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Abstract 

This article presents the design, implementation, and validation of an SpO2 sensor prototype, developed as part of 

a military medical evacuation system. A reflectance method was chosen for SpO2 measurement, allowing for 

readings to be taken from any location on the body, unlike the traditional transmissive method. The sensor is 

designed as a headband worn on the forehead, a well-perfused area, ensuring that the placement does not hinder 

soldier mobility. The sensor construction utilized the optical module SFH7072, the AFE4410 integrated circuit, 

and an STM32L5 microcontroller. To obtain accurate SpO2 readings, signal processing techniques, including 

filtering, were applied, along with the development of algorithms to calculate SpO2 from photoplethysmographic 

(PPG) signals. The prototype underwent validation tests using a comprehensive experimental setup. The prototype 

achieved an ARMS (root mean square difference) value of 3.0%, meeting the ISO 80601-2-61 standard for 

reflectance sensors, which recommends an ARMS ≤ 3.5%. 

Keywords: photoplethysmography, PPG, SpO2, oxygen saturation, wearable forehead pulse oximeter, SpO2 

validation study. 

1. Introduction 

Modern armed forces face the challenge of not only investing in the development of 

advanced weapons, protective gear, drones, and vehicles, but also in systems capable of 

remotely monitoring the health status of soldiers in combat situations. Medical evacuation 

during combat missions is crucial to safely transporting injured and wounded soldiers from the 

battlefield. Accurate knowledge of a soldier's health status enables medical rescue teams to 

perform rapid triage, which is critical in accident scenarios where swift and effective on-site 

medical assessment is essential. The study [1, 2] presented the proposed architecture of a system 

supporting medical evacuation, which utilizes continuous monitoring of key vital parameters. 

Among these parameters, alongside heart rate (HR), skin temperature, blood pressure (based 

on cuff-less method [3, 4]), and respiratory rate (based on strain sensor [5, 6] or 

electrocardiographic (ECG) signal [7, 8])), is arterial blood oxygen saturation (SpO2). 

The measurement of SpO2 is a critical parameter in the context of medical evacuation [1], 

especially in military scenarios. A pulse oximeter, a relatively simple device, is used to measure 

this parameter along with heart rate [9-12]. The value of SpO2 is given as a percentage, with 

a normal range considered to be between 94–100%. The pulse oximeter measures SpO2 by 

detecting pulsatile blood flow in the capillaries, indicating that there is sufficient circulation 

and that the patient has not yet been struck down. This is crucial because shock is a state of 

systemic impairment of blood circulation, which needs to be identified early in trauma 

situations [13]. 
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SpO2 values reflect the efficiency of oxygen uptake in the lungs. Low SpO2 levels can 

indicate respiratory failure, hypoxemia, or other issues that require immediate medical attention 

[14, 15]. In a combat situation, ensuring that a soldier's respiratory function is maintained is 

crucial for survival and for prioritising medical interventions. Early identification of hypoxemia 

allows for timely intervention, which is vital in combat zones where advanced medical care 

might not be readily available. Rapid and accurate SpO2 measurements can influence the 

prioritisation of medical evacuation, ensuring that those in critical condition receive prompt 

care [16]. 

Moreover, triage systems used in civilian hospitals and emergency departments, such as the 

Manchester Triage System (MTS) [17], Emergency Severity Index (ESI), Canadian Triage and 

Acuity Scale (CTAS) [18], and National Early Warning Score 2 (NEWS 2) [19, 20] incorporate 

SpO2 measurement as a key indicator for assessing patient status. In military medical 

evacuation, similar triage protocols are employed to classify injured soldiers based on the 

urgency of their medical needs. Accurate SpO2 measurement helps in the rapid classification of 

patients, ensuring that those with severe respiratory distress or other critical conditions are 

identified quickly and receive the necessary medical attention. 

The precision of SpO2 measurements can be affected by various factors such as low 

peripheral perfusion due to shock, hypothermia, carbon monoxide poisoning, cyanide 

poisoning, bright ambient light, massive blood loss, and movement of the pulse oximeter. These 

conditions are often encountered in combat zones, highlighting the need for robust and reliable 

pulse oximeters designed for military use. Despite potential challenges, SpO2 measurement 

remains a non-invasive, quick, and essential method for assessing vital signs in the field. It 

provides immediate feedback on the circulatory and respiratory status of the soldier, facilitating 

timely and appropriate medical responses [21, 22]. 

In conclusion, SpO2 measurement is vital in the context of military medical evacuation. It 

enables early detection of life-threatening conditions, supports effective triage, and ensures that 

soldiers receive the necessary care promptly. Given the challenging environments in which 

military operations occur, having reliable and accurate SpO2 monitoring devices is 

indispensable for improving survival rates and outcomes during medical evacuations. 

In pulse oximeters, in addition to the SpO2 parameter, HR, or more precisely – pulse rate 

(PR) [14, 23] is also determined. This is because the calculation of SpO2 requires the 

identification of individual pulses in the photoplethysmography (PPG) signal, which can also 

be used to calculate PR (as the number of individual PPG pulses in one minute). It is also worth 

noting, that determining individual pulses in the PPG signal allows the calculation of pulse rate 

variability (PRV) [24-26] as an alternative to heart rate variability (HRV) [27, 28]. The PRV 

calculation may be a useful feature in new pulse oximeters. Since this work mainly concerns 

the validation of the SpO2 parameter, PR and PRV parameters were not determined. 

The rest of this paper is organized as follows. In Section 2, the SpO2 measurement principles 

are described. Section 3 describes the hardware design of the proposed sensor, signal processing 

method, test bench, validation study, and accuracy and statistical analysis. The experimental 

results and discussion are presented in Section 4. Finally, the conclusions of this study are 

presented in Section 5. 

2. Background on SpO2 measurement 

The importance of SpO2 measurement and its applications have been well-known and 

extensively described in the literature for decades [11, 12, 29]. SpO2 measurement typically 

utilizes the PPG signal [30, 31], which represents blood flow in peripheral vessels and is 

obtained using optical techniques. The measurement of SpO2 relies on determining the 

absorption of light at several wavelengths, which is selectively absorbed by oxyhemoglobin 
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(HbO2) and deoxyhemoglobin (Hb). This absorption is determined based on the PPG signal, 

which can be related to the transmission of light through tissue or the reflection of light from 

internal tissue structures. 

To measure the PPG signal, a sensor is used, consisting of a light source that illuminates the 

tissue and a photodetector that receives the transmitted or reflected light. Traditional PPG 

sensors (transmissive) are based on light transmission, where light passes through the tissue. 

They can be used in relatively thin areas with a high density of blood vessels, such as the finger 

or earlobe. Another type is reflective sensors, where the light source and photodetector are 

placed on the same side of the tissue. Reflective PPG sensors can be placed anywhere on the 

body with a high density of blood vessels, such as the forehead or in tactical watches. 

Most SpO2 measurements are performed in stable ambulatory or home conditions using a 

transmissive sensor placed on the fingertip. Measuring SpO2 in dynamic conditions is much 

more challenging due to two main factors: (1) the type and location of the sensor, and (2) 

significant motion artifacts [32]. In dynamic conditions, such as during soldier combat 

operations, sensors worn by soldiers should not restrict their movement or cause discomfort. 

Therefore, SpO2 measurements can only use reflective sensors placed in selected locations, 

such as the wrist [33] or forehead [34]. Due to the higher blood perfusion in the forehead 

compared to the wrist, the PPG signal, which is essential for pulse oximetry measurements, is 

significantly better on the forehead. The forehead appears to be a suitable location for placing 

the sensor because it has a relatively large surface area and is easily accessible, minimizing the 

risk of sensor displacement during movement. 

An important aspect of SpO2 measurement is perfusion, the blood flow through a particular 

part of the body [11, 12, 30]. The higher the perfusion index, the more accurate the SpO2 

measurement [35]. In the case of finger sensors, perfusion is driven by the radial artery and 

digital arteries. In contrast, forehead pulse oximeters utilize the supraorbital arteries. Forehead 

vessels have adequate perfusion, allowing for accurate SpO2 measurement [36]. Additionally, 

the forehead is less prone to temperature changes and mechanical damage, which can positively 

affect the stability and accuracy of measurements. 

Studies [37, 38] show that the PPG signals from sensors placed on the forehead and finger 

can provide different quality signals due to specific anatomical properties and blood perfusion 

in these areas. The sensor placed on the finger ensures higher perfusion and, thus, more accurate 

SpO2 measurements than the forehead sensor. However, these more accurate measurements are 

obtained in static conditions. In dynamic conditions, such as during movement or physical 

activity, the finger sensor is susceptible to motion artifacts, reducing its measurement accuracy. 

Conversely, the forehead sensor provides better stability during movement, making it more 

suitable for use in dynamic conditions. Previous studies [39] on the accuracy of SpO2 

measurement depending on location show differences in values of up to 3.8±3.3%. 

Furthermore, the results presented in [39] indicate that forehead pulse oximeters may be more 

reliable compared to finger pulse oximeters during treadmill exercise tests. Also, it should be 

noted, that the blood vessels in the hand are more susceptible to unwanted pressure than in the 

forehead, which may result in incorrect SpO2 readings [40]. 

In the context of military applications, a forehead sensor ensures discretion and ease of use. 

It can be easily integrated with helmets or other protective gear, allowing continuous monitoring 

of vital signs without hindering the performance of tasks. Additionally, by minimizing 

interference with hand movements, the forehead sensor enables soldiers to operate equipment 

freely without the risk of accidental displacement or damage to the device. 

Forehead pulse oximeters are not yet widely popular. Among commercial solutions, the 

LNCS® TFA-1™ by Masimo [41] and MAXFAST by Medtronic [42] stand out. However, 

these are closed solutions and are not suitable for integration with other sensors, especially for 

wearable sensor/electronics applications. The study [43] presented a forehead pulse oximeter 



D. Sondej et al.: DESIGN AND VALIDATION OF A FOREHEAD PULSE OXIMETER FOR MILITARY MEDICAL EVACUATION 

 

designed for SpO2 monitoring in newborns using the commercial fhPPG device (SurePulse 

Medical Ltd). There are also examples of custom projects, but they have their limitations. The 

study [34] presented a patch-type wireless wearable pulse oximeter system designed for 

forehead use. However, the proposed solution was tested on only six subjects, and SpO2 levels 

were lowered by breath-holding. The study [44] presented a forehead pulse oximeter composed 

of three commercial integrated sensors (MAX30102) and analyzed SVM (support vector 

machine) and CNN (convolutional neural network) methods for assessing the quality of the 

measured PPG signals. Test studies conducted on 12 subjects showed that the SVM method is 

more effective than CNN. 

Building on these findings, it is evident that further research and development are necessary 

to create robust, reliable SpO₂ solutions capable of delivering accurate vital-sign monitoring 

under challenging conditions, including military deployments. 

3. Materials and methods 

3.1. Hardware design of the SpO2 sensor 

Accurate SpO2 measurement primarily depends on the quality of the PPG signals. The 

quality of the signal is influenced by many factors, including the biological characteristics of 

the tissue, measurement conditions, and the PPG sensor itself. Key components that determine 

the quality of the PPG signal are the LEDs emitting light onto the tissue and the photodetector 

receiving the reflected light. Green LEDs with wavelengths of 520–530 nm are commonly used 

for HR measurements. As shown in studies [45], PPG signals obtained with green light exhibit 

higher resistance to motion artifacts and thus yield more accurate HR measurements in both 

resting and dynamic conditions, which is why the green signal in this study serves as the basis 

for detecting individual PPG peaks. For SpO2 measurement, the colours of the lights are 

determined by the measurement method. Red light with a wavelength of 600–750 nm and 

infrared light with a wavelength of 850–1000 nm are required [46]. It should be noted, that light 

at these wavelengths penetrates much deeper than green light, making the PPG signal obtained 

at these wavelengths highly susceptible to motion artifacts. Therefore, wearable devices with 

SpO2 and HR measurement functions commonly use the three aforementioned colours of light. 

Additionally, in some cases, photodiodes with selective sensitivity characteristics are used for 

each light colour to eliminate components unrelated to the light of interest from the PPG signal. 

Due to the high interest in SpO2 and HR measurement in wearable devices such as 

smartwatches, dedicated modules integrating LEDs and photodiodes into a single small 

package have emerged in the electronic components market. For example, ams-OSRAM AG 

offers modules such as SFH 7050A, SFH7060A, SFH7072, and SFH7074. 

In the presented solution, the SFH7072 module was used, containing two photodetectors 

with different sensitivity characteristics (λSmax = 960 nm - broadband photodiode, and 

λSmax = 635 nm - IR-cut photodiode) and four LEDs: two green (wavelength: 526 nm), one red 

(wavelength: 660 nm), and one infrared (wavelength: 950 nm). 

The photodiodes in the SFH7072 module convert the optical PPG signal into an electrical 

signal. To calculate SpO2, it is necessary to convert the electrical signal to digital using ADCs 

(Analog-to-Digital Converter). Often, the electrical signal from the sensor has low amplitude, 

so it must be amplified and filtered before digital conversion. Additionally, for SpO2 

measurement, it is necessary to obtain two PPG signals representing the same heart cycle: one 

for red light (660 nm) and the other for infrared light (950 nm). Sampling cannot occur 

simultaneously, as the lights would overlap, resulting in a combined PPG signal from both 

lights. Therefore, succeeding the generation of different coloured lights is necessary. 
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Furthermore, the electrical signal generated at the photodetector output must be multiplexed 

according to the currently generated light colour. 

The amplifier circuit, filters, ADC, and sampling cycle control can be implemented as 

separate electronic components of the SpO2 sensor. However, integrated circuits performing 

these functions are currently available on the market. These are referred to as Analog Front-

End (AFE) systems. In this solution, the AFE4410 device from Texas Instruments was used. 

The overall connection diagram of the SpO2 sensor components is shown in Fig. 1. 

 

 

Fig. 1. SpO2 sensor block diagram. 

The electrical PPG signals from the photodiodes in the SFH7072 module are fed into 

a multiplexer, which directs them to the transimpedance amplifier (TIA) based on the currently 

illuminated LED. The TIA amplifies and converts the photodiode current to voltage. The 

amplifier gain can be adjusted using feedback resistors 𝑅𝐹. The direct current (DC) component 

of the PPG signal, representing the non-pulsatile part of the optical signal, can be removed (or 

added) before entering the amplifier using DACs (Digital-to-Analog Converter) connected to 

the TIA input. After amplification, the signal is sent to the ADC. Digital samples of the PPG 

signal are stored in a FIFO (First In First Out) buffer, from which they are retrieved by the 

STM32L5 microcontroller (STM32L552). The microcontroller is notified of sample storage in 

the FIFO buffer by a short change in the ADC_RDY line. 

LED intensity is controlled by the LED driver. The timing controller successively lights the 

LEDs and initiates conversion processes, configured by a set of control registers of the 

AFE4410. Configuration register values can be read or changed via the SPI (Serial Peripheral 

Interface) interface. 

The AFE4410 is configured to sample three PPG signals for each light colour separately 

(green, red, infrared) and an ambient light signal. The ambient light signal is the signal received 

by the photodetector when the LEDs are off. This measured signal is subtracted from the normal 

PPG signals, eliminating the influence of external ambient light on the SpO2 measurement 

result. The current through the LEDs (𝐼𝐿𝐸𝐷) is set to 8 mA, while the current for DC component 

elimination (𝐼𝑂𝐹𝐹𝐷𝐴𝐶) is set to 1 µA. The TIA gain is automatically adjusted based on the signal 

level at the TIA input. The photodiode current (𝐼𝑃𝐷) is calculated according to the formula: 

 𝐼𝑃𝐷 =
1.2𝑉 × 𝐴𝐷𝐶𝑣𝑎𝑙

2𝑅𝐹(221−1)
+ 𝐼𝑂𝐹𝐹𝐷𝐴𝐶, (1) 

where ADCval is the numerical value from the ADC output, 𝑅𝐹 is the feedback resistor value 

of the TIA, and 𝐼𝑂𝐹𝐹𝐷𝐴𝐶 is the DC component elimination current value.  

The presented SpO2 sensor is designed as two separate printed circuit boards (PCBs). The 

larger one contains the microcontroller and the necessary circuits for power supply and 
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communication with the main device, while the smaller one includes the SFH7072 module and 

the AFE4410 chip. Both PCBs are shown in Fig. 2. They are connected by wires and mounted 

on an elastic band, which allows the sensor to be easily worn on the head. 

 

 

Fig. 2. Two PCBs of the SpO2 sensor. 

3.2. Signal processing method 

SpO2 measurement utilizes differences in light absorption by HbO2 and Hb. HbO2 absorbs 

more infrared light (950 nm) than Hb. Conversely, red light (660 nm) is more absorbed by Hb 

than HbO2. Based on this relationship, it is possible to determine the 𝑅 ratio, which is dependent 

on SpO2. The 𝑅 ratio is calculated using the formula: 

 𝑅 =
𝐴𝐶𝑟𝑒𝑑/𝐷𝐶𝑟𝑒𝑑

𝐴𝐶𝑖𝑟/𝐷𝐶𝑖𝑟
,  (2) 

where 𝐴𝐶𝑟𝑒𝑑, 𝐴𝐶𝑖𝑟 denote the pulsatile components of the photoplethysmographic signal 

resulting from red and infrared light illumination, respectively, while 𝐷𝐶𝑟𝑒𝑑, 𝐷𝐶𝑖𝑟 represent the 

non-pulsatile components of the red and infrared PPG signals. Knowing the 𝑅 value, SpO2 can 

be determined from the empirical relationship between SpO2 and R, described by the equation: 

 𝑆𝑝𝑂2 = 𝑎 − 𝑏 × 𝑅 ,  (3) 

where 𝑎 and 𝑏 are constants determined during calibration. For the initial device calibration, 

the WhaleTeq AECG100 simulator was used. Calibration resulted in 𝑎 =116.96 and 𝑏 =-33.07. 

Digital PPG signals obtained from the AFE4410 are processed by the microcontroller to 

determine SpO2. The simplified digital signal processing diagram is shown in Fig. 3. 

 

 

Fig. 3. Scheme of PPG signal processing. 
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In the first stage, the DC components of the RED and IR PPG signals (𝐷𝐶𝑟𝑒𝑑, 𝐷𝐶𝑖𝑟) are 

calculated. The signals are then subjected to band-pass filtering using a type II Chebyshev filter 

with a passband of 0.5 Hz to 15 Hz. Next, detection of the onset and peaks of the pulse wave is 

performed by analyzing the second derivative of the filtered signals in real time. By monitoring 

changes in this second derivative, points corresponding to the systolic peaks and wave onsets 

can be identified [47]. In addition, heart-rate constraints (e.g., 30–200 bpm) are applied to 

reduce false positives. These points are determined separately for each signal separately. For 

SpO2 calculation, it is necessary to determine the onset and peaks of the PPG wave for the red 

and infrared signals. However, in the proposed solution, the points are also identified for the 

green PPG signal. The green signal points are used to validate the red and infrared PPG signal 

points. It is assumed that the green PPG signal is more resistant to motion artefacts, so its points 

will be more accurately determined. Based on the validated points, the AC components of the 

red and infrared PPG signals (𝐴𝐶𝑟𝑒𝑑, 𝐴𝐶𝑖𝑟) are calculated. In the final stage, the SpO2 value is 

calculated according to formulas (2) and (3). The SpO2 result is calculated for each PPG beat, 

i.e., for each heartbeat. 

During preliminary studies, it was found that patient movement significantly affected SpO2 

measurement results, occasionally producing values far below 60% and above 100%. 

Therefore, it was decided that the algorithm would return a result of 60% for calculated values 

below 60% and 100% for values above 100%. 

3.3. Measurement setup 

The measurement setup consists of three main components, as shown in Fig. 4. 

 

 

Fig. 4. Block diagram of the measurement setup. 

The first component is the SpO2 sensor mounted on a headband worn on the forehead. The 

second component is a custom-designed Single Board Computer (SBC), and the third is a PC 

(Personal Computer). 

The SBC is responsible for reading PPG signal samples and SpO2 values from the SpO2 

sensor. It records these signals onto a memory card and provides real-time data visualization 

on a PC via a USB interface. The connection to the headband is established using a UART 

serial interface. The SBC queries the SpO2 sensor at a frequency of 100 Hz, receiving a set of 

PPG signal values and SpO2 values in response. To ensure the safety of the subject, galvanic 

isolation of the power supply delivered through the USB interface has been implemented. 

Additionally, data lines are separated using optoelectronic isolators. 

The third component of the measurement setup is a PC equipped with SerialPlot software. 

This software allows for the visualization of received data via the serial interface in the form of 

graphs. The ability to monitor PPG waveforms, SpO2 values in real-time enables verification 

of the correct placement of the headband on the test subject. 
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Operating the measurement system involves a few simple steps: (1) placing the headband 

on the subject's head, (2) connecting the headband to the SBC, and (3) connecting the SBC to 

the PC to verify the accurate recording of PPG signals and the calculated SpO2 parameter. 

3.4. Validation study organization and subject characteristics 

In the validation study, 18 healthy, active, and physically fit male subjects participated, each 

providing written informed consent. The average age (95% confidence interval - CI) was 37 

(36-39) years, the average height (95% CI) was 181 (179-183) cm, and the average weight (95% 

CI) was 85 (83-87) kg. A total of 36 measurement cycles were conducted, yielding 215 valid 

data points. 

To ensure the reliability and validity of the study, specific inclusion and exclusion criteria 

were established. 

Exclusion Criteria: 

− Symptoms of upper respiratory tract infection within the last two weeks. 

− Smoking within the last 24 hours. 

− Chronic diseases (e.g., hypertension, chronic respiratory diseases such as asthma and 

chronic obstructive pulmonary disease). 

− Poor psycho-physical condition. 

− Abnormal Allen's test (indicating insufficient circulation in the arterial arch of the hand). 

Criteria for Termination of the Study: 

− Completion of the designated 20-minute duration. 

− Decision of the subject. 

− Heart rate exceeding 120/min or dropping below 50/min. 

− SpO2 level falling below 80% for at least one minute or a drop in PaO2 below 60 mmHg in 

arterial blood gas. 

− General symptoms such as shortness of breath, headache, nausea, visual disturbances, chest 

pain, tinnitus, or dizziness. 

None of the subjects met the exclusion criteria, and all measurements were completed within 

the designated 20-minute period. The study was conducted at sea level in Gdynia, Poland, at 

a room temperature of 21-23°C. 

After explaining the study protocol, particularly the conditions for terminating the test, each 

subject underwent the Allen's test to ensure proper circulation. Following a negative result, 

under aseptic conditions and after local anesthesia, a physician performed radial artery 

cannulation in the non-dominant upper limb. 

Subjects assumed a comfortable sitting position, with the validated SpO2 sensor affixed to 

their forehead. All measurements were taken under stationary conditions, with subjects 

remaining at rest throughout the data collection. Additional medical monitoring equipment, 

specifically a patient monitor model LIFEPAK 15 Monitor/Defibrillator and Corpuls 3 

Defibrillator, was used to measure the subjects' basic vital parameters including SpO2. For 

comparison with the validated SpO2 sensor, a reference device measuring oxygen saturation of 

arterial blood (SaO2) was used, specifically ABL90 FLEXPLUS radiometer. 

The sensors for the additional monitoring equipment were placed on the left finger and 

earlobe, and ECG electrodes were attached to the chest. Blood pressure was measured before 

and after the test. Subjects used a nose clip to close their nostrils and breathed through a scuba 

mouthpiece. They began breathing a prepared respiratory gas mixture from a tank. The test 

lasted for 20 minutes, with continuous SpO2 measurement. SpO2 values from both the validated 

SpO2 sensor and the additional monitoring equipment were recorded every two minutes (for 30 
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seconds). Arterial blood gas analysis was performed every five minutes. At the moment arterial 

blood gasometry was taken, the SpO2 measured by the test prototype was read. Measurements 

during the experiment were taken at rest. Measurements continued until a stable saturation level 

of 80% was achieved for one minute using prepared respiratory gas mixtures (TRIMIX 12% 

oxygen, Nitrogen 46% and Helium 42%) or until 20 minutes of measurement were reached. 

The gas mixtures were prepared by a certified technician and analyzed prior to use to confirm 

the expected O2 partial pressure. 

3.5. Accuracy and statistical analysis 

We evaluated the diagnostic accuracy of the validated pulse oximeter according to the 

standards specified in ISO 80601-2-61:2017, which replaces the ISO 80601-2-61:2011 standard 

recommended by the U.S. Food and Drug Administration (FDA) in the 510(k) Premarket 

Notification Submissions Guidance for pulse oximeter assessment [48]. This standard specifies 

that the 𝐴𝑅𝑀𝑆 value should be used to evaluate the measurement accuracy of pulse oximeters. 

𝐴𝑅𝑀𝑆 is the root-mean-square difference between measured values yp and reference value ȳp, as 

given by (4). 

 𝐴𝑅𝑀𝑆 = √
1

𝑛
∑ (𝑦𝑝 − ȳ𝑝)2𝑛

𝑝=1 , (4) 

where: 𝐴𝑅𝑀𝑆  – root mean square difference, 𝑛 – number of samples, 𝑦𝑝 – pulse oximeter 

measurement, ȳ𝑝 – reference standard measurement (saturation in arterial blood gasometry). 

This standard considers an 𝐴𝑅𝑀𝑆 ≤ 3.5% acceptable for reflectance pulse oximeters (as in 

the studied example) within the SaO2 range of 70%-100%. The measurement difference was 

defined as the difference between the reading of the prototype tested and the gold standard, 

which was the oxygen saturation of hemoglobin (SaO2) in the collected arterial blood. Because 

𝐴𝑅𝑀𝑆 is highly susceptible to outlier results, an additional analysis was performed after 

excluding outliers defined as those whose difference between a pair of measurements exceeded 

± 1.96 standard deviation (SD) from the group mean. 

Statistica (version 13) and MS Excel (Office 365) programs were used to perform statistical 

analyses. For continuous variables with normal or non-normal distributions, mean values and 

95% confidence intervals or median values and interquartile ranges (IQRs) were calculated, 

respectively. For nominal variables, counts and percentages were analyzed. Linear regression 

was used to evaluate trends. When assumptions of normality were not met, non-parametric tests 

(Chi-square, Mann-Whithney U, Spearman correlation) were used. A two-sided p-value of less 

than 0.05 was considered statistically significant. 

4. Results and discussion 

After performing validation tests, 215 pairs of results (validated SpO2 sensor and reference 

measurements) were collected. The SD of the differences between the measurements obtained 

using the tested pulse oximeter and the arterial blood gas saturation values was calculated to be 

4.1%. Initially, the 𝐴𝑅𝑀𝑆 for all samples was calculated, which equaled 4.3%. Due to the high 

sensitivity of this parameter to outliers, those pairs of measurements whose difference exceeded 

the range of ± 1.96 SD were excluded. This resulted in 208 pairs of measurements for which 

the 𝐴𝑅𝑀𝑆 equaled 3.0%. Based on these pairs, an analysis of the differences between the 

measured SpO2 value and the reference value was performed using the Bland Altman plot [49]. 

The results obtained are shown in Fig. 5. 



D. Sondej et al.: DESIGN AND VALIDATION OF A FOREHEAD PULSE OXIMETER FOR MILITARY MEDICAL EVACUATION 

 

 

Fig. 5. Bland-Altman plot comparing measurements of pulse oximeter and arterial blood gasometry. 

The criterion set by the FDA and ISO 80601-2-61 for reflectance pulse oximeters 

(𝐴𝑅𝑀𝑆  ≤ 3.5% for measurements between the tested device and reference values) has been met. 

Figure 6 shows the differences in measurement results for the tested device and the reference 

values at each measurement time point. The values did not differ significantly depending on the 

time point of measurement. 

Our findings indicate that the validated SpO2 sensor meets the required accuracy standards 

under stable conditions. However, during the tests, it was observed that patient movement 

significantly affected the measurement results, with accuracy deteriorating when the patient 

moved. Several studies, such as [50], have examined the performance of SpO2 sensors under 

motion and low perfusion conditions and found that advanced algorithms significantly 

improved accuracy in these challenging environments. Our study did not incorporate such 

algorithms, focusing instead on the baseline performance of our sensor in stable conditions. 

However, our study has limitations, including the specific demographic of the test subjects 

and the controlled environmental conditions. Future research should focus on testing the sensor 

in dynamic conditions to evaluate its performance under movement and varying perfusion 

states. This would provide a more comprehensive assessment of its applicability in real-world 

scenarios. Additionally, the next step will be to develop algorithms for eliminating motion 

artifacts, which should further improve the accuracy of SpO2 measurements during patient 

movement. 
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Fig. 6. Box plot of differences between pulse oximeter and arterial blood measurements at the following 

sampling points. 

5. Conclusions 

The conducted study demonstrated that the tested prototype of the reflectance pulse oximeter 

met the expected diagnostic criteria. The research showed that the device performs 

measurements in a stable manner, with the obtained parameters being consistent with those 

from validated commercial devices and corresponding to the reference values obtained through 

arterial blood gasometry. The statistical criterion specified in the guidelines and ISO 80601-2-

61 was met, recommending an acceptable 𝐴𝑅𝑀𝑆 result of ≤ 3.5% for reflectance sensors. The 

tested prototype achieved an 𝐴𝑅𝑀𝑆 value of 3.0%. 

These findings indicate that the prototype can be successfully applied for clinical assessment 

of pulse oximetry values. However, since the tests were conducted under stationary conditions, 

practical application in field scenarios requires further research in a tactical environment. Future 

work will involve testing the sensor under dynamic conditions to evaluate its performance 

during movement and reduced perfusion, as well as the development of motion-artifact 

reduction algorithms to improve measurement accuracy during real-world use.  
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