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Abstract
A health chair combining multiple health measurements into a single instance would
make repeated measurements more convenient and faster. The periodic measurements
would also establish an individual baseline from which deviations could be identified
and to which treatment responses could be compared to.

This thesis presents the development of a health chair prototype. The goal
includes four non-invasive measurements: electrocardiography, pulse oximetry, blood
pressure, and bioelectrical impedance over the lungs to monitor respiratory rate
and lung edema. The main problem is to develop a comprehensive design that is
convenient and resistant to noise and motion artifacts.

The realized chair implements the electrocardiography, pulse oximetry, and blood
pressure measurements. The convenience and signal quality in good environments
was established but additional refining could further reduce the sensitivity to motion
and noise.
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Tiivistelmä
Terveystuoli on konsepti, jonka avulla useita terveysmittauksia voidaan suorittaa
yhdellä kerralla. Tuoli helpottaisi ja nopeuttaisi usein suoritettavia mittauksia.
Säännöllisistä mittauksista voisi muodostaa yksilöllisiä vertailuarvoja, joiden avul-
la terveystilan muutoksia pystyttäisiin havaitsemaan mahdollisimman varhaisessa
vaiheessa. Säännölliset mittaukset mahdollistaisivat myös hoitovasteen yhtenäisen
seurannan.

Tässä diplomityössä esitetään terveystuoli-prototyypin kehittäminen. Tuolin on
tarkoitus suorittaa neljä ei-invasiivista mittausta: elektrokardiogrammi, pulssioksimet-
ri, verenpaine ja rintakehän biosähköinen impedanssi, jolla mitataan hengitystaajuus
sekä mahdollinen nesteen kertyminen keuhkoihin. Työn keskeinen ongelma on kehit-
tää kokonaisvaltainen design, joka kestää ja osittain jopa hillitsee tuolin todellisessa
käytössä kokemia haasteita kuten kohinaa ja häiriöitä.

Valmistunut prototyyppi sisältää elektrokardiogrammin, pulssioksimetrin ja ve-
renpaineen mittauksen. Mittausten helppous ja signaalin laatu hyvissä olosuhteissa
saavutettiin, mutta kohina- ja häiriöherkkyyden lisävähentäminen vaatii jatkokehi-
tystä.
Avainsanat Terveystuoli, sydänsähkökäyrä, pulssioksimetri, verenpaine,

bioimpedanssi
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1 Introduction
Health chair is a consept that aims to make frequent health measurements easier and
faster. The chair would provide a broad view of the cardiovascular and respiratory
condition which also reflect the overall health status, illustrated in Figure 1 next
page. As the populations around the world are getting older, health care systems are
trying to find ways to provide quality care with their limited resources. Thus, there
is a need for solutions that could improve the efficiency of health care. The intended
use of the health chair is well expressed in a nursing home environment where large
groups of people are measured repeatedly. These repeated measurements consume
time and mental energy, especially in the case of cumbersome measurements such as
electrocardiography (ECG). The chair would combine multiple measurements into
one measurement event and reduce the number of attachable sensors. By decreasing
the time and energy used to conduct the measurements, health chair would allow
nurses to spend more time on doing other, more meaningful tasks. In addition,
repeated measurements would allow better monitoring of how patients respond to
treatments and also provide a baseline to which new conditions can be compared.

A health kiosk is another example where a health chair, or any other effortless
health measurement system, could be used. The kiosks could provide measurement
services to anyone interested in monitoring their health. These kinds of services
combined with automation could be part of the change from treating diseases to pre-
venting them or at least enable earlier detection of diseases. Cost-effective prevention
of diseases, while reducing direct costs, also improves the quality of life, productivity,
and other indirect factors.

The goal of this master’s thesis is to design and implement a health chair prototype
that could be used in a nursing home. The measurements in the scope of this
thesis are ECG, blood oxygen saturation, non-invasive blood pressure, and electrical
bioimpedance. While weight measurement would be essential for the actual chair,
it is omitted from this work to save time and because it would be relatively easy
to implement as an independent module. The measurements are desired to be as
convenient as possible reducing all possible attachable sensors and wires but without
sacrificing the accuracy. This, however, leads to the challenges of the thesis which
mostly arise from the poor and unstable interface between the sensors and the patient,
not necessarily from the purely technical implementation of the measurements. That
is to say, the design of the chair must guide the users and promote towards adequate
sensor coupling. The main individual problem of this thesis is the implementation
of a dry-electrode ECG system that is stable, has diagnostic value, and is resistant
to noise. In addition, it is not trivial to gain a high selectivity and sensitivity of
the bioimpedance measurement. To limit the workload, the chair utilizes as much
commercial modules and pre-existing code as possible.

The thesis is structured in five sections. The first section is this introduction. The
next section introduces the anatomy and physiology of the relevant body systems
as well as the theory behind the measurements. The third section »Design and
implementation» describes the design and technical implementation of the various
segments of the health chair. This section also shows some of the other experimented
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versions. The fourth section »Results and discussion» covers the performance of the
implemented solutions and discusses what was achieved and what could be done in
future work. The fifth section is the summary that briefly covers the subject matter
of the thesis.

Figure 1: The health chair performs quick and easy measurements about the condition
of the cardiovascular and respiratory systems. Image modified from sources: [12][16].
Copyright c⃝ 2015, 2018 OpenStax College. Licensed under CC BY 4.0 license.

https://creativecommons.org/licenses/by/4.0/
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2 Background
This section introduces the relevant anatomy and physiology, and the measurements.
The first subsection covers the cardiovascular system focusing first at the heart, then
the blood vessels, and last the blood. The second subsection covers the respiratory
system by first discussing its main components and then the process of respiration.
The third subsection introduces the measurements and discusses their theory, the
common models and techniques, and addresses some potential issues that could
hinder the performance of the chair.

2.1 Cardiovascular system
The cardiovascular system is comprised of the heart, blood vessels, and blood. It
has several vital functions: transportation of oxygen, carbon dioxide, nutrients,
and signaling molecules; and maintenance of body temperature, pH level, and
homeostasis. It also participates in the actions of other essential systems such as
the immune system. [11, p. 26–27] Due to these essential functions, the condition of
the cardiovascular system is commonly monitored to detect early signs of disease, to
diagnose already existing medical conditions, or to monitor the state of a hospitalized
patient.

2.1.1 Heart

The heart is a muscle that keeps the blood flowing by constant pumping. This section
covers 1) the location and structure of the heart, 2) in which ways the work of the
heart is quantified and altered, 3) the muscle tissue type, 4) the initialization and
distribution of the cardiac contraction, and 5) some common abnormal conditions of
the heart.

The heart is located in the thoracic cavity in between the lungs, in a space called
mediastinum. The heart is separated from the other structures in the mediastinum
by a double layered membrane known as the pericardium. The space between the two
layers, the pericardial cavity, is filled with lubricating pericardial fluid. The fibrous
and tough pericardium holds the heart in place in the mediastinum, prevents the
heart from overfilling with blood, and protects the heart from infections from other
organs (e.g., the lungs). In addition, the pericardial fluid reduces friction from the
pumping and protects the heart from sudden movements and shocks. [11, p. 68][12]

The heart can be described as a fist-sized muscle with four chambers: two atria
and two ventricles. The atria are smaller and located superior to the ventricles. The
atrium and the ventricle on the right side work together and pump the deoxygenated
blood from the body, systemic circuit, to the lungs, pulmonary circuit. Conversely,
the left side circulates the oxygenated blood from the lungs to the body. Due to
higher resistance, the left side is larger than the right. The right and left sides are
separated by a thick wall, called the septum, to prevent the mixing of oxygenated
and deoxygenated blood. The atria are connected to their corresponding ventricles
by valves that allow the blood to flow only from the atrium to the ventricle. [11,
p. 66–67] Figure 2 on the next page shows the anatomy of the heart.
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Figure 2: Anatomy of the heart and the cardiac conduction system. Image from source: [12].
Copyright c⃝ 2015 OpenStax College. Licensed under CC BY 4.0 license.

The work of the heart is measured by the cardiac output which is the volume of
blood pumped per time unit by the left ventricle. The cardiac output is the product
of heart rate which is the number of heart beats in a minute and stroke volume which
is the volume of blood injected into the aorta in during one heart beat (or cardiac
cycle), both of which are controlled by the autonomic nervous system. For a resting
healthy man, the cardiac output is circa 5 liters per minute, that is 70 ml strokes 72
times a minute. The cardiac output is increased, for example, by eating, excitement,
and exercise (even 700 %) and decreased by sitting or standing up, rapid arrhythmias,
and heart disease. [2, p. 514]

The muscle tissue of the heart, called cardiac muscle or myocardium, is found
only in the heart. It is striated and involuntary, and thus resembles a combination of
the two other muscle tissue types, skeletal and smooth muscle. However, the cardiac
muscle is distinct from the two since its cells are tightly linked together, do not
fatigue like the skeletal muscle cells, and have a shorter resting period [11, p. 67].
The interconnectedness enables all the muscle cells of the heart to contract as a single,
synchronized unit, as opposed to skeletal muscles where only a portion of the muscle
cells contract at the same time. The cardiac muscle has also a unique capability of
initiating its own action potentials (AP), a property called autorhythmicity, though
the frequency of initiations is modulated by the endocrine and nervous systems. [13]

https://creativecommons.org/licenses/by/4.0/
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The cardiac muscle has two types of cells: myocardial contractile cells and
myocardial conducting cells. The myocardial contractile cells perform the contractions
and constitute 99 % of the muscle mass of the heart. [13] Their APs are longer from
those of the skeletal muscle cells. The cardiac AP lasts approximately 250–300 ms
with an absolute refractory period (time when no new APs can arise) of 200 ms, while
the AP of skeletal muscle lasts 2–4 ms with the absolute refractory period of 1–3 ms,
see Figure 3 [13][2, p. 97]. Both APs have a fast depolarization phase, however,
the cardiac AP has a long plateau phase before the repolarization. This plateau
extends the refractory period to encompass majority of the muscle contraction and
thus prevents the heart from sustained contaction, which is possible for the skeletal
muscle.

Figure 3: (a) Action potential of the cardiac contractile cells. (b) Action potential and
contraction of the cardiac muscle compared to those of the skeletal muscle. Image from
source: [13]. Copyright c⃝ 2017 OpenStax College. Licensed under CC BY 4.0 license.

https://creativecommons.org/licenses/by/4.0/
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The myocardial conducting cells constitute the remaining 1 % of the muscle
mass of the heart and form the cardiac conduction system which is responsible for
the correct propagation pattern of the APs throughout the heart. These cells are
also the source of the autorhythmicity of the heart. The autorhythmicity results
from Na+ ion channels that permit a constant, slow influx of sodium ions, and due
to this ion flow the membrane potential rises gradually until a threshold potential
is reached and a new depolarization wave is created. There are different types of
myocardial conducting cells that have differing inherent firing rates. However, since
the depolarization works as a reset, connected cells synchronize and the fastest cells
determin the rate of contraction. [13]

The cardiac conduction system initiates and distributes the depolarization waves.
It is comprised of 1) the sinoatrial node (SA node), 2) the internodal atrial pathways,
3) the atrioventricular node (AV node), 4) the atrioventricular bundle (AV bundle)
or the bundle of His, 5) the atrioventricular bundle branches (AV bundle branches),
and 5) the Purkinje fibers, shown in Figure 2 on page 10. The SA node is located
in the superior and posterior walls of the right atrium. It has the highest inherent
firing rate and thus dictates the baseline heart rate of a normal, healthy human. [13]
After its initiation in the SA node, the depolarization wave travels through the
internodal pathways and the Bachmann’s bundle (or interatrial band) to the atrial
myocardial contractile cells and the AV node. The AP travels from the SA node to
the AV node in circa 50 ms. The AV node is located inferior in the right atrium in
the atrioventricular septum. Together with a non-conducting fibrous tissue ring, it
delays the conduction of the depolarization wave to the ventricles for approximately
100 ms. This delay ensures the complete contraction of the atria and proper filling
of the ventricles. The signal transition rate controls the pumping efficiency, and the
maximal rate is about 220 beats per minute for a young healthy heart. From the
AV node, the signal travels along the bundle of His and then splits to the right and
left bundle branches. The bundle branches conduct the signal to the Purkinje fibers
(approximately 25 ms) in the apex of the heart. The Purkinje fibres further spread
the signal to the myocardial contractile cells of the ventricles (circa 75 ms). The
total lifetime of one depolarization wave is about 225 ms. The inherent firing rates
decrease progressively from tissue to tissue as moved along the cardiac conduction
system: 80–100 bpm for the SA node, 40–60 bpm for the AV node, 30–40 bpm for the
AV bundle, 20–30 bpm for the AV bundle branches, and 15–20 bpm for the Purkinje
fibers. [13]

A condition where the heart is unable to provide enough blood for the body and
its tissues is called heart failure (HF). It can be acute or chronic, and manifest in
one or both ventricles. HF can also be systolic or diastolic. The systolic type results
from weak ventricular contraction and thus decreased stroke volume. The diastolic
type happens due to poor elasticity and filling of the ventricles and thus decreased
stroke volume. Both types result in thickening of the ventricular walls (ventricular
hypertrophy) and retention of sodium and water, which initially help but ultimately
worsen the condition. [2, p. 508]

Cardiac arrhythmias are abnormalities in the normal activation pattern which
originates from the SA node called the normal sinus rhythm (NSR). Slower rates
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are called bradycardia and faster rates tachycardia. All deviations are not harmful
as heart rate is modulated by breathing (called sinus arrhytmia), excercise, sleep,
and several other factors. The abnormalities can rise from two distinct sources:
conduction problems and spontanious activations. [2, p. 497]

The conduction problems, or blocks, stop or hinder the NSR in its way in the
conduction system which leads to other tissues down the line taking the control. A
total block between the atria and the ventricles is called a complete (third-degree)
heart block. It can be caused by an issue in the AV node (AV nodal block) or after it
(infranodal block). The resulting decreased ventricular beating rate (idioventricular
rhythm) is dictated by the location of the block. There are also three incomplete
heart blocks where the conduction is merely slowed down. The first-degree heart
block results in a longer interval between the atrial and ventricular activation. In the
second-degree heart block, only a portion of the NSR is manifested in ventricular
beats (e.g., if every second beat passes the block is called a 2:1 block, or if every
third then a 3:1 block). The third type is called the Wenckebach phenomenon
which is characterized by the gradually increasing intervals between the atrial and
vetricular contraction until a ventricular beat is missed after which the next beat is
normal. In contrary, a block in one of the bundle branches sustains the NSR but the
ventricular activation becomes asymmetric as the other ventricle is activated via the
other ventricle and not the conduction system. [2, p. 497]

The spontanious activations can be created both by the conduction system and
the contractile cells. These activations may be individual events that cause premature
beats (also extrasystole) or remain active to cause repeated firings at high rate. A
transient block in the conduction network can prevent the natural fading of the
excitation when the non-blocked wave never meets an incoming wave thus leaving
the wave in continuous circus movement. [2, p. 498]

Atrial arrhythmias include atrial extrasystoles, tachycardia (contraction rates
up to 220 bpm), flutter (200–350 bpm), and fibrillation (300–500 bpm). The most
common of these is the atrial flutter which is normally seen with a 2:1 block or greater
since the limiting AV node. The atrial fibrillation leads to irregular ventricular beats
whereas tachycardia and flutter may cause too high contraction rates and thus reduce
cardiac output and lead to heart failure. [2, p. 499]

Ventricular arrhythmias are the ventricular premature beats, tachycardia, and
fibrillation. A premature beat, both atrial and ventricular, is a common event and
in itself mostly harmless. However, ventricular tachycardia may cause damage due
to smaller cardiac output while also predisposing the ventricles for fibrillation which
stops the blood flow and leads to death in minutes. [2, p. 500–1] The ventricular
fibrillation may begin from an electric shock or an extrasystole when the ventricular
repolarization phase is still in progress, that is, when a portion of the muscle cells are
ready to contract and other are not (also called the vulnerable period) [25, p. 643] [2,
p. 500–1].
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2.1.2 Blood vessels

Blood vessels are a complex set of tissues responsible for containing and guiding blood
around the body. Blood vessels can be grouped into three systems: arterial, venous,
and capillary. The arterial system transports blood away from the heart while the
venous system guides blood back towards the heart. In between, the capillary system
facilitates the exchange of gasses, nutrients and waste products between the blood
and tissues [11, p. 40–41]. However, a portion of the blood does not flow through
the capillaries but regulates body temperature by flowing through vessels called
arteriovenous anastomoses, found for example in the skin and nostrils [11, p. 48].
The human circulation system has two main circuits with distinct destinations: the
pulmonary circuit that transports blood to the lungs, and the systemic circuit that
guides the blood to the rest of the body. [11, p. 41] Figure 4 on the next page shows
a simplification of these two blood circulation circuits. The following paragraphs
discuss the vessels of the arterial system, the venous system, and the capillary system.
Next, blood pressure and different driving forces in the arterial and venous system
are covered.

The arterial system consists of larger vessels called arteries and smaller vessels
called arterioles [11, p. 41]. The largest artery is the aorta that connects to the
left ventricle and provides oxygenated blood to the systemic circuit. [11, p. 46] The
arteries and arterioles have three layers: the tunica adventitia, the tunica media, and
the tunica intima. The outer layer, tunica adventitia, is made of fibrous connective
tissue and holds the vessel in place. The tunica media is the thickest layer and is
made of elastic tissue and smooth muscle cells. The elastic tissue gives the arterial
vessels their ability to distend and to smooth out pressure spikes after heartbeats.
This elasticity is greater the closer the artery is to the heart. [11, p. 44–45] The
smooth muscle cells enable the regulation of blood flow by controlling the inner
diameter of the arterial vessels. This control is mostly local and takes place in the
arterioles as the total blood flow is better managed by heart rate. [11, p. 65] The
tunica intima is the innermost layer made of one layer of endothelial cells. It is in
direct contact with the blood and forms a barrier to inhibit the leakage of plasma
proteins out of the blood. [11, p. 44–45]

Similar to the arterial system, the venous system is comprised of larger blood
vessels, veins, and smaller blood vessels, venules. Two largest veins are the superior
vena cava and the inferior vena cava. The veins and venules have the same three-
layered structure as the arteries and arterioles, though the change from layer to layer
is less distinct. In addition, the venous vessels have lower blood pressure, get stiffer
closer to the heart, have one-way valves, and have less muscle tissue than the arterial
vessels. The venules can also act as a blood storage capable of holding up to 70 % of
the total blood volume. [11, p. 50–52] Typical inner diameter, or lumen, of a venule
is about 20 µm with a wall thickness of circa 2 µm. In comparison, arterioles have
about the same sized lumen but with a wall thickness of circa 15 µm. For veins, the
typical lumen is about 5 mm with an average wall thickness of 500 µm. [11, p. 53]

The blood vessels of the capillary system, capillaries, are made of only one layer of
endothelial cells. They are narrow, with lumens of circa 4–10 µm and wall thicknesses
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Figure 4: The two circuits of the human blood circulation: the pulmonary circuit and the
systemic circuit. Image modified from source [12]. Copyright c⃝ 2015 OpenStax College.
Licensed under CC BY 4.0 license.

of about 0.5–1 µm, and short, typically about 0.5–1 mm long. For comparison,
diameters of red blood cells range from 6.5 µm to 8.8 µm. Capillaries can be
categorized into three groups based on their permeability: continuous, fenestrated,
and discontinuous or sinusoidal. The continuous capillaries are the least permeable
with their tightly overlapped epithelial cells and no gaps. They are found in skin,
muscles, lungs, and the central nervous system. [11, p. 57] The fenestrated capillaries
(»fenestra» is a Latin word for a window) are much more permeable as the endothelial
cells are less tightly overlapping and it has many holes, »windows», with diameters
of 50–100 nm. This capillary type is common in the kidneys and the intestinal villi
in the intestines. The discontinuous or sinusoidal capillaries are the most permeable
due to openings large enough to pass red blood cells and bulky proteins. These
capillaries are found in the liver, spleen, and bone marrow. [11, p. 58]

The highest blood pressure in the systemic circuit is reached in the aorta just
after heartbeat (systolic pressure). The typical «normal« systolic pressure in the
aorta is around 120 mmHg and decreases to 80 mmHg before the next contraction

https://creativecommons.org/licenses/by/4.0/
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(diastolic pressure). This pressure pair can also be expressed as 120/80 mmHg. One
should note that normal blood pressure values change with age and thus the typical
normal value is somewhat misleading. As the blood reaches the arterioles the pressure
has lessened to circa 60–70 mmHg and to 35 mmHg when the blood reaches the
capillaries. After the capillaries, the blood pressure has decreased to 15 mmHg for
the venules and to nearly zero for the venae cavae. The pulmonary circuit requires
much lower blood pressures of 25/10 mmHg. [11, p. 61–62]

In the arterial system, the main driving force of the blood is the blood pressure
caused by ventricular contractions. The pressure is needed to combat the resistance
caused by the arterioles but also to ensure sufficient blood velocity in the capillaries
where the total cross-sectional area of the vessels is much larger than in the aorta
and other arteries. This relationship between blood velocity, blood flow, and cross-
sectional area is given by

blood velocity (mm/s) = blood flow (mm3/s)
cross-sectional area (mm2) (1)

that shows that increase in cross-sectional area drops the velocity when blood flow
remains constant. [11, p. 62] Thus, initial blood velocity and pressure need to be
quite high, although, the vessel elasticity increases the cross-sectional area and thus
decreases the pressure. However, if the arteries lose this elasticity the blood pressure
is not decreased which leads to problems in long term. It should be noted that the
pressure wave travels faster than the blood itself. The expansion of the arterial
vessels caused by the pressure wave is called the pulse. [2, p. 510]

In the venous system, the blood flow is accomplished via multiple factors. As
mentioned earlier, the pressure difference between the systemic venules and the
receiving right atrium is circa 15 mmHg. This pressure is much smaller compared to
the pressure differences in the arterial system but it still is enough to create some
flow. Blood flow also increases because the cross-sectional area reduces as the vessels
get closer to the heart, see Equation 1. The blood can also flow only in one direction
due to the one-way valves. This enables to get help from more infrequent sources
such as pressure from nearby muscles and arteries. Near the heart, blood flow is also
created by the suction from the opening of the atrial valves. [11, p. 61–63]

2.1.3 Blood

Blood is the liquid that transports nutrients, gasses, and waste products in the
cardiovascular system while also spreading heat and taking part in defending the
body from harmful agents. It is three to four times more viscous than water due
to its cellular elements: red blood cells, white blood cells, and platelets [11, p. 27].
These elements float in a protein-rich fluid called plasma. An average sized man
has about 5.6 litres of circulating blood, out of which 55 % is plasma. [2, p. 522]
White blood cells are an invaluable part of the defence system of the human body. [2,
p. 522–523] Platelets, or thrombocytes, are small-sized (2–4 µm) cell fragments that
contribute to the blood coagulation. For adults, some of the blood cells are formed
in bone marrow. Hematopoietic stem cells (HSC) are bone marrow cells that are
able to produce all types of blood cells. [2, p. 522–523]
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Red blood cells, or erythrocytes, are the most plentiful cellular component ranging
from 24.8 trillion (average female) to 28.6 trillion (average male). They are small
(6.5–8.8 µm), flexible disks with concave pits on both sides. They also have no
nuclei. [11, p. 28] The main task of the red blood cells is to transport molecular
oxygen (O2) and carbon dioxide (CO2). The O2 binds to a protein called hemoglobin
that gives the blood its red color. The CO2 binds also partly to hemoglobin (20–30 %),
however, 60 to 70 % of the CO2 is converted to bicarbonate ions for the duration of
the transportation while the remaining 5–10 % is dissolved in the blood [11, p. 30][18,
p. 519].

Hemoglobin has four subunits and each subunit has one iron-containing heme
group to which the O2 molecules bind. Thus, one hemoglobin can carry four oxygen
molecules. The binding affinity of hemoglobin for O2 is increased by higher pH,
lower temperature, and lower carbon dioxide and 2,3-biphosphoglycerate (2,3-BPG)
concentrations in the cell. [2, p. 523] Because of this varying affinity, oxygen is picked
up in the lungs and released in tissues that need oxygen. In the lungs, oxygen binding
is increased by lower temperature and higher pH due to high O2 and low CO2 levels.
In contrast, tissues that are in the need of oxygen (e.g., muscles under stress) exhibit
higher temperatures, lower pH, and higher CO2 concentrations. Though the partial
pressures of these gasses would also drive the transportation, hemoglobin and the
chemical reactions of CO2 are vital because due to them blood can carry 70 times
more O2 and 17 times more CO2 [2, p. 609].

2.2 Respiratory system
The respiratory system performs the vital gas exchange of oxygen and carbondioxide
as well as helps the body to defend agains environmental pollutants, to regulate body
temperature, and to maintain blood pH. It includes organs, tissues, and passages
that enable respiration. It functions in tight conjuntion with the cardiovascular
system. [18, p. 500] The first subsection describes the components of the respiration
system and the second covers the functional aspects of respiration.

2.2.1 Organs, tissues, and passages

The components of the respiratory system can be classified in two ways: by their
function or anatomical position. The functional division splits the respiratory system
into a conductive portion and a respiratory portion. The structures of the conductive
portion connect the lungs to the outside environment, and the structures of the
respiratory portion facilitate the gas exchange. The anatomical division produces a)
the upper respiratory tract which main components are the nose and nasal cavity,
pharynx, and larynx, and b) the lower respiratory tract which primary components
are the trachea, bronchi, alveoli, and lungs. The respiratory system also contains the
ventilating mechanisms that moves the air in and out of the lungs. [18, p. 501] An
overview of the respiratory system is shown in Figure 5 next page. This subsection
covers these components in the following order: the nose and nasal cavity, pharynx,
larynx, trachea, bronchi, alveoli, lungs, and ventilating mechanisms.
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Figure 5: Major structures of the respiratory system. Image from source: [16]. Copyright
c⃝ 2018 OpenStax College. Licensed under CC BY 4.0 license.

The nose and the nasal cavity are the first part of the upper respiratory tract
through which the air flows during normal breathing. They are also part of the
conductive portion of the respiratory system. First, the inspired air flows in through
the external nostrils of the nose and into the nasal cavity which is divided by the
nasal septum into two sides. The nasal cavity has three bone protrusions called nasal
conchae that increase the surface area, directs the airflow, and causes turbulence
that mixes the air. After the nasal cavity, the air flows through the internal nares to
the pharynx. The nasal structures warm (or cool), humidify, and clean the inhaled
air to protect the further, more vulnerable parts of the respiratory system. These
structures also help to regulate body temperature. The warming and cooling is
increased by capillaries and large surface area. The humidifying is actualized by the
mucus-secreating epithelial cell (also called goblet cells) lining of the nasal surfaces.
The mucus also participates in the cleaning as it traps dust and other foreing particles
with the help of nasal hair. The mucus is moved by small, hair-like structures called
cilia towards the pharynx where it is swallowed and processed in the digestive system.
As a result, air is cleaner when inspired through the nose. [18, p. 502–4]

https://creativecommons.org/licenses/by/4.0/


19

The pharynx or throat is the next part of the upper respiratory tract. It is a circa
12 cm long tube that joins the nasal cavity and the mouth to the lower respiratory
tract (via the larynx) and the digestive system. It is commonly divided into three
segments: nasopharynx (upper), oropharynx (middle), and laryngopharynx (lower).
The pharynx also participates in the warming, humidifying, and filtering of the
inspired air via its mucocilial lining. [18, p. 504]

The larynx, or voice box, connects the pharynx to the trachea, is composed of
bone, cartilage, and muscle, and also has mucocilial lining. It contains the large
thyroid cartilage and the vestibular (vocal) folds and chords, fundamental structures
for human speech. In addition, the larynx is able to prevent food from entering the
trachea by the closing down of the vestibular folds and a flap-like structure, the
epiglottis. The closing of the airways is also important in actions such as cough
reflex. [18, p. 504–5]

The trachea, or windpipe, is a 10 to 12 cm long tube-like structure with a 2.5 cm
diameter. It is supported by 15–20 C-shaped cartilage pieces. The trachea has the
same mucosal epithelium and cilia lining as the former structures, however the mucus
is moved up towards the larynx. The lower end enters the lungs and branches into
the left and the right primary bronchi. [18, p. 505–6]

The primary bronchi branch off of the trachea and have a similar structure. The
bronchi branch off multiple times into increasingly smaller bronchi down to circa
1 mm in diameter and further into bronchioles with diameters of 0.5 mm. This
branched structure is called the bronchial tree. The finer branches have less cartilage
and more smooth muscle. Near the end of the bronchial tree, the terminal bronchioles
are the last part the conductive portion of the respiratory system, and the following
respiratory bronchioles (the first structure of the respiratory portion) ultimately lead
to the alveolar ducts and the alveoli. [18, p. 506] The branching increases the total
cross-sectional area of the airways from 2.5 cm2 in the trachea to 11 800 cm2 in the
alveoli, and thus the air velocity decreases greatly [2, p. 589].

The alveoli (alveolus in singular) are air sacs formed in a grape-like clusters
at the end of the bronchial tree where the gas exchange mainly occurs. The two
lungs have circa 600 million alveoli in total, and with their 0.1 to 0.2 mm diameter
the respiratory surface area totals in approximately 70 m2. The alveoli have thin,
one-cell-thick walls of squamous epithelial cells, and they are surrounded by fine
pulmonary capillaries, also one-cell-thick walls and 2000 segments of capillaries per
alveolus. [18, p. 506–7] The gas exchange happens via diffusion between these walls
with a total distance of about 500 nm, also called the respiratory membrane or blood–
gas barrier [2, p. 589][18, p. 507]. The alveoli inflate when inspired air fills them and
deflates as the air is expired. The inflation requires a certain pressure difference that
depend on the surface tension and the stiffness of the walls. Thus, the alveolar walls
are coated by surfactant that reduces the surface tension and also provides a liquid
where the gasses can dissolve before moving through cell membranes. [18, p. 508]

The lungs are the conical-shaped organs that take the majority of the volume
of the thorax and that contain the bronchial tree and the alveoli. They weigh 800–
1000 grams and sit on the diapgragm protected by the rib cage. As described earlier
in the section about the heart, the space between the lungs is called the mediastinum
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which encompasses the heart, the trachea, the esophagus, the thymus, and lymph
nodes. On their surface, the lungs are defined by deep fissures that distinguish three
lobes of the slightly bigger right lung (superior, middle, and inferior) and two lobes
of the left lung (superior and inferior). The lungs are contained by a transparent
membrane called pleura. The pleura has an outer and an inner membrane, parietal
and visceral, respectively. The parietal pleura is attached to the thoracic wall while
the visceral pleura envelops the lungs. Between the membranes is a space called the
pleural cavity which is filled with pleural fluid that holds the membranes together
and reduces friction from breathing movement. [18, p. 508]

The ventilation of the lungs is performed by the diaphragm and the intercostal
muscles that work in conjuction with the rib cage. The diaphragm is an upward
curving dome-shaped muscle below the lungs attached to the lower six ribs. [18,
p. 509] Its movement ranges from 1.5 to 7 cm depending on the depth of inspiration,
and it causes 75 % of the intrathoracix volume change during quiet inspiration [2,
p. 594]. The intercostal muscles are located between the ribs (Latin: costa) and
connect rib-to-rib. They are divided into three groups: external, internal, and
innermost. The external intercostal muscles help in inspiration by raising the rib cage
and thus increasing the volume of the thoracic cavity. The internal and innermost
intercostal muscles do mostly the opposite as they compresses the rib cage. However,
they are used only in forceful situations such as during exercise. [14][17]

2.2.2 Respiration

Respiration refers to the gas exchange (GE) between oxygen (O2) and carbondioxide
(CO2). It has two modes: organismal (or external) and cellular. The organismal
respiration encompasses the processes that provide O2 from the air for the cells to
use in their metabolism and return the CO2 waste product to the air. The cellular
respiration means those metabolic processes that utilize the O2 and food and produce
CO2. The organismal respiration can be further divided into four stages. [18, p. 511]
The first stage is pulmonary ventilation, i.e. the movement of air in and out of the
lungs. The second stage is the external respiration which means the GE between
the air in the lungs and the blood in the pulmonary capillaries. The third stage is
the internal respiration which signifies the GE between the blood in the systemic
capillaries and the target tissues. The last, fourth stage is the transportation of O2
and CO2 via the blood. [18, p. 511] Out of those four, the first three are covered in
this subsection as the last stage was presented earlier in the Section 2.1.3 »Blood»
(from page 16). The discussion on the cellular respiration is also omitted.

The pulmonary ventilation means the act of inspiration and expiration. It is
vital for the GE but this stage has also other critical functions such as temperature
adjustment, moistening, and filtering of the air and regulation of body heat. The
control of breathing is normally autonomic and includes the rhythm, rate, and depth
of breath. The autonomic control originates from the brain stem, more specifically
the pons and the medulla oblongata, whereas the voluntary control is administrated
by the cerebral cortex. The autonomic inspiration is initiated by certain neurons
which signal motor neurons in the spinal cord circa 10–12 times a minute. The
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motor neurons further the control to the diaphragm and the intercostal muscles. In
a regular, relaxed inspiration the external intercostal muscles contract and lift the
rib cage and the diaphragm contracts and pulls itself towards the abdominal cavity.
Together these contractions enlarge the chest cavity and due to the adhesive force
of the pleural fluid the volume in the lungs also increase which leads to decreased
pressure relative to outside environment. This greater pressure on the outside pushes
air into the lungs through the conductive portion of the respiratory system. The
expansion is sensed by the vagus nerve and the inspiration signals are terminated.
The expiration may occur due to just the relaxation of the inspiratory muscles and
the elasticity of the lungs or, if the expiration needs to be more forceful, the chest
cavity is made smaller by a cascade where the internal and the innermost intercostal
muscles pull the ribs back down and the diaphragm is pushed towards the chest
cavity by abdominal muscles. Figure 6 illustrates the main processes involved in
inspiration and expiration.

Figure 6: Main structures and muscles of pulmonary ventilation. Image from source: [17].
Copyright c⃝ 2018 OpenStax College. Licensed under CC BY 4.0 license.

The ventilation control is based on neurochemical information which is used to
monitor respiratory volume and blood gas levels. Primary control happens via blood
CO2 sensed by chemoreceptors in the medulla, the carotid arteries, and the aorta.
Other control factors are blood O2, blood pressure (an increase slows respiration, and
a sudden drop increases respiration), and blood pH (increase accelerates respiration).
O2 is sensed by aortic bodies and carotid bodies. [18, p. 514]

https://creativecommons.org/licenses/by/4.0/
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The external respiration is the GE between the air in the lungs and the blood in
the pulmonary arteries. In this phase, the respiratory system and the cardiovascular
system co-operate strongly. The GE functions via diffusion which is dependent on
the solubility of the gasses in water and the partial pressures of the gasses. The
partial pressure of O2 (pO2) in the air is 100 mmHg, and 40 mmHg in the blood. The
pCO2 in the blood is 45 mmHg, and 40 mmHg in the air. The inhaled air has circa
21 % O2 and little to no CO2, while the exhaled air has 16 % O2 and 6 % CO2. Tidal
volume is the volume of air breathed in and out during one pulmonary ventilation
cycle. Normal tidal volume is circa 500 ml including 150 ml of »anatomical dead
space» that fills the conducting portion. [18, p. 515–6]

The internal respiration (sometimes called cellular respiration) is the GE between
the systemic capillaries and tissues. In this GE, the O2 diffuses from the blood (pO2
of 95-100 mmHg) to the tissues (pO2 of 30–40 mmHg), and the CO2 diffuses from
the tissues (pCO2 of 45 mmHg) to the blood (pCO2 of 40 mmHg). [18, p. 516–7]

2.3 Measurements
This section describes the theory of the measurements performed by the health
chair. The first subsection covers the basics of non-invasive biopotential electrodes.
The following subsections describe the electrocardiography, the pulse oximetry, the
non-invasive blood pressure, and the bioelectrical impedance. The sections about
the individual measurements describe the relevant theory, modes or technical imple-
mentations, and common problems. A major problem is noise, which terminology is
briefly discussed in the next paragraph.

Noise is one of the major limiting factors in biomedical measurements. Biological
signals are often weak and require sensitive instruments which makes them vulnerable
to noise. Noise has a wide range of meanings but in general it means any unwanted
disturbances in electrical signals. More specifically, noise can be an intrinsic phe-
nomenon of a component, or it can be another signal coupled from outside sources in
which case it can be called interference. Consistent waveform alterations are called
distortions. Transient or momentary disturbances are sometimes distinguished as
artifacts. [25, p. 254–8]

2.3.1 Biopotential electrodes

Electrodes are the interface between the body and the electronics. This interface is
essential as the ionic currents of the human body must be converted to electronic
currents for the electronics to be able to conduct the measurements. The conversions
can occur both capacitively and via chemical reactions though the electrode design
dictates wheter one or the other dominates. The following discussion focuses only
on the non-invasive types and applications, though some electrodes are also used
invasively. The first paragraph introduces the common electrode types, the next
two discuss the chemical reactions and their challenges, and the last covers basic
electrical models for the skin–electrode interface.

There are four basic types of non-invasive biopotential electrodes: wet-contact,
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dry-contact, insulated, and non-contact [5]. Each type has their own benefits and
problems and thus there is no single »one size fits all» electrode. The wet-contact
electrodes provide superior signal quality and spatial accuracy (via adhesive pads)
which are essential in repeatable clinical applications. The most common electrode in
ECG, and in similar biopotential measurements, is a gelled silver electrode with a silver
chloride coating (Ag/AgCl). However, the need for direct skin contact and electrolyte
limits the use of wet-contact electrodes in applications that require considerable
ease of use or comfort. The dry-contact electrodes also need some sort of electrolyte
(usually sweat) to function properly, however their application scope is widened by
the convenience of not having to deal with accessory gels. For these two contact
electrode types, the charge carrier exchange happens primarily via chemical reactions,
reduction and oxidation (also called redox), at the metal–electrolyte interface. With
the insulated and non-contact electrodes, the charge carrier exchange happens via
capacitive coupling and no chemical reactions or electrolytes are needed. However,
the insulated electrodes require a skin contact while the non-contact electrodes
can be used through clothes. The potential applications for these electrodes are
vast, especially outside the demanding clinical domain, though there are significant
challenges yet to be solved. [5]

Redox reactions at the skin–electrode interface dominate the charge carrier
exchange in electrolyte-dependent electrodes. Oxidation reactions release electrons
to the metal while reduction reactions consume electrons. These reactions can be
represented by equations

C 
 Cn+ + ne− (2)
Am− 
 A + me− (3)

where C denotes a metallic atom found in the electrode that is able to oxidize into
a cation (positively charged ion) Cn+ and n electrons, and Am− denotes an anion
(negatively charged ion) found in the electrolyte that is able to oxidize into a neutral
atom A on the electrode surface and m electrons. For a visualization, see Figure 7
on the next page. In the equations, oxidation reactions happen from left to right
and reduction reactions from right to left. The dominating reaction is determinded
by the direction of the current, though the rate is also affected by temperature, ion
concentrations etc. [25, p. 189–190]

The chemical challenges of gelled metal electrodes include half-cell potential
and polarization (or overpotential). The half-cell potential is a property of metal
electrodes placed in electrolyte. Two half-cells form an electrochemical cell which cell
voltage is the difference between the potentials of the two electrodes, and thus the
term »potential» even though the nature of the phenomenon is potential difference.
To clarify, the half-cell potential discribes the difference between the potential seen by
the electrode and the potential of the unaffected surrounding electrolyte. [25, p. 191]
However, the electrolyte potential cannot be measured without another electrode
which would also introduce its own half-cell potential into the measurement. This
problem is resolved by using a reference electrode (hydrogen electrode) to which
all electrodes and their half-cell potentials are compared. The half-cell potential
results from the different equilibrium ion concentrations in the electrolyte near the
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Figure 7: Electrode–electrolyte interface where Cs depict the atoms of the electrode and
charged As and Cs represent the anions and cations in the electrolyte, respectively.

electrode as compared to the rest of the electrolyte when no current flows through
the electrode, and its value depends on the metal, the ion concentration of that
metal in the electrolyte, temperature and other lesser factors [25, p. 191]. At room
temperature, half-cell potentials of common electrode materials compared to the
hydrogen reference electrode range from -1.706 V (Al → Al3+ + 3e−) up to 1.680 V
(Au → Au+ + e−) [25, p. 192]. These voltages are at least three orders of magnitude
larger than non-invasive biopotentials at micro- and millivolt range [25, p. 270].
However, if the used electrodes are made of the same metal the half-cell potentials
are identical and they cancel out, though this applies only to static situations. In
dynamic situations where current flows through an electrode, the observed half-cell
potential may be altered (i.e., polarized). In addition, due to the current flowing
in different directions in a two-electrode system the change occurs in opposite
directions and will not cancel out. The polarization decreases the electrodes ability
to conduct current. The difference between the normal half-cell potential and the
observed half-cell potential is called overpotential. [25, p. 192] Ideally polarizable
electrodes pass no current via redox reactions and are thus purely capacitive and pass
only transient currents. Conversely, ideally non-polarizable electrodes introduce no
limitations to redox currents. [25, p. 196] The earlier mentioned Ag/AgCl electrode
is non-polarizable and it has low half-cell potential.

Electrical models of the skin–electrode interface are valuable tools when mea-
surements and electrodes are designed. Typical models are constituted by a series
of parallel resistive and capacitive elements (RC) and possibly a voltage source or
a series capacitance, see Figure 8 on the next page. For example, the presented
model for a wet Ag/AgCl electrode has a series voltage Vhc representing the half-cell
voltage of the electrode–electrolyte interface, a parallel RC element from the gel,
another RC element from stratum corneum, and a series resistance depicting the
deeper tissues. [5] Some models use an additional voltage source to represent the
potential difference between the electrolyte and the stratum corneum which results
from the different ion concentrations. [25, p. 207]
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Figure 8: Common biopotential electrodes and their skin–electrode equivalent circuits.
Image modified from source: [5]. Copyright c⃝ 2010 IEEE. The IEEE does not require
individuals working on a thesis to obtain a formal reuse license.

2.3.2 Electrocardiography

Electrocardiography (ECG) is the process of measuring the electrical activity of the
heart from the skin surface using electrodes. It is an invaluable non-invasive tool
in assessing the condition of the heart. The signal, called electrocardiogram (also
abreviated as ECG, normally the contex indicates wich is meant), originates from the
cardiac contractile cells that act as current sources during action potentials. These
currents create potential differences between different locations on the surface of the
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heart, and because body fluids constitute a relatively good volume conductor these
potential differences create currents inside the body. Furthermore, currents flowing
through a resistive medium result in changing potentials along the current paths,
and thus potential differences modulated by heart activity can be measured from
the skin surface. [2, p. 492].

The very basic ECG electrode placement mimics an equilateral triangle with the
heart in the center (Einthoven’s triangle) by placing electrodes on right arm (RA),
left arm (LA), and left leg (LL). These three electrodes enable the measurement of
three voltages or leads: lead I (RA to LA), lead II (RA to LL), and lead III (LA to
LL), see Figure 9. These are called the standard limb leads. The term »lead» can
refer to a particular potential difference, as in the case of the standard limb leads, or
to the cables from the electrodes to the electrocardiograph which can be confusing if
the context does not indicate the meaning clearly. [13]

Figure 9: Standard electrode placements for 3-lead (RA, LA, and LL), 5-lead (add RL
and one of the V), and 12-lead (add V1–V6) ECGs. The augmented limb leads (aVR,
aVL, and aVF) are also shown even though they do not require additional electrodes.
Image modified from source [13]. Copyright c⃝ 2017 OpenStax College. Licensed under
CC BY 4.0 license.

https://creativecommons.org/licenses/by/4.0/
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The standard limb leads are two-electrode measurements where the resulting
signal is the difference between the two electrode potentials, that is, the reference
potential also alternates. These kinds of measurements are called bipolar. In contrast,
measurements that utilize artificial reference potentials (e.g., by combining potentials
from two or more electrodes) are called unipolar [2, p. 492]. One such artificial
ground is the Wilson central terminal which is the average of the limb potentials.
Therefore, the standard limb leads can be converted to unipolar measurements if the
corresponding limb potential is referenced to the Wilson central terminal resulting
in three unipolar leads: right arm (VR), left arm (VL), and left foot (VF). These
leads can be amplified by 50 % by omitting the potential of the measured limb from
the Wilson central terminal to get augmented limb leads (aVR, aVL, and aVF). [25,
p. 246–7]

In addition to the standard limb leads, clinical ECGs utilize additional electrodes
and leads such as 5- or 12-lead systems to provide more detailed recordings. The
5-lead ECG adds electrodes on the right leg (RL) and on the chest (V). The leg
electrode can be used as a ground potential or in a noise reduction circuit such as
driven-right-leg circuit [25, p. 267]. The chest electrode is unipolar and provides
information in the frontal plane. The 12-lead ECG has the same additions as the
5-lead system but, instead of one, it has six chest electrodes (V1–V6) or precordial
leads that show even more detailed view of the electrical activation of the heart.
Note that 12-lead ECG has only 10 electrodes as in this case the leads depict the
number of the measured voltages (I, II, III, aVR, aVL, aVF, and V1–V6). These
electrode locations are also shown in the previous Figure 9.

The normal ECG components are the P wave, QRS complex, and T wave. In
addition, a weak U wave is sometimes visible, but often not due to its low amplitude.
The maximum amplitude of the ECG is circa 1 mV, and it is caused by the R spike.
The P wave is caused by atrial depolarization, the QRS complex by ventricular
depolarization and masked atrial repolarization, and the T wave by ventricular
repolarization. The origin of the U wave is not completely clear, however it is
supposed to be the result of the slow repolarization of the papillary muscles. [2,
p. 492] To quantify and analyse the ECG, different relations of the waves are often
calculated. These relations include the

• PR interval (from the start of the P wave to the start of the QRS complex),

• PR segment (from the end of the P wave to the start of the QRS complex),

• duration of the QRS complex,

• QT interval (from the start of the QRS complex to the end of the T wave),

• ST segment (from the end of the QRS complex to the start of the T wave), and

• RR interval (from an R spike to the next R spike). [2, p. 494]

These relations and the ECG waves (omitting the U wave) are depicted in Figure 10
on the next page.
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Figure 10: ECG waves and segments. Image from source: https://en.wikipedia.org/
wiki/File:SinusRhythmLabels.png. Created by Agateller (Anthony Atkielski), converted
to svg by atom. Public domain.

The analysis of the ECG can indicate various conditions such as cardiac ar-
rhythmias, myocardial infarction (heart attack), ionic anomalies, and structural
abnormalities. [2, p. 497–04] In addition to the more specific indications, the ECG
can provide complementary information about the cardiovascular fitness and overall
condition of the body. It involves checking if all the waves appear and are their
waveforms and intervals normal. The important function of the health chair is to
detect conditions that have not manifested in clear, acute symptoms (i.e., the chair
is not a substitute for a clinical ECG). One of the essential inspections in the
health chair is the detection of elusive cardiac arrhythmias. Thus, the P wave and
QRS complex should be visible. A distinct P wave could be absent due to atrial
fibrillation, or a hearth block could alter the normal PR interval or distort the QRS
complex. The chair could also detect arterial or ventricular extrasystoles. In the case
of asymptomatic myocardial infarction, the ECG could show the condition via an
elevated ST segment. Increased amplitude of the R wave could indicate myocardial
hypertrophy due to heart failure. The RR intervals could be used to calculate the
heart rate variability (HRV) which negatively correlates with several diseases, though
the chair is not be particularly suitable for longer recordings (e.g., over five minutes)
that might be required to better monitor the HRV.

https://en.wikipedia.org/wiki/File:SinusRhythmLabels.png
https://en.wikipedia.org/wiki/File:SinusRhythmLabels.png
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ECG noise and challenges

Typical problems with ECG measurements include noise, powerline interference,
electromyographic noise, movement artifacts, and poor electrode contact. In addition,
certain design decisions such as electrode type, use environment, and components
can introduce their own unique problems. The health chair uses dry-electrodes which
increases the skin–electrode impedance and also makes the system more prone to
impedance imbalances. Next paragraphs describe the common ECG challenges and
those that are likely for the health chair, as well as methods to mitigate them.

Common mode (CM) noise is noise that is equal in the two inputs of a differential
amplifier whereas differential noise is the difference between the noise signals in
the two inputs. This distinction is relevant for differential measurements as well
as for understanding how noise couples to and impacts circuits, and ultimately
helps to reduce noise and its effects. CM noise is an issue of differential amplifiers,
such as the operational and instrumentation amplifier, and circuit symmetry. With
an ideal operational amplifier, CM noise has no effect on the measurement as
these amplifiers output only the differential voltage, i.e., the amplifier has infinite
common mode rejection ratio (CMRR). However, the CMRRs of real amplifiers are
finite and their input common mode voltage range is limited by the supply voltages
and the implementation of the input stage. In addition, circuit asymmetries can
transform some of the CM noise to differential noise which even ideal amplifiers cannot
distinguish, see Figure 11 (next page). CM problems can be lessened in a few ways:
1) remove the source of the noise or avoid doing measurements close to such sources,
2) redirect the noise currents away from the sensing by offering a low impedance path
to ground (shielding), 3) reduce the noise currents by increasing impedances through
which they flow (isolation), and 4) prevent the CM from transforming into differential
mode by maximizing symmetry (e.g., minimize skin-electrode impedance).

Electromagnetic fields can introduce noise to ECG and other biomedical mea-
surements via two mechanisms: electric fields (E-field), and magnetic fields (B-field).
E-fields can introduce noise by coupling to the patient, electrode leads, or the device.
This coupling mechanism can be visualized by a small capacitor between the source
and the coupling point, see Figure 11 next page. Capacitive coupling can be miti-
gated by placing grounded conductive plates between the source of the E-field and
the vulnerable circuit or part of that circuit (e.g., metal casing and lead shielding).
This does not eliminate the E-fields but guides the resulting currents straight to
ground. [25, p. 259–60]

B-fields couple via magnetic induction for which a common vulnerable structure
is a conductive loop. The loop will experience induced currents as the magnetic flux
through the loop changes either due to changing magnetic field or change in the loop
area. In ECG measurements, these loops can be formed by the leads and the body
of the patient, and the noise coupled via this way can be decreased by twisting the
leads to minimize the enclosed area, see Figure 11 next page. The B-field noise can
also be reduced by magnetic shielding or by keeping the measurement and vulnerable
parts away from such fields. [25, p. 262]
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Figure 11: a) The powerline coupling to the casing via capacitor C3 does not introduce
interference as it flows directly to ground. However, the coupling to the leads causes
interference due to currents Id1 and Id2 that flow through the varying electrode impedances
to the patient and to the ground which results in a differential voltage in the amplifier input.
b) E-field coupling directly to the patient results in a common mode interference that is
transformed into differential mode by the impedance differences of the electrodes and the
amplifier inputs. c) Changing B-fields induce noise to ECG measurements by coupling
via the loop formed by the patient, leads, and electrocardiograph. d) This interference
can be reduced by twisting the leads to make the loop area smaller. Images modifier from
source: [25, p. 259–62]. Copyright c⃝ 2010 John Wiley & Sons, Inc. Reproduced with
permission.
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Motion artifacts are a major deteriorating factor in ECG measurements, especially
in longer measurements during everyday activities outside controlled settings. Their
frequency range overlaps with the ECG which could hinder the analysis of the ECG.
Also, if the artifact amplitude is sufficiently high the amplifier may saturate and
cause cutoff distortion. Motion artifacts may manifest as a singular event or as a
wandering baseline (e.g., due to breathing), see Figure 12 a) and b) on the next page.
The motion artifacts arise from at least three sources. The first mechanism is the
short perturbation of the polarized charge distribution in the electrode–electrolyte
interface caused by mechanical movement of the electrode in respect to the skin. The
second is a similar alteration of the charge distribution but at the electrolyte-skin
interface. The third mode rises from the stretching of the skin which can change the
voltage across the skin by 5–10 mV. [25, p. 208–9] In practice, these motions include
normal but also involuntary body movements. When the health chair is used to
measure elderly it is certain to encounter several sources of motion artifacts: shaking
hands, impared memory and cognition, and possibly unwillingness to co-operate.
Possible ways to reduce motion artifacts are the removal of the dead outer layer of
the skin, use of non-polarizable electrodes, and puncturing of the skin to short the
skin potential [25, p. 208–9]. The motion artifacts appear at the lower frequencies
which can also be filtered, though it would distort the ECG [25, p. 208]. Other ways
to mitigate motion artifacts include algorithms that detect when ECG segments are
corrupted and then flags those unusable, and the reduction of the movement overall.

Two distinct and common interfering signals in ECG are the 50 and 60 Hz hum
from powerlines and the electromyographic (EMG) signal from muscles [25, p. 263].
Waveforms of these noise types are shown in Figure 12 c) and d) on the next page.
The powerline interference is easily distinguished because of its consistent amplitude
and frequency. It can couple via E-fields, B-fields, or both, and is magnified by
the lack of CM noise handing capabilities of the electrocardiograph. In the case of
otherwise manageble noise level, the hum can be reduced by a hardware or software
band-stop filter. The EMG interference ranges from 25 Hz to a few kHz in frequency
and from 0.1 to 1 mV in amplitude thus having significant overlap with the ECG [25,
p. 270–1]. To reduce the EMG interference, patients need to be able to relax and
hold their position without excessive muscle tension and the electrodes should not be
placed directly over muscles, if possible. The higher frequencies can also be filtered
which however will not remove all of the noise.

Contact problems in ECG include varying skin conditions, and inadequate skin–
electrode contacts. Skin conditions vary by air humidity and temperature, skin
dryness and callousness, and emotional or physical arousal These changing conditions
may lead to fluctuations in noise levels or, if dry-electrodes are used, in the time
required for the skin to produce enough sweat to form a proper contact. The sweat
production can be especially poor when cold and dry weather is combined with
reduced periferal blood flow. In clinical ECG measurements, the skin preparation
reduces these differences, however, outside the clinical context regular skin rubbing
is inconvenient. The other problem type, inadequate skin–electrode contact, includes
issues ranging from carelessly attached and unpredictible electrodes to completely
loose electrodes with no contact. Electrodes that repeatedly disconnect and connect
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Figure 12: Typical ECG noise modes: a) motion artifact, b) baseline wander, c) elec-
tromyogram, and d) powerline interference. Image from source: [21]. Copyright c⃝ 2017
The authors. Licensed under CC BY-NC-ND 4.0 license.

can introduce transient voltage shifts or spikes that could repeatedly saturate the
amplifier. In turn, fully loose electrodes prevent their use in the ECG aquisition hence
the hindrance depends on which electrode is loose. [25, p. 255–6] These problems are
lessened by careful electrode attachment and avoidance of excessive movements. [25,
p. 234]. Many electrocardiographs have also circuits that detect loose wires [25,
p. 286]. The dry-electrodes used in the health chair pose additional challenges. Firstly,
the contact area between the skin and the electrode varies due to differences in hand
shape and size, which may lead to varying degrees of noise and measurement success.
Secondly, dry-electrodes in combination with the lack of skin preparation may lead to
increased skin–electrode impedances which require higher input impedance amplifiers
that are more prone to noise.

2.3.3 Pulse oximetry

Pulse oximetry is an easy and non-invasive measurement of respiratory function via
blood oxygen saturation (i.e., the percentage of hemoglobin carrying oxygen). It can
detect problems in pulmonary ventilation, external respiration, blood-gas transport,
and tissue oxygenation [25, p. 479]. It is based on the different light absorbtion
spectra of oxygenated and deoxygenated hemoglobin. This section covers the basic
theory behind pulse oximetry, the transmissive and reflective modes, and possible
issues in pulse oximetry measurements and design.

In the context of the health chair, the pulse oximetry enables the monitoring of

https://creativecommons.org/licenses/by-nc-nd/4.0/
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the oxygen saturation and indication of hypoxemia (oxygen deficiency in arterial
blood). It also displays the pulse rate and photoplethysmogram (PPG) which is
a volumetric measure of a tissue via light. Due to the respiratory modulation of
cardiovascular system, the pulse rate and PPG can be used to detect the respiratory
rate. The PPG can also be used to monitor the vascular condition (e.g., compliance
and blood pressure). [20] The pulse rate gives a complementary measure to the heart
rate from the electrocardiography.

Pulse oximetry is possible because hemoglobin absorbs light differently depending
on its oxygenation level. This difference is visualized in Figure 13 that shows the
absorption spectra for oxygenated hemoglobin (HbO2) and deoxygenated hemoglobin
(Hb). The difference enables the calculation of relative Hb and HbO2 concentrations.
The theory for the concentration measurement is based on the Beer–Lambert law
that relates the attenuation of a light travelling in a solution to the concentration and
attenuation coefficients of the elements causing the attenuation, and the travelled
distance. For one absorber type and uniform attenuation in the medium, the law
simplifies to

A ≡ log10

(
Φi

e
Φt

e

)
= εcd (4)

where A is absorbance, Φi
e and Φt

e are the incident and transmitted radiant fluxes,
respectively, ε is the molar attenuation coefficient, c is the molar concentration of
the absorber, and d is the travelled distance. [1] The Beer–Lambert law uses some
assumptions that are not always true in pulse oximetry, such as identical paths of
photons and lack of scattering, though these can be corrected by using calibration
curves [24].

Figure 13: Molar attenuation coefficient for Hb and HbO2 in water. Data from source: [19].
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In conventional pulse oximetry, the absorbance is measured using at least two
wavelengths that are chosen so that HbO2 attenuates one wavelength more and
Hb attenuates the other wavelength more. Commonly used wavelengths are red,
660 nm, and infrared (IR), 940 nm. However, additional wavelengths can also be
used, though the added benefit is mostly gained in the form of better resistance to
noise and artifacts. Both transmitted fluxes have a) a pulsatile component (ACred
and ACIR) due to new arterial blood and increase in volume caused by heart beats
and b) a constant component (DCred and DCIR) that represents the absorbance
of the non-pulsatile arterial blood, venous blood, and tissues, see Figure 14 a).
The AC components are normalized by their DC counterparts to yield two ratios
(ACred/DCred and ACIR/ACIR). Then, the other ratio is divided with the other to
get a new ratio-of-ratios or modulation ratio (R) which correlates with SpO2. Due to
this correlation, R can then be empirically matched to a corresponding SpO2 curve,
see Figure 14 b). [1]

There are two modes of pulse oximetry: transmissive mode and reflective mode.
In the transmissive mode, the light sources and the detector are located in opposite
sides of the monitored tissue. It is currently the most common method, especially in
the general clinical applications due to its accuracy and stability [10]. In the reflective
mode, the components are located at the same side and the light needs to reflect
back towards the detector. The benefits of this mode include the higher number
of potential measurement sites as there is no upper limit to the tissue thickness,
greater convenience, and better suitability for sensitive patients such as neonates
or burn patients who often have less available measurement sites for transmissive
sensors. [10][25, p. 481]

Figure 14: a) Effects of arterial oxygen saturation (SaO2) on the red and IR PPG signals,
and b) the relationship between the modulation ratio and SaO2. Image from source: [10].
Copyright c⃝ 2016 The Korean Institute of Communications Information Sciences. Licensed
under CC BY-NC-ND 4.0 license.

https://creativecommons.org/licenses/by-nc-nd/4.0/
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Limitations of pulse oximetry

The major limitations of pulse oximetry, for both transmissive and reflective mode,
can be divided into three categories: calibration assumptions, optical interference,
and signal artifact [24]. The limitations relating to calibration assumptions arise
from the use of empirically derived calibration curves that ultimately determin the
accuracy of the device. These problems include the young and healthy reference bias,
and the limited level of induced hypoxemia in the trials [24].

The optical interference results from other molecules of which absorbtion spectra
resembles the spectra of Hb or HbO2. These false absorbers include carbon monoxide
(COHb), methemoglobin (MetHb), and three intravenious dyes: methylene blue,
indocyanine green, and indigo carmine [24].

The signal artifact issues can be divided into false signals and low signal-to-noise
ratio (SNR). The false signals further divide into non-transmitted light and non-
arterial AC signals. A common source of non-transmitted light is ambient light,
including sources such as fluoresent lights, surgical lamps, and sunlight. Protection
from ambient light can be accomplished by shielding. Non-transmitted light can
also result from the light travelling past the monitored tissue (e.g., improper probe
or incorrect probe positioning). With both false signal sources, the additional light
couples relatively equally to both red and IR measurements and thus drives the
modulation ratio towards one which corresponds to SpO2 of circa 85 %. [24] This
leads to dangerous overestimations in hypoxic patients and underestimations in
patients with higher oxygen saturation. The non-arterial AC signals result mostly
from motion artifacts which may lead from shivering, resuscitation, or coughing.
By increasing the both AC signals, motion artifacs also drive the modulation ratio
towards unity and thus lead to the same effects as the false signals. To address these
issues, devices can use averaging or algorithms to eliminate the invalid data points.
Averaging though increases the devices response time. Additionally, heart beats
can in some situations couple to the venous system which reduces the estimated
SpO2. [24] Low SNR may be caused by low signal amplitude or strong noise. Weak or
even absent pulsations may be due to hypotension, hypovolemia, peripheral vascular
disease, inflated blood pressure cuff, or vasoconstrictors. [24] Most of these issues
require adressing the underlying problems. Though arterial blood flow can be locally
increased by heat. The blood flow is increased in arteriovenous anastomoses (up to
30 times) that are plentiful in palms, ears, and face. [25, p. 480]

Relevant challenges particularly for the reflective mode in applications such as
the health chair are selecting a viable measurement site, and management of contact
pressure, ambient light, and SNR [10]. Measurement site should have adequate
arterial blood flow and be easily accessible. The measurement site should also be
resistant to motion artifacts and, in conjunction with other design, promote serenity.
The pressure management could be more difficult since the sensors are on the same
side and there is no constant pressure from the opposite sensor as there is with
transmissive sensors. In addition, shielding from ambient light might be more difficult
than in transmissive applications.
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2.3.4 Non-invasive blood pressure

Blood pressure (BP) measurements give valuable information on the condition
of the cardiovascular system. There are both invasive and non-invasive methods,
out of which the non-invasive methods are often preferred due to their simplicity,
conveniency, and lower risks. The invasive methods are more accurate but also more
complex, riskier, and they require hospital environments. This section focuses on the
non-invasive methods. The two first paragraphs describe what BP means in a clinical
context and the principles of the measurement. The next two paragraphs cover the
automated devices and the most common method utilized in them, the oscillometry.
The final part discusses the challenges of non-invasive BP measurements.

In clinical context, BP denotes arterial pressure and more specifically measured
at the brachial artery in the upper arm. As discussed earlier in the Section 2.1.2
»Blood vessels» (page 14), BP rises as the ventricles contract and push blood to the
arteries, and falls as the blood has flowed to capillaries and venous system. The
highest pressure during a cardiac cycle is called systolic blood pressure (SBP) and the
lowest is called the diastolic blood pressure (DBP), and together they are presented
as SBP/DBP mmHg. Some measurements are able to provide the mean arterial
pressure (MAP) at witch the blood is supplied to the critical organs [7]. Non-invasive
arterial BP measurements require a pressure range of 25–400 mmHg and frequency
range of 0–60 Hz [25, p. 10].

A conventional manual BP meter, also sphygmomanometer, utilizes an inflatable
pressure cuff connected to a manometer and a device to monitor blood sounds. As the
cuff pressure is altered, blood flow distal to the cuff can be monitored by palpation or
auscultation. These cuff methods assume that the arteries under interest experience
the cuff pressure and the artery collapses when the cuff pressure is greater than the
arterial BP. The measurement process can be divided into four steps: 1) the cuff is
attached properly around the upper arm, 2) the cuff pressure is raised to stop blood
flow, 3) the pressure is slowly relieved until the systolic pulses can be heard (the first
Korotkoff sound) which indicates the SBP, 4) the pressure is further decreased until
the sounds disappear which gives the DBP. [25, p. 325] This process is visualized in
Figure 15, next page.

Automated BP devices have also been developed and can be categorized into two
groups: continuous and sampling. The continuous methods are plethysmography,
tonometry, and vascular unloading. They estimate the BP continuously and thus give
valuable data on quick changes, however, their accuracy is low and they require fre-
quent calibration. Common sampling methods are automated auscultatory, Doppler
ultrasound sphygmomanometry, and oscillometry. These are cuff measurements
and thus are only able to be programmed to take individual measurements with
predetermined intervals. [7]

The oscillometry is the most common of the automated BP measurements for its
easy implementation and ability to tolerate noisy environments. Due to its simplicity
it is widely used in consumer devices that automatically inflate and deflate the cuff
and give estimates for BP and heart rate. This method is based on listening the
cuff pressure oscillations. These oscillations are present, though weakly, even at
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Figure 15: Manual blood pressure measurement by listening via a stethoscope (ausculta-
tion) and Korotkoff sounds. Image from source: [15]. Copyright c⃝ 2018 OpenStax College.
Licensed under CC BY 4.0 license.

suprasystolic pressures with no blood flow. The oscillation amplitude starts to increase
as the cuff pressure is decreased below systolic pressure until the amplitude reaches
its maximum at the MAP. The oscillations attenuate as the cuff pressure is decreased
further beond the MAP but do not nessessarily disappear. A major disadvantage
of this method is that diastolic and systolic pressures cannot be directly detected
from the oscillation amplitudes, unlike MAP, and thus the devices use algorithms to
estimate SBP and DBP. [25, p. 329–330] The accuracy of the algorithms vary [7].

Challenges of NIBP

Non-invasive BP estimation has four distinct challenges. The first is that without
a direct access to the measured variable devices must use secondary variables and
algorithms that may work in most cases but could fail at some. The second challenge
is that BP is variable, even in the range of few heart beats, and affected by emotional
and environmental factors. This is a problem because most measurements require
multiple heart beats, not just one or two, and the algorithms may assume that the BP
does not change during the procedure thus leading to inaccurate estimates. Third,
for some patients (e.g., obesity, arterial stiffness, and atrial fibrillation) the measured
signals may be too weak or unstable for the algorithms to give sound estimates.
Fourth, measurements are sensitive to body posture, movement, and vibrations, thus
limiting reliable measurements to resting positions. [7] BP measurements are advised
to be taken three times and taking the average of them to combat some variance
issues and the effect of excitement from the measuring event.

https://creativecommons.org/licenses/by/4.0/
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2.3.5 Bioelectrical impedance

Bioelectrical impedance (BI) is a property of biological cells and tissues that depicts
how they impede electric current. BI can be used in several non-invasive applications
such as body composition analysis, plethysmography, tomography, and myography.
The body composition analysis, also called bioelectrical impedance analysis (BIA), is
a measurement for estimating the composition of biological tissues or a human body
(e.g., total body water, fat mass, or muscle mass). BI measurements are based on
differing tissue volumes and conductivities due to excitement frequency, health status
or normal body functions like pulse and respiration. In the context of this thesis, BI
is measured to detect lung edema and respiratory rate. This section covers 1) the
normal body composition and the factors that contribute to the tissue impedance, 2)
one of the basic tissue models, 3) common methods and practices, 4) limitations of
BI measurements.

The basic composition of a human body can be modeled with five compartments.
The first compartment is fat mass (FM), and subtracting the FM from the total body
mass gives us the fat-free mass (FFM). The FFM can be divided into body cell mass
(BCM) and the second and third compartments: bone minerals, and extracellular
water (ECW). The BCM further divides into the fourth and fifth compartments,
intracellular water (ICW) and visceral protein. The ECW and ICW together form
the total body water (TBW). [9]

Tissue conductivity is mainly determined by the amount of water and electrolytes,
and the measurement frequency but also the structure and orientation of anisotropic
tissues. [4] Muscles and blood vessels are thus much better conductors than air-filled
lungs or fat tissue [9]. The resistivity of the blood also drops when its flow increases
(Sigman effect) [8, p. 351]. The both fluid types, ICW and ECW, are often modeled as
purely resistive volumes. However, since ICW is surrounded by an insulating cellular
membrane its resistivity is coupled via series capacitance and thus its contribution to
the tissue impedance is increased with the measurement frequency, see Figure 16 a)
on the next page. [9]

The TBW distribution can be modeled by a simple electrical model called the
Fricke model. The model consists of three components: two resistors and a capacitor.
The first resistor represents the ECW. The remaining resistor and capacitor form
a series RC element which is added in parallel with the ECW resistor and which
depicts the ICW, see Figure 16 b) on the next page. [9] This model mirrors the
frequency-dependent ICW component of the impedance: at 0 Hz currents flow only
through ECW, while at ∞ Hz the currents are not affected by the cell membranes
and thus flow through both ECW and ICW. However, these two measurement points
are mostly impractical. Thus, to solve the circuit parameters, impedance can be
measured at multiple frequencies and plotted on complex plane (also called Cole–Cole
plot), see Figure 16 c), next page.The forming semi-circular shape visualizes the
estimation of the resistances at frequencies of 0 and ∞ Hz. [9]

There are various BIA methods. Single frequency BIA (SF-BIA) uses a fixed
frequency (usually 50 kHz) with electrode placements such as hand-to-foot, hand-
to-hand, or foot-to-foot. This method cannot determin body composition directly
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Figure 16: a) Visualization of current flow through ECW and ICW as the frequency
approaches zero and ∞. b) The Fricke model of biological tissue is comprised of the cellular
component (capacitance of the cell membrane, CM, in series with the resistance of the ICW,
RI) in parallel with the resistance of the ECW, RE. c) Multiple impedance measurement
of a tissue plotted on the complex plane where x-axis is the real part of the impedance
(resistance) and y-axis is the complex part (reactance). Resistances R0 and R∞ are the
theoretical resistances at frequencies of 0 and ∞ Hz. Image from source: [6]. Copyright c⃝
2017 The authors. Licensed under CC BY 3.0 license.

because it uses only one frequency. However, empirical equations can be derived from
healthy subjects and reference methods to allow estimation. Multi-frequency BIA
(MF-BIA) is similar to the SF-BIA but instead of one, it uses multiple frequencies for
more accurate predictions. [9][4] Bioelectrical spectroscopy (BIS) uses mathematical
models to find the resistances R0 and R∞ mentioned earlier and then uses those in
empirical equations. Segmential BIA increases the number of electrodes in addition
to alternative electrode positions to combat the underrepresentation of the trunk
and overrepresentation of the limbs in regular BIA, though it also relies on empirical
data which further inflates the numerous BIA equation selection. [9]

BI measurements differ little from a normal impedance measurement: 1) a cur-
rent is conducted through a biological tissue, 2) the voltage drop over the tissue is
measured, and 3) the impedance is calculated from the voltage–current relationship.
This process can be conducted with two or four electrodes [25, p. 368]. Some methods
utilize more than four electrodes (e.g., tomographies), but those mainly perform a set
of multiple measurements with varying electrode positions while the principle for a
single measurement in the set remains the same [4][3]. In a two-electrode system, the
voltage measurement is performed with the same electrodes as the current generation.
This is a major disadvantage as the varying skin-electrode impedances are in series
with the examined tissue impedance. In addition, higher and non-uniform current
densities near the voltage measurement leads to unwanted weighting of those nearby
tissues. [25, p. 368–369] In the four-electrode systems, the extra electrodes (voltage
or sensing electrodes) are used to split the voltage measurement away from the
current generating electrodes in a similar way as in a regular four-point impedance
measurement, see Figure 17 on the next page. This removes the effects of varying
skin-electrode impedances and partly the problem of non-uniform current densities
and thus produces more accurate measurement values.

https://creativecommons.org/licenses/by/3.0/
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Figure 17: Illustration of the four-electrode BI measurement and current distribution in
a uniform tissue. Image modified from source: [4]. Copyright c⃝ 2014 Tushar Kanti Bera.
Licensed under CC BY 3.0 license.

The important considerations for the health chair are the electrode placement
and the measurement frequency. One potential configuration could be such where
the current electrodes would be located at the back side, near the arm pits. This
assumption is based on the simulations by Beckmann et al. where they simulated the
thoracic impedance with different lung water conditions, see Figure 18 on the next
page. [3] In these simulation, currents were injected from opposite sides and impedance
was then calculated for the neighbouring electrodes (e.g., current injection through
pair 1–9 and voltage measurement from pair 2–8). This electrode set was rotated to
find the most sensitive electrode positions: 8–16. The measurement frequency should
be as low as technically possible to get the highest possible sensitivity for the ECW.

Limitations of BI measurements

The limitations of BI measurements can be divided into measurement problems
and data utilization problems. The measurement problems arise from the different
limitations posed by the human body including issues regarding safety, comfort,
tissue heterogeneity, and skin–electrode impedance. The problems in utilization
include the vast number of different methods, reliance on empirical equations, and
the lack of standardization.

The safety and comfort issues relate to tissue stimulation and heating induced
by measurement currents. In general, electrical currents can cause burns via re-
sistive heating and stimulate nerves and muscles resulting in current perception,
muscle contractions, pain, respiratory paralysis, ventricular fibrillation, and sustained
myocardial contraction [25, p. 639]. The effects are determined by the frequency,
magnitude, and path of the current. The sensitivity for sustained muscle contraction

https://creativecommons.org/licenses/by/3.0/
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Figure 18: The potential electrode positions for the lung edema measurement of the
health chair could be the 9–15 pair. Image modified from source [3]. Copyright c⃝ 2007
IEEE. The IEEE does not require individuals working on a thesis to obtain a formal reuse
license.

is typically highest at the range of 50 to 60 Hz which unfortunately overlaps with the
standard powerline frequencies [25, p. 642]. At 60 Hz, current perception thresholds
are circa 500 µA when coupled through moistened hands and copper wires, though
the required current drops to as low as 30 to 200 µA with gelled ECG electrodes [25,
p. 640–1].

Tissue heterogeneity may cause problems in cases where tissues of interest ex-
perience only minimal amounts of currents which leads to poor representation in
the resulting impedances. Thus electrode placement is critical, both for the current
conducting electrodes and the sensing electrodes.

The skin–electrode impedance for a typical metal electrode changes with frequency
and skin condition (e.g., moisture and damage). At low frequencies (1–100 Hz), skin
impedances for 1 cm2 range from 10 kΩ to 1 MΩ, and decrease to circa 100 Ω at high
frequencies (1 MHz) [22]. Under the skin, body impedances are in the range of a few
hundred Ohms: about 200 Ω for each limb and circa 100 Ω for the trunk [25, p. 651].
As discussed with other measurements, asymmetric skin–electrode impedances may
cause problems. In addition, if two-electrode systems are used changing contact
impedances due to movement result in movement artifacts. Frequency of 100 kHz is
recommended due to decreased skin–electrode impedance and thus smaller motion
artifacts, still manageable stray capacitances, and also reduced current perception. [25,
p. 367–368]

The utilization of BI data is hindered by the number of different methods encom-
passing varying electrode placements, frequencies, body models, and used reference
methods. Each differing factor makes it more difficult to compare the methods to
each other and to utilize already existing population data. Moreover, reproducibility
is hindered by the lack of standardization, for example in the reference methods
which have differing limitations and assumptions that does not apply in all cases.
The use of models, equations, and population data is further complicated by the fact
that there are significant variance between populations and even within populations
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due to age, height, weight, sex, health status, ethnicity (relative leg lengths, frame
size, body build). There is also differences in individuals in factors such as hydration.
To account these factors, many BIA equations have been created. [9] But even with
very specific equations, patients who for example suffer from fluid disorders result in
aberrations [8, p. 309].

Challenges for the BI measurement of the health chair are the capacitive coupling,
sensitivity to lungs edema, and instrumentation of the resulting small signal. The
current is injected capacitively from the back side. This coupling should be feasable
especially by increasing the frequency if necessary. The sensitivity issue could arise
if the induced currents flow unexpectedly. The instrumentation of the signal might
be complicated by excessive common-mode noise.
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3 Design and implementation
This section discusses the design and implementation of the health chair. The
performance of these implementations are assessed and discussed in the Section 4. A
general block diagram of the designed measurements and connections of the health
chair is displayed in Figure 19.

The first subsection covers the basic structure of the chair including the purchased
chair, the arrangement of the various units, and the battery system. The second
subsection covers the hand support pads, and the third subsection introduces the
commercial patient monitor module. The next subsections cover the implementa-
tions of the electrocardiography, pulse oximetry, blood pressure, and bioimpedance
measurements.

Figure 19: The designed block diagram of the measurements and major connections. The
»5 kHz» signal generator controls the constant current source of the bioelectrical impedance
(BI CCS) of which current generates a voltage that is sensed by the »BI» measurement
unit. The »ECG pre-amp» senses the ECG and sends it to the patient monitor module
(Berry) which also measures the pulse oximetry (SpO2) and non-invasive blood pressure
(NIBP) measurements.

3.1 Chair and the general structure
The health chair is built around a reclining relax chair: Fero metal relax Ergo-line
(Haelvoet nv, Belgium). The chair is aimed for the health care sector and has
lowerable armrests, metal frame, legrest, and casters with a locking mechanism at
the back. The modified chair is presented in Figure 20 on the next page.

The measurement and communication functionalities are provided by a commercial
patient monitor module, an impedance measurement module, and a later implemented
weight measurement module. The patient monitor module provides the majority
of the ECG, pulse oximetry, and blood pressure implementations. The modules
communicate with a software running on a computer via Bluetooth. The electronics
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are powered by a battery system which is discussed in more detail in the final
paragraph. The patient monitor module and the ECG pre-amplifier are placed under
the chair in an aluminium enclosure, see Figure 21 next page. The enclosure was
specifically made for the electronics to minimize the required space and also to reduce
noise. The electronics of the impedance measurement is separated from the other
electronics due to the use of higher voltages and to provide better isolation. The ECG
electrodes and pulse oximetry sensors are embedded in the hand support pads. The
pressure cuff is easily available. The impedance measurement is currently not ready
to be merged into the chair though the preliminary results seem promising. The BI
sensing electrodes could be the same as the ECG electrodes, or another electrode
pair could be embedded in the armrests. Further discussion on the impedance
measurement is presented in the corresponding subsection.

Figure 20: The modified Fero reclining relax chair. The modified structures include the
armrests, hand support pads, holder for the casing under the chair, holder for the battery
(left back leg), and holder for the battery charger (right back leg).
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The electronics are powered by a lithium-ion battery, Bosch GBA 12 V 1.5 Ah
(Robert Bosch GmbH, Germany), which plugs into a locking holder attached to the
back leg of the chair. The recharging unit, Bosch GAL 1230 CV, is attached to the
other back leg but can easily be removed. The battery set includes two batteries
which allows the other battery being charged while the other is in use. The batteries
are able to power the patient monitor system without additional converters. The use
of battery power enables a better isolation from the environment and thus reduces
noise. It also provides more freedom and flexibility. The lithium-ion technology
provides great energy density, current draw, and self-discharge rate. A commercial
battery set was chosen for the convenice of not having to design the charger, casing,
or battery protection circuits which in turn allowed faster prototyping. To increase
the battery capacity, it is possible to buy higher capacity models of up to 6 Ah. The
present configuration allows only one battery being connected to power the chair at
a time. However, it is possible to add a second battery terminal to allow on-the-fly
battery switches so that the use of the chair is not interrupted. Such a system could
be implemented with two diodes that would prevent the higher voltage battery from
charging the other. Additionally, there is no battery voltage monitoring which is
an important feature in battery powered devices and thus should be implemented
before serious trials.

Figure 21: The casing for the patient monitor module and the ECG pre-amplifier.
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3.2 Hand support pads
The sensor–patient interface is an essential factor in the health chair since the standard
methods of securing the sensor contact (e.g., adhesives and clips) are avoided. To
achieve the necessary stability, the sensors are placed in structures or supports that
guide the patients to place their hands correctly and then helps to keep the hands
steady. These supports should sustain the hands in a natural and comfortable posture
in a way that there will be a constant, slight pressure to ensure a proper sensor
contact. However, the design should avert structures that enable or even promote
squeezing or other muscle activities which could result in a non-constant pressure,
motion artifacts, and EMG.

Several designs were tested utilizing modeling clay, computer mice, and a few
CAD models, see Figure 22. The iteration was guided by test measurements (ECG
and pulse oximetry) and evaluating if the model is able to fulfill the properties laid out
in the previous paragraph. Some consideration was given to the manufacturability of
the design. In addition, feedback was asked from people with different-sized hands.

Figure 22: Different experimented versions of the hand support design: (top left) a
computer mouse provided a good contact for the ECG electrode but lacked the desired
hand guiding for the pulse oximetry, (top right) modeling clay tests explored if a more
anatomical design could be made to fit various hand sizes, (bottom left) early milled
CAD model tried to imitate the shape of a computer mouse, and (bottom right) a later
milled a CAD model tested a side support.
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One of the first tests were made with computer mice over which silver plates were
fitted. This form provided very good contacts in the ECG but lacked the support
and repeatability for the pulse oximetry. This beneficial shape of the ECG electrode
was later imitated with a CAD model which also suffered from the lack of support.
A few modeling clay tests were made to test if a more anatomical and ergonomic
design could cater different-sized hands. This task of attending everyone proved to
be rather difficult, and was discarded. However, the side supports of the clay models
were tried in later CAD models. These later CAD models were refined into the final
version of the hand support pads, shown in Figure 23.

Figure 23: The final version of the hand support pads. The slots for the pulse oximetry
sensors (sensors not in place in the picture) are produced only on the right pad.

3.3 Patient monitor module
Major portion of the functionalities of the chair is based on a commercial patient
monitor module: PM6750 (Shanghai Berry Electronic Technology Co. Ltd, China).
The module includes measurements for a 5- and 3-lead ECG, pulse oximetry, non-
invasive blood pressure, temperature, and respiratory rate (via ECG electrodes). It
can be connected via Bluetooth, serial RS232, and USB. The device runs on 12 VDC
(max current 320 mA). [23]

Modifications were made to the patient monitor module in order to make the
measurements better suited for the health chair. The ECG experienced the greatest
modifications due to the desired 2-lead ECG. The SpO2 was also modified signifi-
cantly as the previously transmissive mode sensor was made to operate in reflective
configuration. The blood pressure cuff was also changed from the supplied cuff.
These modifications and the relevant properties of the patient monitor module are
further discussed in the following subsections.
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3.4 ECG electrodes and pre-amplifier
The additional ECG components can be divided into six segments: electrodes, high-
pass filtering, ESD protection, triaxial cables, a pre-amplifier, and negative supply
voltage generation. The circuit diagram of the filtering, ESD protection, triaxial
cables, and the amplifier is shown in Figure 24.

Figure 24: The circuit diagram of the ECG pre-amplifier, high-pass filters, and ESD
protection.

The ECG is measured from the hands with two dry-electrodes. The electrodes are
shaped as elliptical domes and made from silver. The electrodes are integrated in hand
support pads which are designed to guide the hands into the correct measurement
position and help to keep the hands still and steady.

The DC voltage and the very low frequency components are removed by a high-
pass filter (f−3dB = 0.1 Hz). The filter is a passive RC-filter (C = 15 nF, R = 100 MΩ)
where the capacitor is placed right after the electrode and the resistor after the triaxial
cable. The filtering removes a baseline wonder discovered in electrode tests.

The ESD (electrostatic discharge) protection prevents the sensitive pre-amplifier
from getting damaged by the inevitable ESDs. The protection is implemented with
four diodes per electrode: two diodes in series in both directions.

The triaxial cable is used to minimize the noise coupling via the leads. The outer
shield is connected to ground, and the inner shield is driven to match the voltage of
core (guarding) to reduce losses via the capacitance of the cable (or leakage current).
It should be noted that the cable capacitance is not be the greatest challenge in this
ECG measurement, however a 1 m coaxial cable with a capacitance of 100 pF/m
would have an impedance of circa 100 MΩ at 16 Hz which matches the effective input
impedance resulting from the HP-filter resistors, and the impedance of such cable
drops down to about 16 MΩ at 100 Hz. It it thus beneficial to use the triaxial cables
in order to keep the input impedance high enough for the dry-electrode measurement.

The pre-amplifier is implemented using an instrumentation amplifier, INA116
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(Texas Instruments, Inc.; Dallas, United States). The gain is set low (G = 6,
RG = 10 kΩ) to prevent output saturation. The supply voltages are circa +5 V
and -5 V. The positive voltage is taken from the isolated DC/DC-converter of the
patient monitor module which transforms the 12 V of the main side to 5 V for the
isolated measurement side. This 5 V is inverted by adding a switched-capacitor
voltage converter circuit LT1054 (Texas Instruments Inc.) to acquire the negative
supply voltage for the INA116. The output of the pre-amplifier is connected to the
LA lead of the ECG front-end of the patient monitor module.

The patient monitor updates the ECG waveform 250 times per second and the
amplitude range is 0–250. The gain can be set to 0.25; 0.5; 1; or 2. The bandwidth
(-3 dB) has three modes: diagnostic (0.05–100 Hz), monitor (1–40 Hz), and operation
(0.1–25 Hz). [23]

3.5 Pulse oximetry
The pulse oximeter works in reflective mode. This design removes the need for a
finger clip and makes the measurement easier for the patient and the health care
professional conducting the measurement. The final implementation is rather simple
and its principle was actualized rather early in the development phase. To compare
different implementations, tests were made with a set of discrete sensor components
and a reflective pulse oximetry integrated circuit (discussion in the last paragraph).

The implementation is based on the transmissive sensor provided with the patient
monitor module. The same LEDs and photosensor are used but the physical configu-
ration is changed from transmissive mode to reflective mode. The measurement site
was also changed to the hypothenar eminence (the soft pad on the palm proximal
to the 5th digit). This site appeared to give more reliable signals whereas several
other experimented sites such as fingers, wrist, and forearm were unpredictable. In
addition, this site was considered practical from the perspective of hand stabilization
and motion artifacts. The components are placed in the right hand support pad, see
the earlier Figure 23 on page 47.

The manual of the patient monitor module reports specifications for the pulse
oximetry: SpO2 measurement range of 35–100 %, and accuracy of ±2 % in the 80
to 100 % range, ±3 % in the 70 to 79 % range, and not specified in the 35 to 69 %
range. The pulse rate is reported to range from 25 to 250 beats per minute with the
accuracy of ±2 beats per minute or 2 %, the one which is greater. [23] In addition,
the patient monitor module scales the PPG signal automatically so that it fits the
maximum range of 0 to 100 which might hinder the analysis of longer PPG recordings.
The PPG signal is updated 40 times a second. By monitoring the control signal of
the LEDs, it can be assumed that the device performs a noise level detection after
the two illumination signals.

The first alternative method type consisted of other LEDs. The reasoning was
that the LEDs from the patient monitor module’s transmissive sensor would not
be powerful enough to provide adequate signal. However, the other LEDs did not
provide much improvement and due to the possible wavelength mismatch these other
light sources could result in erroneous measurements. The second alternative was
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a reflective pulse oximetry sensor MAX30102 (Maxim Integrated, San Jose, USA).
The sensor was provided in a circuit board which could conveniently be connected
to an Arduino prototyping board for which a free library was also available. The
setup showed a sensible PPG signal but for some reason the oxygen saturation
estimates were clearly incorrect. The reason for the fault was not found after a brief
code reading and electrical debugging, and thus this alternative implementation was
discarded.

3.6 Non-invasive blood pressure
The blood pressure measurement is performed by the patient monitor module. The
only modification is the change from the provided pressure cuff which was difficult to
attach to a more convenient cuff: Omron M6 Comfort, size: M–L, product number
HEM-FL31 (OMRON Corporation, Japan), shown in Figure 25. This pressure cuff
is easy to attach even with one hand because of its stiff C-shape.

The specifications for the NIBP are reported on the product manual. The range
for the systolic blood pressure is 60–250 mmHg, and the range for the diastolic
blood pressure is 30–180 mmHg. The static pressure accuracy is the greater of either
±3 mmHg or 2 %. [23]

Figure 25: The utilized pressure cuff: M6 Comfort (OMRON Corporation, Japan).
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3.7 Bioelectrical impedance
An operational bioelectrical impedance (BI) measurement was not reached during
this thesis. However, the planned design and reached stage of the implementation
are covered in this section. The main issues during the development were related
to the capacitive coupling and the constant current source (CCS). The designed
BI measurement is composed of six main components: 1) a signal generator, 2) a
voltage-controlled CCS, 4) a voltage measurement, 5) a signal processing unit, and
6) a communication unit.

The signal generator creates the waveform of the current which is conducted
into the patient. The implemented generator produces a square wave signal with an
adjustable frequency (circa 1–50 kHz). The frequency range enables experimenting
the circuits and measurement setup with different frequencies, though the actual
frequency would preferably be near to the lower end of the range due to higher
sensitivity to extracellular water. Currently, the frequency of 5 kHz is likely to be
used. The circuit is based on a 555 timer which output voltage ranges from zero to
its supply voltage and a passive high-pass filter which removes the DC offset. The
signal amplitude can be adjusted via a voltage divider. The implemented signal
generator controlling the CCS is shown in Figure 26.

Figure 26: The implemented signal generator (left) and CCS (right) for the BI measure-
ment.

The CCS (also shown in Figure 26) is used to drive the excitation current through
the patient via capacitive electrodes that are placed on the back rest. The CCS
design is based on a high-voltage operational amplifier PA97 (Apex Microtechnology,
Inc.; Tucson, United States) in a negative feedback configuration: 1) the control
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voltage is fed to the non-inverting input of the amplifier, 2) the amplifier drives a
current through the load and a sense resistor, and 3) the sense resistor voltage is
measured by the inverting input. A simplified circuit diagram is shown in Figure 27.
In addition to the regular negative feedback configuration, a resistive DC feedback
was needed to compensate the purely capacitive nature of the electrodes. The AC
component is removed from the feedback by a capacitor. The current is controlled by
adjusting the amplitude of the control signal and the resistance of the sense resistor
(I = Ucontrol/Rsense). For instance, a control voltage amplitude of 51 mV and a sense
resistor of 5.1 kΩ produces an AC current of 10 µA. The CCS is powered by two
high-voltage DC/DC converters, R12-150B (RECOM Power GmbH, Austria) that
use 12 V to produce an adjustable voltage in the range of circa 92 to 225 V. The
two voltage sources are cascaded to produce a supply voltage of ±225 V.

Figure 27: A simplified circuit diagram of the CCS. The resistive DC feedback network
is composed of the resistors R1 and R2 and the capacitor in the middle. The negative
feedback is established by the sense resistor. The resistors near the electrodes limit currents
in case the amplifier malfunctions.

The voltage sensing, signal processing, and communication unit are the parts
that are still incomplete. The plan is to measure the voltage using the ECG hand
electrodes and filter out the frequencies below and above the used measurement
frequency (e.g., a band-pass of 1–10 kHz when using a 5 kHz excitation signal).
This stage would also amplify the signal. The signal processing stage compares the
sensed voltage to the waveform of the signal generator (connection isolated with an
optocoupler) and outputs a signal that is proportional to the degree to which the
two signals match. This output is then filtered, amplified, digitalized, and sent to a
computer via a Bluetooth module. In the computer, the signal is further processed to
get the respiratory rate and BI over the lungs. In addition, it might be necessary to
measure the injected current to verify that the CCS is able to perform as intended.
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3.8 User interface
The user interface and communication with the patient monitor is implemented in
LabVIEW (National Instruments Corp., Austin, United States). The initial version
was provided by Matti Linnavuo, and only minor modifications were made to it
during the thesis. Due to the greater focus on the hardware problems, the software
remained as a testing and debugging tool. The Figure 28 on page 53 shows the user
interface of the software.

Figure 28: The user interface of the LabVIEW environment. Provided by Matti Linnavuo.
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4 Results and discussion
This section covers the achieved functional state of the prototype and discusses the
reached goals and possible improvements. For the technical implementation and
development process, see Section 3.

The realized chair performs three out of the four planned measurements and
communicates wirelessly with a computer. The three obtained measurements are
the electrocardiography, pulse oximetry, and non-invasive blood pressure. The
impedance measurement was not completed in time. The convenience and stability of
the measurements are increased by the hand support pads. The specific measurements
are discussed in their respective subsections.

As a critical note, these tests were not performed by the intended end users of
the health chair and neither were the subjects the primary measurement subjects
(i.e., nurses and elderly). In addition, the actual measurement environments could
pose some unexpected challenges that could alter the measurement success. Thus,
these experiments might not perfectly reflect the preformance in the actual use.

In a general conclusion, these implementations provide sensible measurements
in adequate condition, but the sensitivity to motion artifacts and noise could be
further reduced by refining the technical aspects and the physical interface. The
measurements were assessed in a preliminary level, and thus a more detailed evaluation
should be conducted if these measurements are to be utilized in health monitoring.
The next review stage of the prototype is to give the chair to a test use for a nursing
home.

4.1 Electrocardiography
The implemented ECG is able to show the P wave, RS complex, and T wave. The Q
wave of the QRS complex is not visible. A brief ECG recording with annotations
of the visible components and intervals is shown in Figure 29. The signal could
be improved to gain a better the visibility of the P wave by reducing the baseline
noise. This could possibly be done by improving the isolation to the environment,
investigating if the noise is caused by some intrinsic factors, or by experimenting
with alternative electrode materials (e.g., Ag/AgCl) or designs (e.g., larger surface
area or knobbed surface).

Figure 29: A brief ECG recording. ECG settings of the patient monitor module: bandwidth
= 0.05–100 Hz, gain = 0.5.
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The measurement is sensitive to motion, but as the motion sensitivity is a
common problem in ECG, it is reasonable that this implementation also suffers from
it. However, the goal was not to completely eliminate the effects of motion but rather
to reduce the motion in the first place, though it is more difficult to demonstrate
whether the design is successful in that regard or not. Thus, at this stage, the topic of
motion artifacts is evaluated only via the sensitivity to motion, see Figure 30. Note
the different gain setting which results in a cutoff distortion of a T wave. To further
inhibit extra movement, the hands could be stabilized by placing light weights (e.g.,
small bags filled with sand) on the hands or by providing sensory feedback with
bands over the hands, that is, the hands would not be strapped in place as that
could cause discomfort and lead to reluctance.

Figure 30: Motion artifacs in the ECG measurement due to slight hand movements. Note
that the used gain of the patient monitor module is 1 and not 0.5 which is used in the
other presented ECG illustrations. The higher gain resulted in a cutoff distortion of the T
wave after the third R wave. ECG settings of the patient monitor module: bandwidth =
0.05–100 Hz, gain = 1.

The sensitivity to the electrical signals from other muscles (EMG) is also high.
However, the design seems to enable the subjects to relax and avoid any observ-
able muscle tension. On the other hand, this could be a function of body size
and dimensions which would likely be shown in experiments with more subjects.
A demonstration of the EMG interference via slight flexing of the biceps is presented
in Figure 31. To better accomodate different body sizes and dimensions, the place of
the hand support pads could be adjustable.

Figure 31: EMG interference due to slight flexing of the biceps. ECG settings of the
patient monitor module: bandwidth = 0.05–100 Hz, gain = 0.5.
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The 50 Hz powerline interference is unfortunately large at the beginning but
decreases as the connection improves over time due to sweating. In addition, a band-
stop filter could be used to reduce this interference. Figure 32 shows a short example
from an early stage of a measurement which contains a clear powerline interference
which is then post-processed to simulate the benefits of possible filtering. The post-
processing is performed in MATLAB (The MathWorks, Inc.; Natick, United States)
and the used filter types are band-stop (50 Hz) and low-pass (70 Hz). In addition
to filters, the powerline interference could be reduced via similar methods than the
baseline noise discussed in the first paragraph of this subsection (i.e., improving the
isolation and electrodes).

Figure 32: A short ECG clip recorded from the beginning of a measurement with distinct
50 Hz powerline interference (top, »Raw»). To simulate the possible benefits of software
filtering, the clip is filtered in software with a 50 Hz band-stop filter (middle, »Band-stop
50 Hz»), and further with a low-pass filter (bottom, »Band-stop 50 Hz and Low-pass 70 Hz»).
ECG settings of the patient monitor module: bandwidth = 0.05–100 Hz, gain = 0.5.
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4.2 Pulse oximetry
The pulse oximetry appears to produce correct results: the estimated peripheral
oxygen saturation (SpO2) is in the expected range of circa 97 to 100 %, and the
photoplethysmogram (PPG) waveform matches the palpated pulse and displays the
dicrotic notch. Figure 33 presents a short example of the SpO2, pulse rate, and PPG.

Figure 33: A short clip from the pulse oximetry measurement showing the SpO2, pulse
rate, and PPG.

The measurement is stable in good conditions and fulfills the goal in that regard,
but obviously, it is not immune to motion artifacts and changes in skin–sensor contact
pressure. The PPG seems to be more prone to these variations, though it is not
certain which part of the longer range fluctuation results from motion and pressure
changes and which part from the normal modulation (e.g., blood pressure and vascular
compliance), see Figure 34. The analysis of long PPG signals is further complicated
due to automatic scaling which tries to fit the current pulsatile component to cover
the available range. The short motion artifacts are clearly visible in the PPG but
do not effect the SpO2 unless the disturbance is prolonged. This is likely due to
averaging in the patient monitor module.

Figure 34: A longer PPG clip showing either motion and pressure changes or normal
modulation of the cardiovascular system.
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Further development could enhance the stability of the measurement and investi-
gate whether the implementation is feasable for various different hand shapes and
sizes. The stability could be increased by better promoting hand stillness. This
could be achieved by the same stabilization methods proposed in the results and
discussion subsection on electrocardiography: a) the movement is hindered by adding
an adequate weight on the hand (e.g., a small sand bag), or b) subject control is
enhanced by providing sensory feedback via a non-binding band or ribbon running
over the hand.

4.3 Blood pressure
The non-invasive blood pressure measurement is based on the implementation of the
patient monitor module which uses the oscillometric method. The given estimates
for systolic and diastolic blood pressure appear sensible, though the accuracy was
not verified. Figure 35 shows a set of three consecutive NIBP measurements.

The implementation reached the goal of providing sensible blood pressure esti-
mates. The convenience is increased by the better pressure cuff that can be attached
even with one hand. In future work, the accuracy of the estimates could be verified.

Figure 35: A set of three consecutive NIBP measurements.

4.4 Bioelectrical impedance
The bioelectrical impedance (BI) measurement is still in development. The signal
source and constant current source (CCS) have been developed, and the recent
experiments are testing whether the CCS is able to induce the intended current
through a human body via capacitive electrodes

Tests with a discrete component model (a series capacitor-resistor-capacitor)
suggest that the CCS is able to conduct a desired current if the capacitances are
high enough. A test where these capacitances are 22 pF and the resistance is 1.6 kΩ
is presented in Figure 36 on the next page. With these capacitance levels, the CCS
is not fully able to deliver the asked current, though the circa 10 % difference is
understandable as the 22 pF coupling capacitance is rather small.

A similar test on human tissue appeared to mirror the observed limiting effect of
the coupling capacitances: increasing the distance between the electrodes and the
tissue reduced the monitored voltage over the sensing resistor of the CCS. The test
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Figure 36: An experiment where the CCS is adjusted to conduct a 20 µA current through
a discrete component CRC-model (left) and the resulting voltage drop over the middle
resistor is measured by a floating oscilloscope (right). The amplitude of circa 28–30 mV
roughly reaches the expected 32 mV (U = RI where R is 1.6 kΩ and I is 20 µA).

also showed that a powerline interference seemed to couple to the inverting input
of the amplifier which resulted in a high-amplitude 50 Hz component in the output
voltage. This could be quite troublesome if the interference or the 50 Hz output
component cannot be eliminated since it would indicate poor control of the generated
current and thus reduced safety.

The future experiments need to examine a) if the generated currents actually
flow through human tissues, b) whether the resulting voltages can be measured
accurately from the skin, and c) if any interference is able to generate unwanted
current components and compromise safety.
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5 Summary
This master’s thesis contributes to the endeavor of developing a health chair which
could combine multiple non-invasive health measurements into one measurement
instance. The chair would enable repetitive measurements to be performed faster
and easier for the benefit of both the subjects and the personnel performing the
measurements. In addition, periodic measurements would establish a baseline to
which the current condition of a patient could be compared either to adjust a treatment
or to monitor progress.

The goal of the thesis was to produce a health chair prototype. The scope included
convenient but still useful implementations of the electrocardiography (ECG), pulse
oximetry, non-invasive blood pressure, and bioelectrical impedance (BI) measurements.
The BI measurement was intended to provide the respiratory rate, and enable the
detection of fluid accumulation in the lungs which could suggest hearth failure. The
convenience requirement posed some limitations: 1) ECG electrolyte gels should be
avoided limiting the electrode choices to dry-electrodes and capacitive electrodes,
2) pulse oximetry clips should be avoided limiting the implementation to the reflective
mode, and 3) sensor attachment on the body should be minimized and thus all possible
sensors should be merged into the chair. To simplify the project, a patient monitor
module and a communication and visualization software for the module were provided
as a foundation for the chair.

The main problem was not merely to create a functional technical implementation
but to develop a more comprehensive design which is able to withstand and partly
inhibit some of the practical challenges arising from the actual use of the chair. For
example, the design should guide the person sitting in the chair, who might suffer
from a memory disorder, to place their hands instinctively to the correct positions
on the sensors and then inhibit any extra hand movement to reduce motion artifacts.

As a result, a health chair prototype was realized. The chair measures three out
of the four intended measurements: the ECG, pulse oximetry, and non-invasive blood
pressure. A pair of hand support pads were designed to promote hand steadiness.
The finished measurements and the hand support pads seem to perform fine in good
conditions, however, further refining might improve their resistance to noise and
motion artifacts. It was also left unclear if the hand support pads would hinder
motion artifacts in elderly subjects. To better assess the overall performance of
the prototype, the chair should be put to test use in a nursing home. A complete
BI measurement was not reached in time, though an essential component of the
measurement, the constant current source, seems to perform fine with decent sensor
contact. This should be experimented further so that the measurement could be
included in the chair.
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