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ABSRACT 

This research study aims to develop a portable, non-invasive stress monitoring system that uses 

near-infrared light which enables the recording of brain activities during the actual life 

experience memory task of a subject. This is to clarify the neurophysiological mechanism of 

stress response by identifying the local hemodynamic changes in human brain. Recent studies 

have shown that the stress response system able to influence the front part of the brain known as 

prefrontal cortex. In this paper, a non-invasive near-infrared spectroscopy (NIRs) technology is 

being studied to design a basic concept of photometric system that allows to monitor and 

imaging blood oxygenation through skin tissues. The proposed system is applied to human hands 

as proof of concept. The idea is to ensure that the photometric system can be applied at the 

forehead area where the level of oxygenation is expected to be higher at rest under mental stress 

condition. The data will be evaluated as well as the measurement and calculation made by 

illuminating the right wavelength towards the tissue and detects the reflected light, enabling 

spatially resolved spectroscopy to be carried out.  
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CHAPTER 1 

 INTRODUCTION 

 

1.1 Overview 

This chapter provides detail review of a research study on the development of mental stress 

measurement system using the Near-Infrared light spectroscopy (NIRs) to measure the 

concentration changes of oxy-hemoglobin and de-oxy-hemoglobin which relates to detecting 

stress activities in brain. The purpose of this research paper is to propose a cost-effective and an 

alternative fast response method of portable system in studying functional activity during an 

actual real life experience which is more accurate compared to lab-based tests. The detailed 

background study and problem statement that leads to the objectives of the research are 

discussed under this chapter. 

1.2 Research Background 

Stress can be defined as a state of mental tension as the brain response to the feedback of the 

body and mind due to harmful situation or any environment that is under pressure. When the 

body felt threaten, it will automatically rouse itself for emergency action. Thus, this will speed 

up the heart rate, breathing heavily, increases the blood pressure and boost the amount of energy 

to the muscle. Stress can be healthy if it is short-lived. However, if the stress is excessive or 

uncontrollable, it can affect one’s emotion which may leads to mental illness as well as physical 

health. It does not only cause by external factors, instead, it can also be internal or self-generated 

such as worrying excessively about something, solving calculations during exam or even lack of 

sleep causing the brain to have insufficient oxygen. Oxygen deficiency will lead back to mental 

stress which in advance causing brain cells to damage slowly. Whether the stress is physical or 

mental, the response is still the same[20]. 
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Stress can be measured according to behavioral and physiological responses. There have been 

wide-ranging questionnaires that have been developed to assess the psychological factors that are 

linked with human stress[1]. However, this method is not precise enough to determine the level 

of stress in human. The irregularity of function within the frontal part of the brain can be difficult 

to distinguish in the lab or clinic as it is located under the skull[2]. Nevertheless, to recreate the 

test in lab could be less favorable since the participant can change their behavior in a way that 

the body is prepared and ready to approach task given since they are aware of the situation[2]. 

 

Recent studies have shown that the optical measurement technologies in imaging are emerging 

rapidly towards the medical applications[3].  The technology used is to study tissue structures by 

analyzing scattering lights and the absorption of hemoglobin. Near-infrared (NIR) light can 

passes through the skin, scalp and skull with a small percentage of the amount of power per unit 

volume which are able to reach the prefrontal cortex of human brain[4]. It has become the 

alternative quick response in analyzing the brain activities.  

 

Near Infrared-light spectroscopy (NIRs) is an effective tool to identify the characteristic of the 

prefrontal cortex in emotional processing[5]. It is used for non-invasive assessment in 

biomedical technology such that it measures the functionality of brain and other tissues as well 

as an analytical tool for diagnosing disease[6]. This technology is mostly used in laboratory 

testing for various pharmaceutical applications. These many elements are impossible to detect 

with the human naked eye, thus, with this spectrophotometer technology it will use the 

reflectance of lights and absorption values to quantify the data to help accurately detect 

impurities and classify materials. 
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Near-infrared spectroscopy (NIRS) is widely known for its optical monitoring technique that 

derives the concentration changes of oxygenated and deoxygenated hemoglobin[7]. Pulse 

oximetry is a based technique of near-infrared (NIR) light which has been widely used to detect 

the arterial blood saturation under the skin for clinical practice[3]. When the absorption spectrum 

of light is analyzed, the measurement of that light intensity can be used to determine the 

concentration of blood and tissue oxygenation which demonstrates the local hemodynamic 

responses. The oxygenated and deoxygenated hemoglobin molecules can be found in cerebral 

tissue. The measurement of cerebral blood flow offers extremely useful information especially 

for patients who are related to neurological disorder.  

 

Now, people are moving forward to providing a portable stress monitoring system to experience 

a real-world test in a normal people’s life and activity as it is said to be more accurate and 

precise study in human stress[8]. The idea is to undergo the imaging techniques on the forehead 

area where the concentration of blood oxygenation is known to be very high while freely 

encountering the on-going daily activity. Hence, it is important to understand the basic method of 

measuring the blood concentration through skin. Besides having a unique idea of a portable 

imaging system, it can also affect the cost of developing the device in a way that the usage of 

opto-mechanical coupling components and fiber-optics will be replace with a cheaper component 

with almost the same outcome[8]. Furthermore, the hardware design itself should be less 

complex to reduce the overall instrument size and weight. Thus, this will make it more 

convenient for the subject to move around compare to the existing NIRs machines in the lab. 
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1.3 Objectives 

The objectives of research were described as follows: 

• To propose a cost-effective optoelectronic device that can be used to measure the blood 

oxygenation in determining the hemodynamic response which indirectly reflects the 

functional neural activities in human brain. 

• To design and integrate a single channel of NIRS system in order to understand the basic 

concept of NIRs technology. 

 

1.4 Scope of Study 

The research study focuses on as described below: 

1. Biomedical information of functional brain studies affected by stress response. 

2. The development of instrumentation for near-infrared spectroscopy and clinical research 

in translational of brain imaging. 

3. The procedure of estimating blood concentrations in the absorptions of oxygenated and 

deoxygenated hemoglobin. 

4. Different approaches of implementing the near-infrared spectroscopy in order to monitor 

tissue hemodynamics and oxidative metabolism. 
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1.5 Problem Statement 

Near Infrared-light spectroscopy (NIRs) imaging system available on the market is very 

expensive now-a-days. The technology provides a valuable clinical purpose but due to its high 

cost development, it limits the accessibility to most patients out there. For an example, Hitachi 

ETG4000 is a common and an effective NIRs system that is used in most private hospitals. 

However, to purchase the machine can cost up to RM1 million at its minimum price. Besides the 

price itself, to prepare the treatment will need to encounter many wirings connections only for 

the head gear to the machine. This will constrain the patients to move freely. All of the 

treatments will be resulted depending on the lab-based test which will give an artificial result 

under the constrained testing environment. Thus, the measurement of mental stress provided by 

the analysis is based on the unnatural environment.  
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CHAPTER 2 

 LITERATURE REVIEW 

 

2.1 Overview of Literature Review 

This chapter will discuss on other similar applications of NIRs technology that employ either 

lasers or light emitting diodes (LED) as the light source considering situational factors from 

existing research papers and the study of instrumentation requirements to develop a basic 

photometric system. There will be a case study of theoretical oximetry equations related to 

finding blood oxygen saturation and the comparison of commonly used light sources in 

biomedical technology to aid the design specification for this research. Thus, the information 

discussed will provide a solid background of research and general understanding that should give 

meaning to the discussion of findings, conclusions, and recommendations. The determination of 

procedure used in past studies is identified and studied to clarify the theoretical framework 

before moving forward to methodological focus. 

 

2.2 Stationary FNIRs Experimented in Laboratory 

Table 2.2: NIRs imaging application conducted in lab 

Paper Diagnosis Method Type of 

FNIRS 

System used 

Light 

Source 

S. Pu, 2008[26] Major Depressive 

disorder (MDD) 
• VFT procedure 

• Vocalization effects 

ETG-4000 

Optical 

Topography 

System 

Laser 

G. Durantin, 

2014[25] 

Post-traumatic stress 

disorder (PTSD) 

Computerized simulation fNIR100 

(Biopac®) 

LED 

S. Moghimi, 

2012[24] 

Emotional arousal 

response 

Music-based emotion 

induction paradigm 

ISS Imagent 

Functional 

Brain Imaging 

System 

LED 
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M. Kawano, 

2015[3] 

Depression Verbal Fluency Task 

 

Twenty-two 

channel NIRS 

ETG-4000 

Laser 

 

The application of NIRs technology for brain imaging is usually handled safely in the laboratory 

where the subjective measures is assessed through questionnaires and there will be less 

movement for the subject. The idea is to record the brain function during the assessment to 

monitor cerebral oxygenation changes. The verbal fluency task has become a well-known 

assessment used to evaluate the prefrontal hemodynamic response[2] and to assess the 

relationship between activation in the prefrontal areas and clinical characteristics involving 

social functioning[2].  

 

According to Kawano’s research paper, the procedure of handling the assessment will normally 

takes up to more than 15-20 healthy persons depending on age and gender. Each assessment is 

conducted at different timing so that to minimize the time during which the subject is stand still 

and remained silent[2]. On the other hand, Moghimi research paper used the NIRs technology to 

study the emotional arousal by identifying the hemodynamic response of PFC[24]. It is 

conducted by using the music-based emotion induction paradigm to 9 individuals without any 

known health condition. The recording of wavelet-based peak detection extracted from the 

hemoglobin concentration on PFC notably associates with emotional valence and arousal. 

However, these procedures are usually handled in bulky setups with multiple wirings connected 

from the head gear to the machine that may interfere subjects during assessment. Thus, it has a 

high risk of patient discomfort which will make it impossible to study the responses in real-life 

settings[2]. 

 

Durantin’s paper[25] has identified the pilot instantaneous mental state using a realistic flight 

simulator while having the NIRs brain imaging system to assess the working memory. The result 

offers a promising point of view towards the design of NIRs-based BCI for pilots. However, to 

be use in a real cockpit still endures a challenge as safety is prioritize in aeronautics. Hence, the 

result obtained is artificial as it is tested under unnatural events. 
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2.3 Mobile FNIRs Experimented Outside Laboratory 

Table 2.3: Real world test using a portable NIRs system 

Paper Diagnosis Method Type of FNIRS 

System used 

Light 

Source 

C. Song, 

(2016) 

Physiological 

effects 

Walk in a street NIRO-200NX LED 

B. Jones, 

(2016)[28] 

Muscle and brain 

activity 

Walk up 8 floors and back 

down 

NIRO-100 Laser 

T. Liu, 

2015[27] 

Mental stress Presence of others (PO) affects 2-channel NIRS 

unit (PocketNIRS) 

LED 

P. Pinti, 

2015[2] 

Functional Brain 

activity, behavior 
• Stand stationary 

• walk a short distance 

• walk around entire street 

area 

Multichannel 

Wearable FNIR 

LED 

 

Recently, most researchers have move towards a portable and lightweight neuroimaging 

techniques that does not require significant physical restraints[2]. The idea is to study the brain 

activities outside the lab so that to experience the real-world test. Researcher known as Pinti 

found that having to test under real event can be more sensitive and accurate in assessing 

cognitive function compare to lab test. The subject is acquired to walk around while accomplish 

several different tasks like having a normal daily activity written in Song’s research paper. 

According to Pinti, this allows the changes of blood oxygenation to occur within the walking 

period to monitoring the responses in brain function. 
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The data is measured over the prefrontal cortex with the portable NIRs device while the subject 

experiencing different task outside the lab. It is observed that the diagnosis involves walking by 

the road side, climbing up the stairs and the interactions with other subjects[27] where the 

behavior is self-initiated, such situations are difficult to recreate in the laboratory. 

Every movement made to the body affected the muscles. More blood is pumped to the muscles 

during the walking period to deliver additional oxygen. Therefore, B. Jones[28] stated that 

considering physiological interventions with NIRs, allows quantitative measurement to be made 

from the muscles. Hence, the opportunity to study functional brain activity during real-world test 

has proven that the experiment conducted is natural and unrestrained settings. The data obtained 

is more accurate as it is not artificial compared to the lab-based test results[2]. 
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2.4 Light Source 

 

Table 2.4: Specifications of light sources 

 

Emitters 

Light Source Wavelength(nm) Power Type 

Ultraviolet 370 60mW UV LED 

Red LED 660 100mW Red LED 

Laser 685 20mW Laser diode 

Infrared LED 940 85mW IR LED 

 

There are four different type of light source with each different wavelengths and power 

consumptions. These light sources are commonly used in biomedical technology. Most types of 

the light sources used are of the light emitting diode (LED). LEDs are proving to be more 

reliable, longer lasting, high efficiency and lower in cost compare to laser. LED emits incoherent 

narrow spectrum light. It can be more reliable and durable device oppose to laser. It is less 

invasive and safer to use. LED uses lower power densities and far lower current densities in 

which reduces the chance of stress limit in the material itself. Clearly, the power output 

optimized is to be most efficient and less risk compared to laser. Even though LED is much 

lower cost than laser, it can still delivers the same healing wavelengths as lasers[4]. However, 

how depth is the penetration of light does not affect the efficiency but rather related to energy 

density and the wavelengths. 

 

 

 

Figure 2.3: Characteristic of lights from LED compare to laser.
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2.5 Light Detector 

 

 

Figure 2.5: Avalanche photodiode 

 

Silicon Avalanche Photodiodes (APDs) are highly sensitive semi-conductor running at a high 

speed for "light" sensors. APD have an output with a superior signal-to-noise ratio (SNR) 

compare to what can be obtained with conventional photodiode. It is a type of photodiode that 

has a large reverse bias voltage applied to it. While operating under the high reverse bias 

condition this will allow the initial hole electron pairs created by the photons to generate 

avalanche multiplication of holes and electrons. Since the gain level increases when higher 

voltages are applied, the gain of these avalanche diodes will cause a greater level of sensitivity of 

the photodiode[4]. Signal amplification within the photodiode is generated due to the large 

electric field which allows much higher quantum efficiency. Normally the signal is amplified 

within the device, thus it can measure lower level light and be used in any applications that 

require high sensitivity[4]. APD can detect light with the wavelengths of 300 to 1600nm.  

However, it is also depending on the material used as some is manufactured to detect 

wavelengths up to certain micrometers.
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2.6 Portable and Light Weight Device 

 

 

Figure 2.6: Example of a portable NIRS device used for experimentation purpose 

 

While most neuroimaging techniques portrays a powerful tool to monitor brain function in a non-

invasive way, it is inappropriate to impose physical constrain to the subject for use in everyday 

life setting[2]. Thus, this has encouraged the researchers to improve the technological imaging 

system given the need to bring functional imaging instrument outside the lab. Portable NIRS 

imaging system opens up a new point of view towards the study of cognitive paradigms in the 

realistic environments. Same goes to the wireless EEG imaging system which shows the 

evidence of stability in real-world measurements whereby it is able to measure the function of 

cerebral oxygenation outside the laboratory[9]. The idea has given a room for new desirable 

applications in biomedical technology. 
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2.7 Pulse Oximeter 

 

 

 

Figure 2.7.1: Clip-type probe of a standalone Pulse Oximeter 

 

Pulse oximetry is a fundamental non-invasive technology in biomedical field. It monitors 

oxygenation of hemoglobin based on the measurement of arterial oxygen saturation (𝑆𝑝𝑂2)[10] 

which can be detected from certain parts of the body such as wrist, ear lobe or forehead. 

Measurement of these blood components provides an advantage to monitor brain activities as 

well. It consists of light emitter flashing alternately through the skin allowing the absorption of 

light from blood and photodiode to capture the reflected light[11]. The arterial oxygen saturation 

(𝑆𝑝𝑂2) allows us to determine the health condition of a patient. A healthy patient will usually be 

in the range of 94% to 99%[12]. If the oximeter detects less than 90%, thus, it indicates the 

patient has insufficient supply of oxygen in their body. 
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Figure 2.7.2: Absorption spectra of oxygenated hemoglobin (HbO2) and deoxygenated 

hemoglobin (Hb) 

 

Pulse oximeter uses light emitter with red and infrared LED to detect Oxygenated (HbO2) and 

Deoxygenated (Hb) blood to determine the 𝑆𝑝𝑂2. The Oxygenated and deoxygenated blood both 

have different absorptions at different wavelength as shown in Figure 2.7.2. Oxygenated 

hemoglobin absorbs more infrared light with wavelength between 850-1000nm of light band 

whereas deoxygenated hemoglobin absorbs more red light in 600-750nm wavelength of light 

band[12]. The oximeter will only function when it detects a modulation in transmitted light. 

Therefore, if perfusion is weak and the pulse amplitude produced is small, it  

will lead to error or fail to obtain a reading.
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Figure 2.7.3: Transmission(left) and Reflectance(right) of light 

 

There are two ways of transmitting light through the site being measured which is reflectance 

and transmission. Transmission method is the measurement in-between site whereby the 

photodiode and emitter are opposite of each other allowing the light passing through the site. 

However, for the reflectance method, the light source and photodiode is mounted next to each 

other underneath or on top of the site. This will cause the light to shine and bounces back to the 

detector across the site. In most hospital, transmission pulse oximetry is an efficient method in 

monitoring 𝑆𝑝𝑂2 in neonates and adults[13]. 

 

There have been several publications described the theory of conventional pulse oximetry [14]. 

The signal curves of Photoplethysmography (PPG) is due to the changes of blood concentration 

which gives the measurement of light absorption; based on the two wavelength and the blood 

oxygen saturation is derived from the ratio[15] which is defined by: 

 

𝑹𝒂𝒕𝒊𝒐 (𝑹) =
(

𝑨𝑪𝒓𝒆𝒅

𝑫𝑪 𝒓𝒆𝒅
)

(
 𝑨𝑪𝒊𝒏𝒇𝒓𝒂𝒓𝒆𝒅

𝑫𝑪𝒊𝒏𝒇𝒓𝒂𝒓𝒆𝒅
)

 

 

whereby DC and AC are the baseline of the pulse and the peak-to-peak amplitude. A logical 

relationship between oxygenation saturation and the ratio of modulation pulse can be identified 

by applying the Lambert-Beer Law and study of the light absorption and scattering in tissue that 

includes blood (Hb and HbO2). 

(1) 
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2.8 Blood Oxygen Saturation 

 

 

 

Figure 2.8: HbO2 absorbs more infrared lights and let the red pass through whereas Hb 

absorbs more red lights and let the infrared pass through.  

 

Blood oxygen saturation can be identified by examining hemoglobin. Hemoglobin is known as 

the oxygen-carrying-protein in human blood. The blood is fully oxygenated when the 

hemoglobin carries a maximum number of oxygen molecules. However, as the hemoglobin 

releases oxygen molecules to the tissue, thus, causes the blood to become deoxygenated. The 

saturation of blood oxygen can be determined by measuring both Oxygenated (HbO2) and 

Deoxygenated (Hb) hemoglobin[16] by shining a red LED and an infrared LED through the skin 

and then compare its relative intensities. The absorption of oxygenated blood and deoxygenated 

blood from the light source can be observed in Figure 2.8. To measure the hemoglobin 

saturation, there must be two wavelengths of Hb and HbO2, thus, the equation can be derived as: 

 

𝑺𝒂𝑶𝟐 =  
𝑯𝒃𝑶𝟐

𝑯𝒃 +  𝑯𝒃𝑶𝟐
 𝒙 𝟏𝟎𝟎% 

 

The above definition is referred to as functional hemoglobin saturation. The other two 

hemoglobin species, Methemoglobin and Carboxyhemoglobin is ignored as it does not contribute 

to functional oxygen support[16].  

Oxyhemoglobin Deoxyhemoglobin 

Red 

light 

Red 

light 

Infrared 

light 

Infrared 

light 

Photodetector 

(2) 
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2.9 Summary 

The previous research papers have helped to give the idea and guidance to support the next step 

of research methodology. The IR LED has been the best option as a non-invasive light source 

that can be used to design the photometric system alongside the photodiode. The idea of using 

the amplifier and filter is the simplest method to improve the signal before sending it to the 

microcontroller. The conversion of signal to digital can be done by the microcontroller to use it 

to calculate the data and at the same time it can be used to control the pulsation towards the LED 

driving circuit. The finger is chosen as it is more direct and smaller surface area, thus, it is easier 

to make a measurement. The literature review has elaborated important knowledge and the 

overview on how the design of this project should look like throughout this research process. 

Thus, the methodology will briefly discuss on the design specification of this prototype.
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CHAPTER 3 

 METHODOLOGY 

 

3.1 Overview of Research Methodology 

The design specification of this research is at the early stage of designing phase where the idea is 

to get a better understanding on the basic concept of NIRs imaging techniques. This is done by 

building a simple sensing mechanism into the system that able to detect light absorption from 

tissue to determine the changes in the concentration of oxyhemoglobin. Transmission method is 

used for the design of the photometric system where the LED and photodetector are opposite of 

each other with the measuring site in-between. The device is a single channel system that uses 

signal conditioning and filter out the signal from the photodiode before converting it to digital 

output for data analysis. The idea of making the device portable, a battery of 9v is used to power 

up the oximeter once the design is complete. There will be a programming interface involved to 

control the pulsation and command from the microcontroller. The research methodology applied 

is purely based on the case studies made in literature review.  
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3.2 Instrumentation Requirements 

 

 

 

 

 

 

 

 

 

r 

 

 

 

Figure 3.2:  Processing section of oximeter 

 

Based on the literature review, the system is divided into three modules which are the pad to hold 

the sensors and the light source, a control box for hardware management and a process unit that 

stores data. The light source is transmitted using light emitting diode (LED) which will penetrate 

through the skin and absorbed by the tissues at two different wavelengths (660 and 940nm). LED 

driver circuit is designed to drive each wavelength separately. Each different wavelength is used 

to measure oxy-hemoglobin and de-oxy-hemoglobin. The transmitted IR signal that managed to 

penetrate through the skin is reflected by the blood cells. The photodiode will be used to detect 

the reflected light and converts the current output to voltage value using a current to voltage 

converter. The signal will be amplified, filtered by the LM324N IC before feeding it to the 

microcontroller for further data processing. The excellent part of it is that the Arduino Uno board 

is built in with ADC channels. Thus, the microcontroller reads the analogue value and convert 

this signal to digital value. The 9v battery and LCD display is mounted to portray the portability 

of the device. However, for the testing purposes, serial monitor will be used temporarily until the 

right data is obtained.
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3.3 Hardware Development 

3.3.1 Microcontroller 

 

Figure 3.3.1: Arduino UNO board(left) and ATMEGA328 pinout schematic(right) 

 

The Arduino hardware is used to control the system by sending the timing signals or pulse to 

ensure that the sampling is performed at the correct timing. It can be powered up via USB 

connection or with an external power supply.  The external power source can come either from 

an AC-to-DC adapter or a battery. Arduino board is known as an open source platform consists 

of a programmable microcontroller with I/O pins. To build an oximeter, the board will be used 

and programmed with the Arduino software and evaluate the data obtained by the photodetector. 

The goal is to command the board to convert the signal into digital and measure the oxygen 

saturation before sending the output to display monitor. On the other hand, the pulse from 

microcontroller will switch the LEDs on and off, allowing the photodiode to measure the 

absorbance of light at both wavelengths independently. 
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3.3.2 Light Emitter and Photodiode 

3.3.2.1 Light Source 

 

                Figure 3.3.2.1: Infrared LED and Red LED 

 

There are two types of light emitter that will be used as the photometric system which is red and 

Infrared LED. The light emitter is based on two different wavelengths due to the absorption of 

two different type of hemoglobin. The value of extracted arterial oxygen saturation (𝑆𝑝𝑂2) that 

is corresponding to the oxygenation of the arterial bloods, is defined by the ratio of the pulsatile 

part using these two wavelengths[17]. The range of wavelength for the red LED has to be 

between 600nm to 700nm whereas for the infrared LED is b 850nm to 1000nm. Both the 

material is made up of Aluminium Gallium Arsenide (GaAlAs). Table below are the features for 

both LED: 

 

Table 3.3.2.1: Features of red and infrared LED based on datasheet 

  

Red LED 

 

Infrared LED 

Wavelength 660nm 940nm 

Forward Current 155mA 200mA 

Forward Voltage 2.5V 1.6V 

Radiant Intensity 75mW 80-400mW 

Storage Temperature -40°C to +85°C -40°C to +100°C 
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3.3.2.2 Light Detector 

  

Figure 3.3.2.2: SFH225 Photodiode 

 

Photodiode is an input device that should have a broad range of spectral responses that overlap 

emission spectra from both LED. The current produced by photodiode is directly proportional to 

the intensity of light emits. The photodiode should detect the light reflected from the skin. 

However, it fails to differentiate red or infrared light if both emit at once. Thus, in order to 

accommodate this, the microcontroller system should alternately turn each LED on or off. To 

enhance the quality of the Plethysmography, the suitable technique is by placing the photodiode 

close to the LED. Table below are the features of photodiode: 

 

Table 3.3.2.2: Features of photodiode based on datasheet 

  

SFH225 FA 

Wavelength 880nm 

Forward Current - 

Forward Voltage 1.3V 

Radiant Intensity 75mW 

Storage Temperature -40°C to +80°C 
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3.3.3 Circuit Connection 

 

Figure 3.3.3.1: LM324N Quad Operational Amplifier 

 

LM324N is a low power quad operational amplifier consists of four independent, high-gain, 

internally frequency which is designed to operate from a single power supply to a wide range of 

voltages. The connection is tested using a simulation with other components connected to it. This 

simulation can be observed under the Software Development section.  

 

 

Figure 3.3.3.2: Testing circuit on breadboard 

 

Circuitry connection is tested using breadboard before solder it to PCB. It is a great tool for easy 

prototyping. The purpose is to build and test an early version of electronic circuit. The 

connections are not permanent, thus, making it easy to remove a component or start over with 

different connections. As seen in Figure 3.3.3, the amplifier circuit is build using the amplifier to 

achieve a steady baseline for the signal. For the photometric sensors, it is separated with a white 

paper in between the LED and the photodiode to get a better reading of reflected light. This 
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board runs at 5v with the Arduino microcontroller. However, this circuit connection is just the 

early stage of developing the prototype. There will be more connection needed in order to 

complete the circuit design. 

 

3.4 Software Development 

3.4.1 NI Multisim Circuit Simulation 

 

 

Figure 3.4.1: Circuit simulation of Charge Pump  

 

5V-supply from Arduino is not enough to drive the LED. Thus, the purpose of having this circuit 

is to boost[18] DC voltage up to 8V. It works like LED circuit driver whereby it helps to enhance 

the light intensity of the LED. The red LED typically has higher forward voltage. Some of it can 

go up to 4V. The photodiode needs to detect enough light to give an accurate reading for the 

concentration of the hemoglobin. Hence, LED driver circuit is needed to provide the LED with 

ample energy to work. 
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 3.4.2 EAGLE 7.7.0 Schematic Circuit Diagram 

 
Figure 3.4.2: Amplifier circuit  

 

The infrared LED and Photodiode is mounted opposite of each other to apply the transmission 

method. The IR emitter will emit an infrared light through transmission and the light detector 

will measure the amount of infrared light that gets reflected back. The more light is detected, the 

higher the current that pass through the detector. Hence, giving it a voltage drop as it enters the 

amplifier circuit. The circuitry design uses two operational amplifiers to demonstrate a steady 

baseline for the signal, filter out noise and emphasize the peaks. Both op-amps can be found in 

the IC of LM324N. Once the schematic circuit is done, it is just a matter of connecting the pins 

correctly to the breadboard for further testing. The amplifier output signal is then displayed using 

Processing 3 software by connecting the circuit from Arduino to a display monitor. 
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3.4.3 Programming Interface 

 

Figure 3.4.3.1: Arduino Sketch 

 

Arduino IDE (Integrated Development Environment) is used to write a program and upload it to 

the board to give a command. The result can be viewed using a serial monitor. The program for 

Arduino is called a sketch which can be compiled and uploaded directly to the board. Based on 

Figure 3.4.3.1, the Arduino is programmed to display the behavior of the sensors whether it 

detects the present of the skin or not. The programming code is attached in APPENDIX A. 
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Figure 3.4.3.2: Sample of output using Processing software 

The Processing software is used to display and graph the output of signals command by Arduino 

to the board. It works like oscilloscope in displaying the graph signal. Graphing value is useful to 

detect the component’s behavior. The codes are used to communicate with Arduino by allowing 

processing sketch to read the data from Arduino’s serial port. The programming code is attached 

in APPENDIX B. As shown in Figure 3.4.3.2, the right image shows the pulse signal detected 

from the sensors. 

 

3.5 Summary 

The research methodology has discussed mainly on the design specification and the development 

of the oximeter in terms of hardware and software. The sensing system is designed such that the 

measuring site is placed in between the light source and light sensor. This method is called 

transmission method as it is more efficient and easier for the light sensor to detect the reflected 

light. A charge pump is implemented as the LED driver to enhance the brightness of the LED 

and boost up to 8-9v safely. This will efficiently allow more light passes through the tissue and 

reflected back to the light sensor. The more light is detected, the higher the current passes 

through the photodiode. The reflected light that is detected by the light sensor is convert to 

voltage using a current to voltage converter. The signal will continually be amplified and filtered 

by LM324N quad op amp that can work in dual supply mode. The circuitry of the amplifier can 

be observed in Figure 3.4.2. This is to achieve a steady baseline for the signal, emphasized peaks 

and noise filtered. The signal will transfer to the Arduino microcontroller and converted from 

analogue to digital signal. This will then display to the serial monitor for further data analysis. At 
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the early stage of designing, the circuit connection is first tested using the simulation software 

before mounting it to the breadboard and secure the connection on PCB. 

 

Programming interface is the tricky part of the design process. The C source code is modified to 

program the microcontroller in order to do some calculation and data conversion so that the 

oxygen saturation result can be obtained. During the testing, the result is viewed on the serial 

monitor and threshold value is adjusted based on the result obtained until the graph is displayed 

correctly. For future work, there will be more adjustment to the coding to determine the changes 

of oxygen saturation which indirectly reflects the functional neural activities in brain.
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CHAPTER 4 

 DISCUSSION OF RESULT AND FUTURE WORK 

 

4.1 Overview of Result and Discussion 

This chapter will explain the result obtained throughout the research. The discussion will include 

problems encountered during testing on other similar applications of NIRs technology that 

employ either lasers or light emitting diodes (LED) as the light source considering situational 

factors from existing research papers and the study of instrumentation requirements to develop a 

basic photometric system.  

 

4.2 Discussion of Result 

y 

Figure 4.2.1: Circuit simulation of Charge Pump  

 

Figure 4.2.1 gives the view of a working charge pump. Based on the basic principle of charge 

pump, the first stage of capacitor, C1, (which is the green line) will charge up to 5V if neglected 

the diode. Then, charge from C1 moves to C2, charging to 5V. Total up the voltage from both of 

the cascade will give the output voltage around 10V to be exact. shows that  will first charge 

until it reaches 5vthen the Higher frequency and bigger capacitor pumps up the output but it will 
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never go beyond the theoretical limitation. When the load is removed, theoretical output voltage 

is approximately 9v. This is based on the calculation: 

 

𝑽𝒐𝒖𝒕 = (𝑵 + 𝟏)(𝑽𝒄𝒄) − 𝑵 (
(𝑰𝟐)(𝑻)

𝑪
) − (𝑵 + 𝟏)(𝑽𝒇) 

   

 

N is the number of stage.  𝑽𝒄𝒄 is supply voltage of 5v (from the Arduino) whereas 𝑽𝒇 is the 

diodes’ forward voltage or diode voltage drop typically about 0.5V. The middle equation which 

is 𝑵 (
(𝑰𝟐)(𝑻)

𝑪
) is the loss term that must be considered[19]. If load is added to the circuit, thus, the 

output will go slightly lower. Thus, charge pump is a useful DC to DC converter that uses 

capacitors in promoting high bias voltages from a single low-voltage supply. 

 

 

Figure 4.2.2: Output signal of amplifier at 1.5kHz 

(3) 
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Figure 4.2.3: Output displayed using Serial Monitor 

 

As shown in Figure 4.2.2, the output reading of the reflected IR emitter in AC signal is observed 

using Serial Monitor as the sensors is pressed against the skin. The amount of light absorbed by 

the arterial may change as the concentration of blood in artery varies. The small difference 

between the two wavelengths of Hb and HbO2 makes the value of the extinction coefficients is 

closely to each other which can cause the calculation of 𝑆𝑝𝑂2 to be very sensitive to the 

measured value of R. To measure 𝑆𝑝𝑂2 efficiently, a very accurate measurement of the PPG 

pulse amplitude is required. 

 

 

Figure 4.2.4: Output displayed using Serial Plotter 

 

The PPG signal is seen to have formed a noticeable diastolic and systolic peak when a finger is 

placed against the sensing system. This is due to the increase and decrease of blood volume. The 

volume that increases with systole is also known as the “alternating current” (AC) compartment 
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in which the blood volume does not change with the cardiac cycle is known as the non-pulsatile 

compartment. Thus, this results in varying peak. When there is a finger, there will be less light 

being detected by the photodiode as the oxy-hemoglobin will absorb the lights. Hence, this will 

result in a voltage drop. However, oximeters are vulnerable to motions. As finger moves, light 

levels will change dramatically. Errors may occur if the finger is not placed properly to the 

sensing system. Thus, (𝑆𝑝𝑂2)  is unable to measure correctly. Based on Figure 4.2.4, the red 

circles reflect the small errors. 

 

 

Figure 4.2.5: Output displayed after a few attempts 

 

Plethysmography trace indicates how good the pulsatile signal is. If the characteristic of the 

pulsatile signal is very poor and unstable, it will result in wrong calculation of the oxygen 

saturation. The calculations to measure the oxygen saturation can be very complicated. Thus, 

obtaining the right signal is very important before determining the blood concentration. 
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Figure 4.2.6: Simulation of pulsatile flow in arteries 

 

The code reads the voltage from the circuit, which corresponds to the transmission of light 

through a person's finger. It then calculates the absorbance of the signal and outputs the data via 

serial communication. A corresponding LabVIEW VI reads the incoming serial data and plotted 

it with time. The resulting waveform is the pulse waveform. Thus, the oxygen saturation can be 

identified based on the pulse waveform obtained. 

 

 

Figure 4.2.7: Testing (21/4/2017) 

 

4.3 Estimation of 𝑺𝒑𝑶𝟐 Percentage  

This section outlines the calculation of oxygen saturation 𝑆𝑝𝑂2 using the PPG signal obtained 

based on Figure 4.2.6. The estimation relies on the relationship between the baseline value (DC) 

to the fluctuation in the signal (AC). The 𝑆𝑝𝑂2 calculation is based on the pulse modulation 
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ratios in R which is defined in Equation 2.7. To avoid the PPG signal from contaminated, the op 

amp circuit helps to filter out the unwanted signal. This will ease in finding the measurement of 

𝑆𝑝𝑂2 properly. The ratio of ratios R for the sample PPG data is computed: 

 

 

 

 

 

 

For the sample PPG data, the percentage of 𝑆𝑝𝑂2 is determined as below: 

 

𝑺𝒑𝑶𝟐% = 𝟏𝟏𝟎 − 𝟎. 𝟒𝟓𝟓 ∗ 𝟐𝟓 = 𝟗𝟖. 𝟔% 

 

The calculation made is based on the signal that has the most emphasized peaks and less noises. 

Somehow, every test conducted produced different Plethysmography trace. Therefore, for future 

work, multiple calibration needed to be done and compared so that the accuracy and precision of 

the system is identified. 

 

4.4 Summary 

Throughout the experimentation, the result obtained is based on the measuring site taken purely 

from a finger using the transmission method. The Plethysmography trace is formed and analyzed 

to determine the oxygen saturation 𝑆𝑝𝑂2. The potential of variability in the result obtained is 

quite high and unpredictable. Therefore, some calculation made to measure the 𝑆𝑝𝑂2 is 

inaccurate. Hence, the average reading must be identified from the comparison of the results 

based on the multiple calibrations made on the system to provide a precise measurement.

𝑹 =
(

𝑨𝑪𝒓𝒆𝒅

𝑫𝑪 𝒓𝒆𝒅
)

(
 𝑨𝑪𝒊𝒏𝒇𝒓𝒂𝒓𝒆𝒅

𝑫𝑪𝒊𝒏𝒇𝒓𝒂𝒓𝒆𝒅
)

=  
(

𝟒𝒎𝑽
𝟑𝟐𝟑𝒎𝑽

)

(
𝟐𝟒𝒎𝑽

𝟗𝟐𝟎𝒎𝑽
)

= 𝟎. 𝟒𝟓𝟓 (4) 

(5) 
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CHAPTER 5 

 CONCLUSION OF REPORT AND RECOMMENDATION 

 

5.1 Overview of Conclusion and Recommendation 

This chapter concludes all the findings from this research study. This can be one of the evidence 

that the development of the spectrophotometer is leading to a cost-effective product but still 

gives the similar output as the laser type. The summary will recap how this research manage to 

develop an optoelectronic device that uses the light-emitting diode (LED) as the source of light 

which function closely related to the laser therapy for a common treatment like neuropathy and 

brain stimulation but with safer, cost-saving and non-invasive technology. It is proven that the 

design can be built as a portable and lightweight device such that it would greatly increase the 

scope of possible applications of this technology in brain research. For future study, 

recommendation is included in this chapter. 
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5.2 Conclusion 

The near infrared spectroscopy system is a powerful non-invasive method in imaging the brain 

activity and the measurement of cerebral oxygenation in biomedical application. The technology 

is of a great interest to most researchers out there and the medical profession, resulting in many 

clinical reviews related to neuroscience and physiology of exercise studies. By having the non-

invasive system to be portable will makes it easy to handle providing a new direction of 

application for functional brain mapping. 

 

Oximeter requires careful selection and implementation of a Transimpedance amplifier. This is to 

guarantee a correct conversion, distribution and processing of the input photocurrent. During 

calibration, optical sensors can be very sensitive in a way that even a slight movement could 

affect the reading. Thus, a proper probe is essential so that the photometric system works 

efficiently. Hence, determining the right pulsatile signal is important before moving to the next 

stage of measuring (𝑆𝑝𝑂2) . 

 

For this project, the spectrophotometer technology is based on the development of a basic 

concept of NIRs system that optically measures the blood oxygenation of human tissue in most 

convenient and low cost technique while it is portable. Thus, the system is studied under 

literature review and is designed using the suitable specification is proven under the 

methodology section. In the end, the design must be applicable to detect the local hemodynamic 

response of the blood flow through tissues. With clinical collaboration, the system will be ready 

to imply successfully for monitoring the brain activities in detecting the mental stress.



 
 

37 
 

5.3 Recommendation 

5.3.1 Realistic Brain Phantom (Future Work) 

 

 

Figure 5.3.1 NIRs application tested on a brain phantom 

 

To qualify the basic performance of the NIRs system in monitoring the brain activities, a test 

need to be done on a realistic brain phantom made from epoxy resin which is closely resembled 

to the actual brain tissues. The light source of the NIRs will be placed onto the phantom through 

a fiber-optic bundle to monitor the prefrontal cortex (PFC) located at the front side of the actual 

brain during the mental stress task[20]. The absorption and scattering coefficient in the blood-

tissue is then analyzed to measure the concentration of cerebral oxygenation in order to identify 

the local hemodynamics response. The instrument used on the phantom need to be tested for a 

few times mainly for calibration purposes. The multiple result obtained based on the calibration 

will be used to identify the accuracy and precision of its performance. Thus, this will allow us to 

determine the next step of improving the system that might come in handy to the medical world 

in future. 
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Gantt Chart with Milestones 

Activity W1 W2 W3 W4 W5 W6 W7 W8 W9 W10 W11 W12 W13 W14 

Create Design Specification               

Obtain Components Required for 

the Design Project 
              

Build Prototype               

Testing and Troubleshooting               

Submission of Progress Report                             

Update Methodology and Result                             

Improve and Modify Prototype               

Troubleshooting Test Execution                             

Pre-SEDEX            
 

  

Submission of Draft Final Report                             

Submission of Dissertation and 

Technical Report 
                            

 

 Milestones 

Benchmarking Study 
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APPENDIX A 

1. Arduino code 
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2. Processing code 
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APPENDIX B 

1. Red LED Datasheet 
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2. Infrared LED Datasheet 
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3. LM324N Datasheet 
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