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 A B S T R A C T

Pulse oximetry faces well-documented accuracy challenges related to skin pigmentation and motion artifacts, 
contributing to significant health disparities. In response, we present a wearable ring-type pulse oximeter 
designed to address these limitations through multi-wavelength sensing and stable anatomical coupling. The 
device features a rigid-flex printed circuit board integrating four LEDs (610–940 nm), dual photodetectors in 
transmission configuration, and a three-axis accelerometer. A Bluetooth-enabled microcontroller with adaptive 
acquisition firmware manages the system. The prototype was successfully fabricated and functionally validated. 
Optoelectronic characterization confirmed wavelength-dependent signal properties, with superior performance 
at longer wavelengths (740–940 nm). Preliminary testing on four healthy volunteers (Fitzpatrick skin types 
I–III) demonstrated reliable photoplethysmographic signal acquisition with improved signal-to-noise ratios at 
longer wavelengths, validating the hardware architecture’s capability to acquire high-quality multi-wavelength 
PPG signals. This platform establishes technical feasibility for future clinical validation. However, validation 
against arterial blood gas analysis across all Fitzpatrick types (I–VI), systematic motion artifact assessment, 
and melanin-compensated SpO2 algorithm development remain essential before clinical deployment.
1. Introduction

Pulse oximetry, once considered a mature and reliable technology, 
is now facing pivotal reevaluation driven by mounting clinical evi-
dence of critical performance deficiencies. Data highlighting systematic 
measurement bias, particularly in individuals with darker skin tones, 
has prompted regulatory agencies including the U.S. Food and Drug 
Administration (FDA) and European authorities to issue safety commu-
nications and revised guidelines [1–3]. Recent meta-analyses encom-
passing thousands of patients have confirmed statistically significant 
overestimation of oxygen saturation in darker-pigmented individuals, 
with bias exceeding 1% in many commercial devices, sufficient to 
increase occult hypoxemia rates from 2% to 12% at clinically relevant 
SpO2 thresholds [4–6]. This convergence of clinical evidence, regula-
tory action, and technological limitations has revealed a pressing gap in 
care equity, underscoring the urgent need for next-generation oximeters 
designed with robustness and inclusivity at their core [7,8].

The disparity in pulse oximeter accuracy stems from fundamen-
tal technical challenges in photoplethysmographic (PPG) signal ac-
quisition. Skin pigmentation bias occurs when epidermal melanin, 
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which strongly absorbs light at shorter wavelengths, alters the pul-
satile AC/DC ratio used in conventional two-wavelength SpO2 calcu-
lations [9–11]. Monte Carlo modeling has demonstrated that surface 
reflection and epidermal coupling amplify these spectral effects, partic-
ularly in reflectance-mode sensors [12]. Compounding this are motion 
artifacts, which introduce non-physiological signals overlapping in 
frequency with cardiac pulsations (0.5–5 Hz), making them difficult 
to remove through conventional filtering [13–15]. These technical 
limitations are particularly problematic in wearable applications, where 
users experience varied skin tones, activity levels, and environmental 
conditions that stress conventional calibration approaches developed 
primarily using light-skinned, resting participants [2,16].

Current approaches to address these limitations include multi-
wavelength sensing strategies incorporating longer near-infrared wave-
lengths less affected by melanin, objective skin-tone quantification 
using Individual Typology Angle (ITA) or melanin index measure-
ments for personalized calibration, and advanced signal processing 
algorithms combining motion sensors with machine learning for artifact 
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removal [10,17–19]. Recent validation studies have demonstrated that 
ring-form oximeters utilizing palmar measurement sites can achieve 
negligible bias across diverse skin tones under controlled hypoxic 
conditions, while tactile-intelligence approaches have shown up to 8-
fold reduction in motion-related measurement error [19,20]. However, 
these solutions remain largely in research phases, and the rapid expan-
sion of the wearable oximetry market, projected to exceed US$6 billion 
by 2034, demands practical, validated approaches implementable in 
consumer devices while meeting evolving regulatory standards [21,22].

To address these challenges, we present the development and pre-
liminary characterization of a multi-wavelength, rigid-flex wearable 
ring oximeter designed to provide the technical foundation for im-
proved measurement accuracy across diverse skin tones and during 
motion. The device integrates four LEDs spanning 610–940 nm with 
dual photodetectors in transmission configuration, enabling future al-
gorithms to differentiate melanin absorption from hemoglobin dynam-
ics. Built on a rigid-flex PCB platform with Bluetooth connectivity and 
adaptive firmware, the system demonstrates feasibility of continuous 
multi-wavelength PPG acquisition in a wearable form factor. This work 
focuses on hardware development and preliminary functional char-
acterization, establishing the technical groundwork for future clinical 
validation studies across diverse populations.

This work demonstrates the technical feasibility of a multi-
wavelength anatomically stable sensing platform as foundation for 
future validation studies aimed at improving oximetry equity and 
robustness. Clinical validation against gold-standard arterial blood gas 
analysis, systematic evaluation across diverse skin tones (Fitzpatrick 
types I–VI), and quantitative assessment of motion artifact compensa-
tion have not been performed and represent essential next steps before 
any claims of improved accuracy or equity can be substantiated.

2. Materials and methods

2.1. System architecture and design rationale

This study introduces a wearable pulse oximeter designed to ad-
dress two major limitations in current technologies: motion artifact 
sensitivity and reduced accuracy in individuals with darker skin pig-
mentation [2,23,24]. The ring-shaped form factor enhances comfort, 
enables long-term use, and improves signal consistency. Compared to 
fingertip clips or wristbands, the ring provides stable skin contact, 
essential for reliable photoplethysmography (PPG) during movement 
or sleep [25].

A rigid-flex Printed Circuit Board (PCB) integrates all electronics 
into a compact structure conforming to the finger. This combina-
tion of rigid sections for mounting sensitive components and flexible 
interconnects enables natural wrapping around the finger, resulting 
in a lightweight, robust design with fewer connectors and reduced 
mechanical failure risk.

As shown in Figs.  1 and 2, the system consists of three intercon-
nected PCBs: a central processor (TEK077), an emitter (TEK078), and 
a detector (TEK079), configured for transmission-mode pulse oximetry 
where light emitted from one side of the finger is captured on the 
opposite side after passing through tissue.

The central processing board (TEK077) houses a Nordic nRF52833 
microcontroller handling system operations, signal processing, and 
Bluetooth communication, plus an ADPD4100 analog front-end (Analog 
Devices) synchronizing LED pulses with photodiode readings. The 
emitter board (TEK078) includes four LEDs at 610, 740, 850, and 
940 nm, broader spectral coverage than conventional red/IR systems,
supporting future algorithms for separating hemoglobin and melanin 
absorption to minimize skin-tone bias. The detector board (TEK079) 
houses two BPW34S photodiodes (430–1100 nm sensitivity) ensuring 
efficient transmitted light capture.
2 
2.2. Optomechanical integration and anatomical targeting

The rigid-flex design enables careful spatial alignment of the emitter 
and detector boards around the finger, as shown in Fig.  2. The processor 
lies dorsally, with the optoelectronic units positioned laterally for a 
transverse optical path.

A key design objective was to target the digital arteries, where 
pulsatile signals are strongest. As illustrated in Fig.  3, the system’s 
geometry was optimized based on vascular anatomy to minimize inter-
ference from non-pulsatile structures like bone and tendon. To account 
for anatomical differences, emission angles of 20◦ and 30◦ were tested, 
and the emitter-detector distance can be adjusted. This modular ap-
proach supports future optimization under varied conditions, including 
motion, darker skin pigmentation, and low perfusion states.

2.3. Component selection and system specifications

Component selection was guided by the need for a reliable, multi-
wavelength oximetry platform capable of operating accurately under 
motion and across diverse skin tones. Rather than optimizing individual 
components in isolation, choices were made to support a cohesive 
system architecture that enables advanced signal processing and future 
algorithmic development.

The core innovation lies in the four-wavelength optical design (610, 
740, 850, 940 nm), strategically selected to address limitations of con-
ventional two-wavelength systems. Light transmission through tissue 
follows the modified Beer–Lambert Law: 
𝐼(𝜆) = 𝐼0(𝜆) ⋅ exp

[

−𝜇𝑎(𝜆) ⋅ 𝐿
]

(1)

where total absorption is 𝜇𝑎(𝜆) =
∑

𝑖 𝜀𝑖(𝜆)⋅𝐶𝑖, with 𝜀𝑖 as molar extinction 
coefficients and 𝐶𝑖 as chromophore concentrations [26].

Conventional two-wavelength (660/940 nm) systems assume negli-
gible melanin contribution: 
𝜇𝑎(660) ≈ 𝜀HbO2

(660) ⋅ [HbO2] + 𝜀Hb(660) ⋅ [Hb] (2)

This assumption fails in individuals with elevated melanin, causing 
systematic overestimation of SpO2 [10,27,28]. Four wavelengths enable 
explicit melanin estimation through an overdetermined system: 
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This formulation enables melanin-corrected SpO2 calculation:
SpO2 = [HbO2]

[HbO2]+[Hb]
× 100% [28]. The wavelength selection follows 

established principles [29,30]:
610 nm (Amber): Functions as a melanin probe with high sensitiv-

ity (𝜀mel(610) ≈ 1.7 × 106 cm−1M−1), capturing superficial interactions 
where pigmentation dominates [31].

740 nm (Near-Infrared 1): Strategically positioned between con-
ventional wavelengths, offering 60% reduced melanin interference ver-
sus 660 nm while maintaining differential HbO2/Hb absorption. Pene-
tration depth increases 30%–40%, ensuring adequate arterial signal in 
moderately pigmented tissue.

850 nm (Near-Infrared 2): Provides 75% lower melanin interfer-
ence than 660 nm with excellent deoxygenation sensitivity. Reduced 
scattering coefficient (𝜇′

𝑠(850) ≈ 0.6 × 𝜇′
𝑠(660)) improves motion 

stability.
940 nm (Near-Infrared 3): Reference channel with minimal

melanin interference and maximum penetration, near the hemoglobin 
isosbestic point for stable total hemoglobin measurement.

Melanin absorption decreases as 𝜆−3.46 [26]. The wavelength-
dependent optical penetration depth (𝛿) in tissue follows: 

𝛿(𝜆) ≈ 1
√

′
(4)
3𝜇𝑎(𝜆)𝜇𝑠(𝜆)
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Fig. 1. System architecture of the ring oximeter showing processing, power, and optoelectronic subsystems.
Fig. 2. Anatomical adaptation of the ring oximeter, with opposing LEDs and 
photodetectors.

In lightly pigmented skin (Fitzpatrick types I–III): 𝛿(660) ≈ 2–3 mm, 
𝛿(940) ≈ 4–6 mm. In highly pigmented skin (Fitzpatrick types V–VI): 
𝛿(660) ≈ 1–1.5 mm, 𝛿(940) ≈ 3–4 mm. The inclusion of intermediate 
wavelengths (740, 850 nm) with moderate penetration depths ensures 
that at least one channel achieves adequate arterial signal quality even 
when the 610 nm channel is severely attenuated by superficial melanin.

The original 609 nm LED was replaced by Bivar SM1206NAC-IL 
(610 nm) after preliminary testing showed superior signal amplitude 
and sensitivity.

Table  1 summarizes the final configuration. High-sensitivity OSRAM 
BPW34S photodiodes (600–1000 nm, 0.62 A/W @ 940 nm) capture all 
wavelengths with minimal loss. The Analog Devices ADPD4100 analog 
front-end coordinates precise LED timing and synchronized acquisition 
with 8-channel capability, integrated current sources (200 mA max per 
channel), and low-noise amplification.

The Nordic nRF52833 microcontroller balances processing capa-
bility with power efficiency. Key specifications: BLE 5.0 connectivity, 
integrated voltage regulation, power consumption of 5–6 mA during 
radio operation and 1.8 μA in sleep mode with RAM retention, enabling 
extended battery operation in future implementations.

Thermal management utilizes a Panasonic PGS graphite sheet [32] 
for passive heat dissipation, maintaining wavelength stability during 
extended operation. Temperature monitoring with NTC thermistor (10 
kΩ @25 ◦C) and automatic thermal shutdown ensures component 
protection and user safety.
3 
Table  2 details additional capabilities. Over-the-Air (OTA) firmware 
updates enable iterative algorithm deployment without hardware mod-
ifications, essential for ongoing clinical validation.

The current prototype operates via USB for development and char-
acterization. Future iterations will integrate battery management, opti-
mize power consumption, and include accelerometer and ambient light 
sensors for enhanced motion artifact detection.

While this hardware platform provides capability for melanin-
corrected algorithms through its four-wavelength design, the devel-
opment and clinical validation of such algorithms requires extensive 
data collection across diverse populations. The theoretical advantages, 
including explicit melanin estimation and improved robustness to skin 
pigmentation, remain to be experimentally validated through rigorous 
clinical studies as outlined in the study limitations.

The complete system architecture supports advanced pulse oximetry 
research while maintaining flexibility for iterative development based 
on ongoing validation [7,33]. The design is protected under National 
Utility Model U202431452 [34–36].

2.4. Mechanical design and hardware integration

The mechanical design ensures reliable physiological signal acqui-
sition through three priorities: long-term comfort, structural stability 
during motion, and precise optoelectronic alignment.

The device features a three-board rigid-flex PCB integrating the 
microcontroller, analog front-end, and optical sensors into a single 
assembly. This architecture, detailed in Supplementary Material (Figures 
S1 and S2), was selected over traditional wired connections to improve 
durability, simplify assembly, and enable compact anatomical confor-
mity. As shown in Fig.  4 (right panel), flexible polyimide interconnects 
allow the emitter and detector boards to bend at 90◦, forming a stable 
transmission-mode setup across the digit.

A custom enclosure was developed through iterative 3D printing for 
rapid prototyping and ergonomic evaluation. It consists of a central 
body (TEK077) housing the processing unit, and two lateral arms 
for the emitter (TEK078) and detector (TEK079). This configuration 
ensures stable sensor-skin contact, minimizing motion artifacts in PPG 
signals.

The internal frame (Fig.  4, middle panel) maintains precise PCB 
alignment during activity. To accommodate anatomical variability, 
three adjustable-height versions enable ±1.5 mm vertical position-
ing of emitter and detector to optimize artery alignment and avoid 
bone/tendon interference.
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Fig. 3. LED emission angles (20◦ and 30◦) and detector placement for optimal vascular targeting.
Table 1
Final hardware specifications and selected components.
 Component category Selected components and specifications  
 
LED emitters (4 active)

Bivar SM1206NAC-IL (610 nm, optimized selection)  
 OSA Opto Light OIS-330 740 (740 nm)  
 Wurth Elektronik 15412085A3060 (850 nm)  
 Harvatek B15V1IR-A1C00015 (940 nm)  
 Photodetectors 2 × OSRAM BPW34S (600–1000 nm, 0.62 A/W @ 940 nm)  
 LED/PD driver Analog Devices ADPD4100 (8 LEDs, 8 PDs, 200 mA max per channel)  
 Main controller Laird BL653μ (Nordic nRF52833), BLE 5.0, 512 kB Flash, 128 kB RAM  
 Power management Integrated LDO/DC-DC, 1.7–5.5 V supply, 1.8 μA sleep current  
 Thermal management Panasonic PGS graphite sheet (25 μm, 1700 W/m K) + Cu thermal bridge 
Table 2
Advanced system features and specifications.
 Feature Specification/Implementation  
 Wireless connectivity BLE 5.0, −20 to +8 dBm configurable output power  
 Firmware updates OTA capability via BLE interface  
 Data storage 512 KB Flash, 128 KB RAM, persistent parameter storage  
 Temperature monitoring NTC thermistor (10 kΩ @ 25 ◦C), thermal safety shutdown  
 Thermal management Panasonic PGS graphite sheet + copper thermal bridge  
 Development interface USB connection for programming, debugging, and power  
 Signal processing Real-time PPG acquisition, heart rate estimation, adaptive timing 
LED junction temperature directly impacts wavelength stability and 
device longevity. Peak wavelength typically shifts 0.2–0.5 nm/◦C; a 
5–10 ◦C increase causes 2–4 nm drift, potentially affecting SpO2 ac-
curacy given hemoglobin’s narrow absorption spectrum [37–39].

The thermal management system employs a Panasonic PGS (Py-
rolytic Graphite Sheet) between the LED substrate (TEK078) and a 
metallic bridge contacting the finger. PGS provides exceptional in-
plane thermal conductivity (1500–1950 W/m K), approximately four 
times higher than copper, while remaining flexible at only 25 μm
thickness [40].

The thermal path operates as follows: (1) heat transfers from LED 
junctions to PCB copper traces; (2) PGS spreads heat laterally, pre-
venting hot spots; (3) a copper insert (Fig.  4B) conducts heat to the 
finger surface; (4) the finger acts as a heat sink at 32–34 ◦C under 
normal conditions. PGS key specifications: in-plane thermal conductiv-
ity 1500–1950 W/m K, through-plane conductivity 10 W/m K, thermal 
resistance 0.14–0.40 ◦C cm2/W (thickness-dependent), operating range 
−40 ◦C to +400 ◦C, flexibility for radii <5 mm. With pulsed LED op-
eration (duty cycle 1%, peak currents 65–110 mA), average power per 
LED is 15–25 mW. Thermal modeling estimates junction temperature 
rise of only 0.3–0.6 ◦C above skin temperature, yielding wavelength 
shift <0.2 nm, negligible relative to hemoglobin absorption bandwidth. 
Low duty cycle limits heat accumulation while PGS and thermal bridge 
ensure efficient dissipation.

A contact NTC thermistor (10 kΩ @ 25 ◦C) on TEK077 near the 
LED substrate enables real-time temperature monitoring. While not 
used for active correction in this prototype, it supports thermal safety 
limits (automatic LED shutdown above 45 ◦C). Future firmware may 
4 
incorporate temperature-based wavelength calibration for enhanced 
stability.

The 850 nm and 940 nm LEDs operate in the near-infrared where 
ambient IR can introduce noise. Mitigation strategies include: (1) fi-
nite impulse response (FIR) digital filtering; (2) LED drive currents 
limited to component ratings (Table  3) or 200 mA per ADPD4100 chan-
nel; (3) transmission-mode geometry with protective optical windows 
providing partial shielding.

The complete assembly (Fig.  4, left panel) integrates all components 
into a compact, wearable form. The protective shell supports extended 
use and physical activity while maintaining emitter-detector alignment. 
Future iterations will use biocompatible medical-grade elastomers to 
meet regulatory standards for skin-contact devices.

This modular design ensures consistent signal quality across users 
with varying anatomy and under motion. By embedding optomechani-
cal alignment in the rigid-flex architecture, the platform provides a ro-
bust foundation for high-fidelity physiological monitoring in real-world 
conditions. 

2.5. Prototype fabrication and physical implementation

Following hardware and mechanical design completion, physical 
prototypes were fabricated to validate integration, functionality, and 
ergonomic performance, a critical step in demonstrating feasibility of 
the engineered solution.

The core electronic assemblies were built as Minimum Viable Pro-
totypes (MVPs), based on a custom rigid-flex PCB architecture. This 
design integrates the central processing unit and lateral optoelectronic 
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Fig. 4. Mechanical design and integration of the ring oximeter. (Right) Rigid-flex PCB with LEDs and photodiodes at 90◦ angles for transmission-mode alignment. 
(Middle) Internal enclosure showing PCB modules and embedded thermal bridge. (Left) Final assembly with protective shell, designed for prolonged wear and 
stable alignment.
Fig. 5. Prototype fabrication and integration of the ring oximeter. (Right) Fabricated rigid-flex PCB with integrated optoelectronics. (Left) Final MVP assembly 
with 3D-printed enclosure, showing ergonomic form and maintained alignment.
modules into a single, connector-free assembly, eliminating common 
failure points and enabling a compact, conformal wearable structure.

To ensure ergonomic conformity and stable optoelectronic align-
ment, 3D-printed mechanical enclosures were fabricated with vertical 
adjustment capability for optical components, enabling proper vascu-
lar alignment across varying finger anatomies and maximizing signal 
quality in transmission-mode oximetry.  The complete implementation 
is shown in Fig.  5. The right panel presents the fabricated rigid-flex PCB 
assembly with mounted emitters and detectors. The left panel shows 
the final integrated MVP within its mechanical enclosure, forming a 
compact wearable device with stable optoelectronic alignment.

Physical features validated during prototyping include: internal 
structural frame ensuring precise PCB positioning, flexible intercon-
nects allowing angular adjustment of optoelectronic modules (Fig.  4), 
and enclosure accommodation of multiple optical path heights. These 
mechanical features were iteratively refined through ergonomic testing 
to ensure anatomical conformity, signal stability, and comfort during 
prolonged use.

The physical layout of the four-wavelength emitter board is de-
tailed in Fig.  6. The wavelength selection (610, 740, 850, 940 nm) 
was strategically chosen to address limitations of conventional two-
wavelength pulse oximeters. Shorter wavelengths (610 nm) exhibit 
higher sensitivity to superficial melanin, while longer wavelengths 
(740–940 nm) penetrate deeper with reduced melanin interference, 
enabling differential analysis of hemoglobin and melanin absorption, 
a critical requirement for equitable SpO2 measurement across diverse 
skin tones.

The specific arrangement and firmware identifiers (LED𝑥) allow the 
ADPD4100 analog front-end and nRF52833 microcontroller to precisely 
sequence LED activation and synchronize photodiode acquisition, form-
ing the multi-channel data foundation for advanced SpO2 and motion 
correction algorithms.

This fabrication and assembly process validates the mechanical and 
electronic integration necessary for a functional wearable oximetry 
platform. The modular design supports iterative refinement based on 
preliminary testing and future clinical validation requirements. 
5 
2.6. Optoelectronic calibration protocol

Prior to functional testing, the device underwent systematic opto-
electronic calibration to determine optimal LED operating parameters 
and validate photodetector response across the four wavelength chan-
nels. This preliminary characterization ensured each wavelength oper-
ated within design specifications and established baseline performance 
metrics for the multi-wavelength platform.

Calibration measurements were performed on four healthy volun-
teers (Fitzpatrick skin types I–III) under controlled laboratory condi-
tions: ambient temperature 22 ± 2 ◦C, minimal ambient light to reduce 
optical interference. Participants were seated at rest with the device 
positioned on the index finger. No formal clinical protocol was em-
ployed, as the objective was hardware verification rather than clinical 
validation.

For each LED wavelength (640, 765, 860, 960 nm), drive current 
was systematically varied across four levels: 20, 65, 110, and 155 mA. 
These values span the operational range while remaining within safe 
component limits (Table  3). Photodetector output was recorded for 
10 s at each current level, with 30-s rest intervals to prevent thermal 
accumulation and allow tissue temperature stabilization.

Raw photodetector data were analyzed to extract: (1) signal ampli-
tude (peak-to-peak voltage of pulsatile AC component), and (2) baseline 
noise (standard deviation during diastolic periods). Signal-to-noise ratio 
(SNR) was calculated for each condition to quantitatively assess signal 
quality. Optimal drive currents were selected by maximizing SNR while 
remaining below 50% of maximum rated current, ensuring long-term 
reliability and minimizing thermal drift during extended monitoring.

Calibration results confirmed expected trends from optical tissue 
interaction theory [41]. Longer wavelengths (850–940 nm) exhibited 
higher signal quality at equivalent drive currents compared to shorter 
wavelengths. This wavelength-dependent performance is attributed 
to reduced scattering and melanin absorption in the near-infrared 
spectrum, permitting deeper photon penetration and stronger inter-
action with pulsatile arterial blood [31,42]. Conversely, the amber 
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Fig. 6. Physical layout and identifiers of the four LEDs. Wavelengths (610, 740, 850, 940 nm) were selected for differential tissue penetration and melanin 
sensitivity. Emission angles (𝛷 = 20–30◦) optimize targeting of digital arteries for high-quality photoplethysmographic signals.
Fig. 7. Key configurable LED and PD timing parameters.

LED (640 nm) produced comparatively lower amplitude signals, con-
sistent with increased superficial tissue scattering and higher melanin 
absorbance at shorter visible wavelengths.

During characterization, the original 609 nm LED showed insuffi-
cient signal amplitude. Following systematic evaluation, it was replaced 
with the Bivar SM1206NAC-IL (610 nm), which demonstrated superior 
emission efficiency and improved signal quality, justifying its selection 
for the final prototype configuration.

This calibration represents technical characterization of the opto-
electronic subsystem, not clinical calibration against arterial blood gas 
measurements or co-oximetry. The procedure was limited to a small 
sample with light skin pigmentation (Fitzpatrick types I–III), and no 
hypoxic challenges or controlled desaturation protocols were imple-
mented. These results validate hardware functionality and wavelength-
dependent signal characteristics, but do not constitute evidence of 
clinical accuracy or equity across diverse populations.

A rigorous clinical calibration study is planned as the next de-
velopment phase, including: (1) validation against arterial blood gas 
analysis (gold standard for SpO2), (2) testing across the full Fitzpatrick 
scale (types I–VI), (3) controlled hypoxic chamber protocols assessing 
performance across oxygen saturation levels (70%–100%), and (4) com-
pliance with updated FDA guidance for pulse oximeter evaluation 
in diverse populations [1]. Results will be reported in a subsequent 
publication.

2.7. Firmware architecture and adaptive measurement protocol

The firmware provides robust control over the optoelectronic sys-
tem, wireless communication, and implements an intelligent, adaptive 
measurement protocol. Primary design goals: maximize signal quality, 
optimize power consumption for wearable applications, and establish 
a flexible framework for future advanced signal processing algorithms.
6 
The firmware’s measurement logic is built around configurable 
timing parameters illustrated in Fig.  7. These parameters, LED drive 
current, pulse duration, and photodiode (PD) integration time, enable 
precise optical front-end tuning. This configurability is essential for 
empirically optimizing signal-to-noise ratio (SNR) across different users 
and conditions. LED drive currents are managed within safe operational 
limits specified by component manufacturers (Table  3) and ADPD4100 
driver capabilities, ensuring device longevity and user safety.

2.8. Adaptive dual-phase measurement workflow

To enhance measurement reliability, the firmware employs an adap-
tive, dual-phase workflow that alternates between heart rate (HR) 
estimation and multi-wavelength oximetry measurement. This ‘‘smart’’ 
cycle, depicted in Fig.  8, ensures that the acquisition of oximetry data 
is synchronized with the user’s real-time cardiac cycle, a foundational 
strategy for improving resilience to motion artifacts and physiological 
variability.

The workflow begins with a 3-s HR estimation phase. During this 
window, only the 610 nm LED (LED1) is used to acquire a continuous 
PPG signal, sampled at approximately 100 Hz (𝑇𝑆 ≈ 10 ms). The 
resulting high-resolution waveform is processed in real-time by an on-
board peak detection algorithm to accurately determine the current 
heart rate.

Once a stable HR is established, the firmware transitions to the 
oximetry phase. In this stage, the system leverages the HR data to 
adaptively time the sequential pulsing of two LEDs per cardiac cy-
cle: the 610 nm LED (LED1) and a second, configurable LED (LED𝑋) 
from the remaining wavelengths. By synchronizing the LED pulses 
and corresponding photodiode integration windows (𝑇𝑃𝐷) with the 
detected heartbeat, the system can acquire high-resolution differential 
absorption data at the most information-rich points of the cardiac cycle. 
This phase lasts for approximately 10 s before the system reverts to the 
HR estimation phase to update the heart rate. An example of the raw 
PPG waveform captured during this dual-phase process is shown in Fig. 
9.

All system parameters and data streaming are controlled via a 
command-line interface, which facilitates rapid prototyping and data 
analysis during development.

2.9. Signal processing and functional verification

Real-time heart rate (HR) estimation underpinning the adaptive 
measurement workflow employs a frequency-domain peak detection 
algorithm adapted from Argüello Prada [43]. This method was selected 
for computational efficiency, low complexity, and robust systolic peak 
identification in noisy photoplethysmographic (PPG) signals, ideal for 
power-constrained embedded systems.

The processing pipeline (Fig.  10) operates on 10-s filtered PPG 
segments. After applying Fast Fourier Transform (FFT) to generate the 
power spectrum, a robust peak detection algorithm identifies candidate 
cardiac frequencies within the physiological range (0.5–5 Hz, corre-
sponding to 30–300 bpm). Harmonic analysis evaluates peak pairs and 
triplets using a heuristic scoring function favoring plausible cardiac 
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Table 3
Maximum allowable current levels for each LED. Calibration procedures for determining optimal operating currents are described 
in Section 2.6.
 Range (nm) Ref PCB Reference 𝐼op 𝐼max Conditions  
 600–670 D01 Wurth Elektronik 156120AS82500 20 mA 40 mA 𝑡𝑝 ≤ 1 ms, duty ≤ 10%  
 740–800 D02 OSA Opto Light OIS-330 740 30 mA 150 mA 𝑡𝑝 ≤ 100 μs, duty ≤ 10% 
 800–870 D03 Wurth Elektronik 15412085A3060 30 mA 150 mA 𝑡𝑝 ≤ 1 ms, duty ≤ 5%  
 940–950 D04 Harvatek B15V1IR-A1C00015 100 mA 100 mA 𝑡𝑝 ≤ 1 ms, duty ≤ 1%  
Fig. 8. Timing logic of the ring oximeter measurement cycle, showing the HR estimation window and the synchronized oximetry phase with LED and photodiode 
activation.
Fig. 9. Example of raw PPG waveform acquired during HR estimation and 
oximetry phases. The plot shows sampling intervals, photodiode integration 
windows, and LED pulse alignment.

harmonics while rejecting noise. The selected HR estimate is temporally 
smoothed using the previous value to ensure continuity and suppress 
transient artifacts.

Signal-to-noise ratio (SNR) is primarily determined by the pulse 
averaging configuration of the ADPD4100 front-end. Each PPG sample 
is calculated from the sum of 𝑛 acquisition pulses. A single pulse yields 
SNR ≈ 76 dB, with maximum averaging increasing this to ≈100 dB. 
Doubling the number of pulses improves SNR by approximately 3 dB. 
When 𝑛 is a multiple of 4, the ADPD4100 enables integrator chop-
ping, alternating integration window polarity to cancel DC offset and 
low-frequency noise. The signal processing chain includes hardware 
anti-aliasing filters, Bessel band-pass filter (0.5–5 Hz), and moving 
average smoothing.

While the device hardware reliably acquires multi-wavelength PPG 
signals, a complete SpO2 calculation algorithm has not yet been im-
plemented. Developing an algorithm that separates melanin absorption 
from hemoglobin dynamics (Section 2.3) requires a dedicated calibra-
tion dataset including simultaneous PPG recordings and arterial blood 
gas reference measurements across diverse skin tones and oxygenation 
levels. This dataset will be collected during the clinical validation study 
described in Section 2.6. The current prototype demonstrates hardware 
and signal acquisition capability but does not compute SpO  values.
2
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Preliminary functional testing confirmed the viability of both hard-
ware and firmware. As shown in Fig.  11, PPG signals were acquired 
from four healthy volunteers (N = 4, Fitzpatrick skin types I–III) using 
all four LED channels. The figure displays representative data from one 
subject.

Visual inspection of the filtered signals reveals that longer wave-
lengths (740, 850, 940 nm) produce cleaner PPG waveforms with 
more distinct pulsatile components compared to the 610 nm LED. The 
610 nm signal exhibits a higher noise floor relative to the cardiac pulsa-
tion amplitude, consistent with expected behavior: shorter wavelengths 
experience greater scattering and melanin absorption in superficial 
tissue layers, while longer wavelengths penetrate deeper with reduced 
interference [31,41].

Notably, the 610 nm LED operates at lower drive current (40 mA) 
compared to the other wavelengths (100 mA), partially accounting for 
the amplitude difference. However, even accounting for drive current 
differences, the wavelength-dependent signal quality trend aligns with 
optical tissue interaction principles. The 610 nm channel’s sensitivity 
to superficial tissue properties makes it valuable for future melanin 
correction algorithms, while the near-infrared channels (740–940 nm) 
provide robust arterial pulsation signals suitable for oxygen saturation 
estimation.

These results validate that the multi-wavelength acquisition system 
successfully captures wavelength-dependent tissue optical properties, 
providing the spectral diversity required for future development of 
equitable SpO2 estimation algorithms.

3. Discussion

The successful fabrication and testing of this prototype mark a 
foundational step in developing a next-generation physiological mon-
itoring platform. This section analyzes verification results within the 
framework of light–tissue interaction physics and explores engineering 
implications for building more equitable and robust pulse oximetry 
systems.

3.1. Functional verification and optoelectronic performance

Initial testing validated multi-wavelength optoelectronic system 
performance. Results (Fig.  11) confirm hardware integrity and optical 
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Fig. 10. Heart rate estimation algorithm flowchart. The pipeline processes 10-s PPG windows through FFT analysis, peak detection, harmonic evaluation, and 
temporal smoothing.
Fig. 11. Raw (left, blue) and filtered (right, red) PPG signals from four LEDs. The x-axis shows sample number; y-axis shows ADC output (counts) from the 
ADPD4100 front-end. Filtering used a Bessel bandpass filter (0.5–5 Hz). Higher signal-to-noise ratio is observed at longer wavelengths (740–940 nm) compared 
to 610 nm.
sensing viability in biological tissues. A clear trend emerged: as wave-
length increased from 610 nm to near-infrared (740, 850, 940 nm), PPG 
signal-to-noise ratio improved significantly.

This observation confirms the wavelength-dependent performance 
predicted by optical tissue interaction physics (Section 2.3). Superior 
signal quality at longer wavelengths validates the multi-wavelength 
hardware platform design. Although the 610 nm LED produced rela-
tively weak signals, this was expected. Its melanin sensitivity makes it 
valuable for identifying pigmentation-induced signal distortions, infor-
mation essential for future algorithmic compensation. Its low amplitude 
is not a shortcoming but an informative asset critical for developing 
equitable measurement strategies.
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3.2. Iterative sensor optimization and final wavelength configuration

During preliminary characterization, the original 610 nm LED ex-
hibited low signal amplitude, limiting system sensitivity. An opti-
mization procedure evaluated an alternative component: the Bivar 
SM1206NAC-IL (610 nm), offering similar wavelength but higher emis-
sion efficiency and improved operational stability.

Both LEDs were tested under identical conditions (same drive cur-
rent, photodetector integration time, optical geometry) enabling direct 
performance comparison. Fig.  12 shows comparative signal traces. The 
Bivar SM1206NAC-IL demonstrated significantly higher signal ampli-
tude, resolving the sensitivity limitation. Based on this experimental 
comparison, the Bivar component was selected for the final prototype.
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Fig. 12. Signal comparison for LED optimization. The x-axis shows sample number; y-axis shows ADC output (counts). Left: Bivar SM1206NAC-IL LED (610 nm); 
center: infrared LED (740 nm); right: original amber LED. The new amber LED demonstrates significantly improved signal amplitude, justifying its selection for 
the final prototype.
The final LED configuration (610, 740, 850, 940 nm) is detailed 
in Fig.  6 (Section 2). This multi-wavelength selection yields a multi-
spectral dataset necessary to overcome limitations of traditional two-
wavelength oximeters relying on one-size-fits-all calibration curves that 
fail to account for physiological differences such as skin pigmentation. 
The expanded spectral range enables the system to capture wavelength-
dependent absorption differences between hemoglobin and melanin, 
laying the foundation for more equitable SpO2 estimation algorithms.

3.3. Implications for future development

This study establishes proof-of-concept for an engineered sensing 
platform. Its key contribution lies not in delivering a finished clinical 
product, but in validating a hardware architecture capable of collect-
ing multi-channel data required for advanced algorithm development. 
The embedded command-line interface proved essential for real-time 
system parameter tuning during characterization and optimization.

The next phase will focus on clinical validation and algorithmic 
innovation. With four spectral channels available, melanin contribution 
to overall absorption may be treated as a solvable variable rather than 
a confounding factor, allowing for more individualized, potentially 
calibration-free models. Such approaches could mark major advances 
in both accuracy and measurement equity.

3.4. Study limitations and future validation

This work demonstrates successful engineering and preliminary 
characterization of a multi-wavelength pulse oximeter platform. How-
ever, several important limitations must be acknowledged.

The device has not been validated against arterial blood gas
analysis, the gold standard for oxygen saturation measurement. All tests 
were conducted under normoxic conditions (SpO2 > 95%) without con-
trolled desaturation protocols; therefore, accuracy across the full phys-
iological range (70%–100%) is unknown. This places the work at Tech-
nology Readiness Level (TRL) 2 to early TRL 3. While hardware feasi-
bility and signal acquisition were achieved, key intended functions, mo-
tion artifact compensation and melanin-independent
SpO2 estimation, remain unvalidated. Transitioning to TRL 3–4 requires 
systematic testing across diverse skin tones, motion conditions, and 
hypoxia with reference measurements.

Testing was limited to four light-skinned volunteers (Fitzpatrick 
types I–III); the device has not been evaluated on darker skin tones 
(types IV–VI), leaving the core hypothesis of reducing melanin bias 
unproven. Although the design includes motion-reduction features 
(rigid-flex coupling, synchronized acquisition, accelerometer integra-
tion), their effectiveness has not been quantitatively verified through 
controlled motion experiments. Current firmware includes only ba-
sic heart rate estimation; validated SpO2 and motion compensation 
algorithms require a large, diverse dataset not currently available.

Thermal management uses passive graphite sheet cooling with an-
alytical estimates suggesting minimal LED wavelength drift (<0.2 nm). 
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However, thermal characterization remains incomplete without simu-
lations or experimental data on junction temperature or wavelength 
stability under continuous use.

To address these limitations, full clinical validation following FDA 
guidance [1] will include: arterial blood gas validation during con-
trolled hypoxia; participant recruitment across all Fitzpatrick skin types 
(minimum 𝑁 = 10 per group); motion artifact testing under standard-
ized protocols; statistical analysis (Bland–Altman plots, ARMS error, 
subgroup bias/precision); and comparison with FDA-cleared oxime-
ters. This study will assess which motion artifacts can be compen-
sated, how performance varies by skin tone, and whether the multi-
wavelength design reduces melanin-induced bias compared to standard 
two-wavelength systems.

Until validation is complete, these results establish a robust hard-
ware platform demonstrating feasibility rather than evidence of clinical 
performance or measurement equity. 

3.5. Potential applications and use cases

The engineering features demonstrated, ring form factor, rigid-flex 
anatomical coupling, and multi-wavelength optical acquisition, posi-
tion the platform to address limitations where current devices fail due 
to motion artifacts, environmental challenges, and skin pigmentation 
bias.

The ring format enables unobtrusive monitoring during athletic 
activities where fingertip clips interfere with performance, including 
ventilatory and anaerobic threshold detection, altitude training, and 
high-intensity interval training. Stable mechanical coupling may re-
duce motion artifacts during running, cycling, or resistance training 
where conventional sensors lose signal [44]. Tactile-intelligence pulse 
oximetry has demonstrated up to 8-fold reduction in measurement error 
during exercise [19].

Patients with chronic cardiorespiratory diseases (post-COVID-19 
sequelae, cystic fibrosis, pulmonary fibrosis, COPD, cardiac surgery re-
covery) may benefit from continuous monitoring during rehabilitation 
to prevent desaturation [4,45]. Wearable-assisted home cardiac reha-
bilitation programs have demonstrated improved peak VO2 outcomes 
compared to center-based programs [46,47]. Recent validation studies 
of ring-form oximeters showed negligible bias across Black and non-
Black participants during controlled hypoxia, suggesting proper sensor 
design can mitigate pigmentation effects [20].

High-risk occupational applications include firefighters facing high-
G forces, extreme heat, and smoke exposure affecting signal quality 
through poor perfusion and sensor dislodgement [48,49], and fighter 
pilots experiencing high-G forces and fluctuating cabin pressure that 
challenge conventional oximetry [44]. The ring form factor remains 
functional beneath protective gloves [48].

Skin pigmentation bias represents a significant occupational safety 
concern, as systematic measurement errors could delay hypoxemia 
recognition in workers with darker skin during high-risk operations [4,
45]. The multi-wavelength design addresses melanin-induced optical 
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interference, ensuring equitable safety monitoring across diverse work-
forces.

Wireless design enables applications in sleep monitoring, post-
discharge respiratory tracking, and telemedicine in remote or low-
resource settings. Multi-wavelength capability is critical for telehealth 
serving diverse populations where clinicians cannot directly assess 
patient skin tone [8].

These use cases represent potential future applications requiring: 
validation against arterial blood gas analysis across the full SpO2
range (70%–100%), quantitative motion artifact evaluation, assessment 
across all Fitzpatrick skin types (I-VI), regulatory clearance (FDA or 
CE marking), and validation within intended populations [50,51]. The 
platform establishes technical feasibility to pursue these validation 
steps, with emphasis on addressing documented skin pigmentation 
bias affecting conventional pulse oximetry [4,20]. Recent advances in 
multi-wavelength pulse oximetry and CO-oximetry platforms demon-
strate clinical utility of enhanced spectral approaches for addressing 
pigmentation bias [8,52].

4. Conclusions

This work presents successful design, fabrication, and preliminary 
characterization of a wearable pulse oximeter platform addressing two 
critical limitations of conventional pulse oximetry: motion artifacts and 
skin pigmentation bias.

The innovation lies in three deliberate engineering strategies. First, 
rigid-flex PCB architecture enables a compact ring form factor en-
suring mechanical stability and secure sensor-to-skin contact, reduc-
ing motion-induced signal distortions. Second, multi-wavelength opti-
cal design (610–940 nm) surpasses standard dual-wavelength models 
by generating high-fidelity photoplethysmographic signals across four 
channels, laying groundwork for algorithms that distinguish melanin 
absorption from hemoglobin dynamics, essential for equitable SpO2
measurement. Third, heart-rate-synchronized acquisition represents
early integration of intelligent sensing features for motion artifact 
suppression.

Preliminary testing on four volunteers (Fitzpatrick types I–III) con-
firmed reliable multi-wavelength PPG signal acquisition with improved 
signal quality at longer wavelengths (740–940 nm), validating the 
hardware platform’s technical feasibility. However, critical limitations 
remain. The device has not been validated against arterial blood gas 
analysis across the full SpO2 range (70%–100%), tested on darker 
skin tones (Fitzpatrick IV–VI), or evaluated under controlled motion 
conditions. SpO2 estimation and motion compensation algorithms have 
not been developed, placing this work at Technology Readiness Level 
2–3.

Future validation following FDA guidance will include: controlled 
hypoxia studies with arterial blood sampling across all Fitzpatrick skin 
types (minimum 𝑁 = 10 per group); quantitative motion artifact assess-
ment; statistical analysis (Bland–Altman plots, ARMS error, subgroup 
bias/precision); and comparison with FDA-cleared oximeters. Until this 
validation is complete, this platform establishes technical feasibility 
for future clinical studies aimed at developing next-generation point-
of-care systems with improved accuracy and equity across diverse 
populations.
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