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Abstract

Cardiovascular diseases are a leading contributor of health problems all over the world and

are the second leading cause of death. They are also the cause of significant economic

burden, costing billions of dollars in healthcare every year. With an aging population, the

strain on the healthcare system, both in terms of costs and care provision, is expected to

worsen.

Frequent cardiac assessment can provide essential information towards diagnosis, mon-

itoring, and treatment, which can mitigate symptoms and improve health outcomes for

people with conditions such as heart failure. This has led to increasing interest in cardiac

assessment at home. Additionally, for some populations like people with limited mobility

and older adults, long term vitals monitoring at a clinical setting is not feasible, making

at-home monitoring more viable and economical. Most devices available for cardiac mon-

itoring at home are wearables. While wearable technology can be accurate, it requires

compliance and maintenance, which is not an ideal solution for all populations. For exam-

ple, people who are not comfortable using wearables or people with a cognitive impairment

may not want or be able to use wearables, which could exclude these user types from at

home monitoring. Keeping these factors under consideration, the past decade has seen

an increased interest in the development of technologies for Ambient Assisted Living (i.e.,

smart technologies integrated into a user’s environment). These technologies have the

potential for ongoing health monitoring in an unobtrusive manner.

This thesis presents research into the development of a smart seat cushion for heart

rate monitoring. The cushion is able to calculate the heart rate of a person seated on it by

acquiring their Ballistocardiogram (BCG). BCG is a cardiovascular signal corresponding to

the displacement of the body in response to the heart pumping blood at every heartbeat.

The prototype seat cushion has load cells embedded inside it that sense the micromove-

ments of the body and translate it to an electrical signal. An analog signal conditioning

circuit amplifies and filters this signal to enhance the components corresponding to BCG

before it is converted to digital form. A pilot study was conducted with twenty participants

to acquire BCG in real-world scenarios: 1) sitting still, 2) reading, 3) using a computer,
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4) watching TV, and 5) having a conversation. Heart rate was calculated using a novel

algorithm based on Continuous Wavelet Transform by detecting the largest peaks (referred

to as the J-peaks) in the BCG. Excluding three outliers, the algorithm is able to achieve

an overall accuracy of 94.6% compared to gold standard Electrocardiography (ECG). This

accuracy is observed to be as good as or better than those of existing wearable heart rate

monitors.

The seat cushion developed in this thesis research can serve as a portable solution for

cardiac monitoring and can integrate into an ambient health monitoring system, offering

continued monitoring of heart rate while requiring no perceived effort to operate it. Future

work includes exploring different sensor configurations, machine learning based approaches

for improving J-peaks detection, and real-time monitoring of heart rate.
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Chapter 1

Introduction

1.1 Motivation

Cardiovascular diseases (CVDs) is a general term for disorders of the heart and blood

vessels and are a leading contributor of health problems worldwide. According to the

World Health Organization (WHO), 17.9 million people lose their lives to CVDs every

year [1]. In Canada, 2.4 million people are living with a diagnosed cardiac condition and

ten people die every hour, making CVDs the second leading cause of death [2]. CVDs also

are a major economic burden on the healthcare system; according to the Public Health

Agency of Canada, the total direct and indirect costs due to CVDs were $21 billion in the

year 2000 alone [3]. In the United States, healthcare costs due to CVDs were estimated

at $300 billion in the year 2015 [4]. As the average of the global population continues to

rise, these numbers are expected to increase in the next few decades, which will in turn

increase the economic load on the healthcare system. It is also expected that there will be

a shortage of healthcare providers in the coming years [5], creating a situation of greater

need with a lack of available conventional support.

To address this gap, there is increasing interest in cardiac monitoring and assessment

methods in home settings. The most important step towards prediction, prevention and

treatment of CVDs is cardiac vitals monitoring, as they provide essential information about
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a person's health condition. Long-term monitoring of heart vitals is an essential part of

ongoing care [6]. In addition to the decreasing resources and increasing �nancial burden on

the healthcare system, there are other factors that serve as a motivation towards cardiac

monitoring at home. For example, it is not feasible for everyone, especially older adults and

people with limited mobility, to visit a hospital or a clinical setting every time they need

their vitals assessed. Therefore, it is far more economical and feasible to perform continuous

vitals monitoring at home. Over the past decade, numerous devices and solutions have

been developed for at-home vitals monitoring, most common of those devices are wearables

[7, 8, 9]. While wearable technology can be an e�ective and accurate vitals monitoring

tool, they are not the ideal method for all populations. Incorrect usage, non-compliance

and instances where individuals forget to use their devices can cause wearable monitoring

methods to be ine�ective. This is an especially relevant consideration for populations

such as people with a cognitive impairment or who have an aversion to using wearables

[10]. Hence, there is a gap in the area of easy-to-use, unobtrusive technologies for cardiac

monitoring at home.

To address these concerns, the primary goal of this thesis is to design and develop

a method for heart rate monitoring that is feasible, portable, cost-e�ective, and requires

minimal e�ort from the user to operate it.

1.2 Contributions of this Work

The major contributions of this work, and their potential impact on society and the �eld

of research are as below:

� Developed a portable and unobtrusive method for heart rate monitoring in the form

of a seat cushion. The seat cushion could be integrated into an ambient health

monitoring system and requires minimal e�ort from the user. The seat cushion pro-

totype is completely custom designed and developed using o�-the-shelf components,

rendering the solution cost-e�ective.
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� Designed and implemented electronic circuits for BCG signal conditioning to improve

signal quality. The robustness of the obtained BCG is comparable to or better than

other methods posted in literature. Designed an intelligent algorithm for obtaining

heart rate from the BCG acquired through the seat cushion and demonstrated that

the results achieved by the seat cushion are promising, with accuracies comparable

to those of wearable heart rate monitoring devices.

� Obtained BCG from twenty participants during di�erent daily-life activities and

demonstrated that the seat cushion is able to obtain clean BCG data for durations

long enough to calculate heart rate, making it a feasible device for continued remote

(i.e., in a home or other living environment) monitoring of heart rate.

1.3 Thesis Organization

This thesis is organized as follows:

A literature review of prior work done in cardiac assessment and monitoring is provided

in Chapter 2. This includes a literature review of BCG-based cardiac monitoring systems

and provides a comparison of BCG-based systems with other systems. Origins of the BCG,

its haemodynamics, and its interpretations are also provided in the chapter.

Chapter 3 presents the design and build of the prototype BCG seat cushion, including

form factor and sensor selection. Signal conditioning circuits designed and developed to

process the obtained BCG from the cushion are discussed in detail. The chapter also

includes the data acquisition systems and parameters used to obtain BCG.

Pilot testing the seat cushion design is covered in Chapter 4. This includes testing done

post-cushion development and comparisons of the BCG with ECG for validation. The

study conducted for data collection including participant demographics are also provided

in the chapter. Analysis of the BCG obtained during di�erent activities is provided in

detail at the end of the chapter. Automatic exclusion of segments involving noise due to

movement to perform an activity is presented as well.
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Signal processing algorithms for heart rate calculation are presented in Chapter 5,

including a discussion of their design, implementation, performance evaluation, and limi-

tations.

Chapter 6 provides a summary of the thesis, noting important conclusions obtained from

the study. It discusses the performance of the seat cushion, limitations in the performance,

and provides suggestions for improvement in the prototype and signal processing algorithms

to be done in future.
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Chapter 2

Background

2.1 The World is Aging

The proportion of older adults in most countries of the world is growing rapidly. According

to the United Nations World Population Ageing Report 2015, population ageing is one of

the most important social changes of this century [11]. For the world's population, the

number is projected to increase from 12% of people over the age of 60 to more than 22%

in the next 30 years and these numbers are even higher speci�cally for the more developed

countries of the world. These increasing percentages also imply that medical costs for

various diseases will also increase as older adults have a greater prevalence for morbidities

[12]. According to the United Nations World Population Ageing Report 2015, about 40%

of older adults live independently (i.e. alone or only with their spouse) [11]. Most of

the diseases or medical conditions, especially those involving chronic age-related diseases,

cognitive decline and limitations in physical activity, cause di�culties in the independent

living of the older population. According to a research done in the United States, 89% of

older adults still prefer living independently in their own homes [13]. Due to the modern

lifestyle, it is not always possible for family members to take the roles of informal caregivers

to the older adults, which was traditionally primarily the role of the family. In addition,

institutional or nursing home care has high costs and an increasing shortage of available

5



sta� [14]. Older adults are also among the majority of the people living with diagnosed

heart conditions, and are the population requiring continued cardiac vitals monitoring and

assessment to observe abnormal heart rhythms. The ideal paradigm would be for older

adults with heart conditions to have the choice to monitor their condition at home in a

way that is unobtrusive, fosters high levels of compliance, and does not require assistance

from others.

2.2 Current Health Monitoring Technologies

2.2.1 An overview of wearable technologies

Given the importance of cardiac vitals monitoring, and the feasibility and decreased costs

of long-term vitals monitoring at home, the last decade has seen the development and

commercialization of numerous medical devices that perform vitals monitoring. Minia-

turization in electronic devices has served as an essential factor in the development of

at-home vitals monitoring devices. Most health monitoring technologies today fall under

the umbrella of \Wearables", namely technologies integrated into items of clothing and

accessories that can be worn on the body. Wearables have seen tremendous development

over the past two decades [9]. These technologies are increasingly supporting early diagno-

sis of diseases, prevention of chronic health conditions and improved clinical management

of neurodegenerative conditions [6]. Modern-day wearables have a wide range of applica-

tions, from measuring muscle activity [15], stress [16] and physical activity [17] to tracking

a female's most fertile period [18]. All wearable systems incorporate some kind of sensor(s)

to acquire data followed by an application of information and communication technologies

to perform the dedicated data extraction, analysis, and representation.

The most common application of wearable devices is heart vitals monitoring. One of the

most common devices suggested by doctors to track heart rhythm is the Holter monitor,

which is a wearable monitor worn around the neck or waist. It has electrodes that need to

be attached to the skin to record ECG. Heart rate monitoring is also a feature available
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in almost every �tness band/smartwatch. However, these wearables are often obtrusive,

uncomfortable for some users, and are easy for individuals to forget to wear. This is truer

for older adults, as they have a higher prevalence of chronic illness and cognitive impairment

[19]. Recent years have seen the development of many textile-based smart clothing for vitals

monitoring [7, 20]. Finni et al. developed a pair of shorts with textile electrodes embedded

inside of them to measure muscle activity [15]. Chenet al. created smart clothing with

dry electrodes and 
exible conductive �bers for vitals measurement using electrocardiogram

(ECG) acquisition [8]. Koyamaet al. measured heart rate and respiration from a smart

textile; the textile was embedded on the inside of clothing, and used optical �ber sensor to

obtain the user's photoplethysmogram (PPG) which was then used to calculate heart and

respiration rates [21]. The problems with clothing-based technologies include their cost,

complexity, discomfort and decreased reusability (as most of them are not easily washable).

They are, therefore, not yet practical, feasible alternative to wearables.

2.2.2 Ambient Assisted Living and Zero-E�ort

Technologies

Keeping the factors described in the preceding sections under consideration, technology

is playing an important role in supporting independent living of older adults with the

help of Ambient Assisted Living (AAL) systems. AAL is an emerging multi-disciplinary

�eld aiming at applications of information and communication technologies (ICTs) for

supporting health, well-being and quality of life of the growing elderly population. One of

the most important and useful applications of AAL systems isambient health monitoring,

which includes technologies that monitor an individual's health using sensors integrated

in the environment, such as the individual's home. Zero-e�ort technologies (ZETs) is

another concept that is relevant to the use of ambient health monitoring in the home for

older adults with chronic health conditions. ZETs are a class of technologies that are

designed to require zero or minimal explicit e�ort from the person using them; they seek

to support users in a way such that the users do not have to make modi�cations to their

daily life activities nor do they have to focus attention on the technology to attain support
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from the ZET. ZETs often employ techniques such as arti�cial intelligence and unobtrusive

sensors to support the autonomous and unobtrusive collection, analysis, and application

of data about users and their context [22]. An example of a ZET designed for older adults

with cognitive impairments is the COACH (Cognitive Orthosis for Assistive aCtivities in

the Home) [23]. COACH is designed to help older adults through activities of daily living.

It applies computer vision based techniques to observe a users hand-washing and takes

a designated action autonomously, based on the acquired information. Another example

of a ZET system is the HELPER (Health Evaluation and Logging Personal Emergency

Response) [24]. This technology uses arti�cial intelligence to ensure safety and health of

users in a certain place. It does not require the user to wear any marker and detects

adverse events (such as falls) and provides suitable assistance autonomously. Therefore,

the possibilities in the area of ZETs are numerous and ZETs could play a signi�cant

role in overcoming the hurdles posed by wearable technologies in the applications of AAL

(including ambient health monitoring) systems for older adults.

2.3 Electrical and Mechanical Activities of the Heart

2.3.1 Electrocardiography

Electrocardiography is the recording of the electrical activity of the heart. The signal

corresponding to this electrical activity is called the Electrocardiogram (ECG). The �rst

practical ECG was invented by W. Einthoven in 1895 [25] and is now the most widely used

cardiovascular signal for clinical diagnosis of heart conditions.

ECG waveform and the related cardiac events

The heart has a network of groups of neurons to drive the entire cardiac cycle (Figure

2.1(a)). The activation of each neuron group generates a potential that reaches the body

surface and can be measured as part of the ECG signal. Figure 2.1(b) shows one cardiac

cycle of a typical ECG signal, with the di�erent points (PQRST) according to standard
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ECG signal labelling. At the start of the cycle, the electrical impulse originates from the

sinoatrial (SA) node and propagates through the internodal tracts to activate the atria

(left and right atrium), resulting in the P-wave on the ECG waveform. The impulse is

delayed upon passing through the atrioventricular (AV) node, allowing the atria to become

completely depolarized and to contract and empty their contents into the ventricles. After

the AV node delay, the impulse passes through the bundle of His and throughout the

ventricular myocardium via the Purkinje �bers; this �ber network fastens the spread of

ventricular excitation to ensure ventricular depolarization, depicted by the Q-R-S complex

on the ECG waveform. Finally, the ventricular neuron network repolarizes, leading to the

T-wave on the ECG. [26]

ECG leads: The ECG is a recording representing the overall spread of electrical

activity throughout the heart. It represents comparisons in voltage detected by electrodes

at two di�erent points on the body. The exact pattern of the electrical activity depends on

the orientation of the electrodes. This is why di�erent waveforms representing the same

electrical activity are obtained by electrodes at di�erent points. ECG standard consists of

12 conventional leads obtained by the placement of ten electrodes as indicated in Figure

2.2(a). In this thesis, a lead-II con�guration is used. It records the di�erence in potential

(a) Image credits: [26] (b)

Figure 2.1: (a) Spread of cardiac excitation in the heart (b) A typical ECG waveform
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(a) (b)

Figure 2.2: (a) ECG electrodes locations (b) Twelve ECG leads

detected at RA (Right Arm) and LL (Left Leg). The electrode RL (Right Leg) acts as

a ground. Figure 2.4 shows one heartbeat segment of a lead-II ECG recorded during the

study done for this thesis.

2.3.2 Ballistocardiography

The blood moving along the vascular tree causes changes in the center of mass of the body,

every time the heart beats. In order to maintain the overall momentum, in accordance

with Newton's third law, micro-forces are generated by the body in response to blood 
ow.

A Ballistocardiogram (BCG) is a cardiovascular signal corresponding to the movement of

the body in response to ejection of blood into the vessels [27]. It can be measured as a

displacement or acceleration, depending on the transducers used to obtain the signal. The

resulting signal can be seen in Figure 2.4.

BCG was �rst observed by J. W. Gordon in 1877, who noticed a 
uctuation in the
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needle of a weighing scale due to heart beat. He proposed that these tiny 
uctuations were

cause by blood ejection in the body [27]. The �rst scienti�c apparatus designed to measure

the BCG was created 62 years later by I. Starret al. [28]. The apparatus was in the form

of a table top that measured force.

While the body movements corresponding to BCG occur in all three axes: head-to-foot

(longitudinal), dorso-ventral, and right-to-left (lateral), most studies done on the BCG

have focused only on the head-to-foot movement. This is because in non-ideal conditions,

head-to-foot movement is more signi�cant and is easier to obtain while a person is stand-

ing or seated. Additionally, it is important to note that gravity and contact of the body

with external objects would always interfere with the BCG measurement. Any voluntary

movement exercised by the subject would also lead to noise in the BCG recording. This is

due to the very minute nature of the recoil body movements. The only ideal environment

would be in a microgravity setting. Experiments in these settings have been performed

in weightless environments, including space missions [29, 30, 31]. All experiments per-

formed in such settings have demonstrated that in microgravity, the BCG measurements

are signi�cant in all three axes.

BCG signal interpretation: The BCG signal waveform is dependent on the method

used to acquire the signal, which has led to di�culties in interpretation of the signal [32].

Proposals have been made to standardize BCG acquisition systems and interpretation

and labelling of the various segments in the signal [33]. Figure 2.4 shows one heart-beat

segment of simultaneously acquired ECG and BCG during the study done for this thesis.

The labelling of the di�erent points on the BCG waveform is done in accordance with

the standard longitudinal (head-to-foot) BCG as presented in [28]. There is a general

agreement on this labelling and interpretation of the BCG. The cardiac cycle (Figure

2.3) consists of alternating intervals of systole (contraction and emptying) and diastole

(relaxation and �lling). The H-wave is related to the movement of the heart early in

systole, representing the forces associated with abrupt 
ow of blood. The I-wave is a

footward displacement, occurring early in systole; the J-wave occurs late in systole and it

has the largest amplitude in the BCG; the I and J waves are related to ventricular ejection,

and their amplitudes are directly related to the ejection velocity. The K-wave represents
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Figure 2.3: The Cardiac Cycle

deceleration of blood 
ow in the descending aorta, and is a footward displacement. The

L-wave is a headward diastolic displacement and is associated with circulation forces of

the return 
ow of blood to the heart. [34]

2.3.3 Relationship between BCG and ECG

Figure 2.4 shows that the ECG and BCG, both being cardiovascular signals, are very

related. The ECG signal corresponds to the electrical activity of the heart during the

cardiac cycle, whereas the BCG signal corresponds to the recoil motions of the body in

response to the mechanical activity of the heart. The BCG signal lags the ECG, because

the mechanical events and the resultant changes in blood 
ow are brought about by the

changes in cardiac electrical activity [26]; namely, ECG is a near instantaneous detection
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Figure 2.4: ECG and BCG (head-to-toe) waveforms with the wave segments labelled

of when the cardiac �bers �re to cause the heart to contract whereas BCG detects the

resulting blood 
ow through the body moments later.

2.4 Literature Review of BCG-based Cardiac

Assessment Methods

Throughout the 20th century, ballistocardiography was heavily investigated and scientists

published their contributions in the �eld of BCG in major clinical journals. This trend

changed with the advent of ECG for cardiac assessment and because of the noisy nature,

cost and over-complicated hardware required for the BCG. Since the 1990s, however, BCG

has become a cardiovascular signal worth reexamining. This is due to rapid advance-

ment and simplicity in instrumentation technology and the development of modern signal

processing techniques. The past three decades have seen an increasing interest by the sci-

enti�c community towards the investigation of BCG. Many BCG-based systems for cardiac

assessment have been developed and presented in scienti�c and clinical publications.
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The most common method that has been used to measure BCG involves incorporating

force sensors into a device a person is able to stand on, such as a bathroom scale. Since BCG

represents the displacement of a subject's center of mass, this displacement is converted

to units of force by the spring constant of the scale, and then to electrical voltage by the

transducing circuit. The �rst BCG measured on a weighing scale was done by J. Williams

in 1990 [35]. Since then, many BCG systems have been developed that acquire the BCG

in a standing position. Changet al. developed a 
oor tile capable of obtaining BCG and

ECG for at-home cardiac monitoring [36]. Shinet al. measured systolic blood pressure

using BCG acquired from a weighing scale and simultaneous ECG [37]. Ashouriet al.

estimated cardiac contractility using BCG measurements from a force plate [38]. In all

studies, the BCG signals obtained were similar to those obtained by Starret al. in 1939

[28]. BCG systems that acquire measurements in the standing position have an advantage

that the measurement is purely longitudinal (head-to-foot), but a major disadvantage is

that signi�cant noise is introduced from the person moving or from sway to maintain their

balance. Also, the duration of measurement is very limited as a person will only be able

to stand still for a few seconds at a time at best.

Most bed-based BCG systems have either used advanced pressure sensors under the

mattress or load cells at the four corners. Macket al. created a sleep monitoring system

that calculated heart rate and breathing rate from BCG acquired by pressure mats placed

on the mattress [39]. Choiet al. performed sleep estimation using BCG acquired from

four load cells placed under the legs of the bed [40]. Leeet al. created a physiological

signal monitoring bed for infants that acquired BCG using four single-point load cells

placed under the four corners [41]. Kortelainenet al. obtained BCG from a multi-channel

system, consisting of an array of pressure sensors embedded in the mattress [42].

There has also been work into creating wearable BCG systems, which use an accelerom-

eter as the sensor. Heet al. obtained BCG using a 3-axis accelerometer housed inside a

plastic mount over the ear. Electrodes were also attached to the skin under the ear to

obtain ECG [43]. Deliereet al. measured BCG during parabolic 
ights to assess cardio-

vascular changes; a 3-D accelerometer was placed on the lower-back near the body's center

of mass [44]. Wearable BCG systems have the same problems as with other wearable
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cardiac monitoring technologies, as discussed in Section 2.2.1.

Recent literature has seen progress towards methods of acquiring BCG in the seated

position by embedding sensors in a chair. Most chair-based systems have used Electrome-

chanical Film (EMFi) transducers to obtain BCG. EMFi is a permanently charged �lm

made of polypropylene. Changes in this permanent charge are produced when pressure is

applied on the �lm's surface [45]. EMFi �lms require a special charge ampli�er to measure

the change in charge (corresponding to the change in pressure) as a voltage. Many BCG

systems have been developed by embedding EMFi �lms into the back or seat of a chair

[46, 47, 48]. Some systems have made use of Polyvinylidene 
uoride (PVDF) materials as

a pressure sensor for BCG measurement [49, 50]. Pinheiroet al. acquired BCG signals by

embedding EMFi �lms and accelerometers in the backrest and seat of a wheelchair [51].

Walter et al. embedded an EMFi �lm into the driver's seat of a car for BCG measurement;

however, with the engine turned on, no useful BCG signal could be acquired, as the vibra-

tions from the engine were far greater than the BCG signal [52]. The seated position solves

the problems with standing position and is more feasible for BCG acquisition. However,

BCG systems reported in literature that obtain measurements in the seated position have

a few disadvantages. Firstly, most systems have embedded sensors inside the seat or the

back of the chair, rendering the solution not portable. Secondly, most chair-based systems

that have been able to obtain robust BCG, have used EMFi �lms as the sensor. EMFi

�lms tend to be costly and have very limited commercial availability.

From the above discussion, one approach to improve community-based vitals monitor-

ing (i.e., monitoring outside a clinical environment) is to develop a portable cushion that

can monitor heart rate while a person is sitting on it. To be practical for use in home-like

environments, the cushion should be robust, simple to use, and employ cost-e�ective com-

ponents. The seat cushion should also be portable, so that it can be moved from chair to

chair and does not require a user to purchase special furniture.

15



Chapter 3

Seat Cushion Prototype

3.1 Form Factor

As shown in Figure 3.1, the seat cushion prototype consists of three layers, which are

described in detail in the following subsections:

3.1.1 Polyurethane foam/casing and metal plate

The cushion was developed by modifying a commercially available ObusForme Gel Seat

Cushion. As the load cells need to be placed on a hard, solid surface to get accurate

measurements, a thin stainless-steel metal plate (300� 300� 0:8 mm) was placed under

the scale. The polyurethane foam from the ObusForme Gel Seat Cushion was then cut

and wrapped above and around the metallic plate and modi�ed weighing scale. The three

layers were then housed inside the ObusForme Gel Seat Cushion's washable polyester fabric

cover.
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(a) Exterior view (b) Layers inside the seat cushion

Figure 3.1: The portable BCG-acquiring seat cushion prototype

3.1.2 Modi�ed weighing scale

A commercially available weighing scale (INTEY Model NY-H05) was modi�ed by remov-

ing its internal circuitry. The scale consists of four load cells mounted on each corner

(Figure 3.2(a)). Each load-cell is a strain-gauge type with three color coded wires (blue,

white and red) and can bear loads up to 50 kg. Two pairs of wires (blue-white and white-

red) form one strain gauge. Figure 3.2(b) shows the electrical model of the load-cell. The

two strain gauges are modelled as variable resistors. Their resistance, under no load, is

the same. The load-cell is constructed in a way that the two strain gauges have opposite

strains. When a load is applied, one strain gauge (between blue and white wires) under-

goes tension and the other (between white and red wires) undergoes compression. Tension

causes a strain-gauge's resistance to increase, whereas compression leads to a decrease in

resistance. Mounting four load-cells at the four corners helps distribute the weight evenly
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on each load-cell.

To sense the combined response of the load-cells as a voltage, the four load-cells are

connected in a wheatstone bridge con�guration in a way that two sets of positive strain and

two sets of negative strain are formed. This approach has been widely used in applications

involving the use of resistive sensors to sense one signal.

In the wheatstone con�guration, the two positive strain sets and the two negative

strain sets are on opposite ends of the bridge (Figure 3.2(c)). These four strain elements

are modelled as resistors (R1 to R4) as shown in the wheatstone bridge of Figure 3.2(d).

One end of the bridge is excited by 9V, and the applied force is sensed as a voltageVLC at

the other end. Using the voltage divider rule, the relation forVLC is:

VLC =
R4

R4 + R2
�

R3
R3 + R1

Under no load, the bridge is in a \balanced" state, as all four strain elements have the

same resistance, leading toVLC = 0. When a force (or load) is applied on the weighing

scale, two opposite strain elements (R1 and R4) undergo tension (increase in resistance) and

the other two strain elements (R2 and R3) undergo compression (decrease in resistance).

This causes the bridge to become unbalanced, and the force signal is sensed as a di�erential

voltage VLC .

3.2 Analog Signal Conditioning

The di�erential voltage VLC from the load-cells wheatstone bridge network has a very low

amplitude. Therefore, appropriate ampli�cation circuitry is required to get the signal into

voltage ranges measurable by data acquisition systems. While there are numerous ampli�er

boards available to obtain measurements from load-cells based sensing systems, they do

not ful�ll the requirements of this prototype as none of them has an on-board adjustable

analog �lter or AC coupling. AC coupling is required in this case, because the signal of
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(a) (b)

(c) (d)

Figure 3.2: Schematic of the cushion's load cell con�guration. (a) Four load-cells mounted
on the bottom of the scale. (b) 3-wire load-cell's electrical model. (c) Wheatstone bridge
connection. (d) The four strain elements from (c) modelled as variable resistances.
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interest, BCG, is not a DC signal corresponding to the body-weight, but rather a time-

varying alternating signal corresponding to cardiac function. Also, the BCG signal has a

low-frequency bandwidth, as majority of its power lies between 1 - 10 Hz [53]. Therefore,

it is important to have a signal conditioning block that is AC coupled and has appropriate

�lters. Figure 3.3 shows a circuit diagram of the analog signal conditioning circuit. The

circuit can be divided into three stages described in the subsections below. The complete

circuit schematic diagram drawn using EAGLE PCB Design Software is shown in Appendix

A.1. The circuit was implemented on a printed circuit board (PCB) with connectors for

the 9V DC power source, the load-cells wheatstone bridge, and the BCGVout voltage signal

(Figure 3.4).

3.2.1 Stage 1: AC-coupled Instrumentation Ampli�er

The signal from the wheatstone bridge is connected to an Instrumentation Ampli�er (In-

Amp). The In-Amp integrated circuit (IC) used in the circuit was the AD8221 by Analog

Devices, which was selected because of its excellent low-noise performance capabilities.

The AD8221 allows setting the ampli�er gain using a single resistor, the value of which

Figure 3.3: The complete analog signal conditioning circuit
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can be calculated using the equation provided in the data-sheet:

RG =
49400
G � 1

The gain of the instrumentation ampli�er was set to 500 V/V using a 99 ohm� 1%

resistor, in accordance with the equation. To achieve AC coupling, an op-amp integrator

was connected as feedback to this stage. This feedback acts as a high-pass �lter, with a

cut-o� frequency given by:

f hp =
1

2�R 2C1

R2 and C1 were set to achieve a high-pass cuto� off hp = 0:15 Hz. In this way, the large

DC component of the load-cells signal corresponding to body-weight is suppressed while

the time-varying component corresponding to the BCG is passed.

3.2.2 Stage 2: Low-pass �lter

The second stage in the analog signal conditioning circuit involves a unity-gain low-pass

�lter. The �lter design is of Sallen-Key type, where the low-pass cuto� frequency is given

by [54]:

f lp =
1

2�
p

R3R4C2C3

The values forR3, R4, C2 and C3 were selected to obtain a low-pass cuto� frequency off lp

= 25 Hz. This value is wide enough for the BCG signal, which typically lies between 1 -

10 Hz.

3.2.3 Stage 3: Filtered signal ampli�cation

The third stage incorporates a non-inverting Op-Amp gain stage, to further enhance the

�ltered signal. Values for R5 and R6 were selected according to the gain equation

G = 1 +
R5

R6
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