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RESEARCH PAPER

Evaluation of skin pigmentation effect on 

photoplethysmography signals using a vascular 

finger phantom with tunable optical and 

mechanical properties

Laura Osorio-Sanchez ,* James M. May, and Panicos Kyriacou
City St. George�s, University of London, Research Centre for Biomedical Engineering, London, United Kingdom

ABSTRACT. Significance: Photoplethysmography (PPG) is a widely used optical technique for 

the noninvasive monitoring of cardiovascular parameters. However, its accuracy 

may be affected by variations in skin pigmentation due to the strong absorption prop-

erties of melanin, particularly at visible wavelengths.

Aim: We aimed to investigate how skin tone influences PPG signal signals by devel-

oping a pulsatile vascular finger phantom with interchangeable skin layers, charac-

terizing their optical properties across green, red, and infrared wavelengths and 

evaluating their impact on PPG signal features

Approach: The finger phantom included three optically characterized, interchange-

able skin layers representing pale, medium, and dark tones, as well as a custom-

made silicone vessel embedded in an anatomically and mechanically characterized 

structure. PPG signals were recorded in reflectance mode using a custom-made 

finger clip probe in an in vitro cardiovascular system. Signal features, including sig-

nal-to-noise ratio, peak-to-peak amplitude, and area under the curve, were 

analyzed.

Results: Analysis revealed statistically significant differences (p < 0.001) between 

skin tones, with signal degradation increasing with skin pigmentation.

Conclusions: These findings suggest there is a measurable impact of skin pigmen-

tation on the PPG signal and highlight the need for further research to improve the 

equity of light-based sensing technologies across all populations. We provide an 

advancement for future work in developing in vitro models to assess optical sensing 

performance across diverse skin tones.
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1 Introduction

The impact of skin pigmentation on light-tissue interaction sensing applications, such as photo-

plethysmography (PPG) and pulse oximetry, is not a new concern, but it has gained increased 

attention during and after the COVID-19 pandemic. The higher mortality rate among individuals 

with darker skin raised concerns about whether skin color contributes to inequalities in pulse
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oximetry and other optical measurement techniques. 

1�5 Although some research has explored this 

topic, gaps remain in fully characterizing these effects and developing solutions to mitigate 

potential disparities. A more comprehensive understanding is essential to ensure equitable and 

accurate health monitoring for all individuals, emphasizing the need for continued research in 

this field. 

5,6

Despite their growing importance, optical sensing methods are influenced by several bio-

logical factors, with skin pigmentation being a particularly critical variable. Variations in melanin 

concentration can affect the way light is absorbed and scattered within the skin, potentially intro-

ducing biases in PPG and other light-based measurements. 

5 Darkly pigmented skin has higher 

melanin content, causing a greater attenuation of the incident light compared with lighter skin. 

7,8 

This reduces the depth of light penetration and limits the accuracy of measurements, which is 

evidenced in several studies that suggest that pulse oximetry may be less reliable in individuals 

with darker skin tones, 

1,9�21 which has also been supported by an independent review from the 

UK government of the health impact of potential bias in medical devices. 

3

Several factors can impact the PPG signal, including low perfusion, ambient light, motion 

artifact, applied pressure, and skin color. 

6,22 In vitro phantom models offer controlled environ-

ments, making them an ideal approach for identifying performance issues, as they allow for 

controlled manipulation of variables that are difficult to regulate in in vivo studies. In this study, 

they are particularly valuable for isolating the effect of skin pigmentation on the PPG signal. The 

literature on phantom materials and fabrication methods is extensive, reflecting significant 

advancements in recent years. Various phantom designs have been developed to mimic human 

physiology, particularly for testing optical sensing systems such as PPG and oximetry, with sil-

icone being the most commonly used material. 

23,24 Some approaches have been used to mimic 

skin pigmentation. 

25�29

Afshari et al. 

25 developed a phantom model to simulate cerebral oximetry and assess the 

impact of skin pigmentation on commercial cerebral oximeters. It incorporated an epidermal 

layer simulating varying melanin concentrations, using water-soluble nigrosine, nail polish 

remover, and titanium dioxide particles to adjust the optical properties. Building on this 

approach, Bhusal et al. 

26 created a tissue-mimicking finger phantom, integrating an epidermis 

layer fabricated using Afshari et al.�s method for simulating different skin tones. Jenne and 

Zappe 

27 developed a three-layer tissue-mimicking phantom for PPG applications, replicating the 

optical and mechanical properties of the epidermis, dermis, and hypodermis. Optical character-

istics were adjusted using India ink, synthetic melanin, and titanium dioxide particles. 

Expandable channels were integrated into the model. Vogt et al. 

28 manufactured a breast phantom 

with swappable skin-mimicking layers to evaluate the impact of epidermal content on photo-

acoustic imaging devices. Alcohol-soluble nigrosine was used as the dye to mimic melanin 

absorption. Swamy et al. 

29 developed a test bench to evaluate commercial pulse oximeters, incor-

porating melanin filters to simulate a range of skin tones. These filters, made with M8631 syn-

thetic melanin, were designed to attenuate red and infrared (IR) light, with red wavelengths 

experiencing greater attenuation than IR. Notably, only Jenne and Zappe 

27 and Vogt et al. 

28 

included analysis of the green wavelength in their optical characterization, whereas the other 

studies focused primarily on red and IR.

Although recent research has produced valuable insights and promising phantom-based 

approaches, current models appear to fall short in fully replicating the complexity of biological 

tissue. An ideal phantom for evaluating the effects of skin pigmentation on PPG signals would 

require a multi-layered structure that closely mimics the anatomical composition of human skin 

and subcutaneous tissue, avoiding oversimplified representations. It should feature precisely 

tuned optical properties, with interchangeable layers representing a range of skin tones to sim-

ulate diverse pigmentation and its influence on light absorption and scattering. Realistic mechani-

cal properties are essential to replicate the compliance of human tissue under pressure. To 

generate pulsatile signals, including expandable blood vessels, is fundamental for PPG measure-

ments. Ideally, the phantom should incorporate the anatomical shape of the tissue being simu-

lated. Finally, integrating a circulating fluid system, rather than a closed-end setup, would better 

replicate continuous blood flow and dynamic pulsations, offering a closer representation of 

physiological conditions. Importantly, to reflect common wearable device designs and expand 

upon previous work, the phantom should characterize multiple wavelengths, including green
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light, which is frequently used in wearable PPG sensors, enabling a more comprehensive and 

innovative evaluation of optical performance across different tissue types.

The purpose of the current study is to provide new knowledge and facilitate understanding of 

how skin pigmentation affects the PPG signal and the implications this potentially has on PPG-

based sensing technologies. Specifically, the aim was (a) to design and develop a pulsatile vas-

cular finger phantom with biorelevant dimensions and mechanical properties; (b) to optically 

characterize three interchangeable skin color layers and adipose tissue across multiple wave-

lengths including green, red, and IR; and (c) evaluate the effect of the skin color layers on the 

PPG signals from the pulsatile finger phantom.

2 Methods

2.1 Finger Phantom Design

The finger was chosen as the tissue to simulate because of its widespread use to measure pulse 

oximetry, one of the biggest applications of the PPG signal. The finger phantom consisted of 

three components (Fig. 1): a skin layer, adipose or subcutaneous tissue, and an embedded vessel. 

For the purpose of the study, only the distal and middle phalanges of the finger were modeled, as 

these are the segments that fit into the pulse oximetry clip. Accurate human finger dimensions are 

critical for designing a realistic phantom. For practicality reasons, male measurements were 

selected for the phantom, resulting in a model with dimensions of 18 mm in width, 50 mm 

in length, and 16 mm in thickness, extending from the fingertip to the base of the middle phalanx, 

as reported by Tilley. 

30

2.2 Custom-Made Silicone Arteries

To simulate dynamic blood volume changes, the phantom included an embedded vasculature 

system circulating a blood-mimicking fluid. Because fingertip arteries and capillaries measure 

around 0.8 mm and 6 to 30 μm, respectively, 

31,32 replicating them is technically challenging due 

to the lack of commercially available tubing at these scales. To address this limitation, a �zigzag-

shaped� alternative vessel arrangement is designed to represent the dense blood perfusion in the 

fingertip. In addition, replicating vessel biomechanics was essential, as elasticity significantly 

influences fluid dynamics. 

33 Finger arteries are more muscular than larger vessels, allowing for 

vasoconstriction and vasodilation to regulate pressure. 

34 To mimic this behaviour, custom vessels 

were designed with an elastic modulus of 0.7 to 0.8 MPa, corresponding to the longitudinal 

elasticity as reported in the literature for human finger arteries. 

33,35 However, circumferential

Fig. 1 Schematic of the finger phantom with dimensions of 15 mm thickness, 17 mm width, and 

50 mm length. The model consists of a skin layer (epidermis and dermis, 0.5 mm thick), an adipose 

tissue layer (14 mm), and an embedded blood vessel (1.8 mm diameter) positioned 2.5 mm below 

the top surface.
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elasticity also plays a key role and varies nonlinearly with pressure due to the structural com-

position of the arterial wall. The changing arrangement of elastin and collagen fibers results in 

increasing stiffness with pressure. 

34,36 At low pressures, elastin dominates, while collagen 

engagement at higher pressures requires greater force to induce deformation. Consequently, the 

circumferential elasticity can range from ∼0.3 MPa at low pressures to above 10 MPa at higher 

pressures. 

37

A common limitation of phantoms with pulsatile flow is the limited expansion of commer-

cially available silicone tubing under systolic pressure, which reduces volume variation and 

weakens the PPG signal. 

23 To address this, Nomoni et al. 

38 developed a novel technique to fab-

ricate custom vessels that replicate the wall thickness and mechanical properties of real blood 

vessels. Based on this innovative approach, custom silicone vessels were fabricated. Platsil 

Gel-00 (Polytek Development Corp., Easton, PA, USA) was used for vessel fabrication. To bal-

ance pour time and vessel wall thickness, 

39 the retarder concentration was kept constant at the 

manufacturer�s recommended maximum of 5%. Hardener (Polytek Development Corp., Easton, 

PA, USA) was added to modify the vessel�s stiffness. Different vessel recipes with varying ratios 

of hardener were manufactured. Tensile testing of the custom vessels was performed using a 

Universal Testing System (Instron 5944, Norwood, MA, USA), with longitudinal Young�s 

modulus automatically calculated via Bluehill Universal Software (version 4.42, Instron, 

Norwood, MA, USA) [Fig. 2(a)]. Testing was repeated for six samples to ensure consistency. 

Wall thickness and outer diameter were measured from cross-sections of the vessels imaged 

using a handheld digital microscope (Celestron, Torrance, CA, USA) and analyzed with 

Autodesk Fusion (Autodesk, San Francisco, CA, USA).

The selected custom vessel was evaluated for circumferential compliance, its ability to 

expand with changing pressure 

40 to ensure it replicates the realistic volumetric expansion of 

human arteries under pulsatile flow. Defined as the change in cross-sectional area per unit 

pressure, 

26,33,41 compliance was measured by filling the vessel with diluted India ink (Jackson�s 

Art Supplies, London, UK) and gradually increasing pressure using a syringe pump (Legato 180, 

KD Scientific, Holliston, MA, USA). Expansion was observed under a handheld digital micro-

scope, whereas a pressure sensor (Broadley-James Ltd., USA) at the opposite end recorded 

real-time values, as shown in Fig. 2(b).

Circumferential elasticity was estimated from the pressure-diameter relationship obtained in 

the compliance test. Using the thin-walled cylinder assumption, the circumferential (hoop) stress

σ θ 

and strain ε θ 

were calculated as

EQ-TARGET;temp:intralink-;e001;114;340σ θ 

¼ 

P × d 

2t 

; (1)

and

EQ-TARGET;temp:intralink-;e002;114;295ε θ 

¼
ΔD

D 0

; (2)

Fig. 2 Custom-made vessels mechanical testing. (a) Tensile testing using a Universal Testing 

System. (b) Compliance measurement setup, where the vessel was filled with diluted India ink 

and monitored using a pressure sensor.
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where P is the applied pressure, d is the inner diameter, t is the wall thickness, ΔD is the change 

in diameter, and D 0 

is the baseline diameter.

2.3 Mechanical Characterization

In this study, the two-part silicone Platsil Gel-00 elastomer was chosen within the room-

temperature-vulcanizing silicones based on its availability, ease of handling, and prior experience 

indicating improved stability of incorporated optical absorbers in this specific silicone. 

Reported values for the hardness from the fingertip were considered to guide material 

selection. As shown in Table 1, fingertip hardness ranged from 25.7 to 35.0 (Shore OO). 

23,42 

Hardness measurements were performed using the AD-100-OO Precision Shore Durometer 

(Checkline Europe, Enschede, The Netherlands), which is commonly used for soft materials 

such as animal tissue. The testing procedure followed the requirements outlined in ASTM 

D2240-15. 

43 According to the standard, the test specimen must be at least 6.0 mm thick, and 

the hardness value should be calculated as the mean or median of five measurements, each taken 

at least 12.0 mm from any edge and no less than 6.0 mm apart. 

43 The durometer was placed on 

the surface of the tissue with the footpad positioned at a slight angle and then gently rolled into a 

flat position to ensure the most accurate reading.

2.4 Optical Characterization

Understanding and accurately replicating the optical properties of biological tissues is essential 

for developing realistic tissue phantoms for light-tissue interaction studies. In this work, the opti-

cal properties of a silicone-based phantom were modified to mimic those of adipose tissue and 

three distinct skin tone groups: pale, medium, and dark.

2.4.1 Adipose tissue

For the adipose tissue, the target value range was determined based on a literature search of

reported spectra of absorption (μ a 

) and reduced scattering coefficients (μ 

0
s) of human adipose

tissue. 

44�48 Only studies covering the range of primary interest for this study: from 500 to 

1000 nm wavelengths were included. A summary of the selected studies is presented in 

Table S1 in the Supplementary Material, detailing their measurement sites, techniques, instru-

mentation, sample characteristics, wavelength coverage, study objectives, blood content status, 

sample preparation methods, and assumed anisotropy factors. This comparison also highlights 

the methodological variability that may impact the consistency and comparability of optical 

property data across studies.

The optical properties of the adipose phantom were tailored by incorporating varying con-

centrations of scatterers and absorbers. Titanium dioxide (TiO 2 

; Kronos Worldwide Inc., Dallas, 

TX, USA) was used as the scatterer, whereas Bismarck Brown (BDH Chemicals Ltd., London, 

England) and India Ink were implemented as the absorbers. The formulation that best matched 

the reported optical properties was developed through the following process. A stock solution of 

Bismarck Brown was prepared in isopropanol at a concentration of 25 mg∕mL, from which 

8.57 μL per gram of silicone mix was added. In addition, 7.14 μL per gram of diluted India 

Ink (1% v/v in deionized water) was incorporated. TiO 2 

was added at 1 mg per gram of silicone 

mix. These additives were thoroughly stirred into silicone part A to ensure a uniform mix. A 

1.5% concentration of retarder was then added to control the curing rate, followed by mixing 

with silicone part B. The resulting mixture was then degassed in a vacuum chamber for 3 min to 

eliminate air bubbles.

Table 1 Finger tissue hardness from literature. 

23,42

Anatomical location (measurement instrument) Hardness Author, year

Distal phalanx of the index finger 

(Rex Model 1700 Max-Hand 

Durometer, Type 00)

32.0 ± 3.0 (Shore OO) (Falanga and Bucalo, 1993) 

42

Right index finger (AD-100-OO Precision 

Shore Durometer)
29.4 ± 3.7 (Shore OO) (Nomoni et al., 2020) 

23
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2.4.2 Skin color layers

For the skin layers, specific optical properties were targeted to simulate pale, medium, and dark 

skin tones. Target ranges were selected according to the literature, with optical properties of at 

least two skin color groups, using the Fitzpatrick scale or ethnicity, as these were the most 

common skin classification methods. 

47,49,50 A summary of the selected studies is presented 

in Table S2 in the Supplementary Material, outlining details on study type, measurement sites 

and techniques, instrumentation, sample characteristics, wavelength range, and study objectives. 

Although skin optical properties have been widely studied, many reports lack a clear classifi-

cation of skin tone, and values vary due to differences in experimental methods. Still, a consistent 

trend is observed: absorption increases with melanin content, especially in the visible range, with 

differences diminishing in the IR. 

7 By contrast, reduced scattering coefficients show no clear 

pattern, likely due to variations in hydration, texture, and other physiological factors. 

7

To develop skin phantoms representative of different skin tones, the absorption coefficient 

(μ a 

) was tuned to match values reported for pale, medium, and dark skin. This was achieved by 

adjusting the concentrations of scatterers and absorbers. TiO 2 

served as the scattering agent, 

whereas Bismarck Brown, India Ink, and Epolight dye 5532 (Epolin Inc., Newark, New 

Jersey, USA) were used as absorbers. Three formulations were identified that closely replicated 

the target optical properties. The same stock solution of Bismarck Brown (25 mg∕mL in iso-

propanol) used for the adipose phantom was used here, along with a new stock solution of 

Epolight 5532 (1 mg∕mL in acetone). Per gram of silicone, the absorber concentrations were 

as follows:

� Pale skin: 20 μL Bismarck Brown, 70 μL Epolight 5532, and 10 μL India Ink (1% v/v)

� Medium skin: 40 μL Bismarck Brown, 100 μL Epolight 5532, and 20 μL India Ink 

(1% v/v)

� Dark skin: 130 μL Bismarck Brown, 400 μL Epolight 5532, and 30 μL India Ink (1% v/v)

TiO 2 

was added at 1 mg∕g of silicone in all formulations. Additives were thoroughly mixed 

into silicone part A, followed by the addition of 1.5% retarder to control the curing rate. The 

mixture was then combined with part B, degassed for 3 min in a vacuum chamber to remove air 

bubbles.

2.4.3 Determination of μ a 

and μ 0
s

Total transmittance and reflectance were measured from the adipose and the three skin colour 

layers (Fig. 3) using a Lambda 1050 dual-beam spectrophotometer equipped with a 100-mm 

integrating sphere and a PMT/InGaAs detector (Perkin Elmer Corp., Waltham, MA, USA).

These values were then used to estimate the μ a and μ 0
s through the Inverse-Adding Doubling

(IAD) method. The calculations assumed an anisotropy factor of 0.9 

44,47,51,52 and refractive index 

of 1.4 for the silicone, which closely aligns with that of soft tissue (1.33 to 1.50). 

24,53 To ensure 

consistency, five samples were prepared and measured from each phantom (adipose, pale,

Fig. 3 Adipose, pale, medium, and dark skin samples (left to right) used for optical properties 

measurement.
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medium, and dark skin). Each sample�s spectral measurements were repeated three times and 

averaged. Samples were prepared on different days to assess reproducibility.

2.5 Finger Phantom Fabrication

A two-part 3D-printed mould was used to fabricate the finger phantom [Fig. 4(a)]. The process 

began by placing the custom vessel inside the mould, followed by pouring a silicone mixture to 

simulate adipose tissue. Wire strands temporarily supported the vessel during curing and were 

removed afterward, leaving holes that were filled with additional silicone. Once cured, the mould 

was removed to reveal the adipose finger phantom [Fig. 4(b)]. To create the skin layer, a �finger 

glove� was moulded using a two-part system: an inner mould shaped similar to the adipose 

phantom and an outer mould representing the negative of the final finger shape [Fig. 4(c)]. 

Silicone was poured into the outer mould, and the inner mould was inserted, creating a 

0.5-mm gap for the skin layer. Escape holes allowed excess silicone to exit, ensuring uniform 

thickness. After curing, the inner mould was removed, yielding a 0.5-mm-thick silicone glove 

that fit precisely over the adipose phantom. Figure 4(d) shows the final skin gloves in pale, 

medium, and dark tones, and finally, the finger phantom with the skin �finger glove� is shown 

in Fig. 4(e).

2.6 In Vitro Cardiovascular System Configuration

The finger phantom was integrated into an in vitro cardiovascular system, a closed-loop pulsatile 

system to replicate physiological conditions of the upper body. A PD-1100 Pulsatile Pump (BDC 

Labs, USA), driven by a computer-controlled linear motor, generated flow at 60 bpm, 8 L∕ min 

flow rate, and ∼90 mmHg system pressure. To isolate the motor from fluid contact, a fluid iso-

lation module was used. The flow pathway mimicked the human circulatory system using PVC 

tubing: from the �heart� through the ascending aorta (internal diameter = 20 mm), 

54,55 brachial 

artery (internal diameter = 5.3 mm), 

56,57 and radial artery (internal diameter = 2.3 mm), 

57,58 into 

the vascular finger phantom (Fig. 5). The fluid exited through the radial and brachial veins, 

returning to the superior vena cava. A resistance clamp simulated peripheral resistance.

A custom-made PPG finger clip probe operating in reflectance mode was used to acquire 

signals at three wavelengths: green (530 nm), red (655 nm), and IR light (940 nm) as shown in

Fig. 4 Finger phantom process. (a) Two-part adipose finger mould. (b) Adipose finger phantom 

after curing and mould removal. (c) Two-part skin �finger glove� mould system for producing the 

0.5-mm-thick silicone skin �finger glove,� consisting of an inner mould shaped similar to the adi-

pose phantom and an outer mould defining the external finger geometry. (d) Pale, medium, and 

dark skin color �finger gloves.� (e) Final finger phantom with a skin �finger glove� fitted over the 

adipose tissue.
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Fig. 5. The distance between the LEDs and the photodetector was 4 mm. The PPG finger clip 

probe was interfaced with a PPG acquisition system developed by the Research Center for 

Biomedical Engineering (RCBE), 

59 at a sampling rate of 2 kHz. Each LED was driven with 

a current of 40 mA.

To approximate the optical absorption properties of arterial blood, a blood-mimicking fluid 

was prepared using a dye. It consisted of 2 mL of India ink, 700 mg of Wright stain (Thermo 

Fisher Scientific Inc, Waltham, MA, USA), and 400 mg of Congo red (BDH Chemicals LTD, 

Poole, UK) in 1 L of deionized water. This composition serves as the standard recipe for pre-

paring 1 L of the blood�mimicking fluid with an absorption level enough for the system to pro-

duce PPG signals across 500 to 1000 nm.

2.7 Feature Extraction and Statistical Analysis

Raw PPG data were extracted from the acquisition system using a text file and processed 

in MATLAB (version 2022a). The AC component of the signal was obtained by filtering 

with a fourth-order Butterworth bandpass with cutoff frequencies of 0.4 and 10 Hz. The DC 

component was obtained using a fourth-order Butterworth low pass with a 0.3 Hz cutoff 

frequency.

To evaluate the influence of skin tone on PPG signal characteristics, four features were ana-

lyzed: signal-to-noise ratio (SNR), peak-to-peak amplitude, area under the curve (AUC), and AC/ 

DC ratio, across three skin tones: pale, medium, and dark. Peak-to-peak amplitude was calculated 

as the difference between the detected peaks and troughs in the AC signal on a per-beat basis. The 

AUC was also computed per beat using the MATLAB function. SNR was calculated using 

MATLAB function and was evaluated in 10-s windows, with noise obtained using a fourth-order 

Butterworth high-pass filter with a cutoff frequency of 10 Hz. The AC/DC ratio was calculated by 

dividing the AC component by the average value of the DC component for each detected pulse 

and then multiplying by 100 to express the results as a percentage. As skin tone darkens, reduced 

signal amplitude and increased noise are expected.

Statistical analysis began with a Shapiro-Wilk test for normality. Due to non-normal dis-

tributions in several groups, non-parametric methods were used. A Kruskal-Wallis test assessed 

overall differences for each feature, followed by Dunn-Sidak post hoc tests for pairwise com-

parisons. Mean rank differences were calculated to quantify effect magnitude between skin tone

Fig. 5 Pump setup. (a) The system comprises a computer-controlled pulsatile pump, tubing, and a 

vascular finger phantom. Pump settings were a flow rate of 8 L∕ min, a heart rate of 60 bpm, and a 

mean pressure of ∼90 mmHg. (b) In vitro setup based on the schematic, with a zoomed-in image 

(right) of the finger phantom inside the finger clip probe.

Osorio-Sanchez, May, and Kyriacou: Evaluation of skin pigmentation effect. . .

Journal of Biomedical Optics 117002-8 November 2025 
� Vol. 30(11)



groups, and effect size was estimated using eta squared (η 

2 ), indicating the proportion of variance 

explained by skin tone.

3 Results

3.1 Vessel Manufacture

An optimal longitudinal elastic modulus of 0.79 � 0.03 MPa, which closely matched the liter-

ature values of 0.7 to 0.8 MPa, was achieved using Platsil Gel-00 with 5% retarder and 18% 

hardener. The resulting dimensions were a wall thickness of 0.27 � 0.01 mm and an outer diam-

eter of 1.81 � 0.04 mm, and these are detailed in Table 2.

The results of the compliance test are shown in Fig. 6. The dark blue points represent the 

measured vessel expansion (mm), calculated relative to the baseline (0 mmHg). As pressure 

increased, the vessel progressively expanded. The light blue line connects the data points to 

illustrate the overall trend.

The circumferential elasticity (σ θ 

∕ε θ 

), calculated from the pressure-diameter relationship, 

ranged approximately from 0.21 to 0.50 MPa between 50 and 140 mmHg. A 20% change

Table 2 Thickness, inner diameter, outer diameter, and longitudinal elasticity for custom-made 

vessels fabricated using Platsil Gel-00 with 5% retarder and 18% hardener.

Wall thickness (mm) Inner diameter (mm) Outer diameter (mm) Longitudinal elasticity (MPa)

0.27 ± 0.01 1.26 ± 0.04 1.81 ± 0.04 0.79 ± 0.03

Fig. 6 Compliance test of the custom vessel. Vessel expansion (mm) is plotted against applied 

pressure (mmHg). Dark blue points indicate the measured values relative to the baseline 

(0 mmHg), and the light blue line connects the points to show the overall trend. Only a single 

measurement was performed at each pressure level; therefore, error bars are not included.

Table 3 Measured diameter expansion and calculated circumferential elasticity of the custom-

made vessel at increasing pressures.

Pressure
(mmHg)

Vessel
expansion (mm)

Vessel expansion
percentage change (%)

Circumferential
elasticity (MPa)

50 0.06 3.14 0.47

80 0.09 4.74 0.50

100 0.19 10.33 0.30

120 0.25 13.10 0.27

140 0.38 20.13 0.21
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in the diameter of the lumen was achieved by a pressure difference of 140 mmHg, crucial for PPG 

imaging systems. 

41 Table 3 summarizes the vessel diameter expansion at increasing pressure 

levels. The baseline lumen diameter of the custom vessel was 1.81 mm. Expansion was measured 

relative to this baseline, and the percentage change was calculated as the ratio of the measured 

expansion at each pressure to the baseline diameter of the vessel, expressed as a percentage. The 

largest change occurred at 140 mmHg, corresponding to a 0.38 mm increase in diameter, or 

∼20% of the baseline value. This nonlinear response reflects the vessel�s increasing compliance 

under higher pressures.

3.2 Mechanical Characterization

Values reported in literature indicated that the hardness of the finger tissue falls within a range of 

25.7 to 35.0 (Shore OO), as reported by Nomoni et al. 

23 and Falanga and Bucalo. 

42 This range is 

illustrated in Fig. 7 as shaded reference areas. In comparison, the mean measured hardness of the 

tested silicone samples ranged from 17.6 to 31.2 (Shore OO), with lower values corresponding to 

higher deadener content, as shown in Fig. 7.

The silicone mixture that best matched the literature range was the formulation without 

deadener, which achieved a biorelevant hardness of 31.2 � 1.9 (Shore OO). This result was 

expected, as the manufacturer�s technical bulletin for Platsil Gel 00 reports a cured hardness 

of Shore OO�30. 

60

Fig. 7 Measured hardness of silicone samples with varying deadener content (0%, 10%, 20%, and 

40%). Bars represent mean hardness values (Shore OO) with error bars indicating standard devi-

ations. Shaded areas denote reported hardness ranges for human finger tissue: pink (Nomoni et 

al. 

23 ) and yellow (Falanga and Bucalo 

42 ).

Fig. 8 Optical properties of adipose finger phantom. (a) Mean absorption coefficient and (b) mean 

reduced scattering coefficient spectra within the range of 500 to 1000 nm, compared with reported 

values for human adipose tissue from the literature. 

44�48
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3.3 Optical Characterization

The absorption and reduced scattering coefficients of the resulting adipose phantom tissue are 

shown in Fig. 8, where they are compared with those reported in the literature. 

44�48

The absorption and reduced scattering coefficients for the three skin color phantoms are 

shown in Fig. 9, where they are compared to the values found in the literature. 

47,49,50

As with the adipose tissue phantom, the optical characterization of the skin color phantoms 

focuses on three specific wavelengths: 530, 655, and 940 nm, which are commonly used in 

wearable devices. The absorption and reduced scattering coefficients at these wavelengths are 

summarized in Table 4.

3.4 PPG Waveforms

The in vitro cardiovascular system described in Sec. 2.6 was used to generate a pulsatile flow 

through the phantom, simulating physiological volume changes. The system operated at 60 bpm, 

with an 8 L∕ min flow rate and an approximate pressure of 90 mmHg. The custom finger clip 

probe acquired reflectance-mode PPG signals at 530, 655, and 940 nm. Signals were recorded for 

5 min in a dark room. A 10-s window of the filtered PPG signals is shown in Fig. 10.

3.5 Extracted Features and Statistical Analysis

SNR, peak-to-peak amplitude, AUC, and AC/DC ratio were extracted from the PPG signals 

across all skin tones and are shown in box plots comparing their distribution across different 

skin tones (Fig. 11). In addition, Table 5 presents the median and interquartile range (IQR) values 

for each feature at red and IR wavelengths (655 and 940 nm), along with the corresponding 

sample sizes used in the analysis. These provide a summary of the central tendency and vari-

ability observed in the data for each skin tone condition.

Fig. 9 Optical properties of pale, medium, and dark skin tones. (a) Mean absorption and (b) mean 

reduced scattering coefficient spectra within the range of 500 to 1000 nm, compared with reported 

values of human skin from the literature. 

47,49,50

Table 4 Absorption (μ a 

) and reduced scattering coefficients (μ 0
s) of the developed adipose tissue

and skin color phantoms at 530, 655, and 940 nm.

Wavelength
[nm]

μ a 

½mm 

−1 � μ 0
s ½mm 

−1 �

Adipose
tissue

Pale
skin

Medium
skin

Dark
skin

Adipose
tissue

Pale
skin

Medium
skin

Dark
skin

530 0.047 0.183 0.248 0.290 2.500 1.278 0.854 0.835

655 0.027 0.053 0.092 0.134 2.088 2.462 1.403 1.529

940 0.013 0.022 0.034 0.067 1.091 1.642 0.902 1.291
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Fig. 11 Boxplot comparison of key signal features. (a) Signal-to-noise ratio (SNR), (b) peak-to-

peak amplitude, (c) area under the curve (AUC), and (d) AC/DC ratio box plot comparison. 

Illustrated for pale (yellow), medium (red), and dark (blue) skin, across red and infrared (IR) 

wavelengths.

Fig. 10 10-s window for red, infrared (IR), and green PPG signals in reflectance mode from the 

finger phantom with pale (yellow), medium (red), and dark (blue) skin.
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Although signals were initially recorded for red, IR, and green wavelengths, PPG signals 

acquired with the green wavelength were only distinguishable in the pale skin condition. For 

medium and dark skin tones, the green PPG signals did not contain discernible pulsatile wave-

forms and consisted primarily of noise, making beat detection impossible. As a result, statistical 

analysis was restricted to the red (655 nm) and IR (940 nm) wavelengths, where PPG signals 

were obtained across all skin tones.

Statistical comparisons between skin tone groups were conducted using the Kruskal-Wallis 

test followed by Dunn-Sidak post hoc pairwise comparisons. Table 6 presents the mean rank 

differences, p values, and effect sizes (η 

2 ) for each pair of skin tones across the red and IR wave-

lengths (655 and 940 nm), based on four PPG features: SNR, peak-to-peak amplitude, AUC, and 

AC/DC ratio. The mean rank difference represents how far apart the distributions of two groups 

are, and higher values indicate larger differences. The effect size (η 

2 ) quantifies the magnitude of 

these differences, and values closer to 1 suggest that a greater proportion of the variability is 

explained by skin tone.

For the SNR, the strongest differences were observed at 655 nm, particularly between pale 

and dark skin tones, with a mean rank difference of 108.576 and a large effect size (η 

2 ¼ 0.759), 

indicating that 75.9% of the variance in SNR at this wavelength can be attributed to differences in 

skin tone. Moderate differences were also seen between medium and dark skin 

(Δrank ¼ 66.797), with all comparisons at this wavelength reaching statistical significance.

Table 5 Median and interquartile ranges (IQR) for peak-to-peak amplitude, signal-to-noise ratio 

(SNR), area under the curve (AUC), and AC/DC ratio across red and infrared (IR) wavelengths for 

each skin tone condition. Corresponding sample sizes (n) are also reported for each feature.

Skin

Red (655 nm) IR (940 nm)

Median IQR Median IQR

SNR (dB), n ¼ 59

Pale 27.159 6.281 28.030 5.939

Medium 20.520 4.651 24.707 5.145

Dark 10.522 3.591 23.111 3.128

Amplitude peak-to-peak (V), n ¼ 298

Pale 1.074 0.053 1.452 0.064

Medium 0.297 0.024 0.747 0.038

Dark 0.103 0.018 0.475 0.038

AUC (V*s), n ¼ 297

Pale 72.533 5.453 97.901 6.877

Medium 20.899 2.465 50.324 4.236

Dark 7.940 2.575 32.164 3.729

AC/DC ratio (%), n ¼ 297

Pale 0.278 0.078 0.361 0.102

Medium 0.149 0.047 0.211 0.059

Dark 0.065 0.021 0.135 0.045
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At 940 nm (IR), the SNR differences were smaller, but still significant between pale and dark 

skin (Δrank ¼ 56.627, η 

2 ¼ 0.197), suggesting IR light is less influenced by pigmentation. 

For peak-to-peak amplitude, all pairwise comparisons were statistically significant across 

both wavelengths, with consistently large differences. At 655 nm, the largest observed rank dif-

ference was between pale and dark skin (Δrank ¼ 596.000, η 

2 ¼ 0.885), and the same difference 

at 940 nm (Δrank ¼ 596.000, η 

2 ¼ 0.888). These results show that amplitude is highly sensitive 

to skin pigmentation across both wavelengths.

A similar trend was observed for AUC, with all pairwise comparisons yielding significant 

differences. The most substantial contrasts were again between pale and dark skin tones, with 

similar rank differences at both wavelengths (Δrank ¼ 592.997 at 655 nm, and Δrank ¼ 594.000 

at 940 nm), each associated with a large effect size (η 

2 ¼ 0.885 and 0.888, respectively). This 

indicates that ∼88% of the variability in AUC can be explained by skin tone.

For the AC/DC ratio, the trend continued, with large rank differences and high effect sizes 

across all comparisons. The greatest difference was between pale and dark skin at 655 nm 

(Δrank ¼ 587.421, η 

2 ¼ 0.868) and at 940 nm (Δrank ¼ 554.906, η 

2 ¼ 0.777). These results 

confirm that the AC/DC ratio is also strongly affected by skin pigmentation, although slightly 

less in the IR light.

Overall, red light (655 nm) showed the strongest difference between skin tones across all 

features, whereas IR light (940 nm) exhibited reduced but still significant effects. This effect

Table 6 Pairwise comparisons of PPG signal features between skin tone group (pale, medium, 

dark) across red (655 nm), and infrared (940 nm) wavelengths. Reported metrics include mean 

rank differences, p values (Dunn-Sidak), and effect sizes (η 

2 ) for signal-to-noise ratio (SNR), ampli-

tude peak-to-peak, area under the curve (AUC), and AC/DC ratio. Statistically significant 

differences (p < 0.05) are indicated with an asterisk *.

Skin 1 Skin 2

Red (655 nm) IR (940 nm)

Mean rank 

difference p value η 

2

Mean rank 

difference p value η 

2

SNR (dB)

Pale Medium 41.780 p < 0.001* 0.759 22.542 0.050 0.197
Pale Dark 108.576 p < 0.001* 56.627 p < 0.001*

Medium Dark 66.797 p < 0.001* 34.085 p <0.001*

Amplitude peak-to-peak (V)

Pale Medium 298.000 p < 0.001* 0.885 298.000 p < 0.001* 0.888
Pale Dark 596.000 p < 0.001* 596.000 p < 0.001*

Medium Dark 298.000 p < 0.001* 298.000 p < 0.001*

AUC (V*s)

Pale Medium 298.003 p < 0.001* 0.885 297.000 p < 0.001* 0.888
Pale Dark 592.997 p < 0.001* 594.000 p < 0.001*

Medium Dark 294.993 p < 0.001* 297.000 p < 0.001*

AC/DC ratio (%)

Pale Medium 290.347 p < 0.001* 0.868 307.347 p < 0.001* 0.777
Pale Dark 587.421 p < 0.001* 554.906 p < 0.001*

Medium Dark 297.074 p < 0.001* 247.559 p < 0.001*
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was strongest in amplitude-related features and most evident between the pale and dark 

skin tones.

4 Discussion

Light-based sensing technologies such as PPG are widely used in clinical and wearable health 

monitoring devices. 

5,22 However, disparities in signal quality across different skin tones have 

raised important concerns regarding bias and inclusivity in physiological monitoring. 

6 It has been 

stated that variations in melanin concentration significantly affect how light is absorbed and 

scattered in the skin, especially in the visible range. 

7,47 These differences can reduce measure-

ment accuracy and reliability in darker skin tones, and from an engineering perspective, under-

standing these disparities requires a deeper exploration of light-tissue interactions. The purpose 

of this study was to address this need by developing a pulsatile vascular finger phantom with 

realistic anatomical, mechanical, and optical properties to evaluate the impact of skin pigmen-

tation on the PPG signal.

A key advantage of this work is the development of custom-made silicone vessels, fabricated 

using the methodology from Nomoni et al. 

23 Unlike commercially available tubing, which often 

exhibits minimal expansion under systolic pressure, 

23 these vessels were designed to mimic the 

longitudinal elasticity and compliance of human finger arteries. Mechanical characterization con-

firmed that the fabricated vessels achieved a longitudinal Young modulus of 0.79 � 0.03 MPa, 

closely matching the literature-reported range of 0.7 to 0.8 MPa 

33,35 for human finger arteries. In 

addition, circumferential elasticity was evaluated from the pressure-diameter relationship, yield-

ing values between 0.21 and 0.50 MPa over the physiological pressure range 50 to 140 mmHg. 

These results are consistent with the nonlinear mechanical behaviour of human arteries, 

37 where 

the circumferential elasticity increases from ∼0.3 MPa at low pressures to above 10 MPa at 

higher pressures due to collagen engagement. 

37 Blood pressure produces both circumferential 

and longitudinal stresses in the arterial wall. Accurately replicating these coupled responses is 

essential for realistic pulsatile vessel expansion and consequently PPG signal formation. 

Although the custom silicone vessels exhibited a slightly cloudy appearance due to 

the intrinsic properties of Platsil Gel-00, this did not affect their optical performance. 

Spectrophotometer measurements of the cured silicone confirmed that neither the absorption 

nor scattering was significant across the tested wavelengths (530, 655, and 940 nm). 

Therefore, the vessel translucency does not influence the measured PPG signal intensity or light 

attenuation.

The mechanical realism of the phantom was further enhanced by optimizing the adipose 

tissue layer to match the hardness values reported in human adipose tissue. Values from the 

literature range between 25.7 and 35.0 Shore OO 

23,42 and among the tested formulations, the 

silicone without deadener most closely matched this range, with a measured hardness of 31.2 � 

1.9 Shore OO. Although the manufacturer�s technical bulletin for Platsil Gel 00 reports a cured 

hardness of Shore OO�30, 

60 it was important for the purposes of this study to experimentally 

verify this claim. Verification was performed using an AD-100-OO Precision Shore Durometer, 

following the testing procedure outlined in ASTM D2240-15. 

43 Finally, this formulation was 

selected to replicate the mechanical properties of adipose tissue in the finger.

Optical characterization was a major focus of the study. The absorption and reduced scatter-

ing coefficients of both the adipose tissue and the interchangeable skin layers were measured and 

compared to reported human data. 

44�50 Across the three PPG wavelengths: green (530 nm), red 

(655 nm), and IR (940 nm), the phantom showed optical properties within physiologically rel-

evant ranges. The three skin tones also visually corresponded to realistic pigmentation along the 

Fitzpatrick scale. In addition, to further support the anatomical realism of the model, the skin 

layers were shaped as finger �gloves,� allowing them to be placed around the phantom, which 

presents advantages for future testing of sensors such as pulse oximeters.

It is worth noting that the adipose tissue exhibited lower absorption in the green wavelength 

region compared with the adipose tissue Supplementary Material references. This may have low-

ered the absorption and likely contributed to the reduced amplitude of the green PPG signal, as 

smaller changes in absorption during the blood pulse produce smaller variations in the detected 

light intensity. By contrast, the slightly higher scattering observed in the adipose tissue phantom
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would have redirected more light back toward the sensor, which may have partially affected the 

waveform shape and amplitude of the measured PPG.

The integration of the phantom into an in vitro cardiovascular loop system enabled simu-

lation of a pulsatile flow (60 bpm, 8 L∕ min, ∼90 mmHg). Reflectance-mode PPG signals were 

acquired at all three wavelengths using a custom-made finger clip probe with a 4-mm source-

detector separation. A 10-s window of the filtered signals, shown in Fig. 10, where a visual 

reduction in signal amplitude can be clearly observed across increasing skin pigmentation, fol-

lowing the expected trend. However, for the green wavelength (530 nm), the PPG signal was 

entirely lost in both the medium and dark skin layers. This is likely due to insufficient surface 

perfusion in the finger phantom combined with the strong optical absorption of the green light by 

these skin layers, which may have affected the photodetector from capturing any signal. 

22 

The extraction of four signal features was performed: peak-to-peak amplitude, SNR, AUC, 

and AC/DC ratio across all skin tones. These features were summarized using median and IQR 

and visualized through box plots in Fig. 11. The statistical significance of differences between 

skin tones was analyzed using non-parametric methods. Kruskal-Wallis tests followed by Dunn-

Sidak pairwise comparisons revealed significant differences between skin tones. Although sig-

nals were recorded across all three wavelengths, statistical analysis was performed only for the 

red (655 nm) and IR (940 nm) wavelengths. This is because at the green wavelength (530 nm), 

PPG waveforms were only observed in pale skin signals, whereas in medium and dark skin tones, 

the signal resembled noise and no pulse beats could be detected. The significant drop in SNR, 

peak-to-peak amplitude, AUC, and AC/DC ratio in these skin tones aligns with previous 

reports, 

7,61 which highlighted the dominant optical absorption of melanin in the visible spectrum, 

where higher melanin content led to greater attenuation of incident light, limiting penetration 

depth and distorting signal morphology. The green wavelength, which primarily interacts with 

superficial layers, was most affected by the skin layer absorption. Although red and IR light 

demonstrated preserved PPG signals across all skin tones, these showed a decreasing trend 

in amplitude, SNR, and AC/DC ratio in darker pigmentation, which was an expected result. 

Although the developed phantom successfully reproduced pulsatile optical signals, it is 

important to note that the blood�mimicking fluid used in this study exhibits a monotonic absorp-

tion spectrum, unlike real blood, which has distinct haemoglobin absorption peaks at 420, 540, 

and 580 nm. 

62 As such, the phantom is best suited for assessing single-wavelength PPG per-

formance, and this behavior should be taken into account when comparing the performance 

of PPG signals between wavelengths, as it does not fully replicate the wavelength-specific 

absorption characteristics of hemoglobin that occur in vivo.

The loss of the green light PPG signal observed in darker skin tones represents an important 

limitation. In physiology, green light is highly sensitive to blood volume changes because hae-

moglobin strongly absorbs in this region. However, in the phantom, the absence of these hae-

moglobin absorption peaks, combined with the increased melanin absorption in dark skin layers, 

led to a reduction in the detected green light PPG. Another limitation in the phantom design is the 

thickness of the skin layer, which may not fully replicate the anatomical characteristics of human 

epidermal skin. Because green light primarily interacts with superficial layers, a thinner skin 

would better reproduce the optical path and light interaction occurring in vivo. In addition, the 

lack of more superficial vasculature is another limitation that may contribute to the reduced green 

PPG signal. The current vessel was positioned ∼2.5 mm below the skin surface, which is con-

siderably deeper than in vivo vascular plexus, thereby reducing the penetration and sensitivity of 

short wavelengths as green light. Incorporating capillary-level vessel structures near the surface 

could help mimic the highly perfused nature of the fingertip and improve the acquired PPG 

signal. In addition, the reduced green light absorption in the adipose layer may further explain 

the diminished signal, as higher absorption during the blood pulse would produce a larger change 

in received light intensity. Similarly, the elevated scattering in the adipose tissue influences how 

light is redirected during the pulse, affecting the overall signal detected by the sensor. Addressing 

these limitations is a key consideration for future work, allowing more comprehensive and real-

istic testing of PPG in a wider selection of skin tones.

This study contributes to a growing body of literature on phantom-based evaluation of opti-

cal biosensors. 

25�29 Although previous work has simulated skin pigmentation by adding absorb-

ers to silicone, this study advances the field by demonstrating how increased skin absorption
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directly impacts specific PPG features in a controlled and dynamic vascular finger phantom 

setup. The reported differences in median and IQRs for features such as SNR, amplitude, 

AUC, and AC/DC ratio across wavelengths and skin tones offer a quantitative insight into the 

optical performance limitations under varying skin pigmentation conditions.

Overall, this study contributes valuable insights for the continued development of PPG phan-

toms, particularly those aimed at evaluating the effects of skin pigmentation. It serves as a foun-

dation for testing optical sensors under controlled and inclusive conditions. However, the 

phantom still requires further refinements. Future work should focus on improving superficial 

perfusion to better replicate capillary blood flow, particularly for wavelengths like green light that 

interact primarily with shallow tissue layers. In addition, characterizing the optical properties of 

the blood-mimicking fluid will be essential to ensure it accurately represents physiological con-

ditions. These enhancements will provide a more realistic assessment of the PPG technology 

performance across diverse skin tones.

5 Conclusion

This study presented the design, development, and evaluation of a pulsatile vascular finger phan-

tom with anatomically, mechanically, and optically realistic properties, which aimed to inves-

tigate the influence of skin pigmentation on PPG signals. By incorporating optically 

characterized interchangeable skin layers representing different Fitzpatrick tones and simulating 

physiological pulsatile flow, the phantom demonstrated the ability to produce PPG signals. 

Results showed a significant reduction and complete loss of the green (530 nm) PPG signal 

in medium and dark skin tones, attributed to the skin�s high absorption and limited superficial 

perfusion. Red (655 nm) and IR (940 nm) wavelengths performed more consistently; however, 

signal quality still decreased with darker skin tones. Statistical analysis confirmed significant 

differences in key features such as amplitude, SNR, AUC, and AC/DC ratio across skin tones, 

particularly at the red wavelength. These findings highlight the need for inclusive design and 

validation of optical health technologies across all populations.

This vascular finger phantom provides a valuable tool for benchmarking optical sensors and 

signal processing algorithms under controlled and repeatable conditions that can mitigate the 

impact of skin pigmentation on PPG signal quality. Future improvements should focus on 

enhancing superficial perfusion by incorporating capillary-level structures and refining the opti-

cal properties of both the adipose tissue and blood-mimicking fluid to more closely match 

physiological values. These enhancements will enable more realistic simulation of PPG signals 

across all wavelengths and populations, supporting the development of more accurate and inclu-

sive optical health monitoring technologies.
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