacion de los signos vitales suele ser el método mas extendido. Las
constantes vitales son un conjunto de parametros fisiologicos que reflejan las funciones
esenciales del organismo. Estos parametros tienden a mantenerse dentro de un rango bien
definido, y cualquier desviacion de estos puede indicar la presencia de una enfermedad o
condicion médica.

Aunque la monitorizacion de los signos vitales es muy til, no da una vision completa del
estado de salud de una persona. Para complementar la informacion proporcionada por
estos parametros, es necesario recoger y analizar datos bioquimicos, como por ejemplo el
nivel de glucosa en sangre. El andlisis de sangre es el método de referencia para el analisis
bioquimico, pero presenta varios inconvenientes que limitan su uso: son invasivos,
requieren personal cualificado y solo permite conocer el estado del paciente en el
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momento de la extraccion. Un método alternativo consiste en el analisis del sudor de los
pacientes.

El sudor es un biofluido compuesto mayoritariamente por agua, pero contiene multitud
de electrolitos, iones, aminoacidos, proteinas y otras moléculas pequenas. Debido a su
rico contenido, este fluido se ha convertido en un gran candidato para ser analizado. El
analisis del sudor no es invasivo, no requiere que un profesional recoja la muestra y puede
realizarse de forma continua, ya que este fluido estd siempre presente en la piel debido a
la termorregulacion del organismo.

El objetivo de esta tesis es desarrollar dispositivos wearable para un sistema de
monitorizacion integral de salud. Estos dispositivos son capaces de medir las constantes
vitales de un paciente y analizar el contenido de su sudor. La monitorizacion de tanto los
signos vitales como de los biomarcadores de este biofluido permite una evaluacion
precisa y completa del estado de salud de un individuo.

Por un lado, se presenta el desarrollo de un dispositivo wearable de grado médico capaz
de monitorizar las constantes vitales de los pacientes. No s6lo se ha desarrollado el
dispositivo, sino que se ha llevado a cabo la certificacion e industrializacion de este
sistema dando como resultado un producto robusto listo para ser utilizado en entornos
clinicos.

Por otro lado, junto a este dispositivo médico, se desarrolla un novedoso sistema capaz
de capturar y analizar el contenido del sudor de una persona de forma no invasiva y
continua. Este dispositivo puede ser una herramienta inestimable para el personal médico,
ya que puede proporcionar informacion s6lo disponible mediante analisis invasivos como
lo es el analisis de sangre.

Estos dos dispositivos wearables estan conectados a la misma plataforma, por lo que los
datos recogidos de ambos sistemas pueden utilizarse para evaluar el estado de los
individuos. El sistema de monitorizacion desarrollado tiene el potencial de revolucionar
el campo de la asistencia sanitaria ya que puede llevar a cabo una monitorizacién remota,
no invasiva y continua del paciente.
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Appendix 2

Data protection consent

Document used to obtain the consent of each volunteer that participated in the multiple
experiments performed.
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CONSENTIMIENTO PROTECCION DE DATOS

Nombre completo:
Documento de identidad:
Email:

ONALABS INNO-HUB SL con NIF/CIF B66905936, y domicilio social en 08290 —
Cerdanyola del Vallés, Avinguda Parc Tecnologic, 3, se compromete a tratar de forma
absolutamente confidencial todos sus datos de caracter personal, seglin lo establecido en
el Reglamento General de Datos UE 2016/679 (RGPD) y Ley Organica 3/2018, de 5 de
diciembre, de Proteccion de datos personales y Garantia de los Derechos Digitales
(LOPDGDD).

El titular de este consentimiento autorizaa ONALABS INNO-HUB SL a tratar sus datos
personales y otorga esta autorizacion de manera expresa, precisa, inequivoca e
informada. En cumplimiento de lo dispuesto en los articulos 13 y 14 del RGPD y en el
articulo 11 de la LOPDGDD se informa de los siguientes datos:

Responsable del tratamiento de sus datos personales: ONALABS INNO-HUB SL
con NIF/CIF B66905936, y domicilio social en 08290 — Cerdanyola del Valles,
Avinguda Parc Tecnologic, 3 — Email: legal@onalabs.com.

Finalidad del trato de sus datos: ONALABS INNO-HUB SL tratard toda la
informacion que nos facilita para el testeo y el desarrollo de sistemas de monitorizacion
sanitarios no invasivos.

Conservacion: Los datos personales proporcionados se conservardn mientras no se
solicite la supresion por parte del interesado o durante el tiempo necesario para cumplir
con las obligaciones legales.

Destinatarios: Sus datos seran tratados por ONALABS INNOHUB, S.L. y prestadores
de servicio o colaboradores.

Derechos: Puede ejercer sus derechos de acceso, rectificacion, supresion, portabilidad
de sus datos y a la limitacidon u oposicion de su tratamiento, asi como no ser objeto de
decisiones individuales automatizadas, dirigiéndose a nuestro domicilio social o a través
del correo electronico, debiéndose identificar debidamente y solicitar claramente el
derecho a ejercer.

[ Consiento expresamente en el tratamiento de mis datos. Firma:
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Abstract: Blood testing has traditionally been the gold standard for the physiological analysis and
monitoring of professional athletes. In recent years, blood testing has moved out of the laboratory
thanks to portable handheld devices, such as lactate meters. However, despite its usefulness and
widespread use, blood testing has several drawbacks and limitations, such as the need for the athlete
to stop exercising for blood extraction and the inability to have data continuously collected. In this
scenario, sweat has become an alternative to blood testing because of its rich content of electrolytes
and metabolites, as well as small quantities of sugars, proteins, and ions. Nevertheless, there are few
devices capable of analyzing this biofluid and providing useful information to users. In this paper, an
electronic system designed for the autonomous analysis of sweat electrolytes and metabolites along
with heart rate dynamics is presented. This system is part of a novel wearable device tailored for
athletes that offers to the user a real-time assessment of their physiological status and performance.

Keywords: sweat monitoring; perspiration level; dehydration; lactate; heart rate; wearable device;

sports medicine

1. Introduction

Blood tests are regularly used by clinicians to assess the state of health of patients.
This trial is the gold standard for biochemical analyses, but it has several drawbacks that
limit its use. Blood tests are invasive, require trained personnel, and only provide the state
of the patient at the moment of the extraction. An alternative analysis that has gained a
lot of interest during the past few years is based on the use of sweat as the sample to be
analyzed [1,2].

Sweat is a biofluid composed mainly of water, but it contains various electrolytes, ions,
amino acids, proteins, and other small molecules. Due to its rich content, this fluid has
become a great candidate for analysis. Sweat analysis is non-invasive, does not require a
professional to collect the sample, and can be carried out continuously, since this biofluid is
always present on the skin due to the body’s thermoregulation [3].

Despite these advantages, nowadays, sweat is barely used, and only some trials, such
as the cystic fibrosis test, utilize this biofluid [4]. The lack of tests that use sweat as a sample
is because a standardized method to extract sweat from skin does not exist. This fact, along
with the low volume of the sample available (range of nanoliters) and liquid evaporation,
makes sweat a biofluid that is difficult to measure. These issues are solved by attaching
sensors to the skin, but this methodology produces a major issue: contamination of the
sample due to the accumulation of sweat on the sensor. To avoid this unwanted situation, a
microfluidic system can be used to renew the sample and expel the generated waste [5].
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Several research groups have developed systems capable of collecting sweat from the
skin, processing it, and analyzing its content using different sensors. Liang et al. developed
a paper-based microfluidic device for the real-time monitoring of sweat potassium [6].
Martin et al. presented a microfluidic detection platform for the monitoring of glucose
and lactate levels [7]. Kim et al. developed a microfluidic patch that allowed for rapid
colorimetric assessments of the concentrations of multiple essential nutrients in sweat [8].
Noura et al. presented a paper-based microfluidic electrochemical integrated device for
measuring the glucose concentration in sweat in real time [9].

Most of the systems intended to analyze the content of sweat were tested while
performing a physical activity, such as cycling. This method was used to validate the
developed systems because it is an easy way to obtain significant volumes of this biofluid
passively. During physical activity, sweat is generated to regulate the body’s internal
temperature. The analysis of sweat at the time of an activity allows sports medicine doctors
to assess an athlete’s performance and state of health.

It has been demonstrated that the monitoring of physiological parameters using
wearable devices during a physical activity helps to prevent injuries and enhance the
performance of athletes [10]. However, mainly the heart rate (HR) is used by sport profes-
sionals to determine the state of the athlete during the exercise [11]. Other parameters that
give a lot of information, such as the blood lactate level and user’s dehydration , are rarely
measured, and when they are monitored, a special test must be carried out.

In this paper, we present a novel wearable device capable of collecting sweat from
the skin, canalizing it inside a microfluidic chamber, and analyzing its content using an
array of sensors. The device was based on a sport chest strap that was modified to integrate
the microfluidic system, the sensors, and the device’s electronics. This system is intended
for estimating the user’s heart rate, dehydration, and blood lactate levels during physical
activity. This paper focuses on the development of the system, sensors, and involved
electronics and the initial results. Materials and methods for the obtention of blood lactate
levels and dehydration state from the data collected are not developed here.

2. Materials and Methods
2.1. System Architecture

The wearable device (Figure 1a) was conceived as a band that can be placed on
the athlete’s chest. This system is formed by three different elements: a central module
(Figure 1b), a cartridge (Figure 1c), and a chest strap (Figure 1d).

(a)

Figure 1. Structure of the wearable device. (a) Complete system, (b) central module (electronics of
the system), (c) cartridge, and (d) chest strap.
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The central module contains the electronics of the system (Figure 2). These electronics
capture the response of the device’s sensors by means of a custom analog front-end, process
the raw data obtained from the sensors, and send the results to a mobile phone application
via Bluetooth Low Energy (BLE). The entire system is controlled by a STM32L476JEY6TR
microcontroller (STMicroelectronics; Geneva, Switzerland).

Figure 2. Photograph of the electronics of the device.

To power the system, a lithium coin cell battery with a nominal voltage of 3.0 V and
a rated capacity of 210 mAh is used [12]. The voltage is regulated to 3.0 V, and this is the
operational voltage of the system.

The cartridge (Figure 3) is the element that collects sweat from the skin and canalizes
it into a microfluidic channel. There are several sensors inside this channel that analyze the
content of this biofluid. This cartridge is a single-use component (disposable) that must be
changed after each test. However, continuous measurements can be carried out for a given
test, obtaining the evolution profile of every parameter during the exercise.

(@)

Figure 3. Image of the cartridge. (a) Front and (b) back of the disposable.

The chest strap provides a comfortable and robust attachment to the body and is
utilized to perform HR measurements. This measurement is possible thanks to two rubber
electrodes integrated inside the band.

All the mentioned elements of the wearable device must be connected together in
order to take measurements. The chest strap and the cartridge are attached to the central
module (Figure 4).
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(a) (b)

Attach

0

Wet

Figure 4. How to connect the different elements of the wearable device. (a) First, peel the protective
layer and slide the cartridge into the central module (as is indicated by the arrow). This procedure
ensures that the connections are isolated from the environment and the cartridge is robustly attached
during the exercise. (b) Then, clip the strap to the central module and (c) put it on the chest. At the
end, attach the cartridge to the skin. To remove the disposable, detach the adhesive from the skin and
slide down the cartridge.

The system has two operational modes: low-power and measurement states. Initially,
the system remains in the low-power mode until the athlete wears the device. Upon
detection by a skin detector system, the device switches to measurement mode. In this
state, the wearable device records the heart rate dynamics and analyzes the sweat content.
Once the activity is completed, it returns to the low-power state.

The device consumes 85 pA and 5 mA in low-power and measurement modes, respec-
tively. This device is capable of disabling and enabling different modules of the system in
order to reduce consumption. If the user uses the device for one hour per day, the expected
battery life is 30 days.

2.2. Chest Strap and Cartridge

The sensing elements of the wearable device are the chest strap and the sensors
integrated inside the cartridge. The chest strap is employed for HR measurement, while
the sensors within the disposable are utilized to estimate the sweat content.

2.2.1. Chest Strap

The chest strap has two rubber electrodes that are in contact with the athlete’s skin.
These electrodes are used to record the athlete’s cardiac electrical activity by measuring
the difference in potential between the electrodes. An electrocardiogram (ECG) is a plot
of the electric activity recorded during this process. The signals of an ECG have multiple
waves that reflect the heart state. The P wave represents the depolarization of the atria, the
QRS complex represents the depolarization of the ventricles, and the T wave represents the
repolarization of the ventricles [13,14].

Rubber electrodes are typically utilized in sports bands because they are reusable and
washable. The ECG recorded using these electrodes lacks the necessary quality to be used
in clinical settings, but the QRS complex can be identified easily in the signals obtained.
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This complex indicates that one beat has taken place, so it can be used to estimate HR. HR
is the number of heartbeats per unit of time, usually per minute.

The system presented in this paper utilized the chest strap from the heart rate monitor
TICKR product (Wahoo Fitness; Atlanta, GA, USA) [15].

2.2.2. Cartridge

The cartridge is an adhesive patch attached directly to the user’s skin as well as to the
central module of the device. This patch collects sweat from the skin and canalizes it inside
a microfluidic channel. There are different sensors in this channel that are used to estimate
the dehydration and the lactate levels of the athlete. The disposable design is not described
here because it is outside the scope of this paper, and only the sensors are presented.

Dehydration is the condition that occurs when the body loses too much water. It
can be caused by several reasons, such as sweating too much or not drinking enough
water. If left untreated, this condition can lead to poor body function and, in extreme cases,
death [16-18].

During physical activity, water is lost due to thermoregulatory sweating. The sweat
glands of the body collectively secrete between 0.8 and 1.5 L of water in the course of
a moderate-intensity workout [19,20]. This loss of fluids can lead to dehydration in the
athlete, and it also produces an imbalance of body salts, since a lot of ions are lost through
sweat [21].

Two different sensors are used to estimate the athlete’s dehydration. These sensors
are a capacitive sensor [22,23] utilized to know the perspiration rate of the athlete, and a
conductometric sensor used to estimate the sweat ionic strength.

The capacitive sensor (Figure 5a) is formed of two layers of copper and a microfluidic
channel that it is placed in the middle of the two metal sheets. At the beginning of each
trial, the chamber is full of air, and once the test initiates, the channel starts to be filled with
sweat. When the content inside the chamber changes, the dielectric constant of the sensor
varies as well. This variation is translated to a modification of the system capacitance, so
the volume changes within the channel can be detected by measuring this parameter. The
volume monitored during a certain period of time can be related to the total volume of
fluid lost by the athlete, and thus, the dehydration level can be estimated.

(a)

---------- Copper layer
Coensor = / J LT ] Microfluidic channel
_________ ]r Copper layer

RSolutioné — Conductometric sensor

v
Microfluidic
channel

Figure 5. Dehydration sensors. (a) Scheme of the capacitive and (b) the conductometric sensors,
respectively.

The ionic strength sensor (Figure 5b) is formed of two screen-printed electrodes
integrated inside the microfluidic channel. These electrodes are in direct contact with
the sweat that flows in the channel, and they are used to measure the impedance of this
fluid. The main contribution of sweat impedance is the resistance of this biofluid, which
depends on the number of ions present in the medium. Therefore, the concentration of ions
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can be estimated by measuring the conductivity of this biofluid. Specifically, the sodium
concentration can be easily estimated, as it is the most abundant ion in sweat and dominates
the conductivity response [24].

Lactate is a molecule produced through the breakdown of glucose under anaerobic
conditions. Elevated blood lactate levels indicate an oxygen deficiency in some tissues
of the body. During exercise, lactate is generated because there is insufficient oxygen
reaching the muscles. The increase in lactate implies a higher concentration of protons
within the cells, so if the lactate production rate is high, it may exceed the buffering capacity
of protons and cause a decrease in pH, generating lactic acid that affects the performance
of muscles [25-27].

The blood lactate concentration varies from 0.6 to 2.0 mM, but it can increase up to
10 mM during intense physical effort [28]. Many factors affect sweat lactate concentration,
but it is estimated that it varies between 1 mM and 100 mM during physical activity [29,30].
Currently, lactate tests need a blood sample, generally taken from the earlobe through a
needle, that causes a great disadvantage in real-time monitoring. Using this method can
be difficult for taking a series of measurements during training and therefore obtaining
follow-up results [31].

To know the relationship between the lactate levels in blood and sweat, a bioequiv-
alence study was carried out by the authors of this work. The study is described in [32],
which concludes that there is no direct equivalence between blood lactate and sweat lactate
without considering other parameters. To estimate the equivalence, a custom algorithm
that takes HR, perspiration level, and sweat lactate concentration as inputs is required.

There are different methods to estimate the concentration of a molecule, such as
ultraviolet spectrophotometry or refractive index detection. However, these tests are
time-consuming and very complex. Electrochemical biosensors have several advantages
over traditional methods, like speed, high specificity, low cost, and possible miniaturiza-
tion/integration into circuits to perform the measurement [33].

The lactate sensor used in this device is an enzyme-based amperometric sensor that
combines the specificity and selectivity of enzymes with the high sensitivity of electro-
chemical sensing. This sensor consists of a working electrode made of a mixture of carbon
and Prussian blue mediator, a silver reference electrode, and a carbon counter-electrode.
These electrodes are screen-printed on the surface of a PET foil. The working electrode is
functionalized with lactate oxidase, which is immobilized in a biopolymeric membrane
whose function is to retain the enzyme on the electrode’s surface.

2.3. Electronics of the System

The disposable and the chest strap are attached to the central module of the device
which contains the system electronics. The electronics capture the response of every sensor
using custom analog instrumentations and the ADCs of the microcontroller.

2.3.1. ECG Recording and Heart Rate Estimation

To record the user’s ECG, a commercial integrated AD8233 circuit (Analog Devices;
Wilmington, MA, USA) is utilized. This chip is an analog front-end for the signal condition-
ing of cardiac biopotentials. It is composed of an instrumentation amplifier, an operational
amplifier, and a right leg drive amplifier. The component also incorporates leads-on or -off
detection circuitry.

Two different filters are implemented to eliminate the noise present on the ECG signal.
The first filter is a first-order high-pass filter with a cutoff frequency of 7 Hz, and it is
used to delete motion artifacts and the electrode half-cell potential. The second filter is a
second-order low-pass filter with a cutoff frequency of 25 Hz, and it is utilized to remove
other interference signals.

The Pan-Tompkins algorithm is used to calculate the HR from the ECG recorded by
the analog front-end [34]. To estimate the HR, windows of 5 s of the ECG recording are
utilized. The current consumption of this module is 150 pA at 3.0 V, when it is activated.
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2.3.2. Sweat Rate and Conductivity Instrumentations

As mentioned before, a capacitive sensor is used to estimate the user’s perspiration
level, and a conductivity sensor is used to know the ionic strength of the sweat.

On one hand, a modified Schmitt Trigger oscillator is utilized to measure the response
of the capacitive sensor (Figure 6a). This circuit is based on the operational amplifier
TSX5641Q4T (STMicroelectronics; Geneva, Switzerland). The oscillator generates a square
signal whose frequency depends on the capacitance of the system (Figure 6b). This ca-
pacitance is the sensor, so the changes in the period of the signal are directly related to
the variation in the sensor impedance. As was mentioned before, the perspiration sensor
modifies its capacitance as sweat enters inside the microfluidic channel, so the changes in
volume inside this channel can be easily detected.

o (b) —+— No liquid inside the cartridge

C1 -
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A‘AN\F +— Liquid inside the cartridge

35 T
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Figure 6. Modified Schmitt Trigger Oscillator. (a) Schematic of the circuit and (b) response of this
instrumentation. The output signal is highlighted in blue when the disposable is empty, and in orange
is the response of the instrumentation when the cartridge is full of fluid. The first signal has a period
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On the other hand, a circuit that combines the modified Schmitt Trigger oscillator, an
amplification stage, and a transimpedance amplifier is used to quantify the sweat ionic
strength (Figure 7a). This circuit uses the same operational amplifier as in the previous case.
It generates a square signal of 8 kHz using the mentioned oscillator. Then, the amplitude of
this signal is reduced by the amplification stage in order to not saturate the conductivity
sensor. Finally, this signal is applied to the sensor, and the response is captured by a
transimpedance amplifier (Figure 7b). The bandgap reference REF2920AIDBZR (Texas
Instruments; Dallas, TX, USA) is used to provide a bias in order to adjust the signal to
the ADC levels of the microcontroller. From the amplitude of the signal acquired, the
conductivity of the biofluid is estimated. To obtain this value, the cell constant of this
sensor is utilized. This constant depends on the geometry of the sensor, and it defines the
resolution of the measurement [35]. Once the conductivity is calculated, the number of ions
present in this biofluid can be estimated.

The current consumption of the first module is 650 pA at 3.0 V and the second one is
800 pA at the same operating voltage when they are activated.
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Figure 7. Conductivity instrumentation. (a) Schematic of the instrumentation and (b) response of
this circuit. The signal used to bias the sensor is shown in blue, while the system’s response to a
conductive fluid inside the disposable is indicated in orange. The amplitude of the signal provided
by the instrumentation changes depending on the medium conductivity.

2.3.3. Potentiostat

A potentiostat is an electronic instrument used to carry out several electrochemical
techniques, such as chronoamperometry and cyclic voltammetry. It is a circuit that biases
the electrochemical cell under study and captures its response [36].

A custom potentiostat based on the operational amplifier ADA4505-4 (Analog De-
vices; Wilmington, MA, USA) is utilized (Figure 8). This potentiostat is designed to work
along three electrode amperometric sensors. Its architecture is based on a transimpedance
amplifier with a direct voltage bias application and a final non-inverting amplifier, as low
current levels are expected from the lactate sensor. Moreover, a capacitor is introduced as
a first-order low-band-pass filter. This potentiostat can provide a whole voltage supply
compliance voltage as well as read both oxidation (negative current) and reduction cur-
rents (positive current) from the amperometric sensor. It is complemented by the same
bandgap used for the conductometric instrumentation and the microcontroller’s DAC,
which provides the necessary voltage bias to the sensor. The complete characterization of
this potentiostat can be found in article [37].

R4
DAC BANDGAP SIG
c1 R5
CE [
e |
R1
@)
WE MW
SIG + +
+ () ADC
_ REF _
R2 R3

Figure 8. Potentiostat used to bias the lactate sensor and capture its response.
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3. Results and Discussion

The system was validated by means of several in vitro and in vivo tests. In vitro
trials ensured good functioning of each measurement and in vivo test demonstrated their
functionality in a real environment.

3.1. In Vitro Tests

Each sensor and instrumentation was tested individually and validated by comparing
the data obtained using the gold-standard method of each type of measurement.

To characterize the HR parameter, a specific protocol was created. This protocol
consisted of an equivalence study between the wearable device and the sports band Suunto
Smart HR Belt (Suunto; Vantaa, Finland) [38]. It has been demonstrated that this kind of
band has an accuracy similar to an ECG Holter monitor [39]. The protocol of this study is
as follows:

e  Moisten the rubber electrodes of the wearable device and the reference band, before
placing them on the chest of a volunteer.

e  Collect the data from each device using a mobile phone application, while the volunteer
is sitting, for five minutes.

e  Collect the data from each device using a mobile phone application, while the volunteer
is pedaling on a stationary bicycle at a constant load, for five minutes.

e  Collect the data from each device using a mobile phone application, while the volunteer
is sitting, again, for five minutes.

Using this protocol, eight tests were performed, and the results of these trials were
analyzed. The volunteers of this study included five males and three females with ages
ranging from 21 to 39 (mean of 28.6 years and standard deviation of 5.9 years). Both the
correlation coefficient and the mean standard deviation were utilized to determine the
accuracy of this measurement (Table 1). The correlation coefficient is close to one, so the
HR obtained by the wearable device shows no significant difference when compared with
the data provided by the Suunto Smart HR Belt. Additionally, the mean standard deviation
is less than three beats per minute (bpm), indicating low measurement dispersion.

Table 1. Statistical analysis of the comparison between the HR calculated by the wearable device and
the reference instrument.

Participants Correlation Coefficient Mean Standard Deviation
Males 0.81 2.9 bpm
Females 0.83 2.8 bpm

To validate the ionic strength measurement, a direct comparison was carried out bet-
ween the wearable device and the reference equipment, LAQUAtwin EC-11 (Horiba; Kioto,
Japan) [40]. The analyte utilized to perform this analysis was artificial sweat. This artificial
sweat was prepared using deionized water with 0.5% sodium chloride, 0.1% potassium
chloride, 0.1% lactic acid, and 0.1% urea. From this solution, ionic strength dilutions of 10,
30, 50, 70, 100, and 130 mM were made.

Multiple measurements were taken using three different conductometric sensors. A
linear regression was employed to compare the performance of the device with the reference
equipment (Figure 9). The coefficient of determination of 0.995 shows a good fit between
the data, so the system can be considered accurate.
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Figure 9. Fit between the conductivity calculated by the wearable device and the reference equipment.
The dots correspond to each measurement carried out by the wearable device.

To validate the perspiration level measurement, no reference equipment was used
because there does not exist standard instrumentation to estimate the sweat rate. Instead,
a KDS Legato 101 syringe pump (KD Scientific; Holliston, MA, USA) was utilized [41] to
simulate the perspiration of the user. This element continuously pumped artificial sweat
inside the disposable at a fixed rate of 2 uL/min.

A trial of 30 min was performed using this syringe pump and a cartridge. During this
test, both sweat rate value and conductivity were recorded (Figure 10). The response of the
capacitive and the conductometric sensors remained constant at the beginning of the test since
the fluid had not yet entered inside the microfluidic channel. When the liquid entered the
chamber, the conductometric sensor gave an unstable output that was stabilized at a fixed
value after 2 min. The sweat rate sensor was activated immediately, and it gave a response
that is linearly time dependent. Finally, when the microfluidic channel was full of liquid, the
sensor response stayed constant because the system capacitance could no longer change.

—e— DPerspiration sensor

—o— Conductivity sensor

I ] 0.5
I.’“t‘ !
= 000804
1 e A 00 g0 e I -0.4
| I Lg
The sweat ' ' 03 s
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Figure 10. Conductivity and sweat rate obtained during an in vitro test.
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Eventually, the lactate measurement was characterized using artificial sweat. This
solution was modified to obtain 0, 10, 30, 50, 70, and 100 mM lactate concentrations.
Different measurements with three different lactate sensors were made using the custom
potentiostat. Chronoamperometries of 60 s using a working potential of —0.3 V were
performed. Only the last value was taken because it is the moment when the sensor
stabilizes its response (Figure 11). No comparison with reference instrumentation was
carried out since the characterization of this potentiostat can be found in [37].
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Figure 11. Response of each sensor and potentiostat to different concentrations of lactate. The error
bars correspond to the standard deviation between measurements of multiple sensors.

A trend in the system’s response is observed: the current produced by the sensor
increases as the lactate concentration rises. This response allows to monitor the level of this
molecule and predict the sweat lactate concentration.

3.2. In Vivo Tests

Once both the sensors and the electronics were validated in vitro, the system was
ready to be tested in vivo. This test consisted of the utilization of the wearable system to
analyze the sweat content of volunteers during physical activity.

All the participants of the study were informed and gave their consent to use the data
extracted from the experiments. The volunteers included two males and one female. Before
starting the test, the participants were asked to provide the researchers with a series of
personal data (Table 2).

Table 2. Characteristics of the volunteers of the in vivo tests.

Parameters Volunteer 1 Volunteer 2 Volunteer 3
Sex Male Female Male
Age (years) 30 21 39
Height (cm) 175 164 176
Weight (kg) 80.4 52.0 75.0
BMI (kg/m?) 26.3 19.3 242

The in vivo testing protocol is as follows:
Clean with water the skin area where the disposable is placed, and then, dry the area
to ensure that the disposable’s adherence to the skin is good.

e  Attach the heart rate monitor strap to the central module and wet both rubber elec-

trodes.
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e  Remove the adhesive liner of the disposable and adhere the central module carrying
the cartridge to the skin.

e  Collect the data from the wearable device while the volunteer is pedaling on a station-
ary bicycle at a constant load (Figure 12a). All the data are gathered using a mobile
application, and these data are downloaded as a CSV file (Figure 12b).

9
s
o
-
=
=

Time (min)

Figure 12. Real-time perspiration analysis during stationary cycling. (a) Photograph of the exper-
imental set-up and (b) the application used to capture the data produced by the wearable device.
(c) Results obtained via one in vivo trial. In gray are highlighted the moments when the cartridge is
empty and full. The time in which the cartridge is filled is marked in blue.

The results of the in vivo trials were the expected ones for every partaker (Figure 12c).
At the beginning of the test, the HR increased until it reached its maximum value and
remained stable. When the HR value increased, the perspiration of the athlete began.
A few minutes passed until the cartridge started to collect sweat from the skin, as is
observed in the response of the conductometric sensor. This sensor gave an initial peak
that can be associated with the trapped minerals (iron, zinc, magnesium, etc.) in the sweat
duct [20]. The progressive increase when the activity continued could be explained by the
dependence on sweat rate (reabsorption channels in the sweat duct) [5]. More importantly,
these results mean that the microfluidic system associated with the sensor was making the
sweat continuously circulate, and was able to determine the chronological evolution of the
different biomarkers. Meanwhile, the capacitive sensor gave an increasing response over
time until the microfluidic channel was full of liquid. Eventually, the lactate sensor started
its measurement by giving an increasing output until it stabilized its response at a fixed
value after a few minutes elapsed.

The behavior of all these sensors was almost the same as in the in vitro trials. Only
small changes were observed in the response time and the absolute value of the sensors.
The first difference was expected since the perspiration rate of the in vivo test was not
constant over time and every volunteer had different perspiration profiles. On the other
hand, the second difference can be associated with the sweat composition. Artificial and
real sweat are not the same, so different responses were expected. Sweat contains a large
quantity of ions that modify the properties of the medium. Enzymatic electrochemical
sensors are affected a lot by environmental conditions. In this case, the saltiness of the
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medium interacted with the activity of the lactate sensor enzyme, producing higher current
levels than expected.

The outcomes of these trials can be considered a great success since real-time sweat
analysis was performed. Despite this fact, more work needs to be carried out in order to
fully understand the obtained results. To achieve this, more in vivo tests must be performed
and the physiology of perspiration must be studied.

The microfluidic system defines the capabilities of the cartridge in terms of sensor
response time and durability. This could be adapted by modifying the collection area,
which determines the total fluid volume, and the configuration of the microfluidic channels
to maximize volume capability.

Eventually, improvements in the consumption of the system can be made, and addi-
tional measures such as heart rate variability (HRV) can be added. HRYV is the variance in
time between heart beats and it is regularly used in the athletic world to identify periods of
optimal training and to monitor recovery status and any potential overtraining [42].

4. Conclusions

In this paper, we present a groundbreaking advancement in the field of sports moni-
toring: a wearable device designed for continuous athlete monitoring in real time through
sweat analysis. This innovative system utilizes a conventional sports band that incorporates
a single-use cartridge capable of collecting, processing, and analyzing sweat from the user’s
skin, all thanks to an array of sensors integrated into this disposable. What makes our
approach exceptional is its ability to provide an instant assessment of the athlete’s health
without disrupting their routine. This device is not only non-intrusive, but is seamlessly
integrated into the user’s daily life, making adoption effortless.

Every component of the device has undergone rigorous testing, both in vitro and
in vivo. Promising results that open the door to an exciting future for health monitoring
in sports have been achieved. However, the true potential of this system lies in its ability
to translate the collected data into valuable insights for athletes. This means that there
is still much to be done in order to interpret these data and provide athletes with a deep
understanding of their performance and health. To interpret these data, dozens of trials
with multiple athletes must be performed to create a large database and analyze all the
collected data.

Apart from enhancing the daily lives of athletes, this technology has the potential to
play a crucial role in the medical field. Non-invasive and continuous measurements of
sweat composition can provide healthcare providers with information about biochemical
parameters, such as glucose level, that could allow them to improve the attention given to
patients and their treatment. A direct application of this system is the assessment of cystic
fibrosis since the conductivity of sweat rises a lot when a user has this disease. Despite this
fact, to translate this device from the sports to the medical field, a lot of work is required in
the field of sensing and microfluidics in order to enable it to process low volumes of sweat.
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Description

Field and object of the invention

[0001] The present invention belongs to the technical
filed of medical devices, in particular to the area of wear-
able medical devices both for clinical and sport applica-
tions.

[0002] An object of the invention, is the provision of a
multi-sensor device for the continuous remote, and real-
time monitoring of health condition of patients or sport
persons, without blood extraction.

[0003] The invention can advantageously be used in
sports medicine and/or sports health sectors for remote
effort and/or fatigue assessment.

Background of the invention

[0004] Blood tests are the reference clinical methods
that show the most important physiological parameters
that allow an accurate diagnosis of a patient’s condition.
In the health sector, the analysis of most of the metabo-
lites of interest (various amino acids, sugars, carboxylic
acids and fatty acids, ...) requires blood collection, cre-
ating an obstacle for their use in real-time monitoring in
both clinical health and sports medicine.

[0005] Therefore, there is a need in the medical per-
sonnel in charge of clinical protocols as well as in the
training and recovery of the athletes, for devices capable
of monitoring biomarkers in a non-invasive, continuous
and remote way by means of sweat. In this regard, al-
though the use of blood is the reference, analyzing sweat
has been a challenge to obtain bioequivalence between
both measurement formats.

[0006] The current clinical trend is to be less invasive
contemplates the tendency to combine both non-invasive
measurement techniques: on skin and on biofluid (urine,
saliva, sweat, etc.).

[0007] To measure sweating volume and rate, there
are different strategies like: using humidity sensors, ca-
lorimetric measurements or volumetric determination.
Using humidity sensors or calorimetric sensors are highly
sensitive, but require a high level of complexity that limits
their integration into portable devices. In contrast, volu-
metric measurements, determining the volume collected
in a controlled period of time, allows simple and direct
monitoring. There are visual monitoring options that are
simple for the research setting as they require little in-
strumentation. However, for continuous monitoring ap-
plications it is better to use impedimetric detection (elec-
trical resistance is reduced proportionally to the sample
volume) which allows autonomous and real-time meas-
urement.

Summary of the invention

[0008] The presentinvention is defined in the attached
independent claim, and satisfactorily solves the draw-

10

15

20

25

30

35

40

45

50

55

backs of the prior art, by providing a wearable device that
integrates different sensors to obtain simultaneous
measurements of biomarkers in sweat (metabolites, ions
or amino acids, etc.), and vital physiological parameters
(heart and respiratory rate, blood pressure, etc.), for the
determination of lactate concentration in blood, in a non-
invasive, continuous, real-time and remote manner.
[0009] More specifically, an aspect of the invention re-
fers to a wearable device for continuous monitoring of
health parameters of a user, wherein the device compris-
es: at least one sweat sensor for measuring a sweat bi-
omarker, a sweat collection inlet arranged in the device
for collecting sweat when the device is worn by a user,
and a microfluidic channel for conveying collected sweat
from the inlet to the sweat sensor.

[0010] Additionally, the device comprises: at least one
vital-sign sensor arranged in the device for measuring a
vital-sign or physiological sign of the user, a sweat vol-
ume sensor for measuring volume of the collected sweat,
and a processing unit adapted for receiving and process-
ing data provided by the sweat sensor, the vital-sign bi-
osensor and the sweat volume measuring device.
[0011] Preferably, the vital-signs or signs sensors is
one or more of the following sensors: a heart rate sensor,
arespiratory rate sensor, a blood pressure sensor, abody
temperature sensor, and an oxygen saturation sensor.
[0012] The processing unitis further adapted to calcu-
late or predict a blood lactate concentration based on
data provided by the sweat sensor, the sweat volume
sensor, and a vital sign-sensor. Preferably, the data is
the form of electric signals that can be processed by the
processing unit to perform calculations based on that da-
ta.

[0013] In apreferred embodiment, the sweat sensor is
a sweat lactate sensor and the vital-sign sensoris a heart
rate sensor, and the processing unit is further adapted
to calculate, preferably by means of machine learning
algorithms in a known manner for a skilled person in the
art, predictive values of lactate concentration in blood,
based on data in the form of electric signals, provided
by: the sweat lactate sensor, the sweat volume sensor
and heart rate sensor.

[0014] Therefore, the wearable device of the invention
is a smart wearable device for lactate monitoring, that
integrates a microfluidic system that ensures efficient
sweat capture and continuous circulation of a fresh sweat
sample. The invention is capable of providing real time
health status of athletes and report when an athlete en-
ters the anaerobic phase, thus, creating a new paradigm
in sports training planning, as well as the health status
of the athlete.

[0015] A direct and proportional relationship between
lactate measurement (key biomarker in the monitoring
of intensive physical exertion or fatigue) in blood and
sweat is unknown, thus, in the present invention it has
been found that taking into account additional parame-
ters to sweat lactate, would establish a more accurate
bioequivalence with blood lactate.
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[0016] Inparticular, the invention involves the process-
ing of the following additional parameters to sweat lactate
forthe blood lactate estimation: sweatrate, sweatvolume
excreted by the subject, and heart rate. In the invention,
the sweating rate is also taken into account as a factor
of dilution of lactate and the other analytes present in
sweat.

[0017] The sweating rate gives an indication of the de-
crease in sweat lactate concentration in the tests and the
variation observed with the blood lactate trend. Moreo-
ver, the heart rate provides a good estimation of the in-
tensity of the physical activity performed by a user, and
itisacommon parameterin the monitoring of the athlete’s
condition and fatigue.

[0018] The wearable device of the invention integrates
a microfluidic system for collecting sweat, thatin contrast
to prior art devices that are only capable of providing time
isolated sweat measurements of no practical use, in-
cludes a sweat sample renewal system, such that fresh
sweat measurement is always performed, which provide
a faithful indication of the physical effort made at thattime
by a user.

[0019] Furthermore, the device incorporates acommu-
nication module adapted for the wireless transmission of
data processed by the processing unit, preferably for
transmitting the estimated or calculated blood lactate
concentration.

[0020] The device is provided with a sensing chamber
and at least one of the following sensors placed in the
sensing chamber: a sweat lactate sensor, a sweat con-
ductivity sensor, metabolites sensor, ions sensors, ami-
no acids sensor. The microfluidic channel communicates
the sweat inlet with the sensing chamber.

[0021] The sweat volume sensor comprises a micro-
fluidic circuit or a microfluidic reservoir, fluidly communi-
cated with the sensing chamber and arranged down-
stream the sensing chamber, and a pair of electrodes
such that the microfluidic reservoir is arranged in be-
tween the two electrodes, in a way that a capacitance
value between the two electrodes is variable depending
on the amount of sweat in the reservoir. The two elec-
trodes are a pair of strips opposite each other, and more
preferably the electrodes are embodied as conductive
flexible strips.

[0022] The microfluidic reservoir can have any form,
for example the microfluidic reservoir can be a straight
or curved conduit, or it can be formed as a conduit having
a meander configuration.

[0023] Preferably, the wearable device comprises
three main parts, namely: a main housing, means for
attaching the main housing to a part of the user’s body,
and a fungible or consumable part disposable after use,
which is configured to be manually attachable and de-
tachable from the main housing.

[0024] The means for attaching the main housing to a
part of the user's body, preferably consist of a flexible
band having two ends respectively couplable with the
main housing.
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[0025] In a preferred embodiment, the processing unit
is integrally contained in the main housing, but in other
preferred embodiments of the invention, the processing
unit or part of it, is external to the device, for example, it
is implemented in a smart phone, a smart watch, a tablet
or similar devices. The main housing additionally in-
cludes a power source like a battery, for supplying power
to the electronics implementing the processing unit, and
electric connectors for the communication with the con-
sumable part.

[0026] The flexible band is fitted with at least one bio-
sensor for measuring a vital-sign or physiological sign of
the user, such as a heart rate sensor, thus, in addition to
the sweat measurements, heart rate measurements are
also taken in direct contact with the skin, with the same
de device, and simultaneously as the sweat parameters
are measured.

[0027] The flexible band is implemented as an elastic
textile tape that would have a good hold on the body and
would contain a pair of electrodes to measure the heart
rate. The electrodes are made of bioelectric silicone to
capture the electrocardiogram signal and extract the
heart rate. They have sufficient conductivity to obtain a
quality heart rate signal and are resistant to continuous
use and washing.

[0028] The flexible band can be provided with other
sensors, like a respiratory rate sensor to obtain additional
parameters.

[0029] The consumable component has a contact sur-
face provided to be in contact with the user’s skin when
the main housing is attached to a user’s body part, and
the consumable component is coupled with the main
body.

[0030] Alternatively, the means for attaching the main
housing to a part ofa user’'s body, comprises an adhesive
material for example an adhesive surface suitable to be
adhered on a user’s skin. For example, this adhesive
surface is provided on a surface of the consumable com-
ponent meant to be in contact with the user’s skin.
[0031] The consumable component incorporates: the
sweat collection inlet formed in the consumable compo-
nent's contact surface at least one sweat sensor, the
sweat rate measuring device, and the microfluidic chan-
nel, and electric connection means for electrically con-
necting the consumable component with the processing
unit when the consumable component is coupled with
the main housing.

[0032] Preferably, the consumable component is a
generally flat body embodied as a card-like component.
[0033] In a preferred implementation of the wearable
device, the main housing has a front surface and a back
surface provided with a pair of guides opposite each oth-
er, and the consumable component has a pair of sides
wings, such thatthe consumable componentis couplable
with the main housing by inserting its side wings respec-
tively in the guides and by moving the consumable com-
ponent on the back surface of the main housing.

[0034] A part of the back surface of the main housing
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is generally flat, and the consumable component is cou-
plable with the main housing by moving the consumable
component on a plane parallel to said generally flat part
of the back surface.

[0035] The main body is provided by a pair of electric
connectors and each end of the flexible band is fitted with
metallic connectors for mechanically and electrically con-
necting the flexible band and the biosensor with the main
body.

[0036] The main body includes a battery for supplying
power to the processing unit, and the main body has a
lid at its back surface for providing access to the battery.
The consumable component is overlapped with the lid,
when the consumable component is operatively coupled
with the main housing.

[0037] The wearable device of the invention, provides
an advanced and integral personalized health manage-
ment capability, through the combined analysis of key
metabolic and physiological health indicators, like blood
glucose measurement data, in addition to heart rate, ox-
ygen saturation and temperature measurements, to
achieve accurate equivalence with blood glucose meas-
urements.

[0038] In summary, some of the main advantages of
the invention are the followings:

- the diagnostic capacity of a biofluid like sweat is in-
creased; much more patient data is generated by
monitoring in a non-invasive, continuous and remote
way;

- the format of the wearable device, is already used
by athletes (heart rate monitor) to which they are
accustomed in their regular training;

- the permanent part of the device (main housing) can
be used by itself, in case the chemical measurement
with the fungible or consumable partis not necessary
(already known training routine, etc...);

- thepermanentpart(main housing) is compatible with
different consumable part depending on the param-
eters to be measured. Useful tool not only for the
end user but also for the clinic/sports physician who
can adapt the device to the requirements of the pa-
tient/study;

- simple to use by insertion of the consumable and
placement of the heart rate monitor. Guarantees
placement in the same place every time, limiting the
variability that the user’'s own operation may entail;

- itallows to have more advanced electronics with ad-
vanced functionalities compared to patch wearables
such as battery management, data processing, flash
memory in case there is no possibility of communi-
cating the data;
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- theconsumable partmighthave an adhesive surface
to enhance its fastening with the permanent part.

[0039] The main application of the invention is focused
on sports medicine or sports health sector, for example
for monitoring dehydration monitoring in athletes, but de-
pending on the combination of sensors used, the device
can be adapted to different applications as explained be-
low.

[0040] Therefore, in a preferred embodiment, the
wearable device is adapted to operate as a device for
dehydration monitoring in athletes. A combination of sen-
sors for measuring sweating, conductivity and some salt
such as sodium can give real-time information on the
state of dehydration of an athlete during physical exer-
tion. Important to improve the control of dehydration in
tests, and to be able to be treated in time (as an alarm
system for the user) and with measurable variables in
order to create an objective scale.

[0041] In another preferred embodiment, the wearable
device comprises a heart rate and sweat rate measure-
ment sensors, and the device is adapted to operate as
a device for monitoring user fatigue.

[0042] In another preferred embodiment, the wearable
device is adapted to operate as a device for nocturnal
hypoglycaemia monitoring. In this embodiment, the de-
vice is a non-invasive device provided with sensors for
measuring: heart rate, sweating, conductivity and a glu-
cose sensor adapted to low ranges. The user would put
the device on during the night, and the device can gen-
erate alarms when an episode of this type is detected.
With the addition of predictive models, the onset of an
episode could be predicted in advance to prevent and
limit its consequences.

[0043] Inanother preferred embodiment, the wearable
device is adapted to operate as a device for peritoneal
dialysis remote monitoring. In this embodiment, the de-
vice comprises a heart rate sensor, an accelerometer, a
sweat rate sensor, and sensors for measuring: conduc-
tivity, ions such as sodium, and lactate.

Brief description of the drawings

[0044] Preferred embodiments of the invention are
henceforth described with reference to the accompany-
ing drawings, wherein:

Figure 1.- shows a perspective view of a preferred
embodiment of the invention including an attach-
ment band or strap.

Figure 2.- shows a perspective view of the main
housing and the consumable part partially coupled
together.

Figure 3.- shows another perspective view of the
main housing from above, and part of the band ends.
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Figure 4.- shows a front elevational view of the main
housing.

Figure 5.- shows a perspective view of the main
housing from below.

Figure 6.- shows an exploded view of the main hous-
ing components.

Figure 7.- shows in Figure A a perspective view of
the main housing from below. In Figure B with the
consumable part partially coupled, and in Figure C
with the consumable part fully coupled.

Figure 8.- shows an schematic representation of the
sweat volume sensor. The figure represents four
stages (A - B) of filling of the microfluidic channel.

Figure 9.- shows a perspective view of the consum-
able device from the face opposite the surface meant
to be in contact with the skin.

Figure 10.- shows a schematic representation in plan
view of the consumable device.

Figure 11.- shows a cross-sectional view of the con-
sumable device, taken at cutting plane A-A in figure
10.

Figure 12.- shows another cross-sectional view of
the consumable device, taken at cutting plane B-B
in figure 10.

Figure 13.- shows a graph illustrating the character-
ization of the sweat volume sensor.

Figure 14.- shows a graph illustrating the effects of
sweat conductivity on measured capacitance of the

sweat volume sensor.

Preferred embodiment of the invention

[0045] Figure 1 shows an exemplary embodiment of a
wearable device (1) according to the invention compris-
ing a main housing (2) and a flexible band or strap (3)
for attaching the main housing to a part of a user’s body,
and a pair of electric and mechanic connectors or snap
buttons (4) provided in the main housing (2) for mechan-
ically and electrically connecting the flexible band ends
with the main housing (2).

[0046] The flexible band (3) s fitted conventionally with
at least one biosensor for measuring a vital-sign or phys-
iological sign of the user, in a known manner. The vital-
signs or signs sensors are at least one of the following:
a heart rate sensor, a respiratory rate sensor, blood pres-
sure sensor, body temperature sensor, and oxygen sat-
uration sensor.

[0047] As shown more clearly in Figure 2, the device
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(1) includes a consumable component (5) configured to
be manually coupled and uncoupled with the main hous-
ing (2), and having a contact surface (6) provided to be
in contactwith the user’s skin when the consumable com-
ponent (5) is coupled with the main housing (2), and the
main housing (2) is attached to a user’s body.

[0048] As shown in Figure 6, the main housing (2) is
formed by two couplable parts, a base (2a) and a lid or
cover (2b) that configure a space within which an elec-
tronic circuit (7) is enclosed. This electronic circuit (7)
implements the processing unit, sensors instrumenta-
tion, battery management, data processing and commu-
nication module for the wireless transmission of data
processed by the processing unit.

[0049] The main housing (2) in particular the base (2a)
has a receptacle (8) for receiving a battery (9) for sup-
plying power to the electronic circuit (7), and a lid (10)
for closing and opening the receptable (8).

[0050] The consumable component (5) is generally a
flat body, and the main housing (2) and the consumable
component (5) are configured, such that the consumable
component (5) is couplable with the main housing (2) by
moving the consumable component (5) on the same lane
as the generally flatback surface (19) of the main housing
(2) or a plane paralleltoit, as illustrated in Figures 2, 7B
and 7C, such that the lid (10) can only be accessed when
the consumable component (5) has been taken off from
the main housing (2).

[0051] In particular, the consumable component (5) is
overlapped with the lid (10) when the consumable com-
ponent (5) is operatively coupled with the main housing
(2), as it can be observed in Figures 7A - 7C.

[00562] The consumable component (5) incorporates:
a sweat collection inlet (11) formed in the consumable
component’s contact surface (6) for collecting sweat
when the device is worn by a user, at least one sweat
sensor, a sweat volume measuring device, and a micro-
fluidic channel for conveying collected sweat from the
inlet (11) to the sweat sensor.

[00563] In particular, consumable component (5) has a
sensing chamber and at least one of the following sen-
sors: a sweat lactate sensor, a sweat conductivity sensor,
metabolites sensor, ions sensors, amino acids sensor,
and, placed in the sensing chamber. The microfluidic
channel communicates the sweatinlet (11) with the sens-
ing chamber.

[0054] The consumable component (5) is manufac-
tured as a stack of layers of plastic materials where the
microfluidic channels are formed by laser cutting or die
cutting. The integrated sensors are electrochemical in
nature and therefore require electrodes that are fabricat-
ed by screen printing.

[00565] A set of electric connectors (12) are provided
at the back surface (13) of the base (2a) of the main
housing (2), in order to realise electric communication
between the sensors located in the consumable compo-
nent (5) and the processing unit (7). These connectors
(12) are known spring-biased connectors, that stablish
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electric contact with corresponding electric pads (17)
(provided in the consumable component (5), in a known
manner when this is coupled with the main housing (2).
[0066] The consumable component (5) can be me-
chanically coupled and uncoupled from the main housing
(2), in a quick and intuitive manner for a user, while en-
suring functionality and good electrical connection with
the main housing.

[00567] The main housing (2) has a back surface (13)
provided with a pair of guides (15) opposite each other,
and the consumable component (5) has a pair of sides
wings (16), such that the consumable component (5) is
couplable with the main housing (2) by inserting its side
wings (16) respectively in the guides (15), and by moving
the consumable component on the back surface (13) of
the main housing (2).

[00568] The sweat volume sensor (18) is represented
schematically in Figure 8, and comprises a microfluidic
circuit or a microfluidic reservoir (19), fluidly communi-
cated with the sensing chamber and arranged down-
stream the sensing chamber. In addition, the sweat vol-
ume sensor (18) comprises a pair of electrodes (20,20’)
and the microfluidic reservoir (19) arranged in between
the two electrodes, such that a capacitance value be-
tween the two electrodes is variable depending on the
amount of sweat in the reservoir.

[00569] The entry of sweat into the microfluidic reservoir
(19) results in a change in capacitance between the two
electrodes (dielectric constant difference between air
and water which is the main component of sweat). This
approach, apart from giving a very robust response with
the added volume, has integration advantages, as it is
only necessary to add two layers of copper tape in the
lamination of the device, which is a cheap and easily
available material. In addition, it does not require the fab-
rication of electrodes inside the channel and has sensi-
tivity over the entire measurement area of the copper
layers.

[0060] The electrodes (20,20’) allow determination of
the flow of sweat as it advances filling the reservoir (19)
with limited influence of the ionic strength of the sweat
sample.. The local sweat flow for each measurement in-
terval can be estimated (we know the time and volume
of sweat advancement) and thus be able to correct the
sweat lactate measurement as a dilution factor.

[0061] The experimental validation of this novel sweat
volume sensor has been carried out by injecting a con-
trolled volume with a syringe pump into the microfluidic
reservoir while monitoring the capacitance between the
two electrodes. The microfluidic reservoir consisted in a
long serpentine microfluidic channel, fabricated using ad-
hesive materials and laser cutting, entrapped between
the electrodes made of copper conductive tape. A 100
mM NaCl solution, which replicates the typical ionic
strength of sweat, was injected at a constant flow rate of
5 nL/min. In Figure 13, itcan be seenthat, astheinjection
starts, the capacitance starts increasing linearly until the
solution reaches the end of the sensing region. Then, the
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capacitance willremain stable although we keep injecting
fluid because the sensing region is already completely
filled. Converting time to volume injected, the calibration
curve between capacitance and volume for the sweat
volume sensor can be build.

[0062] Most impedimetric sweat volume or rate sen-
sors have a response which depends significantly on the
conductivity or ionic strength of the sweat sample. This
is because they have a resistive nature, where free ions
present in sweat have a greater effect than in capacitive
measurements, as the sensor proposed here. This can
be observed in Figure 14 where the increment in capac-
itance (between an empty and filled sweat volume sen-
sor) is measured for different solutions of increasing ionic
strength (NaCl solutions ranging from 0 to 100 mM).
Thereis a slightincrease in the increment of capacitance
when the solution contains a higher concentration ofions,
but for the range of interest (low, 30 mM, to high, 100
mM, concentrations) the change produced by the con-
ductivity of the sample is found between the margins of
the variability of the sensor.

[0063] Preferably, the two electrodes are a pair of con-
ductive flexible strips opposite each other.

[0064] AsshowninFigures11and12,in this particular
embodiment, the sweat inlet (11), the microfluidic chan-
nel (22) and the sensing chamber (21), are placed above
the microfluidic reservoir (19).

Claims

1. A wearable device for continuous monitoring of
health parameters of a user,
the device comprising:

atleastone sweat sensor for measuring a sweat
biomarker,

a sweat collection inlet arranged in the device
for collecting sweat when the device is worn by
a user,

a microfluidic channel for conveying collected
sweat from the inlet to the sweat sensor,
atleast one vital-sign sensor arranged in the de-
vice for measuring a vital-sign or physiological
sign of the user,

a sweat volume sensor for measuring volume
of the collected sweat, and

a processing unit adapted for receiving and
processing data provided by the sweat sensor,
the vital-sign biosensor and the sweat volume
measuring device.

2. Awearable device according to claim 1, wherein the
sweat sensoris a sweat lactate sensor, and the vital-
sign sensor is a heart rate sensor, and wherein the
processing unit is further adapted to calculate, pref-
erably by means of machine learning algorithms, a
blood lactate concentration based on data provided
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by: the sweat lactate sensor, the sweat volume sen-
sor and heart rate sensor.

A wearable device according to claim 1 or 2, further
comprising a communication module adapted for the
wireless transmission of data processed by the
processing unit.

A wearable device according to any of the preceding
claims further comprising sensing chamber and at
least one of the following sensors: a sweat lactate
sensor, a sweat conductivity sensor, metabolites
sensor, ions sensors, amino acids sensor, and,
placed in the sensing chamber, and wherein the mi-
crofluidic channel communicates the sweat inlet with
the sensing chamber.

A wearable device according to any of the preceding
claims, comprising at least one of the following vital-
signs or signs sensors: a heart rate sensor, a respi-
ratory rate sensor, blood pressure sensor, body tem-
perature sensor, and oxygen saturation sensor.

A wearable device according to any of the preceding
claims, wherein the sweat volume sensor comprises
a microfluidic circuit or a microfluidic reservoir, fluidly
communicated with the sensing chamber and ar-
ranged downstream the sensing chamber.

A wearable device according to claim 6, wherein the
sweat volume sensor comprises a pair of electrodes
and a microfluidic reservoir fluidly communicated
with the sensing chamber and arranged relative to
each other, such that a capacitance value between
the two electrodes is variable depending on the
amount of sweat in the reservoir.

A wearable device according to claim 7, wherein the
two electrodes are a pair of strips opposite each oth-
er, and the microfluidic reservoir is arranged in be-
tween the two electrodes, wherein preferably the
electrodes are embodied as conductive strips, and
more preferably the electrodes are embodied as con-
ductive flexible strips.

A wearable device according to any of the preceding
claims, further comprising:

a main housing having at least part of the
processing unit enclosed therein,

means for attaching the main housing to a part
of the user’s body,

aconsumable component configured to be man-
ually attachable and detachable from the main
housing, and having a contact surface provided
to be in contact with the user’s skin when the
main housing is attached to a user’s body part,
and the consumable component is coupled with
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10.

1.

12.

13.

14.

15.

the main housing,

wherein the consumable component incorpo-
rates: the sweat collection inlet formed in the
consumable component’s contact surface at
least one sweat sensor, the sweat rate measur-
ing device, and the microfluidic channel, and
electric connection means for electrically con-
necting the consumable component with the
processing unit when the consumable compo-
nent is coupled with the main housing.

A wearable device according to claim 9, wherein the
means for attaching the main housing to a part of a
user's body, comprises a flexible band having two
ends respectively couplable with the main housing,
and wherein the flexible band is fitted with at least
one biosensor for measuring a vital-sign or physio-
logical sign of the user.

A wearable device according to claim 9, wherein the
means for attaching the main housing to a part of a
user's body, comprises an adhesive surface suitable
to be adhered on a user’s skin, and wherein prefer-
ably the adhesive surface is provided on the con-
sumable component’s contact surface.

A wearable device according to any of the claims,
comprising a heart rate sensor and a sweat rate sen-
sor, and wherein the device is adapted to operate
as device for monitoring user fatigue.

A wearable device according to any of the claims 1
to 11, comprising a sweating sensor, a conductivity
sensor and a ion sensor, and wherein the device is
adapted to operate as a device for dehydration mon-
itoring in athletes, based on data provided by the
sweating sensor, the conductivity sensorand the ion
Sensor.

A wearable device according to any of the claims 1
to 11, comprising: a heart rate sensor, a sweating
sensor, a conductivity sensor, and a glucose sensor
preferably adapted to detect glucose concentrations
below 55 mg/L, and wherein the device is adapted
to operate as device for nocturnal hypoglycaemia
monitoring based on data provided by the heart rate
sensor, the sweating sensor, the conductivity sensor
and the glucose sensor.

A wearable device according to any of the claims 1
to 11, comprising a heart rate sensor, an accelerom-
eter, a sweat rate sensor, a conductivity sensor, an
ions sensor preferably a sodium sensor, and a lac-
tate sensor, and wherein the device is adapted to
operate as a device for peritoneal dialysis monitoring
based on data provided by the heart rate sensor, the
accelerometer, the sweat rate sensor, the conduc-
tivity sensor, the ions sensor and the lactate sensor.
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