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ABSTRACT 

Most of heart diseases and health conditions are reflected by the heart-
beat. Especially in the case of surgery, tracking the heart signal is vital to 
diagnosing the general situation and for making precise predictions in the 
surgery process. The topic of the thesis derived from a real situation 
when it is needed to track the heart signal of anaesthetized animal in vet-
erinary facilities. The purpose of this thesis was to create a practical solu-
tion which would allow us to monitor the heart rate of an animal.  
 
This design included studying circulatory systems, popular methods to ar-
chive the heart rate and relative knowledge of electrical automation. The 
thesis can be divided into two mains parts: hardware and software. The 
hardware part includes a low-cost stethoscope chest piece connected to 
a microphone, an amplifier-filter circuit for the heart signal and an Ar-
duino to send data to a webpage. The software was Arduino program to 
process the input signal from circuit and a website-form to display the 
heart signal along with other information. 
 

Keywords Heart rate monitor, signal processing, digital stethoscope, lowpass active 
filter, electrical circuit, data visualizing, web interface.  
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1 INTRODUCTION  

1.1 Outline of thesis 

There are six main chapters in this thesis as follows. 
 
Chapter one is about the background of the topic, the author’s target on 
this project. 
 
Chapter two covers the basic knowledge about cardiovascular issues and 
different methods to track the heart signal which played a huge role in 
making technology selection later. 
 
Chapter three reviews the electronics and physics theory required to work 
on the project. Chapter four discusses automation and programming skills 
applied in the thesis. 
 
Chapter five deep dives into real work on thesis including: selecting suita-
ble method, design system, designing electrical schematic and the pro-
grams. Some preliminary results of the work are introduced side by side 
the implementation enhance perspicuity. 
 
Chapter six describes the results of data visualization and heart beat calcu-
lation on the website user interface.  
 
Chapter seven discusses present limitations of the project as well as rec-
ommendation future work which can be done to improve the efficiency 
and practicality of the project. Chapter eight is an overview of the project 
after the development process. 

1.2 Background of project 

The target objects of the thesis were small to medium-sized animals on 
operation table. They are anaesthetized and located on a soft surface 
hence there is no significant movement during the surgery operation. An 
example for the operation was illustrated in Figure 1. As these animals stay 
still, it is hard to observe their regular life signal. The heart rate becomes 
vital parameter in this case for the vet to follow operation status. 
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There is a lot of high-tech equipment in veterinary hospital, but it is quite 
expensive and sometimes rather excessively functional. Professional sen-
sors may cost €1000 which may be too high investment. There were at-
tempts looking for alternative solution from devices for human. Even mar-
ket of human medical equipment is large and diverse still it is challenging 
to find an applicable equipment for animal. Therefore, we need a simple 
and reasonable-cost solution which can afford basic requirement specific 
facility. Design process asked collaboration between engineer and end 
user also brings us ability to update or maintain in detailed situation. 

Figure 1 Animal on operation table 
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Figure 2 Schiller resting ECG machine ($3600) (USA medical and surgical supplies)(n.d) 

 
As there is no straightforward map for solution development, the topic 
was expected to start from research about the heart biological mecha-
nism where the signal was generated. The next step was investigating dif-
ferent techniques to measure the heart rate. After that the electrical 
hardware and software for a protype both had to be designed and had to 
double checked in simulation environment to optimize efficiency. In the 
last stage, a test model was deployed. 
 

1.3 Project targets 

The targets of the thesis project included: 
- Investigating suitable technique to monitor the heart rate 
- Creating a design for the heart rate monitoring device to meet the fol-

lowing functions and requirements: 
o Collect the heart rate signal 
o Filter noise from the original input signal and amplify filtered 

signal 
o Convert the heart rate digital signal into audio sound 
o Process signal to calculate the heart rate 
o Display EKG(Electrocardiography) and the heart rate on screen 

- Deploying a web application to monitor the heart rate and a test model 
for the device. 
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2 THEORETICAL BASIS OF BIOMEDICAL ENGINEERING 

2.1 Cardiovascular system  

This thesis focuses on small to medium sized animal for example dogs and 
cats. A dog’s circulatory system is quite similar to the circulatory system of 
humans so some reference of human can be applied on these animals. 

2.1.1 Cardiovascular system 

The cardiovascular system includes blood vessels(veins and arteries) and 
the heart. For a dog, the heart sits in the chest cavity between 3rd and 6th 
ribs as can be seen in Figure 3. This may vary depends on breeds, species, 
age, etc. 

 
Figure 3 Dog cardiovascular system (Dog cardiovascular, n.d)  

2.1.2 Anatomy of heart 

The heart illustrated in Figure 4 is one of the most important internal or-
gans of an animal. Considered as the central part of the circulatory system, 
its function is to pump blood and distribute oxygen to other part of body. 
The right side of the heart pumps blood to the lungs so to gain oxygen into 
blood as well as remove carbon dioxide from blood cell. On the other hand, 
the left side of the heart pumps blood to the rest of tissues along with ox-
ygen and nutrients. The blood cell then leaves bring waste with them to 
other organs(Washington State University, n.d). Accordingly, even a small 
dysfunction of heart may lead to huge effects in the body. 
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Figure 4 Outside view of heart(Dog cardiovascular, n.d) 

 
Heart is a hollow muscular organ .The normal heart has four chambers; the 
two uppers are left and right atria. The rest are two lower champers(left 
and right ventricles) which are stronger. The right atrium and right ventri-
cle make up the “right heart” so does the “left heart” is form left atrium 
and left ventricle which can be seen in Figure 5. There is a muscle wall be-
tween two sides of the heart called septum.  Blood flows in one direction 
through the heart thanks to series of valves. Between the atria and the 
ventricles there are atrioventricular valves. Between the heart and the 
aorta and between the heart and the pulmonary artery are semilunar 
valves. On the left side, inlet valve is mitral valve and outlet valve is aortic 
valve, both connected to ventricle. On the right side, inlet valve and outlet 
valve are tricuspid valve and pulmonary valve respectively.(Cunning-
ham,2018). 

 
Figure 5 Inside view of heart(Dog cardiovascular, n.d) 
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2.1.3 Heart beat 

Each heart beat consists of two parts or one pumping actions: diastole and 
systole which are shown in Figure 6. 

 
Figure 6 Heart beat illustration(Dog cardiovascular, n.d) 

 
The first sound of the heart beat is generated when the mitral and tricuspid 
valves are closing. During diastole phase, the ventricles(resting lower 
chamber right and left) are at relax situation and filled with blood. The sec-
ond half comes when aortic and pulmonary valves closing. At the start of 
this phase, the ventricles are full of blood, ventricles contract and pump 
blood out. The tricuspid and mitral valves keep shut tight, prevent blood 
backflowing. After that, blood moves into the aorta and pulmonary artery 
then the ventricles relax, the pulmonary and aortic valves close. The cycle 
starts over again as there is low pressure in the ventricles, tricuspid and 
mitral valves open. (Abbas,2009). 
 
Heart beating happens due to a microscopic electrical current derives from 
heart’s pacemaker called the sinoatrial node. Muscle fibers in the heart 
contracts as a result when rhythmic electrical impulses or discharges. The 
larger an animal are, the lower the heart rate it gets. For example: 30 
times/ min in the horse, over 120 times/min in the cat. 
  
For dog, usually, the heart rate is irregular as it increases and decreases 
while breathing in or out. Changing in the heart rate corresponding with 
breathing can be considered as good sign of health. (Abbas,2009). 
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2.1.4 Heart sound and murmurs 

 
Figure 7 Graphing heart sound and heart murmur (Amiri 2013) 

Heart sound is generated by sudden acceleration or deceleration of blood 
and the heart vibration because of blood circulation. With a stethoscope, 
we are already able to distinguish 2 heart sounds(thuds) known as S1 and 
S2 which repeat one after other during a beat. Systole phase is the time 
between S1 and S2 while between S2 and S1 diastole phase. Heart murmur 
originates from turbulent blood flow or heart structures vibrations. They 
can be heard from the heart or major blood vessels.(Ahlstrom ,Jan2018). 

2.2 Different methods to measure the heart rate 

Various methods are being used nowadays to measure the heart rate: 
manual(pulse palpation),  electrocardiography, oscillometry, Photople-
thysmography and phonocardiography. Each of them detects different 
phenomena occurring in the human body in a cycle of heart beat. 

2.2.1 Manual methods: 

Pulse palpation: 
This is a physical examination. Traditionally, the pulse rate is achieved by 
counting beats during a period (varies from 15-60 seconds) then multiply 
result with coincide number to get the beat per minute(BPM). Until now, 
this is still a popular method used by healthcare professionals and doctors 
in daily routine. At any point of the body where there is an artery, it’s pos-
sible to measure the heart rate using this method. Radial, carotid, bran-
chial and femoral arteries are some of the most common positions 
(Walker,1990). 
 
Using stethoscope: 
A stethoscope is an acoustic medical device for auscultation or listen to 
internal sounds of human or animal body. It is often used to listen to heart 
sound, breathing sound, intestines or blood flow in arteries and veins. 
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Figure 8 Stethoscope parts design (Stethoscope, n.d)  

 
A stethoscope illustrated in Figure 8 has the following components: 

• The chest-piece or head of the stethoscope is composed of the 
connected stem, diaphragm and bell. The diaphragm is the large 
circular end of the chest-piece which is used to collect sound from 
contacted surface. While using stethoscope, diaphragm should be 
held firmly against the skin. The bell is the smaller circular of the 
chest-piece. The bell is designed as physical amplifier for low fre-
quency sounds when applied with low pressure.  

• The stem is basically the metal/steel part of the stethoscope that 
connects the stethoscopes tubing to the chest-piece. 

• Headset is combined by components from upper half of the steth-
oscope that includes ear tubes, tension spring and ear tips. They 
are designed to bring comfort in usage and maximize the sound 
quality. 

• Tubing is the soft flexible line whose purpose is to transfer the 
sound captured by the diaphragm to the ear tube at the lowest 
distortion. 
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• Ear tubes are the metal tubes of the stethoscope connecting ear 
tips and tubing. They are designed to isolate the sound and trans-
fer it with the small quality loss. 

• The part that contacts with user ears is eartip. This part is usually 
made from rubber or silicone material to effectively fit inside user 
ears. (Nelson,2015). 

Cardiac auscultation should be implemented in a quiet room. The heart 
beat is best heard on the left side of the dog, behind the point of the elbow. 
If it is hard to catch the sound, move the stethoscope to different areas 
without lifting the chest piece off the body. Apply mild pressure on the 
pressure on the chest piece. Since it’s possible to collect heat sound from 
the stethoscope, use the same calculation as pulse palpation technique to 
achieve the heart rate. 

2.2.2 Electrocardiography(ECG) 

 Electrocardiographic recording is the most precise method of the heart 
rate measurement and is routinely carried out in many clinical settings, es-
pecially in critical care cases. This invasive method is more suitable to track 
the heart rate during long period. Figure 9 illustrated an overview of ECG 
machine. 

 
 Figure 9 ECG machine (ECG n.d)  

 
During the cycle of contractions and relaxation of cardiac muscle, some 
tissues on the heart call pacemaker generates electrical impulses which 
spread through all heart. It is possible to detect these impulses. However, 
the amplitude of the electrical wave is quite small, ECG electrodes must be 
placed on some specific position on the body  to collect these signals. Elec-
trodes must be attached on target skin, sometimes they require special 
jelly. Current picked up by electrodes goes through amplifier and display 
on paper/ screen(for modern type) or storage devices.(Kumar,n.d). 
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Figure 10 ECG of a heart in normal sinus rhythm (ECG signal, n.d) 

An ECG signal is characterized by five main peaks and valleys marked as: P, 
Q, R, S, T as can be seen from Figure 10. The peak P is the result of muscle 
contraction of the atria. At the end of the atrial contraction and the start 
of ventricular contraction, the R peak shows up with the magnitude of 
0.1mV to 1.5mV. The end of a ventricular contraction is marked by the T-
peak. 
 
The heart rate is achieved by calculating the time interval between two 
consecutive R peaks, denoted RR interval. Taking the average of this value 
over fixed window and then scale it to units to beats per minute (BPM) we 
can get the desired result. The general working principle of ECG was de-
scribed in Figure 11. 
 
There are several factors can interrupt or interfere the measurement: elec-
trical interference from other equipment, measurement noise, electromy-
ogram noise, movement of target, baseline drift, instrument noise, … 
To calculate the heart rate, there must be processing in both analog and 
digital domains. A microcontroller can handle these functions in “real 
time”. (Kumar,n.d). 
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2.2.3  Photoplethysmography 

Photoplethysmography(PPG) is an optical technique used to detect blood 
volume changes in the microvascular bed of tissue. This method offers a 
non-invasively measurement at the skin surface as shown in Figure 12. A 
basic form of PPG system includes several opto-electronic compo-
nents(light source to illuminate tissues + photodetector to determine the 
variation in light intensity correspond to the perfusion from the blood vol-
ume change). The light diffuses through human tissues and gets detected 
by photodetector placed on the opposite side of the light emitter. Usually, 
the chosen light is at red or a near infrared wave length. Peripheral pulse 
is the most recognized waveform as it is synchronized to heart beat. (Ku-
mar,n.d). 

 
Figure 12 Photoplethysmograph sensing diagram 

Figure 11 Typical ECG system (Measurement system, n.d)  
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Signal achieved by sensing the light then filtered, amplified and processed 
through an analog to digital converter .The heart rate is calculated using a 
peak detector peak detector. The basic system was shown in Figure 13. 

 
Figure 13 Photoplethysmograph (Measurement system, n.d) 

2.2.4 Phonocardiograph 

When valves in the heart open or close, they generate sounds that are 
rhythmic to the heart beat and audible through a stethoscope. Hence, it is 
possible to use sensitive microphone to collect these sounds. 
In signal acquisition process, other sounds can also be picked up with de-
sired heart sounds. Murmur, which can be seen from Figure 14, is an ex-
ample for abnormal signals. These signals have different spectral charac-
teristics thus it is potential using proper filters to visualize heartbeat. (Ku-
mar, n.d). 

 
Figure 14 Phono Cardiographic signal (Christer Ahlstrom, 2008) 
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 The audio recording chain requires a sequence of signal transformation: 

• Sensor converts sound(vibration) to electrical signal 

• Preamplifier 

• High frequency filter 

• Analog to digital converter 
A processing unit is applied to calculate the heart beat from the time in-
terval between heart thuds and represent the heart signal(pulse) on the 
screen. An example for phonocardiograph system was demonstrated in 
Figure 15. 

 
Figure 15 Phonocardiograph system (Measurement system, n.d) 

 

3 ELECTRICAL THEORETICAL BASIS 

3.1 Operational amplifier circuit 

An Operational Amplifier or op-amp is a voltage amplifying component de-
signed to be used with external feedback components such as resistors and 
capacitors between its output and input . It is a high-gain electronic voltage 
amplifier with a differential input and usually a single-ended output. Op-
amps are among the most widely used electronic devices nowadays. 

3.1.1 Non-inverter amplifier 

This circuit does not invert the input signal or produce inverting signal 
while applying gain ratio: 
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𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
=  1 +  

𝑅𝐴

𝑅𝐵
 

 
Equation 1 Non-inverter amplifier voltage ratio 

  The input signal is connected to (+)non-inverting   input 

 
Figure 17 Non-inverting Op-amp Circuit (Amplifier n.d) 

3.1.2 Inverter amplifier 

This circuit does both inverting and amplifying the input signal with the 
ratio of : 
 

 
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
=  −

𝑅𝐴

𝑅𝐵
 

 
Equation 2 Inverted amplifier voltage ratio 

 The gain is controlled by negative feedback using feedback resistor RA . 
The input signal is fed to inverting input(-). 

3.2 Filters 

Electronic filters are circuits perform signal processing functions which in 
most of the cases are removing unwanted frequency signal from the orig-
inal signal or enhance desired signal. These filters can be passive or active, 
analog or digital. 
Passive filters are made up from passive components for example resistor, 
capacitor, inductors, … without amplifying components(transistors, oper-
ational amplifier…). Their output levels are always less than input. 
Active filters are implemented using both passive and active electronic 
components along with external power source. They can provide voltage 
gain. 

Figure 16 Inverting Op-amp Circuit (Amplifier n.d) 
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There are four primary types of filters which were named base on the fre-
quency they remain after filtering process: lowpass filter, high pass filter, 
bandpass filter, notch filter which were listed in Figure 18. “Low” or “High” 
are regardless to any absolute values of frequency but relate to value of 

cutoff frequency. 
Response curve is used to describe a filter behave. This graph shows atten-
uation ratio  (VIN/VOUT)  over frequency. Attenuation is expressed in units 
of decibels(dB). 
 
Below are some popular technical terms using for response curve(Figure 
19): 
 

Figure 19 Response curves for the four major filter types (Filter types n.d) 

Figure 18 Basic depiction of four major filter types (Filter types n.d) 
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• Cutoff frequency or “-3dB frequency” is the value of input fre-
quency that cause the output signal amplitude a drop by -3dB in 
compare to the input signal amplitude. This is also the frequency 
where the output power reduced 50%. For lowpass and high pass 
filter there is only one cutoff frequency while for stopband and 
notch filter there two. 

• Stopband frequency(fS) is a particular frequency where the atten-
uation achieves a specified value. 

• Gain of a filter is function of the output amplitude divided by coin-
ciding input, usually displayed in Decibels: 
 

 𝐺𝑎𝑖𝑛 𝑖𝑛 𝑑𝐵 = 20 log
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
 

 
Equation 3 Filter gain in dB 

3.2.1 Lowpass filter 

Lowpass filter is made from capacitance, resistance and inductance to ap-
ply high attenuation for frequency above a specific value(cutoff frequency) 
as well as does no attenuation for signal below that frequency. 
Components of a lowpass filter can vary from a resistor plus a capacitor for 
simple circuit or more pairs of resistor-capacitor and inductor. 

 
Figure 20 Simple RC circuit (Passive LPF n.d) 

RC potential divider equation 
 

Vout =  Vin ×
𝑍𝑐

𝑍
= Vin ×

𝑍𝑐

√𝑅2 + 𝑍𝑐2
 

 
Equation 4 RC potential divider equation 

  

 Where  Zc =
1

2πfC
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Figure 21 Frequency Response of a 1st-order Low Pass Filter (Passive LPF n.d) 

The Bode Plot shows the frequency response of the filter: no significant 
change for low frequency until the it reaches cutoff frequency. After fc 
point, the response of the circuit goes down to 0 at the slope of -20dB/Dec-
ade or “roll-off”. 
 
Cutoff frequency 

𝑓𝑐 =
1

2𝜋𝑅𝐶
 

 
Equation 5 Cutoff frequency of low pass filter 

Phase shift 
𝜑 = −arctan (2𝜋𝑓𝑅𝐶) 

 
Equation 6 Phase shift of low pass filter 

3.2.2 Second order lowpass passive filter 

Sometimes, the roll-off slope of -20dB/decade attenuation is not enough 
then two stages of filtering can be implemented. 
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Figure 22 2nd order passive LPF (Passive LPF n.d) 

 

Passive second order LPF can be installed by connecting two first order LPF 
in series. 

Passive lowpass filter gain at fc       (
1

√2
)n

  where n is number of filter stages. 

 
Cutoff frequency  

𝑓𝑐 =  
1

2𝜋√𝑅1𝐶1𝑅2𝐶2
 

 
Equation 7 Cutoff frequency of 2nd order lowpass filter 

 
Figure 23 2nd order LPF frequency response (Passive LPF n.d) 

 

3.2.3 Lowpass active filter 

An active lowpass filter can be implemented by combining basic RC LPF 
with and operational amplifier. 
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Figure 24 1st order active LPF (Active LPF n.d) 

The op-amp is configured as a voltage buffer to achieve the gain of 1. The 
advantage of this configuration is that the op-amps high input impedance 
prevents over-loading on the filters output at the same time  low output 
impedance prevents the filters cut-off frequency point from being affected 
by changes in the impedance of the load. 
 
Incase greater voltage gain is required, amplification can be applied 

 
Figure 25 Active Low Pass Filter with Amplification  (Active LPF n.d) 

Frequency response of the circuit remains the same for passive LPF, how-
ever amplitude of output is increased by the gain of the amplifier AF. For 
non-inverting amplifier: 

• Gain from amplifier:  
 
   KF = 1+R2/R1 

 
Equation 8 Gain from amplifier 
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• Gain of 1 order active gain  
 

𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝑔𝑎𝑖𝑛(𝐾𝑣) =  
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
=

𝐾𝐹

√1 + (
𝑓

𝑓𝑐
)2

 

 
Equation 9 Voltage gain of 1st order active gain 

Where f the input signal frequency in Hertz 
 fC cutoff frequency in Hertz 

The formula to calculate cutoff frequency is the same as for passive RC LPF: 
 

𝑓𝑐 =
1

2𝜋𝑅𝐶
 

 
Equation 10 Active LPF cutoff frequency 

The gain corresponding to different input frequencies can be determined: 

1. At low frequency, f<fC  
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
 ≅ 𝐾𝐹 

2. At cutoff frequency, f = fC 
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
=  

𝐾𝐹

√2
 

3. At high frequency, f> fC  
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
< 𝐾𝐹 

3.2.4 Second order active lowpass filter 

It’s possible to connect two first orders passive LPFs to get second order 
passive LPF and add an op-amp with gain to the circuit to implement a sec-
ond order active LPF. Stop band roll-off with be twice the first order filter 
at 40dB/decade. 

 
Figure 26 Second-order Active Low Pass Filter Circuit  (Active LPF n.d) 

𝐺𝑎𝑖𝑛  𝐾 = 1 +  
𝑅2

𝑅1
 

 

Equation 11 2nd order active LPF gain 
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  Cutoff frequency   𝑓𝑐 =  
1

2𝜋√𝑅3𝑅4𝐶1𝐶2
 

 

Equation 12 2nd order active LPF cutoff frequency 

 
 Cascading voltage gain: 𝐾 = 𝐾1 × 𝐾2 × … 𝐾 𝑛 

The circuit above is also known as the lowpass Sallen-Key circuit which has 
transfer function: 
 

𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
 =  

𝐾

𝑠2(𝑅3𝑅4𝐶1𝐶2) + 𝑠(𝑅3𝐶2 + 𝑅4𝐶2 + 𝑅3𝐶1(1 − 𝐾)) + 1
 

 

Equation 13 Sallen-Key transfer function 

Where    s = j2𝜋𝑓  
 

𝑓𝑐 =
1

2𝜋√𝑅3𝑅4𝐶1𝐶2
 

    

𝑄 =  
√𝑅3𝑅4𝐶1𝐶2

𝑅3𝐶1 + 𝑅4𝐶1 + 𝑅3𝐶2(1 − 𝐾)
 

  
  

4 BASIS OF AUTOMATION THEORETICAL 

4.1 Microcontroller 

An embedded system is a computer system with a specific, dedicated func-
tion that is not designed so that it should ever need to be reprogrammed 
(i.e. engine control units, implantable medical devices, appliances, etc.) 
The most common type of embedded system is a microcontroller, which is 
a small computer system on a single integrated circuit. (Tyler, 2017).Sys-
tem in Figure 27 was an example of microcontroller. 
Microcontroller includes three main parts: CPU(central processing unit), 
memory and communication. CPU’s task is to perform calculation and 
other implementation of input data. Memory part involves ROM(read-only 
memory) and RAM(random access memory) which serve different data 
saving purposes. The communication part of a microcontroller includes 
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input and output port to receive and send digital and analog signal. Figure 
27 illustrate the basic structure of a microcontroller. 
 
 

4.2 Programming background 

4.2.1 Arduino 

Arduino programs are written in the Arduino Integrated Development En-
vironment (IDE) which is a special software allows user to write sketches 
for different Arduino boards. The programming language of Arduino called 
processing, similar to C/C++ language. An Arduino sketch must be com-
piled and upload on an Arduino board to implement. 
There are two main functions used in nearly every Arduino sketch: 

• Void setup(){ } : is used to set up initial condition for the sketch. This 
function runs only once(must be the first function) during the life 
of a program execution. 

• Void loop(){} : is where Arduino essential functions are located. All 
the code between the curly braces is repeated as long as the Ar-
duino is still working. 

Figure 27 Structure of microcontroller (Vysakh, n.d) 
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Figure 28 Shows an example of Arduino code sketch used in this thesis. 
 

 
 Figure 28 Arduino sketch example  

4.2.2 HTML(Hyper Text Markup Language) 

HTML is a programming language created to build website which can be 
view by anyone else via the Internet. It is considered easy to learn and 
quite powerful for web creation. Nowadays, HTML is still under the revi-
sion and evolution from user and W3C, the company is responsible to de-
velop and maintain this programming language. 
HTML consists of group of short codes(tags) written in a text-file by the site 
author. The tags are what distinguish HTML code and a regular text. Each 
tag type implements distinct function in HTML page and only its effect is 
on the web display. 
 This text-file is saved as a HTML file and viewed through a browser. 
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File is read and translated into visible form by browser. Tags are involved 
to be used strictly correctly to create a website. However, any text-editor 
can be used to create these HTML pages.(Ross Shannon, 2012) 
Figure 29 demonstrates an example HTML code tried in this thesis 
 

 
Figure 29 HTML Code Example 

4.2.3 CSS(Cascading Style Sheets) 

CSS is a language to specify how the documents are displayed in a webpage 
for example the layout, style, size,… 
Web browsers apply CSS rules to affect the display of a document. CSS has 
the general form: 

• Set of properties update the appearance of HTML content. 

• Selector to select the element or group of elements website author 
want to apply the properties on. 

These rules are enclosed inside a stylesheet or .css file.(MDN web docs CSS, 
n.d)  
Figure 30 shows an example css code used in in thesis. 

 
Figure 30 CSS Code Example 

4.2.4 JavaScript (JS) 

JavaScript is a programming language for website interaction implementa-
tion. Thanks to JavaScript layer, the website becomes more dynamic and 
interactive. This language is supported by a large number of libraries and 
frameworks to make the work easier. JavaScript is fully integrated with 
HTML/CSS, supported by popular browsers and most of the time execute 
simply. Therefore, it is one of the most popular programming languages 
for web creation and design. 
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Figure 31 is an example of JavaScript code used in the thesis. 

 
Figure 31 JavaScript example code 

5 METHODOLOGY 

5.1 Selection process for measurement method 

Choosing the suitable method to measure the heart rate is one of the chal-
lenges in this project. As the targets of this project are animals, photople-
thysmography is not ideal. The thick fur of these animal blocks most of 
infrared light hence the measurement is extremely hard. For ECG, it usually 
requires shaving these animals in at least 3 places to place electrodes and 
obtain proper measurement by a non-invasive method is preferable. Elec-
trodes can be also attached to target’s tongue, but these sensing compo-
nents may fall out because of wet surface in the tongue. Simple pulse pal-
pation or stethoscope cannot be used in this situation as we need a con-
tinuous and more precise method. Phonocardiograph is the most promis-
ing method for our needs as sound can propagate though solid environ-
ment(fur) well. Moreover, with proper sensing process, the data can be 
collected continuously and more precise. 
 
Our solution is to use a stethoscope to acoustically collect the heartbeat 
sound and use electrical circuit to make this tiny sound audible. Further 
signal processing and display implemented on this sound will be illustrated 
in detail in the next section. 
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5.2 Heartbeat calculations 

There were technical terms and abbreviations will be used frequently in 
this section and thesis: 

• BPM: beat per minute. 

• IBI: inter beat interval, the time interval between 2 points that have 
the same amplitude and direction. 

• P: peak value of signal. 

• T: trough or bottom value of signal. 

• Amplitude = P -T. 
Figure 32 presents the value collected by sensor and notation reason-
ing the method the calculate heartbeat. 

 
Figure 32 Signal from circuit graphed by Arduino 

Base on phonocardiograph method and the data shown in figure 32, each 
heart beat sound can be recognized by T-point, P-peak and one small 
curve. P-peak was the top of a rapid upward raise, after that signal decline 
dramatically. There was a small curve of the second heartbeat sound be-
fore the low T-point. This pattern repeated periodically so the desired sig-
nal was predictable. 
The peak value might differ due to variety reasons such as: measured tar-
get, condition of sensor, … Therefore, it was not ideal to pick a fixed high 
value for peak detection. Our effort was to determine the raising edge, 
update P-peak and then do calculation on IBI to find the heart rate. In prac-
tice, it was easier to confirm a raising edge on the way up than on P-peaks. 
If the signal was 75% of the amplitude or higher and the signal was increas-
ing, then it was safe to consider the signal was at rising edge. Measuring 
the time between these points and calculating average number was a way 
to find the heart rate. 
Moving average was an effective calculation to analyze data like this. The 
principle was simple, values were fed into an array and average number 
was compute. After that, the oldest value would be removed from array. 
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All value in the array would be shifted to the left before adding a new value 
to last position of the array. The computation went on after updating. Note 
that, the P-peak and T-bottom-value must be updated during the meas-
urement to make sure no heartbeat was missed out. 

5.3 Architecture 

 
System architecture is a conceptual model to construct the structure, be-
havior and general view of a system. An architecture description repre-
sents system in a formal way while still supports clear explanation about 
structures and behaviors. 
 
A system architecture usually contains system components and sub-sys-
tem if needed to run the whole system. Formalized languages are now in 
construction which called architecture description languages(ADLs). 
The next figure illustrates hardware architecture of the system in this the-
sis. 

As can be seen from the figure, sound signal from the cardiac system will 
be collected and acoustically amplified by a stethoscope.  A sensitive mi-
crophone is connected to the end of stethoscope stem to convert physic 
vibration of sound into voltage signal. This signal then goes through a pre-
amplifier, a filter and then another amplifier. Audible sound is generated 
after electrical signal activate the speaker. An Arduino receives signal from 
circuit, process to the signal to get BPM value. The Arduino is power by PC 

Figure 33 Hardware system architecture 
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via a USB cable which is also used to power this board. Data after pro-
cessing is send to PC continuously, and from PC to a local host server. This 
information can be viewed by other PCs which are allowed to connect to 
the network. 
 

5.4 Electrical design 

In this step of project, multiple works related to electronic components 
have been implemented for example: planning, drafting, simulation, test-
ing, installation, … 
For circuit design and simulation, used program is Multisim, an industrial-
standard SPICE simulation and circuit design software for analog, digital 
and power electronics in education and research. 
Final circuit contains 3 smaller circuits: preamplifier circuit, filter circuit, 
amplifier circuit 

5.4.1 Sensor (Microphone) 

The key specification of a microphone is its sensitivity. The sensitivity of an 
analog microphone is the correspondent between physical input and elec-
tric voltage:  

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦(𝑑𝐵𝑉) = 20 log10 [
𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦(𝑚𝑉/𝑃𝑎)

1000 𝑚𝑉/𝑃𝑎
] 

Microphone sensitivity measured 94dB sound pressure level at 1 Pascal. 
From practical cases, the stethoscope can amplify tiny sound from cardiac 
system to level of 60-70 dB SPL. Base on this information, a microphone 
which has sensitivity lower than 50 is acceptable for the project. In this 
case, electret microphone was chosen. Figure 34 presented the structure 
of the microphone. 

 
 

 
Figure 34 Electret microphone (sparkfun microphone, n.d) 

Electret is a type of condenser microphone comes with permanent charge 
built inside. The microphone includes a pair of charged plates(+ and -) to 
record sound. Even there is no need to charge the plates again, the micro-
phone still requires voltage for operation. 
Table 1 includes the specification of chosen electret microphone. 
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Table 1 Electret microphone specification 

 

5.4.2  Amplifier circuit 

Pre-amplifier circuit is used to amplify the amplitude of the input signal 
from microphone(5-10mV) to higher level. Figure 35 is a demo for pream-
plifier circuit used in the project. 

 
 

Figure 35 Amplifier circuit schematic 

Op-amps used in the schematic can be any type that has low power oper-
ation and low noise. XFG1 is a signal generator which was used as the 
sound source to create small amplitude signal to running in this simulation. 
Figure 36 shows the original and amplified signal in the simulation through 
oscilloscope(Red line represents the input signal and orange line repre-
sents the output signal). 
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Figure 36 Amplifier circuit result 

As can be seen from the oscilloscope, from input amplitude of 5 mVp the 
amplifier circuit can produce output of about 160 mVp. There is a small 
phase shift in the output signal however for project’s goal it is acceptable. 

5.4.3 Lowpass filter circuit 

As the desire frequency is fixed, building a lowpass filter circuit is a good 
choice to remove interferences and noise from the input signal. This circuit 
had cutoff frequency at about 4 Hz. There was a small amplifier circuit to 
make signal visible. Figure 37 presents the demo LPF circuit schematic used 
in the project. 
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This circuit was used to remove high frequency from output signal and am-
plify the result properly. XFG1 is a frequency-adjustable signal generator 
which is quite convenient to examine the behavior of output voltage cor-
responding to the input frequency. XSC1 was an oscilloscope with 2 chan-
nels: orange for signal before filtering and green for after filtering process. 
The next 3 figures present the behavior of output signal corresponding to 
input frequency. 
 

 
Figure 38 Filtered signal at 1 Hz input frequency 

Figure 37 Lowpass filter schematic 
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According to figure 38, there is no signal distortion in the output and the 
amplification gain were about 2. Signal with frequency from 1 to 2 Hz were 
desired target for filter as it is 60-120 BPM in respect. 

 
Figure 39 Filter signal at 10 Hz input frequency 

As can be seen from figure 39, output signal decreased significantly to am-
plitude at about 5mPv. The cutoff frequency was at about 4 Hz, however 
in practice, a filter should be installed with an amplifier, so the output sig-
nal was still visible. The most popular noises were at 50Hz and above 100 
Hz will be examined in the next figure(40). 
 

 
Figure 40 Filtered signal at 50 Hz input frequency 
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In figure 40, the output signal was totally cancelled. Setting higher input 
frequency, oscilloscope showed the same result. The filter circuit can be 
considered as well designed. 

5.4.4 Final circuit 

After testing with components circuits in simulation, a final circuit was 
achieved as the combination of smaller circuits. The duties of this circuit 
were: pre-amplifying signal, filtering high frequency signal(above 4Hz), am-
plifying voltage to run a speaker, stabilizing input and output signal. Figure 
41 shows the schematic of final circuit designed in this project. 

 
 

Figure 41 Final circuit schematic 

In the schematic, real speaker was replaced by resistor R12. R10 of 10k 
Ohms was added to enable volume controlling. Electret microphone was 
replaced by XFG1 signal generator. The microphone and op-amps were 
power by 12V voltage sources which in practice can be replaced with series 
of batteries. Figure 42 demonstrate the output signal of the circuit coincid-
ing to the frequency of the input signal. 
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Figure 42 Filtered signal at 2Hz and 100 Hz input frequency from final circuit 

In figure 42, green line was output signal and orange line was the input signal. On the 
left side of the screen, signal was fed with frequency of 2Hz. Move to the right side of 
the oscilloscope screen, signal frequency was changed to 100 Hz. The change is signifi-
cant, at  2 Hz, signal was amplified and remains the original form even there was small 
phase shift in the output. When frequency raised to 100Hz , output signal was totally 
cancelled which was the target of this circuit.   

5.4.5 Arduino Uno 

Arduino is microcontroller board including simple hardware and software. 
Arduino platform has become popular for small to medium project run by 
both professional to electrical amateur. User can load code to Arduino by 
a USB cable and Arduino IDE, unlike other programmable circuit board.  
Uno is one of the most popular boards in the Arduino family and suitable 
for beginners.(Arduino intro, n.d) 
Figure 43 shows the appearance and specification of Arduino Uno. 
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Figure 43 Arduino specification(Arduino intro, n.d) 

 

5.5 Programming 

Programming is an essential part for this project. Data from sensing circuit 
must me collected, processed and sent to PC. Consequently, data presen-
tation requires also an applicable program. 

5.5.1 Heartbeat Arduino program 

This program is used to read the electric voltage transferred from the cir-
cuit and calculate the heartbeat from the time interval between 2 consec-
utive P-peaks (Inter Beat InteEcobladerrval or IBI). The program was 
named “SignalProcessing.uno”, it also sends data continuously to the 
server. 
Figure 44 shows the initialization, setup and main function of Arduino pro-
gram. Details about the code was commented out in the figure. 
As can be seen from figure 44, the program sends pulse value data (marked 
with ’S’) constantly to Processing every 10 ms and check if there is start of 
a beat to send BPM value(marked with ‘B’). 
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Figure 44 Arduino initializing code 

 
In setup function, there was interruptSetup () function which was used to 
interruption for Arduino and Serial.begin(9600) to set the baud rate for 
Arduino. In figure 45, interruptSetup () function was presented and ex-
plained by comments. 

 
Figure 45 interruptSetup (); 

There are three Timers in Arduino Uno (Timer0, Timer1, Timer2) with dif-
ferent specification and can be activated as well as adjusted to change the 
counting down time. In this project, Timer2 was chosen to enable data up-
dating and calculation. Timer2 was set to CTC mode and took 2 ms to count 
to 124 as pre-scale of 256 was chosen. Every time the internal clock of 
Timer2 reached 124, a specific function called Interrupt Service Routine or 
ISR which will be presented later will implemented immediately. ISR func-
tion will bypass any function running at that moment thanks to sei() func-
tions enabled global interrupts. Interrupt Service Routine function of this 
program is demonstrated in figures 46,47 and 48. 
Figure 46 presents the code for data and peak value updating. 
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Figure 46 ISR function (part 1) 

ISR(TIMER_COMPA_Vect )  was the function called every 2 ms by the 
Timer2. The first thing it did was receiving analog signal from pulsePin.  
SampleCounter added up by 2 to update the time and N was used to store 
the time interval for comparing with the previous IBI. The profound pur-
pose of N is to avoid noise of signal. 
Thresh variable was initialized at 541 and updated at 50% of the amplitude 
later. The trough value was only update N was larger than 80% of IBI to 
reduce the noise. 
Figure 47 illustrate how program determine a beat. 

 
Figure 47 ISR function (part 2) 
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If N was higher than a specific value, in this case was 250ms, the program 
run next steps of beat detection. 250 ms was coinciding with 240 BPM 
which was quite high for normal the heart rate. If there was no pulse at 
that moment and signal was greater than thresh value, program received 
a heart pulse. 
Two heartbeat sounds were involved for a heartbeat. If the pulse was at 
the first sound then program marked firstBeat to false, secondBeat to true 
and return. Otherwise, secondBeat was unflagged and program started 
feeding value to rate[] array, skipped to beat calculation part which was 
marked in figure 47. QS value was set to true, set a flag for program to pop 
up value of BPM after computing. The calculation process was mentioned 
in 5.2 Heartbeat calculation. The runningTotal is sum of all current BPM 
value and number of BPM samples in this project was 9. 
Figure 48 shows implementation after sending back a BPM value. 

 
Figure 48 ISR function (part 3) 

When the Pulse status was still true and Signal value started falling, it was 
a sign for the end of a pulse. Pulse status was set to false, other values such 
as amp, thresh, P , T were updated. 
In case the sensor did not work or after long period without 
pulse(2500ms), values were initialized again. 
 

 Supporting functions are shown in figure 49. 

  
Figure 49 Supporting function 



42 
 

 
 

Data sent to server must distinguish between Signal value and BPM value 
hence sendDataToProcessing() function was used to form data package as: 
[S,’signal value’] or [B,’BPM value’]. These values will be split into 2 parts: 
data type and data value in server to continue processing. 
Function sawStartOfTheBeat() was prepared to make a tiny time gap to 
disable interrupt, set a flag started to send BPM and  then activate inter-
rupts again. 

5.5.2 Server 

One of the purposes was to visualize the data on screen and allow other 
device to access the view. Arduino supported only simple plotter and mon-
itor which were not enough for project’s needs. Data must be sent to 
server although Arduino was not able to connect to server by default. In 
this case, a bridge program was needed to set communication between 
Arduino and website. 
There were several solutions available however to simplify the process, 
p5.serialport library was chosen as it was a part of p5.js which will be dis-
cussed later in data visualizing. The p5.serialport comes in two flavors: a 
simple application for all level users or Node.js based WebSocket server 
for advanced user who needs deep customization. In this project, the ap-
plication was enough. 
Figure 50 illustrate the GUI of the bridge program. 

 
Figure 50 p5.serialcontrol application (p5.serialport, n.d) 

Since the program was activated, Arduino and website were able to com-
municate using function in p5.serialport library. 



43 
 

 
 

5.5.3 Data visualizing 

For data visualizing, p5.js was the chosen solution. P5.js is a JavaScript li-
brary started with the original goal of Processing to make coding accessible 
for artists, designer, educator and beginners. This library has a full set of 
drawing functionality.(p5.js introduction, n.d) 
Data was demonstrated on a webpage so essential files for data visualiza-
tion must be JavaScript files(.js), HTML file(.html), CSS file(.css) and images 
if needed. 
In general, the web interface was used as a canvas to draw data continu-
ously sent from Arduino to server. One of the most important factors of 
the visualizing process was the the heart signal line which should obtained 
the form of normal phonocardiograph. Figure 51 shows the function used 
to graph phono cardio-line. 

 
Figure 51 Phonocardio-line graphing 

According to figure 51, fed newData was mapped to the size of canvas and 
connected to the previous mapped value to achieve a continuous line. 
When xPos reached the border of the canvas, function reset background 
to draw a new page of graph. 
Figure 52 explains where the newData came from. 

 
Figure 52 Data parsing 
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Recall the helping function in Arduino code, incoming data from Arduino 
was marked with ‘B,’ or ‘S,’ at the begin of data package. Every time there 
was data from Arduino, function serialEvent() will be called. As can be seen 
from figure 52, data was split with character ’,’ as the delim. Therefore, 
expected result string were letter ’B’ or letter ’S’ and a number. These val-
ues were stored in splitString[0] and splitString[1] then in inType and in-
Data. 
Figure 53 shows the main function in p5.js : draw(). 

 
Figure 53 Draw function 

This function was called repeatedly if the web was still on. From figure 53, 
it was sensible that each element of the visualizing data process was 
wrapped in a function to be updated in the draw() function for example: 
time, pulse, BPM, … inType variable introduced before was used to distin-
guish the type of incoming data for draw function to update new values. 
The complete sketches will be attached in appendix section. Figure 53 be-
low presents one of the functions used in draw(): displayBPM(). 

Figure 54 displayBPM function 
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6 RESULTS 

For the electrical design, the result was demonstrated in am oscilloscope as can be 
seen from figures 30, 40 and 42. The circuit was able to filter and amplify the Visu-
heart signal for the speaker as well as Arduino. The data visualizing result is demon-
strated in this section. 

 
Figure 55 Web interface no signal 

Figure 55 demonstrates the de-activated website. The components of this user in-
terface included: 

• Information box at the left bottom corner showing a message from the sys-
tem. 

• Series of buttons: Open port/close port to enable/disable data receiving 
process of the website, Clear Infor to clean the information box. 

• Led status turns green in graphing process and red otherwise. 

• Grid screen for a phonocardiograph. 

• Hear rate area on the right side of the screen with: BPM value, min and 
max values. 

• Pulse area showing the amplitude of the signal. 

• Time displaying area 

• Note area at the right bottom corner for quick note for specific cases. 

• Relative frequency (HR spectrum) area. 
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Figures 56 and 57 show the data visualization in different cases. 
 

As can be seen from these figures, the program reacted sensitively with the change 
of the heartbeat sound. In Figure 57, the BPM value was higher corresponding to 

Figure 56  Data visualization on web app (1) 

Figure 57  Data visualization on web app (2) 
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more heartbeat sounds can be detected from the graph in comparation to figure 
56. The actual BPMs were 60 and 86 while the calculated values were 62 and 88. 
The information box and the note area and the buttons were implemented perfectly 
in these attempts. The HR spectrum area demonstrated the distribution of the heart 
rate during the measurement process. 

7 LIMITATIONS AND EXPANSION POSSIBILITIES 

7.1 Limitations 

The limitations of the project included the following issues: 

• The electric design only worked perfectly for simulation. 

• The algorithm to smooth the signal was enough for proper visualization but 
not for advance requirements. 

• The sensing components were not optimized. Figure 58 presents the current 
sensor design. 

 
Figure 56 Current sensing components 

7.2 Expansion possibilities 

The project can be updated with more useful improvements to achieve the best 
performance. Future work can be divided into two categories: hardware and per-
formance optimizing. 
 
For the hardware, the circuit design could beat implemented with a higher effi-
ciency and precision if there were more professional research and testing. Elec-
tronic components can be rearranged neatly in a small size printed circuit board to 
minimize the size and weight of the device which was the key factor in evaluating a 
portable device. There should be an elastic belt to locate the sensor firmly on the 
target’s body and a 3D printed housing component to fix the structure of the micro-
controller and the circuit together. 
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Figure 57 Elastic belt to locate the sensor 

 
For performance optimization, a more effective algorithm can be applied to achieve 
smoother signal, one of which was wave-let transformation. For the website, a func-
tion to record all the values on the screen should be useful compared to the current 
manual screen shoot method. The website can be more responsive and equipped 
with customized back-end service. Finally, data can be stored in a cloud service for 
further retrieval or processing. 

8 CONCLUSION 

In this thesis, some related concepts were defined such as cardiovascular system, 
the heart rate measurement methods, amplifier circuit and signal filters. The author 
also implemented a protype to experiment the design. During the period for this 
thesis project, professional skills such as circuit designing, signal processing and 
data visualizing were gained. In addition, both theoretical and empirical work 
played a big role in building deeper acknowledgment of author in this field. 
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