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ABSTRACT

Hypertension, or high blood pressure (BP), is the most significant risk factor for
cardiovascular disease – the leading cause of death in the world. Fortunately, when
detected early, it is easily controlled with medication and lifestyle changes. The
emergence of wearable technologies and the ongoing miniaturization of microelec-
tronics has paved the way for new BP monitoring technologies.

In this thesis, a collection of sensing modalities is experimented with and refined
incrementally. Both the physical properties of the sensors and the underlying physi-
ological phenomena are studied, providing deeper understanding into the mechanics
of BP instrumentation. The key elements of this thesis are the extensive human stud-
ies that are conducted to demonstrate the capabilities and prove the reliability of the
technologies.

This thesis introduces a new way of measuring BP from the fingertip. The
technology is based on tono-oscillometry, where arterial pulsations are recorded
while simultaneously applying controlled pressure to the finger. Cost-efficiency was
achieved by using commercial pressure sensors and modifying them for the intended
use. The underlying mechanisms were studied through mathematical modeling and
sensor characterization. After validating the prototype in a preliminary human study,
the technology was miniaturized with clinical translatability taken into account. The
small form factor system was validated in a separate human study. Continuous
BP monitoring was achieved by adding an optical sensing modality to the tono-
oscillometric method. Using the non-pulsatile components in the photoplethysmo-
gram signal, we were able to measure continuous BP with the low-frequency vascular
unloading technique.

The methods and results from this study give new insights into the monitoring of
BP and other hemodynamic parameters. The proposed technologies pave the way to-
wards less intrusive bedside patient monitoring and increased user comfort – helping
both patients and healthcare professionals.

KEYWORDS: Blood pressure, medical instrumentation, wearable electronics, oscil-
lometry, tonometry
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TIIVISTELMÄ

Hypertensio eli korkea verenpaine on merkittävin sydän- ja verisuonitautien riskitekijä.
Tarpeeksi ajoissa havaittuna hypertensiota voidaan kuitenkin hoitaa tehokkaasti lääki-
tyksellä ja elämäntapamuutoksilla. Mikroelektroniikan kehitys ja kannettavien teknolo-
gioiden murros ovat mahdollistaneet uudenlaisten verenpaineen seurantamenetelmien
kehityksen.

Tässä väitöstyössä tutkitaan verenpaineen instrumentoinnin menetelmiä. Paneu-
tumalla antureiden fysikaalisiin ominaisuuksiin ja niiden mittaamiin fysiologisiin
ilmiöhin tavoitellaan verenpaineen mittausmenetelmien toiminnan syvällistä ymmärrystä.
Keskeisessä osassa väitöskirjaa ovat kliiniset kokeet, joiden avulla osoitetaan teknolo-
gioiden kyvykkyys ja luotettavuus.

Väitöstyö esittelee uuden menetelmän verenpaineen mittaamiseen sormenpäästä.
Tämä teknologia perustuu kehittämäämme tono-oskillometriseen menetelmään, jossa
valtimon pulsaatiota mitataan samalla, kun sormeen kohdistetaan kontrolloitu paineen-
muutos. Kustannustehokkuutta tavoiteltiin käyttämällä kaupallisia paineantureita,
joita muokattiin tähän käyttöön sopiviksi. Vaikuttavia mekanismeja tutkittiin sekä matemaat-
tisen mallinnuksen että antureiden sähköisen karakterisoinnin avulla. Kehitettyä teknolo-
giaa hyödyntävä prototyyppilaite validoitiin alustavassa ihmiskokeessa. Laitteen
soveltuvuutta kliiniseen käyttöön parannettiin miniatyrisoimalla aiemman instrumentin
mekatroninen toteutus. Sormenpäähän kiinnitettävä instrumentti validoitiin erillisessä kli-
inisessä kokeessa. Laitetta kehitettiin edelleen jatkuva-aikaiseen verenpaineenseu-
rantaan sopivaksi lisäämällä tähän optinen anturiyksikkö. Hyödyntämällä fotoplethys-
mogrammisignaalin vakiovirtakomponentteja yhdessä takaisinkytketyn paineensäädön
kanssa, saavutettiin tarkka veren keskipaineen seuranta. Tämän niin kutsutun mata-
lataajuisen tilavuuskompensaatiomenetelmän toimivuus todennettiin erillisessä ih-
miskokeessa.

Tässä väitöskirjassa esitellyt menetelmät ja tulokset tarjoavat uusia näkemyksiä veren-
paineen ja muiden hemodynaamisten parametrien seurantaan. Esitetyt teknologiat
edistävät kajoamattoman potilasmonitoroinnin kehitystä ja lisäävät käyttäjämukavu-
utta – hyödyttäen näin sekä potilaita että terveydenhuollon ammattilaisia.

ASIASANAT: Verenpaine, lääketieteellinen instrumentointi, puettava elektroniikka,
oskillometria, tonometria
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1 Introduction

Hypertension – or high blood pressure (BP) – is a health burden that affects more
than a billion people globally [1]. It is a serious medical condition that markedly el-
evates the risk of potentially life-threatening cardiovascular diseases, including heart
failure, coronary artery disease, and stroke. Sub-optimal blood pressure (BP) re-
mains the foremost global risk factor for the overall burden of disease, resulting in
over 10 million deaths and the loss of 212 million healthy life years annually. [2]
Simultaneously, hypertension is the most common preventable risk factor for cardio-
vascular disease [3]. Fortunately, diagnosed hypertension can be well controlled via
medication and lifestyle alterations. Nevertheless, the condition is mostly asymp-
tomatic, and fewer than 20% of individuals with hypertension effectively manage it.
[1]. Proper blood pressure (BP) control has been demonstrated to significantly re-
duce cardiovascular morbidity and all-cause mortality associated with hypertension
[4]. Therefore, regular and accurate BP measurements are crucial for the successful
prevention and treatment of hypertension [5; 6]. The significance of hypertension
management is underscored by the increasing strictness of thresholds for high BP
in recent clinical guidelines. According to recent hypertension guidelines, a systolic
BP (SBP) of ≥ 120 mmHg with a diastolic BP (DBP) of < 80 mmHg is classified
as elevated BP. Readings exceeding 130 mmHg or 80 mmHg for SBP and DBP,
respectively, fall into the category of Stage I hypertension [7].

Traditionally BP has been measured intermittently, providing ”snapshots” into
the person’s cardiovascular health. Recently, there has been a growing interest in the
development of non-invasive techniques for the convenient and accurate monitoring
of BP, allowing for the tracking of long-term changes and provides personalized
actionable information. While self-monitoring at home has become commonplace,
telemonitoring, where BP readings are transmitted to the patient’s physician, remains
fairly uncommon [8]. Technological advancements in BP monitoring include the use
of modern digital sensors and devices, integration with machine learning techniques,
the development of wearable solutions, continuous BP monitoring, and integration
into digital health ecosystems.

BP can be taken invasively or non-invasively. Arterial cannulation, being an
invasive technique, is mostly reserved for use in intensive care settings and is not
suitable for home use. Since the 1970’s efforts have been made to introduce au-
tomated non-invasive monitoring to the wider public [9]. Non-invasive BP mea-
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surement techniques can be divided into two coarse categories: direct and indirect
measurement. Direct measurement techniques use pressure sensors, possibly along
with other sensing modalities, to measure the actual pressure withing the artery. For
example, the oscillometric technique and applanation tonometry, while being non-
invasive, attempt to probe the intra-arterial pressure directly. In contrast, indirect
methods, such as pulse propagation methods and pulse morphology analysis, use
features that are known to correlate with BP and its changes. These metrics can be
translated into BP via dedicated mathematical models. Advances in machine learn-
ing and artificial intelligence have paved the way for new analysis techniques in BP
monitoring.

The validation of BP monitors has been recently under scrutiny. The emergence
of new cuffless methods, involving continuous operation and requiring additional
calibration, has raised questions on the eligibility of existing validation standards.
While designing new sensing modalities, it is important to keep track of recent de-
velopments in the field of standardization.

This thesis focuses on the development, implementation and validation of pres-
sure sensor based BP monitoring technologies. The thesis involves the design of both
the hardware as well as the algorithmic and signal processing aspects of the system
development. The physical properties of the sensors and the underlying physiolog-
ical phenomena are studied via mathematical modeling and sensor characterization.
In addition to BP, we study how additional hemodynamic parameters can be extracted
using the proposed technology. The technologies are finally verified in separate clin-
ical trials. The thesis is comprised of a collection of five independent journal articles.

The first article introduces a miniature pressure sensor array, which is used to
record radial artery pressure waveform. The study was made in collaboration with
Murata Electronics Oy. The sensor development was made at Murata, and the sen-
sor characterization as well as the clinical study and data analysis was done at the
University of Turku. [10]

In the second article, we proposed a new method for measuring BP and other
hemodynamic variables from the fingertip [11]. A table-top instrument with a cus-
tom sensor and mechatronics was proposed. The study resulted in a blood pressure
sensing system that was based on a modified commercial pressure sensor. A clinical
study (n=33) for validating the design was conducted in collaboration with the Turku
University Hospital. Part of the results were also published in conference proceed-
ings [12].

The third article uses the same principles introduced in the second article, but in
a miniaturized form factor [13]. In addition to the pressure sensor, an optical sensor
is integrated to the device. A new low-frequency vascular unloading method for
measuring continuous BP was proposed. A compensation method for vasomotion
was also proposed. A proof-of-concept human study was performed. Part of the
results were also published in conference proceedings [14].

2



Introduction

The fourth article is based on the same miniaturized sensor system developed for
the third article [15]. The goal of the study is to refine the sensing technoloqy into
a wearable finger-worn form factor. The miniaturization process is represented in
detail and the developed instrument is validated in a clinical study. Part of the results
were also published in conference proceedings [16].

The fifth article combines the technologies and validation of studies II and IV,
as well as an additional optical sensing technology introduced in [17]. With the
combined analysis of the previous results, we are able to draw new conclusions and
delve deeper into the mechanics of BP measurement.

This thesis is organized as follows. In chapter 2, the current literature is reviewed
and the basic phenomena relating to BP and its monitoring are explained. Chapter 3
describes the aims of the original publications. Chapter 4 summarizes the materials
and methods used. Chapter 5 summarizes the results of the four journal articles and
delves deeper into the developed technologies. In chapter 6, the findings from the
studies and future prospects are discussed. Chapter 7 finally concludes the study.

3



2 Literature review

Several reviews on blood pressure monitoring have been conducted, with some fo-
cusing on pulse propagation-based blood pressure estimation [18; 19], while others
provide in-depth surveys on the fundamental principles of blood pressure measure-
ment [20; 21]. In this chapter, we present a narrative review that delves into recent
evidence concerning the technological maturity of both established and emerging
technologies and instruments, with a particular emphasis on clinical validation.

Our inclusion criteria prioritize recent studies introducing novel techniques, al-
gorithms, or instrument types. Preference is given to studies with robust clinical
validation, although noteworthy proof-of-concept investigations are also considered
when introducing innovative concepts. Additionally, we provide summaries of the
primary blood pressure (BP) measurement principles as well as ongoing commercial
initiatives.

This chapter is based on a review article published in IEEE Reviews in Biomed-
ical Engineering in 2022 [22].

2.1 Principles of Blood Pressure Measurement Tech-
niques

Blood pressure (BP) is typically expressed as two values: systolic (SBP) and diastolic
(DBP) readings. The heart ejects the blood into the circulatory system, generating a
pulsatile pressure gradient that travels along the blood vessels, creating a pulse wave.
SBP represents the maximum value reached by the pressure waveform during sys-
tole (the heart muscle contraction phase), while DBP is the minimum value observed
during diastole (the interval between contractions). Pulse pressure (PP) is the differ-
ence between SBP and DBP within a single cardiac cycle. The cardiac pulse refers
to the pressure cycle between two consecutive minimums, known as diastolic feet,
in the pulse. Mean arterial pressure (MAP) denotes the average pressure over one
cardiac cycle and can be computed from the arterial waveform by dividing the area
under a single cardiac cycle by its duration [23]. Due to diverse physiological fac-
tors, such as blood vessel compliance (Windkessel effect), the prevailing BP varies
across different segments of the cardiovascular system [23], as illustrated in Figure
1.

The arterial pulse wave is actually a combination of the initial wave from the
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Figure 1. Basics of BP. Left: BP across different points in the circulatory system. Pressure
reaches its peak as blood exits the left ventricle and traverses the major arteries. Upon entering
the arterioles, the pressure drops significantly, maintaining a low level in the capillaries and veins.
Subsequently, pressure increases upon entering the right side of the heart, propelling blood into
the pulmonary circulation. Once again, pressure decreases in the pulmonary capillaries, and the
blood, now oxygenated, enters the left atrium via pulmonary veins before being ejected into the
systemic circulation. Middle: Due to wave reflection and the impact of arterial compliance, the
pulse wave morphology exhibits changes as blood courses through the arteries. Right: The arterial
pulse results from the superposition of distinct waves, with the initial systolic wave reflecting from
high-resistance blood vessels. The inflection point’s location indicates the velocity of the traveling
wave, offering insights into arterial compliance and elasticity. Figure adapted from [22].

heart and its reflections as seen in Figure 1. The traveling arterial pulse wave gets
deformed due to wave reflection from high resistance vessels. The more elastic the
arteries are, the more the PP is amplified in the peripheral arteries. Correspondingly,
the PP remains the same (and usually high) in very stiff arteries throughout the vessel
[24].

When BP is discussed, the systolic and diastolic readings typically refer to the
the pressure in large systemic arteries. It is most commonly measured in the brachial
artery using an arm cuff [23], partly due to it’s location at heart level and partly due
to easy access. However, the BP in other parts of the body differs significantly from
the brachial pressure. The hydrostatic effect does not affect brachial artery readings,
but when BP is measured from other locations (e.g. wrist or fingers) large deviations
may be seen [25]. In systemic circulation the heart has to deliver enough pressure to
ensure sufficient tissue perfusion in the whole body, which results in relatively high
BP throughout the systemic arteries. On the other hand, in pulmonary circulation the
pressure is significantly lower. Even in the systemic circulation, the BP varies from
the high pressure arteries to lower pressure arterioles and microcirculation before
reaching the very low pressure veins. The arterioles are responsible for the largest
pressure drop and resistance in the circulatory system. Although capillaries have
clearly smaller diameter, indicating even higher resistance, their total cross-sectional
area is much larger thus resulting in lower resistance relative to the arterioles.

Vasodilation and vasoconstriction, e.g. the active opening and narrowing, of
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Figure 2. BP measurement via brachial cuff using manual auscultation (top) and oscillometric
method (bottom). In both methods, an air-filled cuff is secured around the arm and inflated to a
pressure above systolic levels before gradually releasing the pressure. The cuff is connected
pneumatically to either a mercury manometer or an automated BP instrument. For the manual
auscultation technique, a healthcare professional positions a stethoscope on the brachial artery,
just below the cuff. The clinician listens for distinct Korotkoff sounds that correspond to the
appearance and disappearance of sounds, indicating SBP and DBP respectively. Figure adapted
from [22].

the arterioles have a significant role in regulating the BP to ensure low pressure in
the capillaries. [26; 23] In doing so, the velocity of blood flow is reduced to allow
sufficient time for gas and nutrient exchange [26], while providing enough perfusion
pressure. In veins, the flow is nearly non-pulsatile except in the large veins proximal
to the heart, such as the internal and external jugular veins [26]. This pressure-
diameter relationship is described in Figure 1.

2.1.1 Manual auscultation

Manual measurement is regarded as the most precise non-invasive technique for eval-
uating blood pressure (BP), serving as the reference standard in international proto-
cols [27]. However, manual auscultation only provides an approximation of true
BP since it is not directly measured within the arterial lumen through cannulation.
Despite its age, this technique persists in clinical practice and international valida-
tion standards. Originating in 1896 with the work of the Italian physician Scipione
Riva-Rocci [28], the method involves using a mercury-filled sphygmomanometer
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connected to a brachial cuff for systolic blood pressure (SBP) measurement. The
cuff’s pressure is manually pumped to a level exceeding SBP, rendering the radial
pulse impalpable. Subsequently, the cuff is gradually deflated, and the radial pulse
is palpated. The reading of SBP is determined when the pulse is detectable again,
observed from the column of mercury in the sphygmomanometer. The unit mmHg
(millimeters of mercury) persists due to the widespread and prolonged use of mer-
cury sphygmomanometers. One mmHg is approximately equivalent to 133 Pa. [29]

The method introduced by the Russian military physician Nikolai Korotkoff ex-
panded upon Riva-Rocci’s auscultation technique [28]. Instead of palpating the
radial artery, a stethoscope is positioned over the brachial artery while the cuff is
deflated from supra-systolic pressure. When tapping sounds, known as Korotkoff
sounds, become audible to the listener due to the turbulent flow of blood under ex-
ternal compression, systolic blood pressure (SBP) is recorded from the sphygmo-
manometer. The sounds persist during cuff deflation and cease when the cuff pres-
sure aligns with the diastolic blood pressure (DBP). The procedure is illustrated in
Figure 2. Manual auscultation and palpation techniques present challenges as they
demand a skilled clinician and are susceptible to operator bias [21]. Additionally,
the use of highly toxic mercury in sphygmomanometers has led to restrictions in
many countries. Alternatives, such as aneroid sphygmomanometers and automated
blood pressure monitors, are now recommended for clinical use by the World Health
Organization [30]. These instruments include aneroid sphygmomanometers and dig-
ital devices that emulate a mercury column with an LCD display. Proper calibration
and verification are essential to ensure their performance is akin to that of mercury
devices.

2.1.2 Oscillometric method

The oscillometric method the predominant noninvasive technique for BP measure-
ment, widely adopted by manufacturers of BP monitors. While the phenomenon was
initially observed in the 19th century, its widespread use only realised with the ad-
vent of digital electronics [23]. In contrast to the manual auscultation method, which
extracts both SBP and DBP, the oscillometric method directly measures only one
value, the mean arterial pressure (MAP). SBP and DBP are only approximated from
the acquired data.

In this approach, a cuff is positioned around the upper arm, encompassing the
brachial artery. As the cuff pressure rises to suprasystolic pressure (beyond SBP),
blood flow is completely obstructed. Upon release, the amplitude of pulsations –
sometimes called oscillations – within the cuff increase until the cuff pressure is
equal to the MAP. Subsequently, as the cuff pressure further decreases below the
MAP, the pulsations start diminishing. Through signal processing, a bell-shaped
curve, known as the oscillometric envelope (OMWE), is computed in the time do-
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main, alongside the corresponding deflation curve [31]. In the conventional method,
SBP and DBP are then derived from the MAP using predetermined percentages ob-
tained from population studies (e.g., 50% and 80% of the MAP) by mapping these
points to the cuff pressure curve [25; 21].

Oscillometric devices exhibit a certain level of uncertainty, as indicated by the
recommendations in the US Association for the Advancement of Medical Instrumen-
tation (AAMI) standard. The standard permits standard deviation (SD) of ± 8 mmHg
compared to manual auscultation, which can often surpass the typical in-person
blood pressure (BP) variability [27]. This uncertainty is particularly pronounced
in the commonly used fixed ratio method [32], and discrepancies become more ap-
parent when arterial compliance and pulse pressure deviate significantly from typical
levels.

Various approaches have been suggested to enhance the fixed ratio method in os-
cillometry [25]. A straightforward yet effective method involves identifying the pres-
sure where the oscillogram envelope exhibits the steepest slopes. However, accurate
BP estimation with this method requires low-noise measurements [33]. Other solu-
tions include patient-specific modeling [34; 35], the application of neural networks,
and pulse morphology analysis [25]. Integrating additional data into oscillometric
BP estimates has also been proposed to enhance reliability [36]. BP fluctuations in
the continuous arterial pulse waveform are employed to estimate potential outlier
readings [37].

In a recent study with a sample size of 20, the optimal measuring sites (upper
arm, middle forearm, wrist, finger proximal phalanx, and finger distal phalanx) for
cuff-based oscillometry were explored. The study concluded that the finger’s dis-
tal phalanx was the second-best site after the upper arm. The reported differences
between finger and upper arm measurements were ((mean ± standard deviation)
mmHg) (−2.34 ± 6.82) mmHg, (−6.7 ± 12.9) mmHg, and (1.7 ± 8.7) mmHg for
MAP, SBP, and DBP, respectively [37].

2.1.3 Tonometry

The principle behind tonometry originates from one of the most basic tools in medicine
- palpating the pulse. However, in tonometry, the output can be recorded and quan-
tified by an instrument called a tonometer. A traditional applanation tonometer is a
handheld pen-like device with a pressure-sensitive tip that is placed over an artery,
as illustrated in Figure 5 [38]. Similar to manual palpation, tonometry is based on
applying external pressure perpendicular to the artery.

Various types of arterial tonometers have been available for a long time, and early
devices using the same principle were in use in the 19th century [23]. Nevertheless,
the technology is susceptible to motion artifacts, incorrect placement, and changes in
counter pressure. Correct applanation pressure is achieved when the external pres-
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Figure 3. Left: Distinction between pulse transit time (PTT) and pulse arrival time (PAT). PTT
measures the time interval between two pulses recorded at different locations, often using PPG.
PAT, on the other hand, measures the duration it takes for the pulse to propagate from the heart to
a peripheral artery, such as the finger. It is computed from the R-peak of the ECG tracing to the
peripheral systolic wave. Middle: Pulse wave analysis (PWA). Features derived from the pulse
waveform include pulse pressures, denoted as 𝑃𝑃1 and 𝑃𝑃2, at specific points 𝑃1 and 𝑃2, along
with systolic and diastolic areas (S and D). Right: Pulse decomposition analysis (PDA). The
individual components of a cardiac pulse are segmented into wavelets, allowing them to be
processed by a machine learning algorithm to evaluate changes in blood pressure (BP). Figure
adapted from [22].

sure from the tonometer equals the pressure (𝑃𝑖) inside the artery, i.e., the mean
arterial pressure (MAP). This ensures maximum pressure coupling to the sensor.

In applanation tonometry, the external pressure (𝑃𝑒) is applied perpendicular
to the tube surface and matched with the MAP. Thus, the transmural pressure (𝑃𝑡)
equals zero. Since the external pressure is kept constant, the transmural pressure is
strictly zero only when the BP pulse is at the MAP. The tube, or the artery, is almost
completely flattened, and the radius 𝑟 can be thought to approach infinity perpendic-
ular to the external force vector. Then, all pressure is directed both to the tonometer
and the underlying stiff surface, usually bone. The principle can be summarized as:

𝑃𝑡 = 𝑃𝑖 − 𝑃𝑒 =
𝜇 · 𝑇
𝑟

𝑟→∞→ 0, (1)

𝑃𝑖 = 𝑃𝑒, (2)

where 𝑇 is wall tension, and 𝜇 is wall thickness [24]. This way, the pressure ap-
plied and consequently measured by the tonometer is equal to the internal pressure
of the artery. If too little pressure is applied, the pressure coupling is insufficient,
and with too much applied pressure, the artery is occluded, blocking blood flow. A
common issue with pen-type tonometric instruments is that the technique is very sen-
sitive to sensor misplacement and the applied force. Even the slightest hand tremor
can mask the actual pulsation of the artery. The pressure values output by a tonometer
are usually arbitrary and have to be calibrated to actual BP values using, for example,
cuff oscillometry [38].
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Figure 4. PTT analysis pipeline. Pulsewave is measured at two locations (e.g. the wrist and the
finger). The signals are fed through band-pass filtering and peak detection. The time between the
peaks of each signal is used to obtain PTT, which is then transformed into pressure using a simple
equation. This value is calibrated into actual BP values.

2.1.4 Pulse wave propagation

Pulse wave propagation offers a method for estimating BP without the need for a cuff
[20; 18; 19]. Typically assessed in terms of time or velocity, this approach requires
a multimodal sensing setup. Common configurations involve electrocardiography
(ECG) paired with photoplethysmography (PPG), or the use of two PPG sensors –
one distal and one proximal. The generally used terms are pulse transit time (PTT)
and pulse arrival time (PAT). PTT denotes the time required for the pressure wave to
travel from a proximal arterial site to a distal one [18]. Pulse arrival time is used to
describe the time from the ECG R-peak to the systolic peak of the proximal arterial
pulse. Experimental studies have demonstrated a linear relationship between PTT
and BP, expressed by the following model equation [18]:

𝐵𝑃 =
𝑘1

𝑃𝑇𝑇
+ 𝑘2, (3)

where 𝑘1 and 𝑘2 serve as calibration parameters. Calibration is often done using
traditional brachial cuff oscillometry. Various alternative models have been proposed
[18], and investigations have explored models incorporating additional physiological
parameters, such as heart rate [39]. A closely related concept is pulse wave velocity
(PWV), computed by dividing the distance between the sensor locations by the dif-
ference in pulse arrival time at those locations [40]. Widely used in clinical practice,
PWV is regarded as the gold standard non-invasive method for measuring arterial
stiffness [41]. It has also been employed for indirect BP estimation [42; 40; 43]
and demonstrated as an independent predictor of incident hypertension [44]. The
Moens-Korteweg equation [45; 46], a commonly used physical model, establishes a
relationship between the velocity of a pressure pulse and the elastic modulus of the
artery through which the pressure pulse propagates [47].

Pulse wave propagation based BP measurement, if clinically validated, would
allow for continuous and convenient BP monitoring. However, PTT/PAT based tech-
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niques are limited by the need for calibration [18]. The calibration fits the model pa-
rameters, such as the ones in equation 3, using, e.g., pairs of measured PTT/PAT and
BP values. Typically, a traditional cuff-based oscillometric BP measurement is used
during initial calibration and possibly at regular intervals. Unsurprisingly, increasing
the length of the calibration interval is associated with decreased BP estimation accu-
racy, although the decrease in accuracy might not always be so straightforward [48].
Consequently, the accuracy of long-term monitoring is a hindrance of this technique
[49].

2.1.5 Pulse wave morphology

Various pulse wave morphology analysis techniques can extract BP information from
the arterial pulse waveform. Hemodynamic phenomena resulting from BP and its
alterations have a significant impact on the shape of the pulse. [50]. Pulse wave
analysis (PWA) utilizes the features extracted from the pulse contour, illustrated in
Figure 3. These features include, e.g., pulse pressure (PP), systolic and diastolic
volumes, augmented pressure, and augmentation index (AIx). AIx is the ratio of
the pulse pressure of the initial systolic peak (𝑃𝑃1) to the PP at the inflection point
caused by wave reflection (𝑃𝑃2)[50]: 𝐴𝐼𝑥 = 𝑃𝑃2

𝑃𝑃1
· 100(%). In some devices, the

peripheral pulse is transformed into aortic pulse via a generalized transfer function
or a similar approach [24]. The obtained features can be entered into a mathematical
model or a machine learning algorithm to calculate actual pressure measurements.
To enhance accuracy, additional patient details such as age, weight, height, and sex
can be incorporated. When utilized for BP monitoring, pulse wave analysis (PWA)
methods typically require an initial calibration using a brachial cuff. Similar to pulse
propagation methods, PWA is more suitable for estimating relative changes in blood
pressure rather than absolute values. [50]

A similar approach, pulse decomposition analysis (PDA), is based on assessing
the cardiac pulse contour [51; 52; 50]. PDA relies on analyzing the reflected waves
observed in the arterial pulse waveform. The theory underlying PDA suggests that,
apart from the primary systolic pulse, two pulses are reflected from two major reflec-
tion sites originating from the renal arteries and the iliac arteries, branching from the
abdominal aorta. These reflections’ characteristics and locations are influenced by
blood pressure and flow velocity. By fitting this information into a model, changes
in blood pressure can be estimated [51]. PDA technology can be valuable in de-
tecting relative variations in blood pressure, but it requires initial calibration using
techniques such as oscillometry. Further research is needed to fully comprehend the
theory of major arterial reflection points. It remains uncertain to what extent changes
in pulse morphology are caused by variations in reflection waves versus transmural
pressure changes and positioning within the pressure-compliance curve. The princi-
ples of PDA are illustrated in Figure 3.
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Figure 5. Left: Vascular unloading technique (VUT). A miniature cuff, incorporating a PPG unit, is
positioned around a finger. A feedback system is employed to administer pulsatile counter
pressure to the cuff, ensuring a constant optical blood flow signal. Consequently, the cuff pressure
equals the intra-arterial pressure. Right: An illustration of arterial tonometry depicting a cross
section of the arm with radial and ulnar bones, along with the radial artery. A pen-shaped
tonometer is applied to the skin, exerting pressure on the artery. Changes in artery volume are
captured through a pressure sensor. Figure adapted from [22].

2.1.6 Vascular Unloading Technique

The Vascular Unloading Technique (VUT) or volume clamp method was invented
by the Czech physiologist Jan Penaz in 1973 [53; 54]. This method can be used
for continuous beat-by-beat BP monitoring [53; 21]. A typical VUT system com-
prises a primary control unit and a finger cuff device connected by a combination of
communication cables and pneumatic tubing. The main unit houses the pump and
valves required for pneumatic pressure management. The finger cuff unit consists of
a control unit worn on the wrist and one or two miniature air cuffs placed around the
finger(s). The cuff has both a light emitting diode (LED) and a photodiode, much
like a pulse oximeter. This optical PPG system observes the pulsatile blood volume
in the artery by measuring the light transmitted through it. A VUT device utilizes a
feedback control loop system that applies counter pressure to the cuff, ensuring the
optical blood flow signal remains constant during each cardiac cycle. The feedback
system requires a minimum of 30 Hz of bandwidth [53]. Different methods for find-
ing an appropriate setpoint for the feedback system have been introduced, but there
is no consensus on which is best single solution has been declared superior [55]. The
feedback system in the VUT device adjusts the cuff pressure accordingly when there
is an increase or decrease in optical blood volume. This mechanism ensures a con-
stant volume in the artery and thus a constant ”flat” PPG reading. The continuously
adjusted cuff, controlled by the feedback system, enables the reading of actual BP.
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Additionally, VUT devices typically incorporate a traditional oscillometric brachial
cuff into the system for initial calibration and periodic calibrations as needed. The
finger cuff pressure signal is converted to an equivalent brachial BP via a transfer
function. The technology is illustrated in Figure 5.

The Volume Control Technique (VCT) is an innovative approach introduced by
CNSystems [56]. Similar to VUT, VCT operates on the principle of volume clamp-
ing. However, in contrast to full pulse contour clamping in VUT, VCT adopts a beat-
wise clamping strategy. This involves integrating over each cardiac pulse within the
optical feedback signal and adjusting cuff pressure to maintain a constant integral.
Notably, VCT presents advantages over traditional VUT in terms of ease of imple-
mentation and miniaturization, as it eliminates the need for complex fast-switching
pneumatics. The technology was successfully integrated into an existing VUT de-
vice through firmware customization. Initial tests involving 46 patients undergoing
surgery showed promising results with a MAP of (−1.0 ± 7.0) mmHg. It is impor-
tant to note that these encouraging findings are not yet validated through a standard
protocol [56].

2.1.7 Differential oscillometry

Similar to VUT, differential oscillometry is a method for continuously unloading the
artery by a feedback servo system [57]. It bears a resemblance to VCT in the way
it controls the volume on a beat-to-beat level, not altering the pressure during the
cardiac cycle. However, it does not use PPG concurrently with the finger pressure
cuff. Instead two finger cuffs are held at similar pressures – one being slightly below
MAP (𝑃1 = 𝑃mean − 𝜖) and the other slightly above it (𝑃2 = 𝑃mean + 𝜖). When
the amplitude of both of these cuff pulsations are equal, the MAP can be found at
halfway between the two pressures (𝑃𝑚𝑒𝑎𝑛 = 𝑃1+𝑃2

2 ). If this condition is not met, the
feedback system adjusts the pressure until both cuffs exhibit the same pulse pressure.
Differential oscillometry was implemented in the UT9201 device, and tested against
arterial cannulation in 22 cardiac patients. The mean±SD for MAP was 2.7±4.9
mmHg [58]. Partly due to the technology being developed and used in the former
Soviet economic area, it did not gain popularity in western academia.

2.1.8 Sources of inaccuracy

All the methods discussed above share two common characteristics: they are non-
invasive and, therefore, inherently subject to a certain degree of inaccuracy. With the
exception of intra-arterial cannulation, all blood pressure (BP) measurement tech-
niques entail a possibility of error. International standards define the clinically ac-
ceptable limits of error [59]. The accuracy of a device needs to be assessed at a
population level, rather than for individual measurements. Even a validated device
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may provide highly incorrect readings for certain individuals, potentially resulting
in a lack of appropriate treatment. Such individuals may fall into special population
categories, where BP measuring devices validated with the general population might
not be accurate. For instance, young children, pregnant women, and individuals with
atrial fibrillation can be considered special populations [60; 59].

Manual auscultation is susceptible to listener bias and physiological factors, such
as unclear or faint Korotkoff sounds. Interestingly, due to the nature of the mercury
column scale, readings are often marked as even numbers, although this has a minor
impact on accuracy.

The oscillometric method introduces a clear source of inaccuracy. It indirectly
estimates SBP and DBP based on the shape of the oscillogram and MAP. Factors
such as arterial compliance (stiffness of the arteries) can affect the shape of the os-
cillogram, distorting results. Incorrect cuff size, as well as large arm circumference
(considered a special population for deriving validation standards for BP measuring
devices), also significantly impact accuracy [59]. Common to all techniques rely-
ing on calibration, such as VUT, pulse morphology analysis, and pulse propagation
methods, is the propagation of error introduced during the oscillometric calibration
[23; 35].

Pulse wave propagation methods suffer from the inherent inaccuracy of equating
one variable to another through a model. The duration for which the model remains
valid post-calibration is another potential source of inaccuracies. Depending on the
sensor setup used, pre-ejection period (PEP), and sensor contact force on the skin
can also serve as confounding factors, as mentioned earlier.

Tonometry is susceptible to sensor misplacement, motion artifacts, and, when
operated by a human, incorrect application pressure. Pulse wave morphology also
suffers from inaccuracies caused by sensor misplacement and movement artifacts
but even more so from the fact that blood pressure is estimated based on numerous
features, and possibly also patient specific information, which work as an input to a
more or less complex model. Additionally, reduced blood perfusion in the extremi-
ties can make signal acquisition challenging [23].

2.2 Recent advances and validation in blood pressure
instruments

The technologies introduced in this chapter find applications in various commercial
devices and research prototypes. Most of the technologies discussed have undergone
validation against international standard protocols. The standards that have been rel-
evant over the past decades are established by organizations such as the US Associa-
tion for the Advancement of Medical Instrumentation (AAMI), the European Society
of Hypertension Working Group on Blood Pressure Monitoring (ESH), the British
Hypertension Society (BHS), and the International Organization for Standardization

14



Literature review

(ISO) [61; 62; 63]. These standards differ in aspects like the size of the study pop-
ulation (AAMI, BHS: 85, ESH: 33) and the relative size of each blood pressure
(BP) population of interest, such as hypotensive and hypertensive subjects. In a col-
laborative effort by standardization committees (AAMI/ESH/ISO), a new consensus
document was released in 2018 (revised in 2019) in an attempt to unify the standards
[59; 27]. The AAMI/ESH/ISO standard comprises a study size of 85, including a
minimum number of subjects within certain BP ranges [64]. For continuous BP in-
struments, the suitability of these protocols, designed for spot measurement BP de-
vices, raises questions and requires further investigation. These protocols, designed
for validation of cuff-based instruments, are not generally applicable to cuffless de-
vices, particularly those requiring calibration.

The Institute of Electrical and Electronics Engineers (IEEE) has introduced a
standard protocol specifically tailored for wearable cuffless devices, IEEE 1708-2014
[65], with an amendment released in 2019 (IEEE 1708a-2019) [66]. Despite this,
the standard has not yet gained widespread use. Notably, the IEEE protocol differs
from standards for traditional cuff devices, requiring a noticeable change in BP to be
induced and the calibration to hold for a specified period. The validation protocol
comprises two phases: phase I (n = 20) and phase II (n ≥ 65). If results from phase I
meet the standard, phase II is initiated. The key difference between the phases is the
number of participants enrolled. Each phase involves three sets of measurements.
After the initial calibration specified by the manufacturer, the first measurement set
is compared against manual auscultation. For the second set, a change in BP must be
induced, which can be achieved through methods such as a cold pressor test (CPT),
passive leg raising (PLR), or an exercise stress test. The third set is conducted after
a predefined period to ensure the validity of the calibration. The protocol is outlined
in Figure 6.

In certain cases discussed below, a modified protocol (e.g., insufficient pressure
range or sample size) has been employed, rendering devices not fully validated. One
device failed to meet the standard criteria and is considered inaccurate. In many
instances, multiple manufacturers have adopted the same technology due to patent
rights expiration or the technology being implementable through different methods.
Some modern instruments cannot exclusive be categorized into a single group, as
they utilize multiple technologies. For instance, the Caretaker 4 monitor uses oscil-
lometry for initial calibration but relies on pulse wave analysis (PDA) for BP tracking
[51; 52]. Examples of each technique will be introduced, and Figure 7 and Table 1
summarize the features of each device.

2.2.1 Miniaturization of cuff oscillometry

Common digital blood pressure (BP) devices used in medical offices and homes,
whether at the doctor’s office or nowadays even integrated into wearables, are typ-
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Figure 6. IEEE Standard for Wearable, Cuffless Blood Pressure Measuring Devices first
introduced in 2014, amended in 2019. The protocol provides a more dependable means of
evaluating the precision of continuous BP devices when compared to conventional standards.
Here, a cold pressor test is employed to induce BP variations, although alternative methods
conducive to the same objective may also be utilized [66]. Figure adapted from [22].

ically based on cuff oscillometry. An example is the Omron Heartguide (OMRON
Corporation, Japan), a smartwatch which incorporates a miniature cuff into the watch
strap [67]. Similar to traditional brachial cuff devices, users are required to sit still
and initiate spot measurements. Proper placement at heart level minimizes errors
introduced by the hydrostatic effect, and the device measures a basic oscillometric
pressure response. The watch can be connected to a smartphone app for tracking
24-hour BP trends. Validation of the standard-size cuff (n = 85) using the AAMI
protocol for non-invasive BP measurement devices yielded SBP and DBP values of
(−0.9±7.6) mmHg and (−1.1±6.1) mmHg, respectively [67]. Although wrist cuff
oscillometry has been utilized in various devices, the Heartguide stands out as the
first to successfully miniaturize the cuff into a watch strap of reasonable size [68].

The Caretaker 4 (Caretaker Medical, US) is a wearable wrist-mounted monitor
equipped with a small inflatable finger cuff, enabling continuous BP measurement.
It relies on the oscillometric method for calibration, and its self-calibration has been
validated (n = 126) according to the AAMI standard, resulting in SBP and DBP
values of (−1.4± 6.7) mmHg and (2.2± 6.4) mmHg, respectively [51].

The Finger-port (Elfi-Tech, Israel) is a compact tabletop finger cuff device uti-
lizing dynamic light scattering (DLS) technology to measure blood flow alterations
in the finger during cuff deflation. This device, capable of measuring various vital
signs in addition to BP, has not yet undergone validation according to any interna-
tional standard protocol [69].
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2.2.2 Oscillometric finger pressing method

The method of oscillometric finger pressing was conceived in 2018 [70]. In this ap-
proach, a smartphone is modified by incorporating a phone case equipped with PPG
and force sensors, or alternatively, the smartphone’s internal sensors can be utilized
[71]. The user exerts increasing force on the sensor to simulate cuff inflation, and the
accompanying app guides them on the applied pressure. The PPG sensor captures
blood volume oscillations in the finger, enabling the extraction of an oscillogram
from the optical signal. Simultaneously, the force sensor records the pressure ramp.
Subsequent standard oscillometric analysis is performed using the combined optical
and pressure signals. In the initial study (n = 32), this method demonstrated an accu-
racy of (3.3±8.8) mmHg for SBP and (−5.6±7.7) mmHg for DBP. It’s noteworthy
that the device was compared against an oscillometric brachial cuff device rather
than the gold-standard auscultation, and the study protocol did not strictly adhere to
any international standard. Nevertheless, the study illustrated the feasibility of using
a smartphone for blood pressure measurement with minimal additional equipment.

A comparable technology was introduced in a US patent application by Leman
Micro Devices in 2014 [72]. The developed V-sensor incorporates a PPG sensor and
a pressure sensor, alongside other biosensors. Unfortunately, the operational princi-
ple and accuracy of the device have not been fully disclosed, as there are no peer-
reviewed studies available [73]. The company has announced through their press
release that the sensor can be integrated into a smartphone or wearable device. Sim-
ilar to the approach by Chandrasekhar et al. [70], users apply pressure to the sensor
while receiving feedback through the app. The company claims that the technology
is validated according to the ISO standard, with reported results of (−0.4 ± 7.2)

mmHg for SBP and (−0.2± 6.0) mmHg for DBP, respectively [73].

2.2.3 Tonometry

BPro (Healthstats, Singapore) is a wristwatch equipped with a radial artery tonome-
ter, specifically designed for ambulatory BP measurement. The device requires an
initial calibration using a brachial cuff device, and post-calibration, it is expected to
provide accurate BP readings for a minimum of 24 hours. The device includes a
watch head with a graphical user interface and a separate plunger module designed
to be pressed against the radial artery. During calibration, healthcare professionals
secure the plunger to the wrist using double-sided tape to ensure stability during use.
The device has been validated according to the standards set by the American Asso-
ciation for the Advancement of Medical Instrumentation (AAMI) and the European
Society of Hypertension (ESH), resulting in SBP and DBP values of (−0.9 ± 7.6)

mmHg and (−1.1± 6.1) mmHg, respectively [74].
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2.2.4 Pulse propagation methods

The utilization of PTT or PAT for BP estimation has been adopted by various com-
panies, with attempts to measure absolute BP via PTT/PAT. However, it appears that
this method is better suited for assessing relative changes in calibrated BP than for
spot BP measurements. Consequently, PTT/PAT may be useful for ambulatory BP
monitoring but requires an additional instrument for calibration.

Biobeat (Biobeat, Israel) and SOMNOtouch NIBP (SOMNOmedics GmbH, Ger-
many) are smart wristband-based devices that employ PAT measured by ECG and
wrist PPG to track BP [75; 76]. SOMNOtouch utilizes an ECG module with tradi-
tional ECG electrodes wired to the wrist device, while Biobeat uses a separate wire-
less and wearable ECG patch in conjunction with the wrist module. Both devices are
calibrated with an oscillometric device, and assess continuous BP by measuring the
pulse arrival time from the ECG R-peak to the PPG pulse in the wrist or finger. In a
study comparing Biobeat to a sphygmomanometer, the device demonstrated SBP and
DBP values of (−0.1± 3.6) mmHg and (0.0± 3.5) mmHg, falling within the range
of the ISO 81060-2:2013 standard [76]. However, slight modifications were made
to the study procedure. SOMNOtouch, validated using the ESH protocol, yielded
SBP and DBP values of (−0.4± 6.1) mmHg and (−0.1± 3.6) mmHg, respectively
[75]. The applicability of AAMI/ESH/ISO standards for devices based on PAT re-
mains unclear, as these standards are designed for spot measurement devices that do
not require initial calibration. In both studies, the devices were first calibrated to
auscultatory BP values, and validation measurements were conducted shortly after
calibration. Thus, the stability of accuracy over longer periods and during significant
pressure variations remains uncertain. A recent study comparing SOMNOtouch to
an ambulatory oscillometric device showed poor agreement between the two [77],
suggesting that similar conditions would likely yield comparable results for Biobeat.

Freescan monitor (Maisense Inc, Taiwan) is a handheld device employing single-
lead ECG and applanation tonometry to measure BP via PAT. The tonometer probe
is placed on the radial artery to measure the radial pulse, and PTT is calculated
from the ECG R-peak to the foot of the radial pulse. This device is suitable only
for spot measurements, requiring active user actuation, and a single measurement
takes approximately 10 seconds. The device relies on initial calibration, performed
once for each subject, and a validation study according to AAMI/ESH/ISO standards
resulted in (3.2±6.7) mmHg and (2.6±4.6) mmHg for SBP and DBP, respectively.

The Instant Blood Pressure app (AuraLife, US), introduced in 2014 and later
discontinued, utilized pulse transit time from seismocardiography (SCG) and PPG
signals for BP measurement. The app, available on digital marketplaces, was found
to be highly inaccurate in a 2016 study using AAMI/ESH/ISO protocol, with SBP
and DBP results of (−1.2±16.2) mmHg and (7.1±10.8) mmHg, respectively. This
inaccuracy led to the misclassification of hypertensive patients as normotensive, po-
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tentially resulting in untreated individuals. A Federal Trade Commission complaint
was filed in 2016, leading to a settlement [78].

Glabella, a smart glasses prototype developed by Microsoft for continuous BP
monitoring, features three PPG sensors embedded in the frame to measure PTT be-
tween the angular, superficial temporal, and occipital arteries. Similar to other PTT
devices, Glabella relies on initial oscillometric calibration. Additionally, the glasses
incorporate an accelerometer unit to filter out motion artifacts. Although the de-
vice’s accuracy is unproven, it has undergone proof-of-concept measurements on a
few individuals (n = 4) [79].

A recent method demonstrated the estimation of BP using multi-wavelength PPG
signals [80]. By utilizing light at different wavelengths, the method penetrated the
skin at varying depths, probing different blood vessels. Shorter wavelengths (blue,
green, and yellow) focused on smaller vessels like arterioles and capillaries, while
longer wavelengths (red and infrared) penetrated deeper, measuring arterial blood
flow in the arteriovenous plexus. The time delays between these signals correlated
with BP, and comparison between normotensive and hypertensive subjects yielded
mean absolute differences against reference measurements of (2.2±2.9) mmHg and
(1.4± 1.8) mmHg for SBP and DBP, respectively [80].

2.2.5 Pulse wave morphology

The Caretaker 4 employs PDA technology for continuous monitoring of BP changes
over time. After the initial BP values are measured or manually entered, the device
applies a constant pressure of 40 mmHg to the finger cuff. Pulsations in the cuff are
recorded and analyzed using PDA. The accuracy of continuous BP monitoring has
been validated in a study with 24 participants, resulting in SBP and DBP values of
(−0.4± 7.7) mmHg and (−0.5± 7.0) mmHg, respectively [52].

Valencell utilizes the PWA approach in its wireless earbud device. The earbud,
traditionally used for music listening, incorporates a PPG sensor and supporting elec-
tronics. The device relies on optical pulse wave morphology analysis combined with
machine learning. According to a white paper published by the company, the earbud
can achieve accuracy similar to an oscillometric cuff monitor, with SBP and DBP
values of (1.7± 7.7) mmHg and (−1.1± 8.0) mmHg, respectively [81].

The Aktiia bracelet is another device utilizing PWA of PPG signals. Developed
by a Swiss company, this wearable wristband, similar to fitness activity bracelets,
incorporates an off-the-shelf PPG sensor. Calibration with an oscillometric device is
required, and the company claims that a single calibration provides accurate results
for up to two months [82]. Although the study results comparing the technology to
invasive BP catheter readings have not yet been peer-reviewed, the company asserts
that the results fall within the range of the ISO standard, with SBP and DBP values
of (5± 8) mmHg [82].
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Pulse morphology analysis has extended to smartphones with the introduction
of the OptiBP app (Biospectal, Switzerland). The app employs PPG combined with
PWA to measure spot BP. Instead of a dedicated PPG unit, the app utilizes a smart-
phone camera and LED flash to capture the PPG waveform. The camera flash re-
places a single LED with a specified wavelength, and the CMOS cell acts as an opti-
cal sensor. The system is trained using measurements from an invasive BP recording
(n = 51) obtained in an operating room environment. In validation (n = 40), the de-
vice was compared against manual auscultation, resulting in SBP and DBP values
of (−0.7 ± 7.7) mmHg and (−0.4 ± 4.5) mmHg, respectively. The protocol used
raises questions about its validity, and consideration of a protocol similar to the IEEE
1708a-2019 standard is suggested for devices relying on individual calibration [83].

2.2.6 Transdermal optical imaging

Transdermal optical imaging (TOI) for the monitoring of BP utilizes remote PPG
to capture changes in blood flow on the facial skin [84; 85]. The method involves
directing light onto the skin while simultaneously using a camera to capture the light
reflected from the outer layer of the skin (epidermis). The camera flash emits white
light produced by three LEDs (red, green, and blue). As each wavelength penetrates
different skin layers, probing various blood vessels allows for a comprehensive as-
sessment of skin vasculature. The smartphone camera detect subtle pulsations in fa-
cial blood vessels, generating a map of 17 distinct facial sections. The measurement
data is fed into a machine learning model, which outputs SBP and DBP. The model
was trained on a dataset comprising 1328 measurements, with 85% used for training
and 15% for validation. The study reported SBP and DBP values of (−0.5 ± 8.9)

mmHg and (−0.4± 6.2) mmHg, respectively. However, the accuracy and precision
fell short of AAMI standard requirements. Moreover, the study focused exclusively
on normotensive subjects, making it challenging to extrapolate the findings to hy-
potensive or hypertensive cases, which are often more challenging to measure reli-
ably. The statistical power of the dataset collected is insufficient for drawing robust
conclusions, indicating the need for further validation to confirm the accuracy of TOI
data in BP estimation.

2.3 Modeling and algorithms
The emergence of new computational techniques has opened new possibilities to im-
prove BP monitoring and hypertension management. These techniques are typically
based on models relating physiology with measured parameters or statistical models
with recent emphasis on machine learning.
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Figure 7. Collection of recent instruments. a) Valencell ear-buds use PPG waveform analysis and
a machine learning model [86]. b) Omron Heartguide is a smartwatch equipped with an inflatable
miniature cuff. Figure adapted from [67] c) Caretaker 4 uses a finger cuff and PDA technique to
measure continuous BP. Figure adapted from [52]. d) Glabella is a smart glasses prototype
developed by Microsoft, that uses multisite PPG to assess BP. Figure adapted from [79]. e)
Healthstats BPro uses a smartwatch form factor and radial tonometry to measure arterial pulse
continuously [74]. f) Maisense Freescan uses combined ECG and radial tonometry to measure
PTT [87]. g) In transdermal optical imaging (TOI) a smartphone is used to capture remote PPG via
the built-in camera. BP is computed using artificial intelligence techniques [84]. h) The Fingerport
developed by Elfi-Tech uses an inflatable finger cuff along with micro dynamic light scattering
(mDLS) technique to measure BP [69]. i) Aktiia is a wrist-worn bracelet that measures BP using
PPG combined with pulse wave analysis (PWA). Figure adapted from [88]. j) In oscillometric finger
pressing method user actuates the measurement by applying increasing pressure to the sensor
mounted on the smartphone case [70]. The V-sensor developed by Leman Micro Devices uses a
similar approach [73]. k) Biobeat is a smart watch type device that uses PTT to measure BP. ECG
is collected with a chest patch. Figure adapted from [76]. SOMNOtouch uses a similar approach
[75]. l) CNSystems CNAP2GO is a smart ring that uses volume control technique to measure
continuous BP. Figure adapted from [56].
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Omron Heartguide Cuff oscillometry Yes No No No No AAMI (85)* [67]
Healthstats BPro Radial artery tonometry No Yes Yes Yes Yes AAMI, ESH (89)* [74]
Elfi-Tech Cuff oscillometry & mDLS Yes No No Yes No - [69]
Caretaker 4 Cuff oscillometry & PDA Yes No No Yes Yes AAMI (126)* [51; 52]
Smartphone (IBP app) PAT Yes Yes No No No Failed (85) [78]
SOMNOtouch NIBP PAT No Yes Yes No Yes ESH (33) [75]
Biobeat PAT No Yes Yes No Yes ISO (1,057)* [76]
Maisense Freescan PAT Yes Yes Yes No No ISO (100) [87]
Valencell Ear PPG Yes Yes No No Yes ISO (147) [86]
Smartphone (OptiBP app) PPG PWA Yes Yes Yes No No (40) [83]
Aktiia PPG PWA Yes Yes Yes No No ISO (86)† [82]
* FDA approval, † CE mark

Microsoft Glabella PTT Yes Yes No No No (4) [79]
LMD V-sensor Riva-Rocci & PPG Yes Yes No No No - [73]
FANTOM Tonometry & Oscillometry Yes Yes No Yes Yes (33) [11]
Smartphone Finger pressing method Yes Yes No No No (32) [70]
Smartphone TOI Yes Yes No No No (1,328) [84]
UT9201 Differential oscillometry Yes No No No Yes (22) [58]
CNAP2GO VCT Yes No No No Yes (46) [56]

Table 1. A survey of the reviewed devices and technologies. The devices have been divided into
two categories: commercial (top) and research (bottom) devices. Spot BP indicates whether the
device can be used to take single user activated BP measurements. The calibration column
indicates whether the device has to be calibrated to external arm cuff readings. PWA column
indicates whether the device outputs pulse wave morphology information to the user. Validation
status is disclosed by naming the used standard (if one is used) and the number of subjects in the
study. A superscript shows whether the device has gained US FDA approval or European CE
mark. Table adapted from [22]

2.3.1 Physiological models

The Windkessel model is a 0-dimensional, or a lumped parameter model used for
describing a part within the circulation or the whole system itself [89]. It takes into
account the compliance and resistance of the blood vessels, by representing these
characteristics using linear circuit components. There are three ways to achieve this:
a) two-element, b) three-element and c) four-element Windkessel models. In two-
element model, the resistance of the vessel is modeled via a resistor (R) and the
compliance is modeled using a capacitor (C), in parallel configuration. The three-
element model adds another resistive element (𝑍𝑐) in series with the two previous
ones, accounting for the characteristic impedance of the aorta. Finally, the four-
element Windkessel model incorporates an inductor (L) to the circuit in order to
account for the inertia of the blood flow. The most commonly used one of these is
the three-element model, which can be represented as a differential equation:
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Figure 8. Windkessel model circuits. a) Two-element Windkessel model. b) Three-element
Windkessel model. c) Four-element Windkessel model. d) A Multi-compartment Windkessel model
representation incorporating the aorta, arteries, arterioles, capillaries and veins.
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where 𝑍𝑐 is the characteristic impedance, R is the peripheral resistance, C rep-
resents the arterial compliance, L represents the inertia of blood flow and P(t) is
the pressure as a function of time 𝑡. Combining these mono-compartment mod-
els, it is possible to model a larger section of the circulation. Figure 8d depicts a
multi-compartment model of the systemic circulation, including the aorta, arteries,
arterioles, capillaries and finally veins. [89]

Understanding the behaviour of the pressure coupling mechanism from the artery
to the cuff is important in examining the oscillometric method. A mathematical
model describing this relationship has been introduced in [35]. Arterial compliance
describes the relationship between the transmural pressure and the dynamic volume
changes measured in the cuff. This is often depicted in a pressure-volume curve.
Arterial compliance (𝐶𝑎) can be expressed using a piecewise first-order differential
equation:

𝐶𝑎 =

{︃
𝑑𝑉𝑎

𝑑𝑃𝑡
= 𝑎𝑉𝑎0𝑒

𝑎𝑃𝑡 , when 𝑃𝑡 < 0
𝑑𝑉𝑎

𝑑𝑃𝑡
= 𝑎𝑉𝑎0𝑒

−𝑏𝑃𝑡 , when 𝑃𝑡 ≥ 0
(5)

where 𝑉𝑎 is the arterial volume, 𝑎 and 𝑏 are constants describing the stiffness of
the artery, and 𝑉𝑎0 is the arterial volume at zero external pressure. Arterial compli-
ance is expressed in 𝜇𝑙/mmHg. In the study, the author created a simulated response
which was compared to the model output and the one providing the smallest least
squares residuals revealed the most likely BP values. The model was accurate under
different simulated arterial compliances. [35]

23



Tuukka Panula

The traditional oscillometric method, which relies on a fixed ratio based on popu-
lation averages, tends to yield inaccurate blood pressure (BP) estimates due to inter-
subject variability. This inaccuracy is particularly evident in oscillometry, where
changes in arterial compliance can modify the shape of the pressure oscillation en-
velope, impacting the estimated SBP and DBP values, especially when employing
fixed ratio methods [33]. To enhance accuracy, patient-specific algorithms have been
developed [34; 90]. These algorithms involve fitting a parametric arterial volume-
pressure model to the measured envelope of pressure oscillations, and the subsequent
best-fit calculation provides more precise estimates for SBP, DBP, and parameters
characterizing the volume-pressure relationship. In a different study, the Windkessel
model of the arterial system, which considers total vascular resistance and compli-
ance, was incorporated. This integration with the measured oscillometric envelope
demonstrated a potential reduction in the discrepancy between oscillometric and aus-
cultatory measurements [91].

2.3.2 Machine learning

Machine learning and artificial intelligence have recently been utilized in hemo-
dynamic monitoring, especially in the field of continuous BP [92]. For instance,
a study focused on continuous BP estimation employed multivariate linear regres-
sion (MLR) and support vector regression (SVR) models, utilizing 14 features de-
rived from waveform morphology and time intervals from ECG and PPG data. The
model, tested on 73 subjects, reportedly exhibited robust performance, maintaining
efficacy when assessed 1, 3, and 6 months after its creation [93]. Another investi-
gation utilizing similar machine learning models evaluated numerous databases with
approximately a thousand subjects. Employing 10-fold cross-validation, the models
achieved average deviations of 5.7, 9.9, and 5.3 mmHg for DBP, SBP, and MAP,
respectively, with negligible biases [93]. In another study, a deep learning algorithm,
tested on digital stethoscope recordings, demonstrated an approach to directly mea-
sure both SBP and DBP. After digitizing the recordings, image classification tech-
niques were applied, showcasing promising proof-of-concept across 30 subjects [94].
Similarly, a machine learning approach utilizing features from PPG and ECG signals
successfully differentiated normotensive from hypertensive subjects, including those
with pre-hypertension [95].

A recent investigation explored the use of machine learning to estimate BP from
pulse oximeter PPG signals [96]. Deep convolutional networks, analyzing 30-second
PPG segments from 329 subjects, demonstrated reliable BP estimation in a hospital
setting. Mean absolute errors for SBP, DBP, and MAP were reported as (0.48±9.81)

mmHg, (0.44 ± 5.16) mmHg, and (0.47 ± 5.63) mmHg, respectively. The study
claimed that BP tracking precision remained robust with signal durations up to 600
minutes [96]. Another study explored features derived from PPG morphology as
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markers for BP [97]. Analyzing waveform simplifications and subsequent assess-
ments of blood flow velocity and acceleration, correlations with BP changes were
identified.

Advancements in technology have spurred significant efforts in utilizing wear-
ables and smartphones for BP estimation. The advantages of self-monitoring include
tracking average BP over time, detecting concerning trends, and identifying abnor-
mal circadian patterns [98]. Telemonitoring systems that communicate these mea-
surements with clinicians hold the potential to enhance hypertension management
and reduce healthcare costs [98]. For example, the Cardiogram application utilized
a long short-term memory network to predict hypertension using only heart rate and
step count. The data, collected from 6,115 Apple Watch users over an average of
nine weeks, demonstrated reasonable prediction performance with an area under the
receiver operating characteristic curve exceeding 80% [99; 100]. Presently, there
are over 180 apps for BP estimation designed for telemonitoring, but only a small
fraction have been developed in collaboration with medical experts, and rigorous
validation evidence is scarce [98]. Importantly, there are currently no mobile apps
for BP measurement that have received approval from the US Food and Drug Ad-
ministration or the European Commission [98].

2.4 Summary of the literature review
This literature review examines recent advancements in blood pressure (BP) moni-
toring and the underlying fundamental principles. The predominant focus has been
on the development of continuous and cuffless monitors, the miniaturization of cuff-
based devices, and the exploration of new algorithms to enhance robustness and ac-
curacy. The progression in BP monitoring devices is moving towards a more wear-
able form factor, designed to be worn over extended periods, thereby facilitating
improved continuous measurements. Cuffless BP monitoring solutions primarily de-
pend on the time delay between pulse waveforms measured at various locations and
pulse morphology analysis, often coupled with machine learning techniques.

Various studies have sought to enhance the accuracy of continuous BP monitor-
ing by incorporating mathematical models and machine learning techniques. Despite
notable advancements, many of these studies have encountered limitations, including
a restricted number of subjects, a narrow distribution of BP values, and the absence
of standardized study protocols, which hinders direct comparisons of results. The
prospect of comprehensive public databases becoming more widely accessible holds
the potential for accelerated progress in this field.

Some concerns have been raised regarding the thoroughness of the validation
process for cuffless devices [101], and although a standard has been proposed [65], it
has not yet gained widespread use. The new standard dictates a validation of the cali-
bration, requirement of this technology, and the ability to measure changes in the BP
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after varying time from the calibration. The BP monitoring industry, understandably,
is regulated and relies heavily on the established international standards.

The importance of the validation creates pressure for the manufacturers to do
the validation according to a standard, even though it might not be suitable for a
particular type of device. In fact, it might be easier for the device to pass the tradi-
tional standard requirements compared to a more suitable one designed for this ex-
act type of device. As development progresses and validation becomes increasingly
more stringent, continuous blood pressure monitors have the potential to evolve into
widely adopted technology. However, the full advantages of truly continuous blood
pressure monitoring are still to be conclusively established.

Efforts to miniaturize the BP cuff are centered around the widely adopted oscillo-
metric technique, which is used in nearly all digital BP monitors. These devices have
evolved technologically and adhere to established validation standards. They can be
programmed for automatic BP measurements, enabling tasks such as diurnal rhythm
monitoring. However, for beat-by-beat BP measurement, additional pulse waveform
measurement is necessary. The prevailing trend is shifting towards wrist devices, and
ongoing research is exploring the feasibility of finger-based BP monitoring.
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3 Aims of the study

The original publications had the following aims:

I Clinical assessment of a non-invasive wearable MEMS pressure sensor ar-
ray for monitoring of arterial pulse waveform, heart rate and detection of
atrial fibrillation
We wanted to investigate the viability of using non-invasive pressure sens-
ing to measure arterial pulse wave. A flexible and wearable wristband, based
on microelectromechanical sensor (MEMS) elements array was developed for
continuous cardiovascular health monitoring. The performance of the device
in cardiovascular monitoring was investigated by comparing the arterial pres-
sure waveform recordings to an invasive catheter recording.

II An instrument for measuring blood pressure and assessing cardiovascular
health from the fingertip
In this article, our aim was to develop a new convenient way to measure BP
and other hemodynamic parameters. We propose a finger artery non-invasive
tono-oscillometric monitor which is an automated low-cost instrument for BP
monitoring from the fingertip. We introduce a pressure sensing system that was
based on a modified commercial pressure sensor. Clinical study on volunteers
was performed against a commercially available arm cuff device. The results
comply with the Association for the Advancement of Medical Instrumentation
(AAMI) standard for non-invasive blood pressure monitors.

III Continuous Blood Pressure Monitoring using Non-Pulsatile Photoplethys-
mographic Components for Low-Frequency Vascular Unloading
The aim of this study was to assess the ability of finger tonometry combined
with PPG to measure BP continuously. We propose a simple yet effective tech-
nique for continuous BP monitoring, called low-frequency vascular unloading.
Our method is based on the finding that the non-pulsatile (DC) component of
the PPG correlates with blood pressure.

IV Development and Clinical Validation of a Miniaturized Finger Probe for
Bedside Hemodynamic Monitoring
Our aim was to further refine the technique introduced before and present a
wearable cuffless tonometric finger probe system, that uses the oscillometric

27



Tuukka Panula

method to measure BP. The miniaturization process enabling wearability was
explained in detail. We verified the functionality of the device in a clinical
trial, with multiple hemodynamic parameters in addition to BP.

V Hemodynamic Bedside Monitoring Instrument with Pressure and Optical
Sensors: Validation and Modality Comparison
The aim of the article was to combine our previous efforts in hemodynamic
monitoring development and use that to draw new conclusions. We combined
the clinical datasets from publications II and IV and analyzed them together. In
addition, we were able to compare optical and pressure sensors in the context
of BP monitoring, both in healthy and arrhythmic subjects. Lastly, we applied
a mathematical model to deepen our understanding in the mechanisms of BP
measurement.
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4 Materials and Methods

The most relevant aspects of materials and methods are presented in this chapter.
More details can be found from the original publications.

4.1 Reference instruments for hemodynamic monitor-
ing

In order to validate the designs, different types of reference instruments were used
throughout the studies. Invasive BP was measured on a Carescape b40i (GE Health-
care, Finland) patient monitor with an arterial catheter connected to it. iCollect data
acquisition software was used to record the data. For continuous non-invasive BP, a
state-of-the-art volume clamp device CNAP 500 (CNSystems Medizintechnik, Aus-
tria) was used. Intermittent non-invasive BP was measured using Intellisense M6
(Omron Healthcare, Japan) brachial cuff device and R2 (Omron Healthcare, Japan)
wrist cuff device. Carotid-to-femoral pulse wave velocity and central aortic BP were
measured using SphygmoCor (AtCor Medical, Australia) device and SphygmoCor
XCEL data acquisition software.

Human study (n) Technology Instrument Measured parameters Reference devices Citation

I (31) Wrist tonometry I
Arterial waveform,

HR, AF
GE Healthcare b40i [10]

II (33)
Automated

tono-oscillometry
II

BP, CBP,
arterial waveform

Omron Intellisense M6,
CNSystems CNAP 500,

SphygmoCor XCEL
[11]

III (7)
Low-frequency

VUT
IIIa Continuous BP CNSystems CNAP 500 [13]

IV (49)
Automated

tono-oscillometry
IIIb BP, PWA, AF

Auscultation,
Omron R2,

SphygmoCor XCEL
[15]

Table 2. Summary of the human studies conducted and the instruments used. Instrument III has
two versions IIIa and IIIb with the difference being, that IIIa is equipped with an optical PPG unit
and capable of continuous BP monitoring. AF = atrial fibrillation, PWA = pulse wave analysis, CBP
= central blood pressure
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4.2 Other equipment
Electric characterization for Instrument I was done using a precision LCR meter
HP4284A (Hewlett Packard, USA) and a needle tester (Rucker & Kolls, USA) con-
trolled by a Labview (National Instruments, USA) program. Fused Deposition Mod-
eling (FDM) parts were 3D printed in-house using a Raise3D E2 (Raise 3D Tech-
nologies, USA) printer. SLA printing was outsourced. Printed circuit boards (PCB)
for publications II-IV were designed in-house and manufactured and assembled in
Shenzhen, China. The two-layer boards were manufactured using the lead-free hot
air solder leveling (HASL) method.

4.3 Software and firmware
Graphical user interfaces (GUI) for using the devices were developed on Python
(Instruments I, IIIa and IIIb) and MATLAB (Instrument II). Embedded firmware de-
velopment was done on Arduino IDE (Instrument II) and Segger Embedded Studio
(Instruments IIIa and IIIb) using C programming language. Mechanical design and
finite element modeling (FEM) was done using Autodesk Inventor CAD (computer
assisted design) software. Electronic design was done on Autodesk EAGLE elec-
tronic EDA (electronic design automation) software. Statistical analysis and prepro-
cessing was done on MATLAB.

4.4 Human studies
Four separate human studies were conducted during this thesis, one for each pub-
lication (I-IV). All measurements were conducted according to the Declaration of
Helsinki guidelines. The methods were performed in accordance with relevant guide-
lines and regulations and approved by the Ethical Committee of the Hospital District
of Southwest Finland and National Supervisory Authority for Welfare and Health.
Written informed consent was collected from all study subjects.

4.4.1 Human study I

Three datasets were collected to assess the performance of the developed non-invasive
Instrument I. The first dataset involved 13 healthy volunteers (one female) at the
University of Turku. The demographic characteristics of this group were as follows
(mean, standard deviation): age (34±8 years), height (179±5 cm), weight (88±22
kg), and BMI (27±6.0 kg/m2). All measurements in this subgroup were non-invasive
and conducted using the developed Instrument I.

The second dataset comprised 18 volunteers treated at the Heart Center of Turku
University Hospital, who had undergone heart surgery the previous day. Non-invasive
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and invasive measurements were taken simultaneously. Due to the location of the
arterial cannula, non-invasive measurements were obtained from a different wrist
than the invasive waveform. The patients were in a supine position during the 10-
minute recording, instructed to remain silent and still. The demographic details for
this group were as follows (mean, standard deviation): height (175±9 cm), weight
(86±14 kg), systolic pressure (120±15 mmHg), and diastolic pressure (70±13 mmHg).

The third dataset included seven atrial fibrillation patients admitted to the Heart
Center at Turku University Hospital. The demographic characteristics for this group
were as follows (mean, standard deviation): height (179±5 cm), weight (87±10 kg).
Measurements in this dataset were non-invasive and conducted using Instrument I.

4.4.2 Human study II

Three datasets were obtained as part of a clinical trial aimed at investigating the
performance of the developed Instrument II, focusing on BP and other hemodynamic
variables, which were measured and compared with reference devices.

For the first dataset (BP), measurements were conducted on 33 volunteers (weight:
𝜇 = 77 kg [range: 48 to 117 kg]; height: 𝜇 = 176 cm [range: 161 to 194 cm]; age: 𝜇
= 32 [range: 23 to 75 years], including 8 females). Instrument II was used alongside
a commercially available, validated cuff-based non-invasive blood pressure (NIBP)
monitor. Subjects exhibited a BP range of DBP: 56 to 84 mmHg and SBP: 93 to 146
mmHg, with four individuals on blood pressure medication. To minimize hand tem-
perature variations, subjects with cold fingers were asked to wear a battery-operated
heated glove before the first measurement. Measurements were taken with subjects
in the supine position to ensure both the finger sensor and cuff-device were at heart
level. Three measurements were performed on both the reference and experimen-
tal devices, and an average was calculated. Mean arterial pressure for Instrument II
was obtained from the control software, while a simple formula (MAP = 1

2 (SBP) +
2
3 (DBP)) was used to estimate MAP from SBP and DBP, as the reference device did
not output a MAP value. In some cases, multiple trials were conducted to ensure
correct finger position and signal quality.

In the second dataset, dynamic pressure changes recorded with Instrument II
were compared against a volume clamp device (n = 3). The third dataset involved
central blood pressure measurements taken on selected subjects (n = 5) using the
gold standard pulse wave analysis (PWA) device and Instrument II.

4.4.3 Human study III

The aim of this study was to evaluate the performance of the proposed non-invasive
continuous BP Instrument IIIa. The measurements were carried out at the Univer-
sity of Turku, involving repeated measurements from seven subjects (age: 26–77,
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Figure 9. Human study IV. a) Hydrostatic challenge was performed on selected subjects to
expand the validation dataset. b) Clinical trial flowchart. One subject was excluded due to nail
clubbing which prevented reliable measurement from the fingertip. Additionally, six subjects were
excluded due to atrial fibrillation. PWA was measured from 18 subjects. The final validation set
was 43. Figure adapted from [15]

including three females), resulting in a total of 90 minutes of dynamic BP data. Two
subjects were on BP medication. A volume clamp device served as the reference for
comparison. Various BP-altering maneuvers, such as fast breathing, deep breathing,
and passive leg raising, were employed to induce visible changes in BP. As not all
subjects exhibited a significant response to every maneuver, we selected those with
the most prominent responses. The responsivity was assessed before the actual mea-
surements. CNAP 500 was worn on the middle and ring fingers, while our device
was placed on the index finger ipsilaterally, with the subject in a supine position.
Initial BP readings were obtained using the integrated brachial cuff in the reference
device. Both devices were calibrated using the same BP reference values.

4.4.4 Human study IV

For the BP validation dataset, we enrolled 32 volunteers (age: 𝜇 = 47 years [range:
24 to 83 years], including 5 women) for measurements using the proposed device
and manual auscultation. One subject was excluded due to severe nail clubbing.
Additionally, six subjects with persistent atrial fibrillation were excluded from the
BP validation dataset but were utilized to validate the detection of atrial fibrillation
(AF). The validation study took place at Turku University Hospital, with subjects
positioned in a supine posture to ensure alignment of both the finger device and the
arm cuff at the same level. Subjects were instructed to relax and wait for 10 min-
utes before the first measurement to ensure stable blood pressure (BP). The finger
probe was placed on the index finger, and an arm cuff connected to a mercury col-
umn sphygmomanometer was wrapped around the upper arm. Manual auscultation
was performed by two trained observers, with the maximum acceptable difference
between their readings set at 4 mmHg for both SBP and DBP. Following an initial
test measurement, three measurements were taken in a cyclical manner, alternating
between the finger device and auscultation.
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To expand the BP range, we recruited an additional 9 individuals (age: 𝜇 = 48
[range: 25 to 78 years], including 4 females) to undergo a hydrostatic challenge.
Four of these subjects were on BP-lowering medication. BP was measured using
our device and a clinically validated wrist-worn BP cuff (Omron R2, Japan). Both
instruments were worn on the same arm, positioned 10 cm below and above heart
level, resulting in a total of 18 data points for SBP, mean arterial pressure (MAP),
and DBP. This procedure induced a change of approximately 15 mmHg between the
two levels. Three consecutive measurements were taken for both hydrostatic levels.
In summary, we obtained 43 usable BP data pairs for analysis. From the initial set
of 32 measurements, 6 were excluded due to AF, and 1 was excluded due to finger
clubbing. To augment the dataset, we recruited an additional 9 healthy subjects who
underwent the hydrostatic augmentation procedure, resulting in 18 new BP pairs. In
total, this yielded 25 + 18 = 43 BP entries. In addition, we took a series of subse-
quent measurements to study the device’s capability to take repeated measurements.
The study was performed on one subject over approximately 20 minutes while com-
paring our device to a continuous reference. We used a volume clamp device CNAP
500 (CNSystems, Austria) as a reference. CNAP 500 is capable of outputting con-
tinuous BP data including SBP, MAP and DBP as well as the full cardiac waveform.
The reference device’s cuffs were placed on the middle and ring fingers ipsilaterally
and our device was placed on the index finger. The reference device was calibrated
using the built-in brachial sphygmomanometer at the beginning of the measurement
and again at 15 minutes. A total of nine measurements were taken with our device,
approximately once every two minutes. As the oscillometric sweep takes approxi-
mately 20 s, the reference BP values were averaged over 20 s for each measurement.
We computed ((Mean ± SD) mmHg) for the measurements.

PWV was recorded from 18 subjects using a PWA device. The patients remained
in supine position while a femoral artery cuff was wrapped around the thigh. A pen-
like tonometer was used to acquire the carotid waveform. The distance between the
cuff and the carotid artery via jugular notch was measured and used to calculate the
PWV. An average of three consecutive measurements was used for data analysis.
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5 Summary of the results

This section summarizes the results found on the four publications of this thesis.
While working on Publication I, we found the fingertip to be the most suitable site
for pulse wave recording, since the site is less prone to misplacement of the probe.
The results from publication I aspired a shift in focus from wearable pressure sens-
ing into automated tonometry and oscillometry as well as bedside BP monitoring in
publications II-IV. Additionally, preliminary trials from publication I suggested that
the fingertip is indeed the more ideal location for pressure sensing.

5.1 Wearable pressure sensing array
Instrument I was developed by Murata Electronics Oy. The system consisted of a
data acquisition unit ans a wrist-strap device with three modified pressure sensors.
Each pressure sensor was covered with a convex silicone layer to allow pressure
transfer from the skin to the sensing element.

5.1.1 Electrical characterization

The MEMS sensor is a capacitive pressure sensor, with the top membrane and the
bottom substrate acting as the capacitor plates. External pressure deforms the thin
membrane, changing the distance between the membrane and the substrate, resulting
in a change in capacitance. This is depicted in Figure 10a. In the actual use case,
the sensors are measured with a capacitance-to-digital application-specific integrated
circuit (ASIC). We used a precision LCR meter equipped with a needle tester probe
setup to measure the capacitive characteristics of the sensor element.

First, the capacitive properties of the modified sensor over a frequency range
were examined and compared with an unmodified element. In Figure 11a The solid
lines present an average of three measurements and dashed lines show the standard
deviation. The variation between different patches of pristine sensors is clearly larger
than the negligible difference measured before and after the applying the silicone. It
is also apparent that the sensor provides a constant capacitance value of 10.4 pF in
the frequency range or approximately 1 kHz – 1 MHz in atmospheric pressure.

The pressure response of the sensor was tested by placing several weights on top
of the element with the silicone bulb applied. The sensor’s capacitance value follows
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Figure 10. Sensor description for Instrument I. a) The sensor MEMS element is embedded in a
plastic substrate with the element I/O pads wire bonded to the contact pads (top). The pressure
sensor works by measuring the capacitance between the top diaphraghm and the base of the
sensor (bottom). External pressure deforms the diaphragm, effectively shortening the distance
between the capacitor plates. b) A microphotograph of the MEMS element (left) and a PCB
housing three sensors. c) The sensors before and after the application of a heat-curable gel.
Figure adapted from [10]

a parabolic curve at increasing weights. The response curve was fitted with a second-
order polynomial resulting in a perfect R-squared value indicating good pressure
reproducibility between different weights. This also suggests that the modification
does not weaken the element’s properties. An average sensitivity of 0.404 pF/g was
achieved when using weights in the range 2–3 g and assuming a linear response.

Sensor resolution was investigated by placing a minuscule weight on the sen-
sor. As small as a 10 mg weight creates a clearly detectable signal. This is further
illustrated in Figure 11b, where the averaged values of loading and unloading with
different small weights are shown. Three load/unload cycles over three different sen-
sor elements were averaged for each weight (10, 20, 56 mg). The results seen in
Figure 11 suggest that the differences caused by the loading/unloading cycle are eas-
ily observable. In addition, it is apparent that measurements can be made in absolute
terms down to 10 mg.

The frequency response of the modified sensor was examined by subjecting the
sensor to a fast spike-like impulse. The frequency response was then computed using
fast Fourier transform (FFT). Before taking the FFT, the signal was up-sampled to
1000 Hz. The 3 dB point is found around 210 Hz. The results clearly indicate that
the sensor has sufficient bandwidth for the intended application area.
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Figure 11. Sensor characterization results taken with a precision LCR meter. a) Frequency
response of the sensor. b) A small weight of 10 mg was repeatedly placed on and removed from
the sensor. The response is clearly visible. c) Load/unload cycles of 10 mg, 20 mg and 56 mg
weights. d) An increasing amount of weights placed on the sensor showing linear response. Each
color represents a different sensor. e) A large weight of 31 g was repeatedly placed on and
removed from the sensor. Some hysteresis is visible possibly due to deformation of the gel
material. f) Load/unload response from three different sensors. Figure adapted from [? ]

5.1.2 Comparison to invasive arterial waveform

Non-invasive arterial pulse wave was measured using the developed instrument. De-
tails of the study protocol and subjects can be found in Chapter 4 Materials and
methods. Our aim was to assess the origin and the clinical relevance of the recorded
arterial waveform and compare it with the corresponding invasive arterial pressure
recording. The non-invasive the pressure reading is a sum of three components: at-
mospheric pressure, sensor contact pressure (the pressure that the attachment exerts
on the sensor), and the physiological pressure signal caused by the expanding artery.
Because the contact pressure here was not standardized the coupling of the arterial
pulse to the sensor element varies between measurements. For this reason we con-
centrate on waveform morphology rather than the absolute pressure values.

From the ensemble averaged pulse waveforms, cross-correlation was computed
between the non-invasive measurements and corresponding invasive waveforms. The
averaged pulses were aligned from the systolic peaks. Figure 12 illustrates the mea-
surement setup and typical waveforms obtained from the invasive and non-invasive
recordings, and waveform shape comparison where presents both the highest, and
the lowest similarity between the invasive and non-invasive waveforms in the dataset.
The average Pearson correlation over all waveforms was 0.97±0.02 (mean±SD) in-
dicating high similarity between all study subjects. The difference is likely caused
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Figure 12. Clinical study results. a) An illustration of the used setup. Invasive and non-invasive
signals were collected from contra-lateral hands. b) An example of a signal with high Pearson
correlation of 0.99. Three fiducial points i-iii were recorded from each signal. c) An example of a
signal with poor Pearson correlation of 0.9. Figure adapted from [? ]

by the different transmural pressures across the measurements. Such high correla-
tion has not been found with PPG signals which might be explained by the fact that
PPG does not directly measure pressure waveforms, but mostly arterial blood volume
variations.

5.1.3 Atrial fibrillation

Atrial fibrillation (AF) is a condition that causes the atria of the heart to contract
chaotically leading to irregular heart beat. Additionally this causes large beat-to-
beat blood pressure variability. These phenomena can be seen in Figure 13 where
typical pressure sensor signals of a patient with AF and a healthy subject are shown.
We demonstrate the ability to discriminate between sinus rhythm and AF patients
(n=7) using time–frequency analysis. The classification algorithm is based on k-
means clustering with two features: area under autocorrelation (AUA) and spectral
entropy. The typical time traces of patients with sinus rhythm and AF are shown in
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Figure 13. Atrial fibrillation detection. a) and b) Signals recorded with Instrument I from a patient
with sinus rhythm and atrial fibrillation respectively. c) and d) Autocorrelation graphs computed
from a) and b) respectively. e) Classification of sinus and atrial fibrillation cases based on two
measures: area under autocorrelation (AUA) and Spectral entropy. Figure adapted from [? ]

Figure 13. Both signals are clearly distinguishable and the AF shows, as expected,
a higher order of irregularity between the heart beats. This is also evident in Figure
13c and d, showing the absolute value of autocorrelation function for each signal.
The AF autocorrelation signal does not have clear prominent peaks outside zero lag
indicating that the rhythm is irregular. In the sinus rhythm case, the peaks are clearly
visible indicating regular heart rhythm. Finally, in Figure 13, the results from k-
means clustering is shown. All subjects here are correctly assigned a correct cluster.
It is notable that the patients with AF are all tightly clustered whereas the sinus
rhythm subjects are distributed more widely. In both features, at least one healthy
subject has a value similar to the AF patients indicating the need for several features
for reliable discrimination. As expected, autocorrelation-based values are lower and
spectral entropy values are higher on average than the respective values with healthy
subjects.

5.2 Automated tono-oscillometry
The term tono-oscillometry is coined from two separate techniques: tonometry and
oscillometry. In traditional tonometry the instrument is operated manually, while
in tono-oscillometry the actuation is automatic and the measurement is performed
during increasing/decreasing contact pressure. In regards to traditional oscillometry,
the tono-oscillometric method does not use an inflatable cuff. Instead a tonometric
probe and a finger pressing mechanic are used.

5.2.1 Sensing principle

The proposed technology relies on a custom-built tonometric sensor setup. The mea-
surement process involves placing the fingertip on a piston and applying force to the
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Figure 14. a) Principle of pressure coupling between the sensor and the piston surface. The
pressure applied at the piston surface 𝑃ext creates is balanced by an equal pressure 𝑃cushion from
the air cushion. According to Pascal’s law, the pressure at the sensor surface is also 𝑃piston =
𝑃cushion. b) A microphotograph depicting the exposed MEMS element. c) The response of the
sensor system exhibits linearity within the measured range (approximately 30 to 180 mmHg, with
the measured atmospheric pressure subtracted). d) Microphotograph of a used (approximately
300 measurements) sensor element showing slight pitting on the surface. e) A barometric sensor
is modified by removing the metal cover. An air cushion followed by a piston is placed on top of the
sensor element. Figure adapted from [11]. Copyright 2020 Elsevier.

finger through a miniature linear motion actuator.
Pressure is defined as a force applied on an area 𝑃 = 𝐹/𝐴. The pressure seen

at the piston 𝑃piston can be expressed as a combination of two separate components
𝑃aeff and 𝑃ext: 𝑃piston = 𝑃aeff + 𝑃ext, where 𝑃aeff is the effective pressure oscillation
caused by the arterial pulsation depicted as 𝑃𝑎. 𝑃𝑒𝑥𝑡 is the external contact pressure
produced by the motion actuator and applied to the finger. The pulse pressure sensed
at the sensor is attenuated due to the small diameter of the artery. The force 𝐹𝑎,
generated by the pulsating applanated artery, remains relatively small since the con-
tact area with the piston surface (𝐴piston) is significantly larger than the area of the
small artery (𝐴𝑎). The actual amplitude of the oscillating pressure, 𝑃aeff, fluctuates
in relation to 𝑃ext, as outlined by the arterial compliance model [35]. The pressure at
the fingertip surface is equivalent to the pressure 𝑃piston, which, in turn, matches the
pressure within the air cushion, 𝑃cushion:

𝑃piston = 𝑃ext + 𝑃aeff = 𝑃cushion ⇐⇒
𝐹piston

𝐴piston
=

𝐹cushion

𝐴cushion
(6)

where 𝐹piston and 𝐹cushion are the forces exerted on the finger and the cushion,
respectively, and 𝐴piston and 𝐴cushion are the corresponding areas. As the areas on
top of the piston and the air cushion are nearly equal, the forces on both sides of the
cushion wall are balanced. The fixed walls and floor of the cylinder prevent the cush-
ion from expanding under external pressure. According to Pascal’s law, the pressure
applied to the fluid is uniformly distributed throughout the fluid. Consequently, the
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pressure sensed by the MEMS sensor equals the pressure applied to the finger, de-
noted as 𝑃piston. The morphology of the recorded arterial waveform is contingent on
the prevailing transmural pressure 𝑃𝑡, defined as the difference between the pressure
in the artery (𝑃𝑎) and the applied pressure (𝑃piston), represented as 𝑃𝑡 = 𝑃𝑎 −𝑃piston.
The validity of the applied pressure coupling to the sensing element can be verified
by placing known weights on top of the sensor and comparing measured pressure
values to those obtained by:

𝑃cushion =
𝐹piston

𝐴piston
=

𝑚 · 𝑔
𝐴piston

(7)

where 𝑚 is the weight and 𝑔 is Earth’s gravity (in m/s2). The sensor’s response
aligns well with the predicted values, exhibiting a linear response as depicted in
Figure 14b.

5.2.2 Algorithm

From the raw pressure signal, a bell-shaped oscillogram envelope (OMWE) is con-
structed by equiripple bandpass filtering (1 - 10 Hz), Hilbert transform, peak detec-
tion, and polynomial fitting respectively. Since the oscillogram is asymmetric, the
Hilbert transform is useful for computing OMWE, performing similar to using both
upper and lower oscillogram envelopes. MAP is found at the corresponding pressure
where OMWE reaches its maximum. DBP is computed by finding a point in the 𝑃ext

curve where the oscillogram envelope reaches 70% from the maximum value. Sys-
tolic pressure is computed from MAP and DBP values using the following formula:

𝑆𝐵𝑃 =
MAP − (1− 𝑘) · DBP

𝑘
(8)

where 𝑘 is a constant defining the ratio of BP values. Empirically, 𝑘 is set to
0.3. To regulate the applied pressure in tonometric waveform recording, the maxi-
mum of the envelope serves as a reference point. The device releases pressure until
it reaches the level where the envelope is at 50% of the maximum on the systolic
side, ensuring that the waveform is recorded under negative transmural pressure. Ar-
terial pulse waveform is recorded for approximately 15 seconds. A low-pass filter
(𝑓cutoff = 10 Hz) is applied, each pulse is found using peak detection, and finally,
an average peripheral arterial pulse is extracted by ensemble averaging. The arterial
pulse waveform can the be used for morphology analysis.

In publication IV we used two different algorithms for computing SBP from
MAP and DBP. The first algorithm implements the same method as above, using a
constant k (here 𝑘 = 0.4) for all subjects. For the second, patient-specific approach,
we incorporated the arterial stiffness index (ASI) as an additional parameter in the
formula for 𝑘: 𝑘 = 0.4+𝑙, where 𝑙 = 5(𝑥̃𝐴𝑆𝐼−𝐴𝑆𝐼). Here, 𝑥̃𝐴𝑆𝐼 = 0.03 represents
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Figure 15. An algorithm for computing BP. Increasing pressure ramp is exerted to the finger
generating a pressure-time plot. An oscillogram is formulated through a series of steps including
high-pass filtering, Hilbert transform, peak detection, and polynomial fitting. The highest point on
the oscillogram represents the MAP, and DBP is determined by identifying the point matching 70%
of MAP on the left side of the oscillogram. SBP is subsequently calculated from DBP and MAP
using a constant k. The pressure is then adjusted, and the arterial pulse wave is recorded for 15
seconds. A single pulse is extracted through ensemble averaging. The aortic pulse wave is
constructed using a Generalized Transfer Function (GTF). Figure adapted from [11]. Copyright
2020 Elsevier.

the median of the calculated ASIs in the subject group (n = 18) with measured pulse
wave velocity (PWV).

Arterial stiffness was determined by analyzing the OMWE. The OMWE was
plotted against 𝑃𝑡. The signal underwent numerical integration, resulting in an S-
shaped volume-transmural pressure (𝑉 -𝑃𝑡) plot. To model the data descriptively, we
employed nonlinear regression:

𝑦 ∼ 𝑓(𝑥, 𝛽)

Here, 𝑥 is an independent variable, 𝑦 is its associated dependent variable, and 𝛽

is a vector of parameters for a nonlinear function 𝑓 . The measured volume-pressure
data was fitted to an inverse trigonometric function:
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𝑓(𝑥) = 𝛽1 arctan(𝛽2 + 𝛽3𝑥) + 𝛽4

The parameters 𝛽1...4 were computed using nonlinear fitting, and the variable 𝑥

represents 𝑃𝑡. As 𝛽2 describes the slope of the curve, it is used as ASI [102].

5.2.3 System design

The same sensor setup was used in both Instrument II and IIIb. The sensor is con-
structed using an off-the-shelf barometric MEMS pressure sensor BMP180 (Bosch
Sensortec, Germany) which was customized by removing the metal packaging and
placing an air-filled cushion on top of it. A plastic cylindrical piston with a diameter
of 9 mm was placed on top of the cushion. BMP180 consists of a digital logic inter-
face IC and a rectangular piezoresistive sensor chip bonded together with four gold
wires. The sensor is produced utilizing Bosch’s advanced porous silicon membrane
(APSM) process [103]. The pressure directed to the sensor diaphragm creates defor-
mation of the four piezoresistors on the sensor surface. Together the resistors form a
full Wheatstone bridge resulting in a measurable voltage fluctuation as described in
Figure 1c. The output voltage 𝑉𝑜𝑢𝑡 is determined by:

𝑉out =
1

4𝑅
(−Δ𝑅1 +Δ𝑅2 −Δ𝑅3 +Δ𝑅4) · 𝑉in (9)

Where Δ𝑅1 to Δ𝑅4 represent changes in the resistances of the piezoelectric
resistors due to tensile stress, 𝑅 is the resistance of each individual piezoresistor
(𝑅 = 𝑅1 = 𝑅2 = 𝑅3 = 𝑅4) at unloaded conditions, and 𝑉in is the applied input
voltage [104]. The piezoresistors are positioned at the edge of the sensor diaphragm,
as the tensile stress due to diaphragm deformation is at its highest in that location.
[105].

Instrument II

The electronics were constructed around the Arduino microcontroller platform, which
uses the ATMega328P, an 8-bit Microchip AVR MCU (Microcontroller Unit). An
extension shield was devised to interface the peripherals with the MCU board. A
unipolar stepper motor (28-BYJ48, generic) and a Darlington transistor array driver
(ULN2003A) are linked to a distinct motor controller MCU (Microchip AVR AT-
tiny84), which operates on a separate dedicated firmware. A universal asynchronous
receiver transmitter (UART) connection links the motor controller MCU to the main
MCU. The customized pressure sensor, situated on a separate sensor PCB, is con-
nected to the MCU via I2C bus. The structural components were manufactured using
Selective Laser Sintering (SLS) technology to house the electronics, sensors, and the
stepper motor. For the linear motion press, used to apply controlled pressure on the
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Figure 16. The developed instruments. a) Instrument II was designed to be a table-top device
with the user inserting their finger into the opening in front. b) Instrument IIIb uses essentially the
same technology, but in a miniaturized wearable form factor. c) Both devices use a tonometric
piston construction, with an air-cushion placed on top of the MEMS element, followed by a piston.
The finger is placed on top of the sensing piston while external pressure is applied to it. Figure
adapted from [11; 15]

finger, a threaded rod and a nut fixed to the moving press are used to convert the mo-
tor’s rotating motion into linear motion. Two brass rails were employed to stabilize
the press.

Instrument IIIb

The device uses the nRF52840 (Nordic Semiconductor, Norway) microcontroller
unit (MCU). The MCU was selected because of its high performance ARM Cortex
M4 core and built-in USB capabilities. A pressure sensor, which is the same used
in Instrument II, BMP180, is connected to the MCU via via I2C bus. A brushed DC
motor (N20, generic) is used to apply pressure to the finger. The MCU is interfaced
to the motor via DRV8837 motor driver (Texas Instruments, USA) H-bridge that en-
ables bidirectional motor control. The MCU also monitors the two limit switches
(SSCQ110100, Alps Alpine, Japan) located on a separate PCB. The MCU is con-
nected to a laptop computer via USB.

The mechanical components of the instrument hold the electronic elements, serv-
ing as a framework to generate controlled pressure to the finger and providing struc-
tural support for the tonometric pressure sensor. The enclosure was 3D printed using
SLS process. A DC motor coupled with a reduction gear train is placed within the
internal support enclosure. A worm gear assembly further decreases the rotational
speed of the motor while changing the angle of rotation. The entire transmission
mechanism is enclosed within an inner support structure. A folding press system,
with the section in contact with the finger made from a flexible 3D printing fila-
ment, is utilized to exert pressure on the finger. To prevent any undesired movement
and potential injuries from excessive pressure, limit switches are integrated into the
hinge, establishing both lower and upper boundaries for its motion.
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SBP DBP MAP
Trial II -0.9 ± 7.3 -3.3 ± 6.6 -4.3 ± 5.3
Trial IV -3.5 ± 8.4 -4.0 ± 4.4 -1.2 ± 3.9
Combined -1.7 ± 8.2 -0.9 ± 6.5 1.1 ± 5.3

Table 3. Summary of BP measurement accuracy of the finger probe on two separate clinical
validation trials. The results are expressed as (mean±SD) mmHg

5.2.4 Validation

The tono-oscillometric technology was validated in two separate clinical studies II
and IV. This section summarizes the results combined from both studies.

Blood pressure

SBP, DBP and MAP were calculated from both studies and are summarized in Table
3. Bland-Altman plots [106] including measurements taken from clinical dataset II
and IV (including auscultation and the hydrostatic challenge) are shown in Figure
17. Study II (n=33) resulted in SBP, DBP and MAP of (-0.9 ± 7.3) mmHg, (-3.3
± 6.6) mmHg and (-4.3 ± 5.3) mmHg respectively. These results comply with the
AAMI/ISO standard of (5 ± 8) mmHg. However, the study size for the standard
is n=85 and we opted to use the study size from the ESH standard. Moreover, the
reference method used was automated cuff oscillometry, which can not be used in
either of the standards.

Clinical study IV yielded results of (-3.5 ± 8.4) mmHg (-4.0 ± 4.4) mmHg (-
1.2 ± 3.9) mmHg for SBP, DBP and MAP, respectively. We were able to recruit
32 volunteers in the hospital to measure with manual auscultation. However, six of
them had to be excluded due to AF. With the hydrostatic challenge, the augmented
dataset resulted in n=43. While DBP and MAP were well withing the limits of the
AAMI/ISO standard, standard deviation in SBP exceeded the limit by 0.4 mmHg.
However, the results could be improved via good algorithm design. Of the two al-
gorithms used for computing SBP, the patient-specific method utilizing ASI, yielded
better results. The standard method resulted in SBP of (-4.9 ± 9.5), which was no-
ticeably worse than the patient-specific method. This suggests that there is indeed
BP information in the ASI.

Central blood pressure

Central blood pressure (CBP) is the prevailing pressure in the aorta, representing
the work the heart has to do to pump blood to the systemic circulation. Normally,
CBP is lower than brachial arterial pressure due to arterial pressure amplification.
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Figure 17. Correlation and Bland-Altman plots for two independent clinical trials. Datapoints from
clinical trials II (white) and IV (red) and dataset IV HC (blue) are pooled into one set (n = 76). The
correlation coefficient (r) and standard deviation (SD) are embedded in the figure. Figure adapted
from [107]

The amplification is reduced when arteries stiffen with age and atherosclerosis, and
it can vary significantly between individuals. Consequently, two individuals with
the similar brachial blood pressures can have significantly different central blood
pressures, with one being normotensive and the other hypertensive, requiring blood
pressure medication.

One important metric is the central augmentation index (𝑐𝐴𝐼𝑥) [24]. The higher
the 𝑐𝐴𝐼𝑥, the more resistance the pulse wave confronts when traveling through the
artery. The amplification of the reflected wave takes place as a result of diverse
physiological processes, particularly when plaque begins to accumulate in the vessels
(atherosclerosis), leading to a decreased ability of the vascular system to respond to
both static and dynamic pressure changes. 𝑐𝐴𝐼𝑥 can be calculated from the pulse
pressures at points 𝑃1 and 𝑃2:

𝑐𝐴𝐼𝑥 =
𝑃𝑃2

𝑃𝑃1
· 100% (4)

where 𝑃𝑃1 is the pulse pressure of the initial wave, and 𝑃𝑃2 is the pulse pressure
with the reflected wave augmented to the initial wave. The difference 𝑃𝑃2 − 𝑃𝑃1 is
called augmentation pressure (AP).

We assessed the capability of Instrument II to measure CBP using automatically
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Figure 18. BP and CBP waveform recordings. a) Pressure and heart rate measured during
Valsalva maneuver (indicated by the horizontal black bar) measured with Instrument II and the
reference VUT device from contralateral hands. Each phase of the response is denoted as I-IV. b)
Subsequent measurements taken with Instrument IIIb with a VUT device as a reference. The grey
rectangles indicate automatic calibration sequences performed by the reference device. c) Five
CBP pulses taken with Instrument II and the PWA reference device. Figure adapted from [11; 15]

acquired peripheral arterial waveform. A transfer function was used to estimate the
CBP waveform from a peripheral pulse wave [108]. Figure 18 shows the measure-
ments taken from five subjects with SphygmoCor and Instrument II. Comparing these
two devices, central aortic systolic pressure (CASP) and 𝑐𝐴𝐼𝑥 obtained from the
CBP waveform resulted in −5.8± 3.2 mmHg and 1.4± 6.2%, respectively.

Pulse wave recording

To assess the sensor’s capability in capturing dynamic blood pressure changes, a Val-
salva maneuver was performed on three subjects, with simultaneous measurements
taken using both the reference device and Instrument II. The Valsalva maneuver is
a standard diagnostic procedure, which involves the subject attempting to exhale
against a closed airway [109]. The typical Valsalva response comprises four dis-
tinct phases (I to IV). In phase I, as intrathoracic pressure (ITP) increases, there is
a flow of blood from the pulmonary circulation into the left atrium, resulting in an
initial rise in pressure and heart rate (HR). In phase II, the increased ITP leads to a
reduction in pressure and stroke volume, prompting compensatory tachycardia and
a further increase in HR. With the conclusion of the maneuver in phase III, a rapid
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Figure 19. An illustration of AF detection during oscillometric measurement. Comparison of an
envelope error feature between AF (n=6) and SR (n=43) for pressure sensor. Figure adapted from
[13]. Copyright 2020 Elsevier.

pressure decrease is typically observed. This is followed by phase IV, characterized
by a pressure increase surpassing the initial level and a decrease in HR. As illus-
trated in Figure 18a, the response recorded with Instrument II closely aligns with the
reference measurement.

We aimed to evaluate the device’s ability to perform successive measurements
with Instrument IIIb. Nine consecutive measurements were obtained from the same
subject over a 20-minute period. The consecutive measurements captured with our
device closely aligned with those from the reference device, faithfully reflecting the
changes in blood pressure. Comparison of the repeated measurements to the refer-
ence device resulted in SBP of (6.9 ± 4.7) mmHg, MBP of (0.6 ± 4.0) mmHg, and
DBP of (1.6± 3.4) mmHg. The entire measurement is shown in Figure 18b.

Atrial fibrillation

We aimed to demonstrate the device’s ability to detect AF while simultaneously be-
ing able to exclude these patients from the actual validation dataset. AF is known to
significantly impact oscillometric blood pressure (BP) measurements. AF was iden-
tified in six subjects, and the mean error from the OMWE in mmHg was computed
for each subject. In AF, pulse pressure varies randomly, causing deformation of the
oscillometric envelope. Single pulses may be higher or lower than the OMWE, lead-
ing to an increase in the mean error. A threshold of 0.8 mmHg was employed to
distinguish AF from sinus rhythm. Figure 19 illustrates that AF cases can be classi-
fied using this simple threshold.
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Figure 20. Oscillometric model. a) The simulated and measured OMWEs from the fingertip. b) A
𝑉 − 𝑃𝑡 plot computed from a). c) The principle of the transfer of pulsations from the artery to the
air cushion at different transmural pressures. Figure adapted from [107]

5.2.5 Modeling

The mechanism of pressure transfer from the artery to the cuff has been well doc-
umented in brachial oscillometry [35]. We applied the pressure-volume model de-
scribed in Chapter 2, Section 3.1, to the finger tono-oscillometric method. Instead of
the parameters used for the brachial artery and a brachial cuff, we used the dimen-
sions of the air cushion and the distal transverse palmar artery [110]. This resulted in
an OMWE with the maximum amplitude of approximately 12 mmHg, which is sig-
nificantly higher than the 2.5 mmHg in the brachial setup computed with the same
stiffness parameters. Figure 20a) shows the simulated OMWE along with an example
measurement. The maximum amplitude of the measured OMWE is only 50% of the
simulated one, which is likely caused by multiple factors. The friction of the piston,
suboptimal pressure coupling and variation in the artery dimensions. Nevertheless,
the transfer of pulsation from the artery to the sensor is significantly higher in the
finger than the upper arm. The model also shows the variation in pulse morphology
at different 𝑃𝑡. At negative 𝑃𝑡, the pulse exhibits a ’spiky’ shape and at positive 𝑃𝑡

the pulses appear wider and softer. This is due to the nonlinear characteristic of the
𝑃𝑡 − 𝑉 curve, as seen in Figure 20.

5.3 Continuous BP monitoring
VUT devices use highly complex and expensive pneumatics for high-frequency con-
trol of vascular unloading. We developed a simpler, yet effective technique for con-
tinuous BP monitoring. The technique is based on the finding that the non-pulsatile
(DC) component of the PPG correlates with both BP and contact pressure. A PPG
signal is essentially a composite of two separable components: alternating current
(AC) and direct current (DC) components [18]. The AC component corresponds to
the pulsatile blood flow in the artery and the DC component is considered to probe
the nonpulsatile composite of the steady venous and arterial blood volume in the un-
derlying tissue. A study comparing intra-arterial BP to a PPG signal showed a clear
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Figure 21. Mechanics for Instrument IIIa. a) Piston construction is similar to Instrument IIIb, with a
PPG sensor added. A custom PCB was manufactured for this purpose. b) Half section view of the
instrument, showing the targeted artery in the fingertip. c) A photograph of the device in use, with
the inner power train highlighted. Figure adapted from [14]

correlation between BP and the PPG DC component.
Our method relies on keeping the DC component of the infrared (IR) PPG signal

constant by altering the applied external pressure using an electronic feedback mech-
anism. We used the miniaturized Instrument IIIb as the base for the study and added
a PPG sensor on top of the sensing piston. In addition, the firmware was modified
to implement the feedback mechanism used for continuous BP. Since the proposed
method does not need to control the contact pressure hundreds of times in a second,
we are able to use a pressing mechanism based on a DC motor. This also removes
the need for an inflatable cuff, making the technique cuffless.

5.3.1 Low-frequency vascular unloading technique

Operation of the device can be divided into two segments: open-loop action and
closed-loop action. Open-loop action is responsible for the calibration phase, and
is mostly done at the PC software end. Closed-loop action is responsible for the
continuous BP acquisition phase. The computation for the close-loop phase is inde-
pendently performed at the device microcontroller unit.

Open-loop action

In order to find the correct volume clamping pressure, the method relies on an initial
calibration used to find the initial setpoint. This is found at the level of zero transmu-
ral pressure (𝑃𝑡). At this point, the transfer of the pulsatile signal to the sensor is at its
maximum. The setpoint is found using open-loop control. Similar to the oscillomet-
ric method, the contact pressure is increased and the pressure ramp is stopped when
reaching suprasystolic pressure (140 mmHg in most cases). The point of maximum
pulsation in the pressure curve is found from the oscillogram. This marks the level
of finger mean arterial pressure (MAPfinger) and zero 𝑃𝑡. The contact pressure is then
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set to this level and the desired setpoint is calculated by computing the mean dc level
from five subsequent IR PPG pulses. At the beginning of a measurement, a brachial
cuff measurement is taken and the pressure signal is calibrated to the brachial MAP
provided by the reference device.

Closed-loop action

Following the open-loop phase, the system proceeds to the actual BP tracking phase,
which uses a closed-loop feedback system. The system is “closed” since it uses a
feedback signal from the output to adjust its performance. Traditional volume clamp
systems control the volume between and during each cardiac cycle, which is called
”unloading the artery”. This means that the IR PPG volume is kept constant dur-
ing the periodic changes, within and across cardiac cycles, caused by pulsatile blood
flow. The controller samples the volume hundreds of times during each pulse, re-
sulting in high-frequency feedback. Instead of controlling the volume of each full
cardiac cycle, in our method, only the average volume over a cardiac cycle is con-
trolled and kept at a constant level. This is accomplished by taking the mean value of
each cardiac cycle and making only one volume compensating maneuver once in a
cardiac cycle. Doing this, the AC component of the PPG is left unchanged, and only
the DC component is controlled. This low-frequency vascular unloading is much less
computationally intensive than traditional VUT and does not require fast manipula-
tion of the contact pressure. After a pulse is detected, the DC value is computed for
the pulse by performing numerical integration over one cardiac cycle. The DC level
is passed to the controller after each detected pulse and the controller refresh rate is
much slower than in traditional VUT. It is actually the same as the heart rate, and
not dependent on the sensor sampling frequency. A proportional-integral-derivative
(PID) controller is used to modify the counter pressure directed to the finger by keep-
ing the DC level of the IR PPG signal constant. This allows the pressure sensed at
the sensor piston to follow mean intra-arterial pressure. Operation of the feedback
system is shown in Figure 23.

5.3.2 Vasomotor compensation

We did not implement any real-time setpoint correcting methods, which makes the
measurement prone to errors due to possible changes in vasomotor tone. We aimed to
solve this by devising a method for recognizing and compensating for these changes.
Vasomotor compensation is done in post-processing and no interruptions to the mea-
surement are required. From previous literature, IR and red wavelengths in PPG
are known to probe the volume of the large conduit arteries [26]. However, green
PPG is known to penetrate the tissue much more superficially, probing arteriolar and
capillary circulation [26]. Arterioles are the vessels between arteries and capillaries
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Figure 22. Operating principle of Instrument IIIa. a) The figure shows the open and closed-loop
phases of the continuous BP measurement. 𝑉IR is the volumetric signal obtained from IR PPG,
𝑃raw is the unfiltered pressure signal, and 𝑃𝑓𝑖𝑙𝑡 is the highpass filtered pressure signal. The
setpoint 𝑉setpoint is found by performing an increasing pressure ramp and finding the point of
maximum pulsations and setting the contact pressure to the corresponding level. b) System
diagram of the device. Figure adapted from [14]

responsible for the majority of vasomotor tone activity[23]. When clamping the arte-
rial volume via IR PPG, the arteriolar/capillary volume is allowed to vary freely to an
extent. We believe that this can be observed in the green PPG DC component, where
vasodilation accounts for an upward shift in the DC level, and vice versa for vaso-
constriction. We demonstrated the ability of green PPG to track vasomotor action by
extracting the green DC component, multiply it by a constant 𝑘 and summing it to
the original pressure signal. 𝑘 was the same in each measurement found empirically.

5.3.3 Blood pressure measurements

First we studied the effect of the feedback mechanism on the morphology of the
pulse wave. IR PPG signal was recorded with the subject’s hand held at three differ-
ent heights in respect to the heart level (-10 cm, 0 cm and 10 cm). The measurement
was performed both with and without the feedback mechanism. With the feedback
loop on, the waveform remained very similar at each height, indicating that 𝑃𝑡 re-
mains the same. Correspondingly, with the feedback loop switched off, the height
adjustment resulted in a significant change in the pulse morphology. These results
are shown in Figure 23a and b. For experimental validation, the ability to maintain
zero 𝑃𝑡 for continuous tracking of MAP was assessed by comparing simultaneous
recordings with the proposed device and the VUT reference device. The measure-
ments were analyzed by dividing each measurement into 10 s epochs and computed
the mean for each segment for both devices. Comparing data from each device re-
sulted in (mean±SD) mmHg of (0.3±4.3) mmHg for MAP. The subjects were asked
to perform certain BP altering maneuvers, such as deep or fast breathing and passive
leg raise test. The measured MAP followed the reference very closely during the BP-
altering maneuvers. An example is shown in Figure 23c, where the abrupt decrease
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Figure 23. Results from human study III. a) and b) Pulse morphology analysis during pressure
changes with (a) and without (b) closed-loop feedback. Each curve represents an ensemble
averaged pulse waveform at a certain height (-10 cm, 0 cm and 10 cm) from the heart level. Figure
adapted from [14]

in BP caused by fast breathing was as high as 20 mmHg, happening over a time of 15
s. The feedback mechanism was able to react to these relatively fast changes. In most
cases, the changes in BP would presumably rarely be faster than these, particularly
for home use. However, in an intensive care environment the changes can often be
more dramatic.

To study the effect of the vasomotor compensation method to measurement accu-
racy, we then compared the (mean±SD) mmHg values of the measurements with and
without vasomotor compensation. The one with vasomotor compensation showed
better accuracy: (0.3±4.3) mmHg compared to the original: (-1.4±5.1) mmHg. This
suggests that the green PPG DC signal indeed holds information of the vasomotor
process.
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6 Discussion

This thesis summarizes the results of five journal articles regarding the design, im-
plementation and validation of new hemodynamic monitoring applications. The ac-
curacy of measuring intermittent BP was comparable with the emerging wearable
devices on the market and research endeavours, such as the Omron Heartguide and
the smartphone oscillometric finger pressing method. Regarding continuous non-
invasive BP monitoring, the proof-of-concept human study in Publication III showed
that the proposed technology can achieve similar performance compared with state-
of-the-art VUT monitors, such as the CNSystems CNAP500 and CNAP2GO. Nev-
ertheless, a comprehensive study with an intra-arterial reference is justified.

6.1 Achievement of the aims
The results of the five publications I-V showed great promise in the field of wear-
able BP monitoring. We were able to achieve the aims set for each study and gain
deeper knowledge of the mechanisms as well as possibilities in wearable hemody-
namic monitoring. Publication I showed that arterial pulse monitoring via pressure
sensing is indeed viable. However, this type of approach has a major setback, since
it does not allow the measurement of absolute BP. Only relative changes and pulse
waveform can be obtained. Publications II and IV addressed this issue and provided
a method that can also measure the absolute BP via tono-oscillometry. Although,
this results in the need for more complex mechanics and inherently a larger form
factor. The miniaturization process proposed in publication III did facilitate this is-
sue. While the overall human study size for intermittent BP monitoring (n=76) was
significant, it still falls behind the requirement for the current ISO standard (n=85)
[63]. Moreover, the protocol used did not fully meet the standard requirements in
terms of BP ranges. On the other hand, if commercialized, the device would have
to go through a thorough validation again despite the initial validation. The same
applies to the continuous BP monitoring device introduced in publication II. Being a
continuous-type monitor it would have to be validated according to the appropriate
standard protocol [66]. Finally, publication V fulfilled its aims, summarizing the re-
sults from the clinical trials II and IV, along with deepening the understanding of the
technology via mathematical modeling.
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6.2 Technological feasibility of fingertip BP monitoring
We wanted to receive opinions on the fingertip BP monitoring technology from both
the general public and healthcare professionals. Two survey studies were conducted
during the project by Taloustutkimus Oy and Clinius Oy in Finland. The first study
was an internet survey consisting of multiple different question regarding the use of
home BP monitoring and receptivity for fingertip BP monitoring. The survey was
done on Finnish adults (n=959) from the ages of 30 years to 79 years. The results
showed that nearly all people having a hypertension diagnosis own and frequently
use an automated BP monitor. However, in people that are not diagnosed with hy-
pertension only 50% own and less than half of them use a home BP monitor. The
most common reason for this was the perception of being healthy and not needing to
monitor their BP. Of all subjects, 56% were interested in home BP monitoring and
even roughly half of those who do not actively monitor their BP showed interest.
30% of people reported owning a smart device intended for health monitoring (e.g.
a smartwatch or a smart ring). The prevalence of smart devices was two times higher
in people under 60 years old. There was a high positive correlation between interest
for BP monitoring and interest for smart devices. This suggests that the market for
smart BP monitoring solutions will increase in the future.

The survey also included a Conjoint analysis part where different factors affect-
ing the appeal of a fingertip BP monitors were assessed. This type of study involves
presenting individuals with multiple product or service options and asking them to
make trade-offs [111]. We found that people were interested in a subscription based
model where different analysis options are provided. These include monitoring arte-
rial health, sleep cycles, stress and oxygen saturation. 36% of general public showed
interest in continuous BP monitoring and only 9% wanted a spot measurement de-
vice.

The second survey was intended for healthcare professionals and was done as a
telephone interview. The survey involved the interest for fingertip BP monitoring.
Eight professionals (4 females) were interviewed of whom four were specialist med-
ical doctors and four were registered nurses. Nearly all interviewees suggested that
traditional brachial cuff monitors are inconvenient for both the healthcare profes-
sional and the patient, and hoped that the fingertip monitor could solve these issues,
including pain and the need to remove clothing. The need for a device to measure
BP conveniently in elderly people was highlighted. It was reported that the absolute
accuracy in some cases such as ambulatory and ICU monitoring, is not the priority,
but to be able to detect adverse changes, such as a sudden drop in BP. One of the
interviewees noted an interesting use case for monitoring patients that experience a
significant drop in BP after e.g. vaccination or drug administration. For this, a finger-
worn device that can detect abrupt changes in BP could prove useful. The intervie-
wees also raised questions on the reliability of fingertip BP monitoring. Problems in
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finger vasculature in the elderly and issues with the device moving in the finger were
discussed.

We also recognize the concerns raised above. Poor finger vasculature and in
many cases cold fingers can cause inaccuracy. However, during human study IV,
we were able to recruit a reasonable amount of elderly subjects with various health
conditions, and the technique was able to perform well. The fear of the device per-
forming poorly outside the initial healthy test group was alleviated during the study.
We also received supportive feedback from the subjects which drove us to further
develop the technology.

6.3 Future directions
Since the technologies presented show potential, they definitely deserve to be fur-
ther studied and refined. There are a couple of crucial decisions to be made when
continuing the project.

From a more commercial perspective, the first question is whether to target the
device to personal health monitoring or to make the decision to enter the clinical
device market. The home monitoring or smart wearable market has huge potential
but is dominated by certain big operators. The challenge in pursuing the clinical
diagnostic device market is the rigor validations and clearances one has to go through
before being able to even enter the market.

The second factor to consider is whether to continue with the spot BP monitor-
ing or to lean into truly continuous monitoring. This also dictates the form factor to
an extent. Intermittent BP monitoring is adequate in most cases and can be used to
obtain time-series data, similar to continuous monitoring, only having worse tempo-
ral resolution. Here, the importance of accuracy is pronounced, while in continuous
monitoring the ability to pick up fast changes in BP is crucial.

A pulse oximeter type design could prove to be the most viable, since it is already
widely adapted in clinical use and thus we would not need any additional devices
connected to the patient. Moreover, the need for a brachial cuff would be eliminated.

The tono-oscillometric method introduced in this thesis was adapted in our multi-
wavelength PPG proof-of-concept study [17]. Our aim was to shed light into the
hemodynamics of microcirculation in the skin by using multiple LEDs with different
wavelengths and thus optical penetration depths. The study gave us insights of the BP
as well as vasomotor phenomena of microvascular arteries. This direction of research
shows great promise and via this technology we hope to be able to understand the
mechanism in different cardiovascular diseases.
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7 Conclusion

The worldwide market for home blood pressure monitoring is anticipated to surpass
5.5 billion USD by 2030, with an annual growth rate of 6.85% from 2023 to 2030
[112]. The global rise in the prevalence of hypertension and cardiovascular diseases,
along with governmental control, are key drivers in the healthcare industry. Digital
BP monitors designed for home use account for 64.3% of the market, with Omron
Healthcare leading as the primary manufacturer [113]. Arm-based digital BP mon-
itors are the most common type. However, wrist monitors are anticipated to gain
popularity due to their capability for multi-parameter readings and integration with
smartphones [114].

In this thesis, a new BP monitoring technology from the fingertip was conceived
and implemented as well as validated in several clinical studies, done in collabora-
tion with the Turku University hospital. Publication I addressed the need for wear-
able pressure sensor based pulse wave monitoring and showed its capabilities in hu-
man study I. The results collected from publication I showed the need and paved
the way for a calibration-free BP measurement technology utilizing state-of-the-art
MEMS technology and mechatronics. Publication II introduced a working proto-
type of a tono-oscillometric monitor and provided proof-of-concept validation for it
in human study II. The technology was further refined in two continuation studies.
The technology from publication II was miniaturized and implemented in a wearable
pulse oximeter type form factor. In publication III, the technology was harnessed
for use in continuous BP monitoring by adding an optical sensing modality into the
device. This resulted in the application of low-frequency vascular unloading tech-
nology, which was tested in human study III. In publication IV the miniaturization
process was explained in detail and the system was again validated in human study
IV. Cost-effectiveness is definitely a key factor in making the technology available
for the wider public and this was achieved by using mostly off-the-shelf components
and modifying them for the intended use. Finally, in publication IV, we make use of
the efforts made before and draw new conclusions based on the combined data.

Fingertip monitoring has already been in wide use in the form of clinical pulse
oximeters which makes the technology reported in this work desirable. Being able to
measure BP from the fingertip along with oxygen saturation would eliminate the need
for an additional arm cuff in the ICU. The wearable form factor also enables mini-
mally intrusive measurement, which is important for example during sleep. Night-
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time – or nocturnal – BP variation has been found to provide a more accurate profile
of cardiovascular health than standard office BP [115]. Using the device introduced
in publication III, continuous acquisition of BP should be possible during night-time.
If a less temporally accurate measurement is sufficient, intermittent measurement as
described in publication IV could prove useful, still portraying the long-time varia-
tions in BP.
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