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ABSTRACT

Although recent researches corroborate with previous findings regarding the benefits of practising
regular physical activities, doing so in unfavourable conditions can also be harmful to an indivi-
dual’s health. In this sense, this dissertation brings an electronic and computational approach to
helping people in the safe practise of exercise by using contextual information such as resting heart-
rate, Body Mass Index (BMI), Body Composition, environmental temperature and air humidity
to provide the user with contextualised recommendation.

In order to achieve this, a recommendation system was developed to acquire the necessary data,
process it and provide useful guidance. A preliminary version of the system was developed as a
proof-of-concept implementation that would receive most of the data as a user provided input and
generate the recommendation. Later, each data acquisition module of the system was individually
designed and validated by means of simulations, testbenches or even comparison with similar
available devices when relevant. These tests proved that, although there is room for improvement,
that each circuit designed was able to successfully measure the variables in question. The pulse
rate monitor was compared to different commercial devices and presented similar readings and the
Bioimpedance Analysis Device accurately measured the impedance from the circuits modelling a
human body. This project was developed as a partnership between MidiaLab, LDCI and LARA at
the University of Brasilia. Part of this project was also developed during an exchange programme
at the University of Glasgow

RESUMO

Embora pesquisas recentes corroborem com resultados prévios a respeito dos benefícios da prática
regular de atividades físicas, realizá-las em condições desfavoráveis pode ser prejudicial à saúde do
indivíduo. Neste sentido, este trabalho apresenta uma abordagem eletrônica e computacional que
visa ajudar as pessoas na prática segura de exercícios físicos utilizando informações a respeito do
contexto como: a frequência cardíaca de repouso, o índice de Massa Corporal (IMC), a composição
corporal e a temperatura e a umidade do ambiente, para fornecer ao usuário uma recomendação
contextualizada.

Buscando alcançar esse objetivo, um sistema de recomendação foi desenvolvido para adquirir
os dados necessários, processá-los e prover uma sugestão proveitosa. Uma versão preliminar do
sistema foi desenvolvido como uma implementação da prova de conceito que receberia a maioria dos
dados como uma entrada fornecida pelo usuário e geraria uma recomendação. Posteriormente, cada
módulo de aquisição de dados foi individualmente projetado e validado por meio de simulações,
testes de bancada, ou até mesmo por comparação com dispositivos similares disponíveis quando
fosse relevante. Esses testes provaram que, embora haja possibilidade de melhorias, os circuitos
projetados foram capazes de realizar as medições necessárias com sucesso. O monitor de pulsos foi
comparado com diferentes dispositivos comerciais e apresentou leituras similares e o dispositivo de
analise de bioimpedância mediu com acurácia as impedâncias dos circuitos usados para modelar um



coropo humano. Este projeto foi desenvolvido como uma parceria entre os laboratórios MidiaLab,
LDCI (Laboratório de Dispostivos e Circuitos Integrados) e LARA (Laboratório de Robótica e
Automação) na Universidade de Brasília. Parte dele também foi desenvolvida durante intercâmbio
na Universidade de Glasgow.
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Chapter 1

Introduction

1.1 Contextualisation

Two of the major risks factors for heart diseases and other chronic diseases such as diabetes and
cancer are overweight and obesity, which are estimated to be responsible for at least 2.8 million
deaths every year worldwide, according to the World Health Organization (WHO) in [1]. In a
world where obesity rates have nearly doubled since 1980 (WHO in [2]), finding out how to control
this issue’s growth is a pressing matter.

WHO also states that one of the ways of reducing obesity on a societal level is to support
individuals in engaging in regular physical activity. Besides, the same organisation affirms in [3],
that during the year of 2008, 31% of adults worldwide aged 15 or more were considered to be
insufficiently active. Estimates say that insufficient physical activity may cause the deaths of 3.2
million people every year around the globe (WHO in [3]).

The inadequate practice of physical activities may be just as harmful as the lack of it. As
Marins states in [4], the practice of physical exercises at unfavourable conditions, such as high
temperature and humidity, may provoke thermal stress to an individual, which ultimately can
even lead to death. Considering these circumstances, a system capable of warning the user about
the safety of practising physical activities becomes relevant.

1.2 Problem Definition

With the development and popularisation of mobile technology and wireless networks, a new
paradigm, called context-aware computing [5], arises with the purpose of improving the user-
environment interaction. In such a scenery, applications start to consider the user’s current situ-
ation to provide relevant and accurate information and services. In this context, project BioCy-
berUrban ParQ [6] was developed aiming at improving the interaction between the user and the
Sarah Kubitschek Park (Brasilia’s City Park) by means of pervasive and ubiquitous computing
systems. The system proposed in this dissertation, called Smart Bench, is part of this project and
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intends to provide physical exercises practitioners with contextualised recommendation according
to the user’s biomedical data and information about the weather. It consists of a modified bench
fitted with several sensors, and the necessary signal conditioning circuitry that communicates with
a totem via an Arduino. The totem will then process the data and turn it into a recommendation
and display it to the user through a friendly graphical interface.

It is important to highlight that the system described in this dissertation is not intended as
a replacement for professional consultation or clinical usage. It is merely a tool that provides
everyday suggestions regarding the safe practice of physical activities based on scientific analysis
on data that otherwise would be scattered.

1.3 Project Goals

The main goal of this work is to design and implement circuits capable of obtaining relevant
biomedical and weather-related data as well as develop an application capable of using this context
to provide useful recommendations regarding the safe practice of physical activities. The list below
describes the specific objectives that must be completed to achieve this goal.

• Design and implement a module capable of adequately measuring local temperature and air
humidity;

• Design and implement a module capable of acquiring the user’s resting pulse-rate;

• Design and implement a module capable of measuring the user’s body Mass;

• Design and implement a user-system interface to allow input of the required information to
compute the user’s BMI and Body composition;

• Design and implement a module capable of estimating the user’s body composition;

• Test and Validate the modules developed in the items above;

• Integrate all modules into a single data processing unit;

• Develop an application capable of using the data obtained by the aforementioned data to
create a context-based recommendation;

1.4 Manuscript Presentation

Chapter 2 provides a literature review of the various concepts used in this project’s imple-
mentation. Chapter 3 describes the methodology used to develop the project. The experiments
performed to validate the system are discussed in Chapter 4, immediately followed by conclusions
and a discussion of possible ideas related to the project that were not yet implemented in Chapter
5. Annex I is aimed at readers from fields related to Biomedical Engineering and Exercise Phy-
siology who do not posses extensive knowledge on the core concepts of Electrical and Electronics
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Engineering in an attempt to level the understanding of this manuscript. It contains a brief expla-
nation on the functioning of basic filters and amplifiers which is required to understand the designs
described in this manuscript.
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Chapter 2

Literature Review

2.1 Introduction

Due to the multidisciplinary nature of this system, the following sections will review the theory
in the field of Exercise Physiology which will justify why each variable is important to the generation
of a recommendation. Following this, oscillator topologies and their analysis will be presented as
this knowledge is of paramount importance to the full understanding of this manuscript.

2.2 Weather Conditions

2.2.1 Impact of Weather on Physical Activities Safety

According to Seeley[7], it is considered that the average normal temperature of the human body
is 37◦C (98.6◦F), if measured orally, and 37.6◦C when measured rectally. Since heat is naturally
generated by the normal metabolism, to ensure constancy of the body temperature, which is
essential to maintain homeostasis, heat has to be exchanged with the environment. This can be
achieved by radiation, conduction, convection, or even evaporation of water in the body surface.

Mechanisms such as perspiration of the skin or muscle contractions of shivering are natural ways
of controlling these heat exchanges to ensure that the body remains in the desired temperature.
When for some reason these mechanisms are not enough to maintain the normal temperature, two
situations may arise. (i)Hyperthermia, i.e when the body’s capacity to lose heat is exceeded by
the gain and production of heat by the body, or (ii)Hypothermia, when the loss of heat is greater
than the body’s ability to produce it.

In hot and humid environments, the evaporation of sweat is compromised due to the excessive
humidity. In addition to that, if the environmental temperature is higher than the body, there will
be gain of heat from the environment and the loss of heat through convection is impaired. As a
result of that, to prevent overheating, it is advisable to limit the practice of physical exercise in
such a scenario.
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Table 2.1, adapted from [8], correlates air temperature and relative humidity to heat sensation
and highlights some of the possible negative outcomes of exercising in unfavourable weather con-
ditions due to thermal stress. For instance, exercising under a heat sensation between 90◦F and
105◦F may lead to cramps, while between 105◦F and 130◦F, not only cramps are more likely, but
there is also the possibility of heat strokes. Practising such activities at temperatures above 130◦F
will subject a person to a very high risk of heat strokes, possibly even leading to death. These
guidelines were used in the system to quantify the safety of practising physical activities for the
measured weather conditions.

Table 2.1: Table describing possible negative outcomes of exercising in unfavourable weather con-
ditions.

Air Temperature (◦F)
70 75 80 85 90 95 100 105 110 115 120

Relative Humidity Heat Sensation (◦F)
0,00% 64 69 73 78 83 87 91 95 99 103 107
10,00% 65 70 75 80 85 90 95 100 105 111 116
20,00% 66 72 77 82 87 93 99 105 112 120 130
30,00% 67 73 78 84 90 96 104 113 123 135 148
40,00% 68 74 79 86 93 101 110 123 137 151
50,00% 69 75 81 88 96 107 120 135 150
60,00% 70 76 82 90 100 114 132 149
70,00% 70 77 85 93 106 124 144
80,00% 71 78 86 97 113 136
90,00% 71 79 88 102 122
100,00% 72 80 91 108
90-105◦F Possibility of Heat Cramps
105-130◦F Heat Cramps or Heat Exhaustion Likely, Heat Stroke Possible
>130◦F Heat Stroke a Definite Risk

2.2.2 Measuring Temperature and Humidity

The American National Research Council defines in [9] sensor elements as a fundamental trans-
duction mechanism that converts one form of energy into another and sensors as one or more sensor
element with a physical packaging and external connections. The same text claims that records
of temperature sensors that use the temperature sensitivity of electrical resistance in different ma-
terials can be tracked to even to the early 1860s, when Wilhelm Von Siemens developed a copper
based temperature sensor.

Farahani et al. describe in [10] as the amount of water vapour in an atmosphere of air or
other gases and explains that some sensors, categorised as hygrometric sensors, use the changes
in electrical conductance or capacitance of certain materials due to the absorption or desorption
of water molecules from the air. Hygrometric sensors can also be classified into ionic or electronic
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conduction sensors depending on the type of carriers used to perform electrical transportation.

A compound sensor can be designed by using sensor elements capable of measuring both phy-
sical quantities to properly assess weather conditions.

2.3 Pulse Rate Monitor and Resting Heart Rate

2.3.1 Resting Heart Rate and Fitness Levels

As Seeley affirms in [7], exercise training increases athletic performance due to the cardio-
vascular and respiratory systems becoming more efficient. Table 2.2, adapted from the Aquatic
Exercise Association in [11], shows how the resting heart rate can be used to assess an athlete’s
fitness levels. It establishes a relationship between gender, age, heart rate and physical condition.
Generally speaking, lower heart rates tend to indicate higher pulmonary capacity, and therefore,
higher fitness levels. Since, the metabolic needs of a human change with age and gender, so does
the need for oxygen, which is why the exact ranges of resting heart rate that define a certain fitness
level vary with those two other variables. For instance, For a male between 18 and 25 years old, a
resting heart rate of 49 to 55 bpm will indicate an excelent fitness level, for a female older than 65
years old is classified with the same fitness level with 54 to 59 bpm.

Table 2.2: Table showing the relationship between fitness levels and Resting Heart Rate (be-
ats/min).

Age (Years) 18-25 26-35 36-45 46-55 56-65 >65
Gender M F M F M F M F M F M F
Excelent 49-55 54-60 49-54 54-59 50-58 54-59 50-57 54-60 51-56 54-59 50-55 54-59
Good 56-61 61-65 55-61 60-64 59-62 60-64 58-63 61-65 57-61 60-64 56-61 60-64

Above Average 62-65 66-69 62-65 65-68 63-66 65-69 64-67 66-69 62-67 65-69 62-65 65-68
Average 66-69 70-73 66-70 69-71 67-70 70-72 68-71 70-73 68-71 70-73 66-69 69-72

Below Average 70-73 74-78 71-74 72-76 71-76 73-78 72-76 74-77 72-75 74-77 70-73 73-76
Poor 74-81 79-84 75-81 77-82 77-82 79-82 77-82 78-84 76-81 78-81 74-81 77-79

Very Poor >=82 >=84 >=82 >=83 >=83 >=83 >=83 >=83 >=82 >=82 >=82 >=80

Hong Kong’s Department of health’s guidelines in [12] affirms that sedentary individuals would
be the ones to accrue the most benefits in fitness outcomes from increasing the practice of physical
activities. In their handbook, it is recommended that for such individuals, moderate intensity
aerobic exercises should be prescribed. It is also advised that sedentary people should build up
their physical activity targets over several weeks to minimise muscle soreness and fatigue.

The Smart Bench system uses the information of the table to classify the likelihood of a certain
user to be sedentary, or active based on their fitness levels and then assess the risk of fatigue and
muscle soreness, as well as the benefits of certain activities over others.
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2.3.2 Photoplethysmography

To assess the user’s resting heart rate, a simple pulse rate monitor was built using a technique
known as Photoplethysmography. According to Allen in [13] "Photoplethysmography (PPG)
is a simple and low-cost optical technique that can be used to detect blood volume changes in
the microvascular bed of tissue". This technique can be used to build pulse rate monitors. The
technique consists in focusing a beam of red or near-infrared light on the target tissue and measuring
either the resultant reflection or the transmittance of light through the tissue. Due to the light’s
limited power of penetration, this measurement is usually done in fingertips, or earlobes. This
technique was used to build a simple Pulse-rate monitor aiming at assessing the user’s resting
heart-rate. Other data that can be obtained using photoplethysmography include but is not
limited to oxigen saturation, blood pressure cardiac output (Allen in [13]).

In the history of Photoplethysmography, some factors were found to be of great influence to
the final result. For instance, when it comes to light-tissue interactions, the choice of the light
source is of utmost importance. This happens because, when choosing the light source for a PPG
based device, the first concern is if the light will be able to penetrate the tissue. For that, it cannot
be highly absorbed by water, the main component of human body, nor by the melanin. This fact
alone already narrows the spectrum of light to red and near infrared light. This window in the
water’s absorption spectra is called The Optical Water Window [13]. Secondly, for the specific
application covered by this manuscript, ideally the light absorption should not be influenced by
oxygen saturation, as this changes in time independently of the heart rate. Since there is a sensitive
difference between the absorption of light between Oxyhaemoglobin (HbO2) and Haemoglobin(Hb)
except at the Isobestic Wavelength, i.e close to 805ηm, the light source should be selected to be as
close to this value as possible[13]. With that in mind, the Smart Bench system was designed with
a TCRT1010 reflective optical sensor which emits light at a 950ηm.

2.4 Body Mass Index (BMI) and Body Composition

To further assess the subject’s physical fitness, it is also important to evaluate the Body Mass
Index, and the body composition. This is done to ensure that the user will receive a recommen-
dation that is compatible with his or her current physical capabilities and needs. The body mass
index is, according to The Scottish Intercollegiate Guidelines Network (SIGN) in [14] "[...] a
measure of weight status at an individual level and takes account of the expected weights in adults
of different heights."The equation to calculate BMI, also from SIGN in [14] is defined by equation
2.1 where the weight is given in kilograms and the height in meters.

BMI =
Weight

height2
(2.1)

In order to predict the body composition from the bioimpedance, the equations 2.2 and 2.3
presented by Wan, et al. in [15] can be used.
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FFM = 0.661
H2

R50
+ 0.2W − 0.32 (2.2)

TBW = 0.4
H2

R50
+ 0.148W + 3.32 (2.3)

Where FFM stands for Fat Free Mass, TBW for Total Body Water, H is height in centimeters,
W is Weight in kilograms, and R50 is the subject’s body resistance measured with a 50kHz current.

This data is obtained through three different modules: a weight scale, a device developed for
this system that is capable of estimating the user’s bioimpedance, and a user interface to obtain the
necessary data from the individual. The combination of these measurements, as well as the resting
heart rate, allows the separation of individuals with high BMI, but low body fat percentages, low
BMI but high body fat percentages and even between active obese people and sedentary obese
people, which grants a better assessment of their real fitness levels.

The Scottish Intercollegiate Guidelines Network (SIGN) defines in [14] a classification of he-
althy weight ranges according to a subject’s BMI. This classification can be seen in Table 2.3.

Table 2.3: Fitness levels according to healthy BMI ranges (Scottish Intercollegiate Guidelines
Network).

Classification Underweight Healthy Overweight Obesity 1 Obesity 2 Obesity 3
BMI(kg/m2) <= 18.5 18 to 24.9 25 to 29.9 30 to 34.9 35 to 39.9 >= 40

Also, the American Council on Exercise details in [16] a relationship between fitness levels the
body composition of the subject, more specifically the body fat percentage. This relationship is
described in Table 2.4.

Table 2.4: Fitness levels according to body fat percentage ranges (American Council on Exercise).

Essential Athletes Fitness Average Obese
Male 2% to 5% 6% to 13% 14% to 17% 18% to 24% >25%
Female 10% to 13% 14% to 20% 21% to 24% 25% to 31% >32%

2.4.1 Exercise Recommendation Guidelines based on Fitness levels

As a general recommendation to treat obesity, the Scotish Intercollegiate of Guidelines Network
claims in [14] that adults should be prescribed a volume of physical activity equivalent to the expen-
diture of approximately 1800 to 2500 kcal per week (roughly corresponding to 225 to 300 minutes
of moderate activity per week). While it suggests that individuals should be encouraged to engage
in physical activities, the same document states that obesity increases the risk of diabetes, cancer,
heart and liver diseases, ashtma, osteoarthritis and other comorbidities and as such, the prescrip-
tion of exercises may warrant some adaptations. As McQueen says in [17], "Obese exercisers may
require accommodations for arthritic conditions, and modifications of weight-bearing activities may
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be necessary. [...]Obese individuals are also at increased risk for hyperthermia, and the exercise
environment should be appropriately adapted.". Hong Kong’s Centre for Health Protection advises
in [12] that for overweight and obese people, brisk walking constitutes moderate intensity activity
and warns that people with BMI over 35kg/m2 may present difficulty even with weight bearing
activities. For these individuals, it is recommended to gradually increase the practice of moderate
activities such as cycling, swimming and other forms of aerobics.

2.4.2 Bioimpedance Analysis

Bioimpedance Analysis is a simple, quick, noninvasive method that is widely used to estimate
body composition as defined by Wan et al. in [15]. The electrical impedance of a circuit element,
as Lipiansky describes in [18], is the ratio of the voltage phasor (measured in the terminals of the
element) to the current phasor passing trough the element at one angular frequency for sinusoidal
voltage and current waveforms. As a complex quantity, it has a real component (resistance) and
an imaginary component (reactance). The former is the major opposition of the conductor to the
passage of electrical current while the latter is an additional opposition created by the storage
of electric charges by reactive components over time. BIA is defined as the measurement of the
opposition that biological tissues pose to the flow of a small alternating current (usually smaller
than 1 mA)(National Institute of Health, United States, in [19]). In the human body, at low
enough frequencies, the resistance is mainly composed of the extra-cellular part of non-adipose
tissue and the reactance is mainly derived from the lipid component of the cellular membrane,
tissue interfaces and nonionic tissues which act as capacitors (Dehgan in[20]). As a result of this,
the human body can be modelled as a simple capacitive circuit such as the one used in [21] and
shown in Figure 2.1, in which a resistor is connected in parallel to a capacitor. The National
Institute of Health of the United States (NIH) affirms in [19] that the typical resistance measured
in human beings is around 250Ω, which usually represents 90% of the impedance value and that
BIA devices should be able to operate adequately within a range around these values, suggesting
a test impedance of 1000-j500Ωwith an accuracy of 1%. The resistance and capacitance from the
model can then be calculated to be within the suggested values, so that the designed device can
be simulated and tested for more realistic scenarios.
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Figure 2.1: Equivalent circuit usually found in the literature.

Although this approach has been widely used, a different equivalent circuit was suggested by
Chinen et al. in [22]. This circuit, shown in the Figure 2.2, was obtained from the measurement
of the frequency response of the human body, when the frequency of a voltage source was varied.

Figure 2.2: New equivalent circuit model with 5 High Pass Filters obtained from frequency response
experiments.

The initial experiment with low frequencies suggested that the human body was equivalent
to a combination of RC High-Pass Filters, which was confirmed by further experiments described
in the same article. Table 2.5 from [22] shows the resulting resistances for the equivalent circuit
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suggested for three different electrode positioning setup.

Table 2.5: Numerical values of the circuit elements for calculation of impedance for three different
electrical paths of a human body obtained from a Frequency Response Analysis.

$R_(Ω) R2(kΩ) R3(kΩ) R4(kΩ) R5(kΩ) R6(kΩ) R7(kΩ) C1(ηF ) C2(ηF ) C3(ηF ) C4(ηF ) C5(ηF )

Right to Left Hands 150 100 3 8 10 1.5 5 1 10 30 150 0.3
Right to Left Armpits 30 10 1.5 8 8 1 1.5 1 10 30 80 0.3

Both Armpits to Both Feet 50 10 0.5 1.5 1 1 0.3 5 10 30 80 1

To ensure more comprehensible results, both circuits were used in the simulation and in the
designed testbench experiments.

2.5 Oscillators

Oscillators are, as defined by Razavi in [23], circuits that produce and indefinitely sustain
periodic outputs, usually voltage, with no input. This kind of circuit is essential in many electronic
systems and can be built with several different topologies depending on its use. This subsection
will describe the basis for an oscillator project, and present a few possible topologies.

The first concern when designing an oscillator is to build a circuit capable of oscillating in a
defined frequency. Still according to Razavi in [23], oscillations may occur in a circuit if the phase
shift at high frequencies is so big that the overall feedback becomes positive, yielding a closed loop
gain close to infinity at the desired frequency. The Barkhausen Criteria define two necessary but
not sufficient conditions for a circuit to oscillate. The first, already mentioned, is that the total
phase shift of the loop gain must be equal to 360◦ or to an integral multiple of 360◦. The second
criterion states that for a circuit to oscillate, it must have a loop gain with magnitude greater or
equal to one. Mathematically, the Barkhausen criteria can be described by equations 2.4 and 2.5.

|H(jw0)| >= 1 (2.4)

∠H(jw0) >= 180◦ (2.5)

For a system with a transfer function given by

Y (s)

X(s)
>=

H(s)

1−H(s)
(2.6)

Graphically, this system can be seen in Figure 2.3 adapted from Razavi [23].

11



Figure 2.3: Different views of an oscillatory system

2.5.1 Ring Oscillators

One of the simplest topologies for oscillators is that of the Ring Oscilators. They are made
of an odd number, equal or greater than three, of connected inverters with feedback as stated by
Aluru in [24] as shown in the Figure 2.4 from Razavi in [23].

Figure 2.4: Five-Stage single-ended ring oscillator

In such an oscillator, each node of the circuit will oscillate according to the equation 2.7 shown
by Aluru in [24].

f =
1

N(tPHL + tPLH)
(2.7)

Where N is the number of inverters, tPHL is the propagation delay of a signal from High to
Low and tPLH is the progagation delay of a signal from Low to High. Although these circuits
are easily built, the waveform hardly resembles a sinusoidal signal, so it may not be adequate to
certain applications.

2.5.2 LC Tank Oscillator

In [23], Razavi shows that when an inductor is placed in parallel with a capacitor (Figure 2.5
adapted from Razavi in [23]), the circuit resonates at a frequency described in equation 2.8. In
this frequency, the impedance in these two components will have equal magnitude, but opposite
signals, yielding an infinite resulting parallel impedance.

f =
1√
LC

(2.8)

In practice, though, both the inductors and capacitors will have a parasitic resistance, which
means that the impedance will not go to infinity and the oscillations will eventually fade. To
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compensate for this, LC tanks tend to be used as tuned circuits in feedback loop stages to define
the oscillation frequency such as the circuit seen in Figure 2.5 adapted from [23].

(a) LC Tank Circuit (b) Tuned gain stage in feedback
loop

Figure 2.5: Oscillators based on LC tank.

2.5.3 The Hartley Oscillator

The Hartley Oscillator circuit is an analogous of a Collpits Oscillator that uses two inductive
coils and a capacitor as its tuning circuit to define both resonant frequency and feedback magnitude
as described by Rao [25]. One possible configuration for this circuit uses a BJT in a common
emitter configuration as its basic amplifier. The circuit in Figure 2.6 from Rao [25] shows one
of the possible ways of making a Hartley Oscillator. In this configuration, the feedback from the
voltage between L1 and L2 and the common emitter operation of the transistor generate a total
phase shift of 360◦, satisfying one of the Barkhausen Criteria for oscillations. The second part of
the criteria is satisfied when the inequation 2.9 is satisfied.

Av =
rc
re
>
L2

L1
(2.9)

And the frequency of the tuning circuit is calculated as:

f0 =
1

2π
√

(L1 + L2)C
(2.10)
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Figure 2.6: One possible form of the Hartley Oscillator topology.

2.5.4 Relaxation Oscillator

The Relaxation Oscillator, also known as the Astable Multivibrator is a circuit that employs
an operational amplifier as a comparator with positive feedback to generate symmetrical square
wave signals. The schematic for this circuit can be seen in Figure 2.7 adapted from Senani, et.al
from [26]

Figure 2.7: Schematic for a Relaxation Oscillator, also known as an Astable Multivibrator.

The oscillation frequency for this circuit is given by the equation 2.11, and further details on
the oscillator’s operation is described in Senani, et al [26].
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f =
1

2RCln(
1 + β

1− β
)

(2.11)

Where β is defined by 2.12.

β =
R1

R1 +R2
(2.12)
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Chapter 3

Development

3.1 Introduction

As explained in Section 1.2, the Smart Bench project was initially developed as a part of the
ParQ project in the form of a partnership between two laboratories from the University of Brasilia:
Midialab (a computational arts and technology laboratory) and LDCI (an integrated circuits and
electronic devices laboratory). As time moved on, more people were invited to contribute, and
a prior version of the system was presented at an Arts and Technology Conference [27] and as a
graduation project for two students from the Higher Education Institute of Brasilia (IESB) [28].
Later, one of the modules was improved and tested at the University of Glasgow as part of a Science
Without Borders Exchange and ultimately it was brought back to the University of Brasilia where
it is being finalised by the Laboratory of Automation and Robotics (LARA).

Rather than follow a chronological sequence of events, aiming at a better understanding of the
system’s development, the next section will dissect its architecture and each one that follows will
detail the conception of each module.

3.2 General Architecture

The architecture described in this section comprises of a Temperature and Humidity sensor
(Section 3.4), a Pulse Rate Monitor (Section 3.6), and a Bioimpedance Analysis Device (Section
3.7), all connected to an Arduino controlled by a user interface (Section 3.3). The arduino is also
connected through a local network to the Java Application (Section 3.8) that monitors the weight
scale, generates the recommendations and controls a second user interface. These connections are
illustrated in Figure 3.1.
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Figure 3.1: Block Diagram showing the connection between the different modules of the system.

3.3 User Interface

The user interface of the system comprises two separate parts. The first allows the user to insert
information that would be impracticable to measure but paramount for the proper assessment of
fitness conditions such as age, height, and gender, while the second works as a display for the
measurement and computation results.

The interface built to insert data is made of an LCD display (to ask the user the required
question), a knob (to allow the user to choose an answer) and two buttons (one to advance to the
next question and another to return to the previous one). The schematics in Figure 3.2 shows the
use of a pull-down resistor in both the forward (a) and return (b) buttons to ensure that the signal
sent to the Arduino would be a Digital High when the button was pressed and a Digital Low when
the button was not being pressed.

(a) Forward Button. (b) Return Button.

Figure 3.2: Schematics for the buttons that allowed a user to interact with the system.

Figure 3.3 shows a simple connection between a potentiometer and the Arduino to create a
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selection knob.

Figure 3.3: Schematic of the selection knob built using a potentiometer.

To complete the bench user interface, Figure 3.4 shows the LCD display that presents the
required inquiries.

Figure 3.4: LCD Display responsible for presenting the user with necessary inquiries.

The second part of the interface is what the system will display after the data is processed.
As it can be seen in Figure 3.5, if no measurement has been taken from any individual, the screen
shows a frame with the temperature and humidity at that moment and a generic recommendation
regarding the weather conditions and how it should affect an exercise routine.

Figure 3.5: Frame with general recommendation related solely to the weather.
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In case an individual uses the bench to interact with the system, after all measurements are
taken and all computations are made, the totem will show a different frame with a personalised
recommendation and the data of interest to the user as shown in Figure 3.6.

Figure 3.6: Frame for personalised recommendation based on biomedical and weather related data.

3.4 Temperature and Humidity

The acquisition of environmental variables such as temperature and humidity can be achieved
by the use of sensors, in this case the Temperature and Humidity Sensor - RHT03 was used. As
the manufacturer claims in [29] the RHT03 is a low power sensor suited for harsh environments
and delivers an accurately calibrated, temperature compensated, digital output signal.

As explained in the arduino library DHTLib documentation [30], the RHT03 is an equivalent
to the DHT22 sensor, and as such can be controlled by it.

Figure 3.7: Temperature and Humidity Sensor - RHT03.

Since the output from this sensor is a calibrated digital signal, no conditioning circuits were
needed and the connection scheme for the RHT03 is described in the Table 3.1
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Table 3.1: Table detailing RHT03 connections.

Sensor Pins Connections
1 5V
2 PIN D2 (Arduino)
3 Not Connected
4 GND

3.5 Weight Scale

Originally, the weight scale was a simple commercial device with built-in bioimpedance analysis
capabilities, but as the project evolved the need for a custom made module arose. To fulfil all of the
project’s requirements, 4 Phidget’s Load Cells (CZL635− 3134_0), with the capacity to measure
up to 50 kg each, were used. In addition to that, an interface board for load cells and wheatstone
sensors called “1046 - Phidget Bridge 4-Input” was used to amplify and process the signal from the
CZL635− 3134_0′s.

Since the “1046 - Phidget Bridge 4-Input” uses a USB connection and personalised libraries
in several languages to communicate with a computer application, this device would easily be
incorporated into the system, provided a few changes were made. The personalised Java Library,
allowed direct connection to the Java application, but it also required that the weight scale and
the monitor displaying the user interface had a physical cabled connection.

A simple algorithm was developed to calibrate the weight scale, in which the system would
recognise if the output of the sensors was similar to the expected scale structural weight and
discount this value from the measurements. Then, a test platform was built using wood and
acrylic. Even though the prototype in Figure 3.8 allowed for primary tests, it was too fragile for
human trials and it still has to be replaced by a sturdier version. Due to this, the weight scale did
not go through further assessment and therefore it is not present on Chapter 4.
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Figure 3.8: Weight scale prototype made in acrylic and wood to allow tests and calibrations to be
performed on the module.

3.6 Pulse Rate Monitor

The first pulse rate monitor used on the system was an adaptation of an early implementation
of the EasyPulse project published by Bhatt at [31]. This design, shown in Figure 3.9, used a high
gain operational amplifier and a Bipolar Junction Transistor Amplifier to transform the signal,
obtained from a transistorised infrared reflection sensor called TCRT5000, into a quantised square
wave with a frequency equal to the pulse rate. Then, a simple pulse detection algorithm, described
in Figure 3.10, would calculate the pulse rate.

Figure 3.9: Pulse rate detection circuit based on the Easy Pulse Project.
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Figure 3.10: Algorithm used in the first pulse rate detector.

To illustrate how this device works, a simulation used five sinusoidal voltage sources to recons-
truct the noisy PPG signal and applied it as an input to the circuit in LTspice (Figure 3.11(a)).
The voltage sources used were: two to reconstruct the actual pulse wave, one to account for low
frequency noise typical of movement artefacts, one to add high frequency noise and the last one to
introduce 60Hz noise from the electrical grid. The simulation results in Figure 3.11(b) show the
output to each part of the designed circuit and it is interesting to note that after the first stage it
is already possible to see the user’s pulse, but there’s still some fluctuations that could complicate
the calculations. Still in the same figure, it is possible to see that, although the filter’s second
stage (in red) already delivers a rather square wave, some disturbances remained. Also, the offset
and amplitude of the signal were not appropriate for the Arduino, which justifies the use of the
BJT Amplifier to digitise it. Since the user interface did not display the resulting wave, the loss
of fidelity in the waveform was not of much importance.
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(a) Schematics used to simulate the pulse rate detector.

(b) Results from pulse rate detector simulation

Figure 3.11: Simulation of the pulse rate detector based on the Easy Pulse Project.

At a later opportunity, the design was improved with the aid of the University of Glasgow’s
lecturer, Dr. David Muir and Science Without Borders Student Carlos Meneghini. This version
was built aiming at a graphic interface that would display the pulse wave plot, which entailed
the need for a more complex algorithm. With that in mind, two bandpass filters with cut-off
frequencies of 0.5Hz and 4.5Hz covering a range of 30BPM to 270BPM and a gain of 20.83dB each
were designed (Figure 3.12(a)). It was expected that this design would be enough to eliminate any
noise and fluctuations, but simulations confirmed that some small offset variations would remain
(Figure 3.12(b)). If they were as small as the simulated results suggested, this would not have
been an issue. However, after implementation, it was possible to see that the motion artifacts were
indeed much bigger than anticipated (see Figure 3.13), which warranted some modifications.
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(a) Schematics for the first attempt at a new pulse rate detector design.

(b) Results from the new pulse rate detector design simulation.

Figure 3.12: First attempt at the new pulse rate detector simulation.

Figure 3.13: Results from first implementation of the new pulse rate detector with discrete com-
ponents.

In order to mitigate these fluctuations, two measures were taken. Firstly, to diminish the
mechanical displacement between the finger and the sensor, a set of sensor supports were designed
(See Figure 3.14). Ideally, these supports would make the distance between the finger and the
sensor constant, lowering the effect of movement in the signal. Also, a third low pass filter was
used to increase the slope of the frequency response curve, resulting in the circuit from Figure 3.15.
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(a) Cylindrical Ring Support (b) Oval Ring Support

(c) Conical Ring Support (d) Oval-Conical Ring Support

Figure 3.14: Sensor supports designed to mitigate motion artefacts.

Figure 3.15: Final schematics for the new pulse rate detector.

Finally, the algorithm used to compute the heart rate can be seen in Figure 3.16. It is interesting
to note that the first Pulse Rate Monitor was developed for an arduino, as the other modules, but
the second version was designed for the Freedom Board (FRDM-KL25Z) due to the circumstances
it was developed at. However, due to the similarities between these two prototyping platforms, the
algorithm and the code were almost entirely compatible with the Arduino Platform.
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Figure 3.16: Algorithm used in the new pulse rate detector.

3.7 Bioimpedance Analysis

In order to achieve the specifications described in Chapter 2, the bioimpedance analysis device
was divided into two modules: an oscillator (to deliver a sinusoidal signal with a 50kHz frequency)
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and a current source (to regulate the current to ensure it would not be harmful to the user, and
to ensure the human body would be subjected to a voltage big enough to provide accurate data
regarding the bioimpedance). This section will detail the process that led to the current design.

3.7.1 The Current Source

The current source was designed to ensure that the current applied by the device would remain
relatively constant and below any dangerous thresholds. With that in mind, the device was desig-
ned to maintain a current of aproximately 500µA. The circuit in Figure 3.17 was used in order to
achieve these specifications.

Figure 3.17: Schematics for the current source used by the BIA device.

This design attempts to maintain equal voltages in the two input terminals from the operational
amplifier, which means that if a certain voltage is applied to V+, the same voltage should be applied
to the 110Ω resistor, thus creating a way to control the current flowing through the load. That
way, for a sinusoidal current with an RMS value of 500µA, a RMS voltage of 55mV must be applied
to V+.

3.7.2 The Oscillator

The design of the current source provided the value of the output voltage of the oscillator, which
was the last specification needed to design the oscillator. Looking to fulfil the remaining needs,
three designs were simulated and implemented until a working prototype was finally obtained.
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3.7.2.1 Hartley Oscillator

Aiming at the low costs and low power dissipation, the first attempt at an oscillator used the
Hartley topology. With very few components, this configuration provides a semi-sinusoidal signal,
ideal for the device in question. Figure 3.18 shows this circuit 3.18(a) and the respective simulation
results 3.18(b).

(a) Schematics for the simulation of the Hartley
Oscillator.

(b) Simulation results of the Hartley Oscillator

Figure 3.18: Simulation of the designed Hartley Oscillator.
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3.7.2.2 Cross-Coupled Oscillator

As an alternative to the Hartley Oscillator, a Cross-Coupled Oscillator was also simulated.
This topology consists of two tuned gain stages in a feedback loop as can be seen in Figure 3.19.

(a) Schematics for simulation of the Cross-Coupled Oscilla-
tor.

(b) Simulation results of the Cross-Coupled Oscillator.

Figure 3.19: Simulation of the designed Cross-Coupled Oscillator.
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Even though this topology uses a few more components than the Hartley Oscillator, a com-
parison between the simulation results from the two circuits (Figure 3.20) showed that the Cross-
Coupled Oscillator achieved the permanent regime faster.

Figure 3.20: Comparison between the Hartley and the Cross-Coupled Oscillators on start up.

3.7.2.3 Relaxation Oscillator

Although the two previous topologies presented a relatively inexpensive and efficient approach
to the problem, they proved to be very difficult to implement with discrete components, which led to
the third oscillator design, the Relaxation Oscillator, also known as the Astable Multivibrator. The
problem with this topology was that the output waveform would be a square rather than sinusoidal.
This meant that frequencies other than the desired one would also be present, warranting then
a set of filters. However, simulation (Figure 3.21(b)) of the resulting schematics (Figure 3.21(a))
showed that the intended frequency would be so big for that when compared to the operational
amplifier oscillator, the resulting waveform resembled a triangular wave instead of the expected
square wave.
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(a) Schematics for simulation of the Relaxation Oscillator.

(b) Simulation results of the Relaxation Oscillator.

Figure 3.21: Simulation of the Relaxation Oscillator, also known as the Astable Multivibrator.

Differently from the other two, this oscillator was successfully implemented using discrete com-
ponents and it presented satisfactory results that will be discussed in Chapters 4 and 5.

3.7.3 Bioimpedance Analysis Device

Upon completion of a working oscillator and the current source, a final design for the BIA
device was assembled. The resulting circuit is shown in Figure 3.22. It is important to note that the
physical implementation of the oscillator, although successful diverged a little from the simulation,
and therefore, some adjustments were made to ensure the output would be compatible with the
expected input to the current source.
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Figure 3.22: Complete schematic of the implemented BIA device using the Relaxation Oscillator
and the current source with an equivalent circuit of the human body between the V+ and V−

terminals.

3.8 Software

The software developed for this system can be divided into two parts. The arduino software
monitors the user interface and the different sensors (except the weight scale ones) and sends data
to the Java Application. The Java Application receives input from the Arduino, monitors the
weight scale and provides a second user interface, where the recommendation is displayed.

As explained in section 3.3 the system works considering two situations: (i)when there is no user
the system generates a general recommendation, and (ii)when there is a user the system generates
a personalised recommendation. While the forward button is not pressed, the system remains
in (i) and the Arduino sends to the Java Application the information about the environment so
that a general recommendation can be generated. If the button is pressed once (ii), then the user
interface will guide the user through the different biological measurements and sends them. Once
they are all taken, they are sent to the Java Application and the personalised recommendation is
displayed. This data flow is better illustrated by the flow diagram in Figure 3.23.
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Figure 3.23: Flow Diagram describing the data flow inside the system.

The Java application is divided into four packages. The main package is where the main class
is located. The “model” package is where classes that model the physical entities of the system are
stored. In it, the classes “Arduino”, “Person” and “PhidgetBridge” can be found. The “user inter-
face” package gathers the different graphic interfaces developed for different situations, depending
on which platform the system was running. The “Utilities” package contains classes classes that
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assist the system such as the random data generator, for simulations, the SQL communications,
to store the simulation results in a database, and the recommendations class, which holds the
production rules that define which recommendation will be given.

When the system starts, the main class creates an object from the “Arduino” class which will
then either generate random data for a simulation, or communicate with the Arduino to collect
real data, depending on how it is initially set.

If the system is set to read real data, the object instantiated from the “Arduino” class will then
generate a “Person” instance and fill it with the data received from the Arduino. In case it is set
to simulation, it will generate all of the data and fill the “Person” object with it. This class also
generates the communication with the Phidget bridge through a “PhidgetBridge” object.

Once all of the data is either obtained or randomly generated, the “Arduino” object calls
the user interface, which will assess whether or not it has enough information for a personalised
recommendation and act accordingly.

This flow is better illustrated in Figure 3.24.

Figure 3.24: Flow Diagram describing the Java Application.
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Chapter 4

Experimental Results

4.1 Introduction

Even though the experiments detailed in this chapter were intended to provide a proof of
concept for the system described in this monograph, the sections below will only cover experiments
performed on the Pulse Rate Monitor (Section 4.2) and the Bioimpedance Analysis Acquisition
module (Section 4.3). The reason for such choice is that the remaining blocks were a direct
implementation of commercial devices and as such they were not thoroughly tested.

4.2 The Pulse Rate Monitor

In order to assess the quality of the designed pulse rate monitor a three-stage experiment was
performed. Initially, the intended design was simulated to model the behaviour of the filters. Then,
it was implemented a prototype with discrete components and the results were compared to the
simulations. After that, the necessary adjustments were made and a printed circuit board was built
(Figure 4.1). With the PCB in hand and the algorithm implemented, the pulse rate measurements
taken with this prototype were then compared with three other systems for three subjects.
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Figure 4.1: PCB design for the Pulse Rate Monitor

The first simulation provided data on what to expect from the filter’s behaviour, and indicated
that the design was appropriate for the application at hand. However, as described in Chapter 3,
after the first attempt at a physical implementation, it was noticed that the fluctuations seen in
the simulation were much bigger than anticipated, so a third stage filter was implemented. Figure
4.2 is a comparison between the simulations and the final physical implementation before and after
the third stage was included.

In Figure 4.3 it can be observed that the third stage maintains the gain in the signal’s typical
frequencies and that it is an effective way of eliminating the low frequency fluctuations aforemen-
tioned.
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(a) Pulse Rate Detector Final Simulation.

(b) Pulse Rate Detector PCB Test Showing Filter’s Second and Third
Stages.

Figure 4.2: Comparison between simulation and tests on the PCB for the Pulse Rate Monitor.
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(a) Schematics for simulation.

(b) Simulation results.

Figure 4.3: Frequency response analysis showing the change in steepness during the low frequencies
before and after the third stage was implemented.
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The system in question was then compared with three other systems. The first one used the
"Polar H7 Bluetooth 4.0 Heart Rate Sensor"and its application, "Polar Beat". The Polar H7 Heart
Rate sensor is a belt, meant to be worn around the chest area, with two electrodes that measures
the heart rate. Secondly, an android application, "Instant Heart Rate", which uses a smartphone’s
camera and flash light to measure the heart rate was used. Lastly, the native heart rate monitor
from the Samsung Galaxy S5, that also uses an inbuilt reflective optical sensor, was tested. As
Table 4.1 indicates, the measurements from all sensors were relatively similar, always maintaining
a deviation smaller than two standard deviations.

Table 4.1: Values obtained from three subjects using 4 different systems.

Polar
Beat

Instant
Heart Rate

S Health
Developed

System
Mean

Standard
Deviation

Biggest
Deviation

From Mean
Subject 1 64 65 63 62 63.5 1.29 1.5
Subject 2 76 79 76 74 76.25 2.06 2.75
Subject 3 97 100 102 99 99.5 2.08 2.5

Figures 4.4, 4.5 and 4.6 shows the pulse rate monitor measurements from the experiments
summarized in Table 4.1 with the new graphic interface.

Figure 4.4: Pulse Rate Monitor for subject 1.
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Figure 4.5: Pulse Rate Monitor for subject 2.

Figure 4.6: Pulse Rate Monitor for subject 3.
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4.3 The Bioimpedance Analysis Device

The experiments designed to validate the BIA device were aimed at the capacity of the device
to measure the impedance of the human body and to regulate the current so that it does not pose
a threat to the user. To safely assess these characteristics, three experiments were created. As
mentioned in Chapter 2, the typical bioimpedance ranges from 250Ω to 300Ω, and to be properly
validated, the device should work with impedances as high as 1000− j500Ω. With that in mind,
the first test was made by measuring a varying a resistive load from 110Ω to 1100Ω with a 110Ω

step. The resistors used have a tolerance of 1% in its nominal value, and the measurements were
made using an oscilloscope with a 0.1mV accuracy. Figure 4.7 is a plot of the nominal value of
the load, with error bars representing the tolerance of this value, and the resistance estimation
from the measured values with error bars representing the propagated error from the oscilloscope
readings. This plot shows that for this experiment with purely resistive loads varying within the
recommended range, the device could be used to accurately estimate the loads.
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Figure 4.7: Experimental results for the BIA device using purely resistive loads.

Table 4.2 shows the data collected without taking the resistor tolerance or the oscilloscope’s
error propagation into consideration. The average error was calculated using equation 4.1 resulting
in an average error of 2.6% and a maximum of 7.78%, while maintaining satisfactory values of
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current (I<500µ).

Error(%) =
|Rnominal −Rmeasured|

Rnominal
× 100 (4.1)

Table 4.2: Table displaying the results of the trials for the BIA device using purely resistive loads.

Rnominal(Ω) V1(mV ) V2(mV ) I(µ)A Rmeasured(Ω) Error
110 90.20 45.10 410 110 0%
220 152.00 50.60 460 220.43 0.2%
330 200.00 53.10 482.73 304.31 7.78%
440 232.00 46.60 423.64 437.64 0.54%
550 288.00 48.30 439.09 545.90 0.75%
660 322.00 47.30 430 638.84 3.21%
770 372.00 47.40 430.91 753.29 2.17%
880 401.00 46.00 418.18 848.91 3.53%
990 435.00 44.0 400.00 977.50 1.26%
1100 498 46.60 423.64 1065.54 3.13%

Following that test, it was necessary to see how the device would behave with a load that
held a better resemblance to the human body. For that, the equivalent circuit from Figure 2.1
from Chapter 2, was used. In this circuit, the resistance from the parallel branch was varied at a
110Ω step with an initial value of 110Ω up to a resistance of 1210Ω and the capacitance was first
varied with a 2ηF with an initial value of 1ηF up to a final capacitance of 9ηF. As the experiment
progressed, it was noticed that for bigger values of resistance, the capacitance didn’t need to
change that much to reach reactance values of 500Ω, so the step and the variation changed for the
capacitance as to limit the reactance value to the range of interest. Later, one last measurement
was made to cover one case in which the resistance would be over 1000Ω and the reactance would
be bigger than 500Ω. The nominal values are computed according to equation 4.4 as follows.

RequivalentΩ) = Rs +
Rp

1 + (2πωRpCp)2
(4.2)

XequivalentΩ) = −
2πωCpR

2
p

1 + (2πωRpCp)2
(4.3)

ExpectedImpedance(Ω) =
√
R2

equivalent +X2
equivalent (4.4)

Then, the expected impedance calculated with the nominal values were compared with the
impedance measured with the oscilloscope using the BIA device. Figure 4.8 shows a plot of both
the measured impedance and the expected impedance, with oscilloscope’s error propagation and
error from the resistor’s tolerance. As the plot shows, both curves are nearly identical for most
samples. The largest discrepancies occur for impedances greater than 800Ω. The resulting data is
available in Table 4.3.
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Figure 4.8: Experimental results for the BIA device using RC loads according to equivalent
circuit in Figure 2.1 from Chapter 2
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However, after this data was analysed, it was noticed that even though the impedance of the
load was increasing, the characteristic of the load was too dissimilar to that of the human body
for many samples. To rectify this mistake, a new set of samples were measured. This time,
the impedance module was increased from 200Ω to 1400Ω at a 100Ω step and for each value of
impedance the resistance and the capacitance were adjusted to test loads with an 85% resisitive
characteristic, a 90% resistive characteristic and a 95% resistive characteristic. Figure 4.9 shows
the plots for both the nominal and the experimental impedances for each of these cases. These
plots also corroborate that the measurements are more accurate for impedances smaller than 800Ω.
They also indicate that the increase in reactive components also meant an increase in the deviation
for larger impedances.
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(a) RC Circuit with 85$ resistive load
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Figure 4.9: Sensor supports designed to mitigate motion artefacts.

The data used to generate these plots can be seen in Table 4.4.
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Even though the procedures above yielded satisfactory results and were in compliance with the
guidelines presented in 2, one more trial was designed. Also mentioned in Chapter 2 (Figure 2.2),
the complete human body equivalent circuit acquired by Chinen et al.[22] was also used as a test
load. This circuit, when simplified, will generate a circuit similar to the ones used in the previous
test, but nonetheless it was decided to use it to mitigate any differences between the equivalent
circuit and the human body. Since the designed device would measure the bioimpedance using the
“arm-to-arm” path, the capacitance and resistance values used can be seen in Figure 4.10 while
the result from the measurement can be seen in Table 4.5.

Figure 4.10: Equivalent circuit with 5 High Pass filters showing resistor and capacitor values used
on the test.

Table 4.5: Results from trial with equivalent circuit in Figure 4.10.

V1(mV ) V2(mV ) I(µA) Rmeasured(Ω) Znominal(Ω) Error
349.00 41.40 376.36 817.29 900.10 9.20%
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Chapter 5

Conclusions

5.1 Results Discussion

This monograph proposed the implementation of a system that would generate recommenda-
tions regarding the safe practice of physical activities using contextual information about the user
and the environment. As explained throughout the text, the first prototype of such system was
developed and presented in [27] and [28]. These publications, though, focused on the development
of the java application, using very crude methods to acquire the relevant data. An update to the
application, made in 2014 included a pulse rate measurement system and the development of the
custom-made weight scale. Although still rudimentary, these prototypes allowed the verification of
the system, generating personalised recommendations to the user once the data was inserted. With
that in mind, the main focus of this work was to further develop the data acquisition modules and
to properly validate them. The acquisition modules were developed according to the procedures
described in Chapter 3.

Chapter 4 dissects the experimental methodology used to validate the developed modules and
presents the results from the performed trials. The pulse rate detector circuit was evaluated against
the simulations and other commercially available systems and presented a steady performance.
Even though the results were promising, few tests were carried out and the device was not compared
to clinical equipment or with any established standards. That said, the system in question is not
intended to be used in clinical environments nor does it intend to replace professional advice so the
data acquired is a good indication that the circuit developed performs adequately for the intended
purposes.

The BIA device was tested using electrical circuits equivalent to the human body and the circuit
designed proved to be able to satisfactorily estimate the impedance for loads with 85%, 90%, 95%
and 100% resistive characteristics. Also, it worked well for all equivalent circuit models. On the
other hand, the current regulation, even though prevented the current from reaching dangerous
levels, was very poor, having a large variation within the load range of interest, which could be
cause for some of the inaccuracies in measurement. Despite of this downside, the variation was not
enough to prevent the assessment of the impedance, so the results can be considered satisfactory
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even if it has room for improvements.

5.2 Future Contributions

Unfortunately, it was not possible to alter the original system to replace the old data acquisition
modules with the new ones, but since the system had been previously validated, and the modules
were individually tested, it is expected that these modifications will be feasible. To achieve this
goal, it is necessary to build a mechanically robust structure for the weight scale, replace the pulse
rate detection routine, and add the bioimpedance computation routine. In addition to that, it is
expected to replace the old user interface used in the customised recommendation for the new one,
using the real time graphic representation of the PPG signal as shown in Figure 5.1.

Also, since the production rules responsible for the creation of a recommendation had already
been built by the time the pulse rate monitor was designed, the system currently delivers two sepa-
rate recommendations, one regarding the resting heart rate and one with respect to the remaining
data. These production rules should be unified to provide better guidance to the user.

Moreover, the BIA device should be better tested and human trials might be considered as
well as performing additional tests according to the necessary regulations to use it in clinical
applications. Furthermore, the performance of this module can and should be improved.

In addition to that, a few studies such as Shin and Min’s [32], Xing and Sun’s [33] and Jeong,
Ko and Hwang’s [34], suggest that the PPG signal can be used as an non-invasive method for
assessing blood pressure. With that taken into consideration, with the necessary modifications,
a new measurement could be taken without the need for a new module, thus generating an even
better recommendation.

A possible interface with a smartphone application has also been considered, as well as adjust-
ments in the system for use during the practice of physical exercise.
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(a) Simulation of current system’s graphic interface using randomly generated data

(b) Model of system’s new graphic interface data from the simulation data from 5.1(a)

Figure 5.1: Comparison between current system’s graphic interface and the suggested graphic
interface developed for the new Pulse Rate Monitor Device
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I. BASIC ELECTRICAL ENGINEERING
CONCEPTS

I.1 Introduction

As a multidisciplinary work, this monograph is aimed at an audience broader than that of the
Electrical Engineering field, and as such, some of the concepts that may be considered basic to
Electrical Engineers and Electrical Engineering students may not be so to readers from other fields
related to Biomedical Engineering or Exercise Physiology. Being so, this Chapter provides a brief
introduction the the core concepts that were explored in this text.

I.2 Operational Amplifiers

To implement a BIA module capable of measuring bioimpedance without harming the users,
it was necessary to build a circuit that would limit the output current. This section is dedicated
to explain the theory behind operational amplifiers and, ultimately, how to use them to build a
current source.

Ideally, Operational Amplifiers can be modelled as a three-terminal component (two input
terminals and one output terminal) with an infinite input impedance creating the equivalent of an
open circuit, a zero output impedance, creating the equivalent of a short circuit, and a controlled
voltage source with infinity gain, which demands for an infinitesimally small voltage between the
two input terminals as explained by David Irwin in [35]. Following these ideal characteristics, the
operational amplifier works by amplifying the difference between the two inputs, generating an
amplified voltage in the output. The infinity gain, although desired in the operational amplifier,
yields no practical use, since it would generate infinite voltages in the output, so in real applications,
the amplifier gain can be limited by the network connected to it. The ideal circuit, as well as its
representation can be seen in Figure I.1 adapted from [35].
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Figure I.1: Ideal Operational Amplifier Model.

I.2.1 Common Configurations

The two inputs in an operational amplifier allows for a plethora of different uses. Three of
the most common configurations are the Unity-Gain Buffer, the Inverting Amplifier and the Non-
Inverting Amplifier (described in Figure I.2). These configurations rely on the fact that when a
positive signal is connected to the positive input, the output will be positive as well, but if the
same signal is connected to the negative input, the output will be negative.
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(a) Unity-Gain Buffer.

(b) Inverting Amplifier.

(c) Non-Inverting Amplifier.

Figure I.2: Common Amplifier Configurations.

The inverting amplifier, then, is a configuration in which the signal is connected to the negative
input and the output is fed back into the same input using a resistive network. By using the ideal
model of the operational amplifier, the circuit’s gain, defined as the ratio of the signal voltage in
the output to the signal voltage in the input, can be found to be given by I.1.

Av =
Vout
Vin

= −R2

R1
(I.1)
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The non-inverting amplifier, on the other hand, is the configuration in which the signal is
connected to the positive input and the feedback network connects the output to the negative
input and yields a gain given by I.2

Av =
Vout
Vin

= 1 +
R2

R1
(I.2)

It is interesting to note that the gain expression for the inverting amplifier allows it to work
as an attenuator (gain smaller than unity), whereas the non-inverting amplifier always has a gain
larger than one.

The Unity-gain buffer, as the name states, is a configuration where voltage gain is unity, and
therefore the output is the same as the input. This configuration will not be further detailed here
due to its simplicity, but can be found in any circuits textbook that covers operational amplifiers
such as Irwin’s[35] and [36].

I.3 Filters

Frequency selectivity in an electrical circuit is a property that causes some sinusoidal inputs
to be more attenuated or amplified than others depending on their frequencies, as as described
by Glisson in [37]. Filters are circuits designed to apply different gains to specific frequencies,
thus allowing certain components of a signal to reach the load and preventing others from doing
so. Filters can be classified according to the kind of elements used in them (passive or active) or
their frequency bands (lowpass, bandpass, bandstop, highpass). Other classifications of filters are
possible but will not be discussed in the scope of this work.

I.3.1 Frequency-Domain Analysis

Frequency-domain is a mathematical tool that allows the representation and analysis of sinu-
soidal signals as a functions of frequency instead of time. The ability to represent any electrical
signal over a finite interval as a sum of sinusoids, as well as the superposition property of linear
circuits, broadens the usefulness of this analysis to a much wider range of signals according to
Glisson in [37]. In filters, the Frequency-Domain can be used to analyse these circuits according to
the frequency bands they allow to pass (passbands) or block (stopbands). Filters that allow low
frequencies to pass, but block high frequencies are called “lowpass filters”, whereas filters that block
only low frequencies but allows high frequencies to pass are called “highpass filters”. Bandpass fil-
ters are filters that block everything higher or lower then a certain frequency that they allow to
pass, whereas bandstop filters block a very specific band allowing all frequencies, higher or lower
than the stopband, to pass. The measurement of the voltage transfer function of a circuit is often
referred to as Frequency-Response Analysis.
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I.3.2 Passive Filters

Passive filters are designed to contain solely passive components (e.g resistors, capacitors,
inductors) and require no external power supply, but are often large and heavy. Also, this kind of
filter does not provide gain, only attenuation, which sometimes limits its uses.

I.3.3 Active Filters

Active filters are designed using active components such as transistors or operational amplifiers.
They often provide gain greater than unity to their passbands, while providing attenuation to their
stopbands.This characteristic allows them to be connected as a cascade of filters, thus improving
the gain in the passband and sharpening the cutoff.
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