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RESEARCH PAPER

Quantitative evaluation of skin pigmentation
effects on photoplethysmography using vascular

finger phantoms and Monte Carlo simulation
Laura Osorio-Sanchez ,* James M. May, and Panicos A. Kyriacou

City St. George’s, University of London, Research Centre for Biomedical Engineering,
London, United Kingdom

ABSTRACT. Significance: Photoplethysmography (PPG) underpins a wide range of clinical and
consumer optical monitoring technologies. However, differences in skin pigmenta-
tion can alter light–tissue interactions through increased absorption by melanin,
affecting PPG signal quality and potentially contributing to performance disparities
across populations.

Aim: This study aimed to investigate the effect of skin pigmentation on PPG signal
quality by combining an advanced vascular finger phantom with Monte Carlo sim-
ulations to directly link experimentally measured PPG features to underlying photon
transport behavior in both reflectance and transmittance measurement modes.

Approach: Amultilayer vascular finger phantom incorporating a three-level, physio-
logically inspired vascular network and interchangeable skin layers representing
pale, medium, and dark skin pigmentation was developed. The optical properties
were characterized across 530, 665, and 940 nm. PPG signals were acquired in
reflectance and transmittance modes under controlled pulsatile flow conditions.
Quantitative signal metrics, including peak-to-peak amplitude, signal-to-noise ratio
(SNR), and AC/DC ratio, were extracted. Monte Carlo simulations were imple-
mented using the measured optical properties to model photon transport, energy
deposition, and depth-dependent absorption.

Results: Increasing skin pigmentation resulted in systematic reduction in all PPG
features across all wavelengths, with the strongest attenuation observed at shorter
wavelengths. Monte Carlo simulations revealed increased superficial absorption
and reduced photon penetration in darker skin layers, closely matching experimental
trends.

Conclusions: This combined experimental-computational framework provides
quantitative and mechanistic insight into how skin pigmentation influences light–
tissue interaction and PPG signal quality, with direct relevance to emerging wear-
ables and PPG-based applications, where signal quality disparities across skin
tones may impact algorithm performance.
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1 Introduction
Photoplethysmography (PPG) forms the basis of many optical monitoring technologies used in
both clinical practice and consumer health devices. Although the influence of skin pigmentation
on the accuracy of pulse oximetry and related light–tissue interaction methods was first discussed
more than four decades ago,1–5 recent clinical evidence has brought renewed attention to this
issue. In a large retrospective study, Sjoding et al.6 reported systematic differences in pulse oxi-
metry performance between Black and White patients, with Black patients experiencing nearly
three times the frequency of undetected hypoxemia under hypoxic conditions. Such findings
have reinforced concerns that skin pigmentation may alter optical signals. Given the widespread
use of PPG-based techniques, there is a need to improve the physical understanding of how skin
pigmentation-related absorption and scattering influence PPG signals and potentially contribute
to observed disparities.

Understanding how skin pigmentation influences PPG signal formation is challenging in
in vivo studies, where optical effects are coupled with physiological variability such as perfusion,
tissue composition, and vascular dynamics.7 As a result, it is difficult to isolate the contribution of
pigmentation-related optical properties from other confounding factors. In vitro tissue phantoms
offer a controlled alternative, enabling systematic investigation of light–tissue interactions under
reproducible conditions. When combined with Monte Carlo simulations of photon transport,
phantom-based studies provide a powerful approach for linking PPG signals to underlying
optical energy deposition, photon path distributions, and absorption profiles.

Controlled experimental approaches have previously been used to investigate PPG
signal formation using optical tissue phantoms, primarily in reflectance configurations.8–13

Rodriguez et al. used an anatomically inspired optical finger phantom to evaluate PPG signal
formation under controlled conditions with an embedded vascular network.8 Similarly, Chen
et al. fabricated a multilayer phantom with tunable optical properties across the visible and
near-infrared spectrum, providing a well-characterized tool for optical validation.9 Bhusal et al.
evaluated a pulsatile, channel-based finger phantom and demonstrated that epidermal melanin
layers influenced reflectance PPG waveforms.10 Jenne and Zappe developed a multilayer tissue
phantom with expandable vascular structures that replicate the optical and mechanical properties
relevant to PPG signal.11 Previous work from the Research Centre for Biomedical Engineering
(RCBE) similarly designed and fabricated a multilayer vascular finger phantom to investigate the
effect of skin pigmentation on reflectance PPG signals.12 Despite these advances, existing
phantom-based studies have predominantly focused on reflectance-only measurement
geometries, have often relied on simplified representations of vascular anatomy, and have not
linked observations to depth photon transport metrics.

In parallel to these experimental efforts, Monte Carlo models have been widely used to
investigate light transport in tissue and to assess how variations in optical properties, including
melanin concentrations, influence photon propagation and detected signals. These simulations
have provided valuable insights into depth sensitivity and absorption behavior across tissue
layers.14–17 However, Monte Carlo approaches have largely been applied independently of
phantom-based experiments and often have not been integrated with in vitro studies for the evalu-
ation of skin pigmentation effects on PPG signals. As a result, the combined influence of skin
pigmentation, physiologically representative vascular network, and photon transport on PPG
signal formation remains incompletely characterized.

To address these gaps, this study combines an advanced multilayer vascular finger phantom
with Monte Carlo simulations to investigate the effect of skin pigmentation on PPG signals in
both reflectance and transmittance measurement modes. By directly linking experimentally mea-
sured PPG signals to depth-dependent photon transport metrics, this work aims to improve
understanding of how skin pigmentation-related optical properties influence light–tissue inter-
action and PPG quality.

2 Methodology
Building upon our previous work on a vascular finger phantom with interchangeable skin-tone
layers,12 an advanced version of the phantom was designed and developed to enhance the overall
perfusion and physiological realism of the model. The initial phantom demonstrated that limited
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perfusion within the vascular channel restricted the PPG signal’s formation, resulting in poor
signal quality or the absence of green-light PPG in medium and dark skin tones, and no trans-
mittance mode signals were observed. In addition to the restricted perfusion, other factors such as
the relatively thick skin layer, the deep positioning of the vessel (∼2.5 mm from the surface), and
the high scattering of the adipose layer further attenuated the optical signal and limited light
penetration, particularly at shorter wavelengths. To overcome these challenges, the vascular
network of the phantom was redesigned with a channel-based perfusion network that aimed
to enhance fluid distribution throughout the fingertip and promote more uniform pulsatile flow.
This new configuration improves light–tissue interaction, enabling the acquisition of both
reflectance and transmittance PPG signals across all skin tones and relevant wavelengths.

2.1 Finger Phantom

2.1.1 Finger phantom design
The advanced finger phantom preserved the multilayer architecture of the previous version, con-
sisting of a subcutaneous adipose matrix, an interchangeable skin layer, and a vascularization-
simulating channel network. Together, these components replicate the anatomical, optical, and
mechanical features of the human index finger, with particular emphasis on enhancing fluid
perfusion.

The vascular network design was guided by the arterial anatomy of the fingertip. In the
human finger, two proper palmar digital arteries converge distally to form the superficial arcade,
giving rise to longitudinal branches that create the proximal and distal subungual arcades.18–20 To
approximate this behavior within fabrication constraints, a simplified single-inlet, single-outlet
network was implemented that bifurcated into multiple channels, simulating the superficial and
subungual arcades. Although the model did not replicate venous drainage, the branching pattern
provided physiologically relevant fluid dynamics suitable for dynamic PPG signal generation.

The vascular geometry consisted of three interconnected channel layers (Fig. 1). The two
outer layers, representing superficial perfusion near the dermal surface, comprised parallel oval-
shaped channels with a radius of 0.7 mm, a spacing of 0.6 mm, and a layer thickness of 1 mm,
arranged to follow the curved fingertip contour. The inner layer simulated deeper perfusion
within the fingertip core and consisted of a 1 mm thick honeycomb structure formed by
0.9 mm hexagonal cells separated by 0.7 mm spacing. Oblique perforator channels connected
the outer and inner layers, enabling volumetric fluid exchange between peripheral and central
regions and allowing distributed pulsatile flow across multiple depths.

Figure 2 illustrates the schematic design and dimensions of the advanced finger phantom.
Only the distal and middle phalanges of the index finger were replicated, corresponding to a total
length of 50 mm, a width of 18.6 mm, and a thickness of 14.6 mm, consistent with anatomical
averages reported in the literature.21 The model consisted of three layers: (1) an outer skin layer
representing the epidermis, with a thickness of 0.3 mm; (2) a subcutaneous adipose layer forming

Fig. 1 (a) Schematic of the arterial anatomy of the human fingertip, highlighting the superficial and
subungual arcades (adapted from Jasionyte et al.20). (b) Simplified three-layer vascular channel
geometry implemented in the finger phantom, representing superficial and deep perfusion path-
ways within fabrication constrains.
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the bulk matrix; and (3) an embedded three-layer vascular channel network. The skin layer was
designed to match reported ranges for human volar epidermal fingertip thickness (0.1 to
0.5 mm),22–26 ensuring optical and mechanical realism. The vascular network occupied approx-
imately the distal 14 mm of the phantom and was positioned with its most superficial channels
∼0.8 mm below the skin surface, enabling sensitivity to both reflectance and transmittance PPG
illumination geometries.

2.1.2 Optical and mechanical characterization
To ensure optical realism, the optical properties of the phantom layers were tailored to replicate
the absorption and scattering characteristics of human skin and subcutaneous tissue across 500 to
1000 nm wavelength range. All formulations were based on Platsil Gel-00 silicone (Polytek
Development Corp., Easton, Pennsylvania, United States), selected for its refractive index
(n ¼ 1.4) comparable to that of human soft tissue. Optical properties were tuned by adjusting
the concentrations of titanium dioxide (TiO2; Kronos Worldwide Inc., Dallas, Texas, United
States) as the scattering agent and a combination of Bismarck Brown (BDH Chemicals Ltd.,
London, England), India Ink (Jackson’s Art Supplies, London, United Kingdom), and Epolight
5532 dye (Epolin Inc., Newark, New Jersey, United States) as absorbers.

Three skin tone layers representing pale, medium, and dark pigmentation were fabricated,
corresponding approximately to Fitzpatrick I to II, III to IV, and V to VI categories. The optical
properties were adjusted by varying absorber concentrations while maintaining constant scatter-
ing concentration. The formulations for both adipose and skin layers (Table 1) were iteratively
refined to match the absorption (μa) and reduced scattering (μ 0

s) coefficients reported in the lit-
erature for human adipose tissue27–31 and skin across different pigmentation levels.30,32,33

Absorbers and the scatterer were first mixed with Part A silicone and the curing retarder, fol-
lowed by the addition of Part B at an equal ratio. The mixture was then thoroughly stirred and
degassed under vacuum to eliminate air bubbles.

Optical characterization was performed using a Lambda 1050 dual-beam spectrophotometer
(Perkin Elmer Corp., Waltham, Massachusetts, United States) equipped with a 100 mm integrat-
ing sphere and PMT/InGaAs detector. Total reflectance and transmittance were measured over

Fig. 2 Schematic design and dimensions of the advanced finger (a) Top view showing the multi-
layer structure and embedded vascular network within the adipose matrix. (b) Longitudinal cross-
section illustrating skin thickness, subcutaneous tissue, and depth of the vascular channels. (c)
Perspective view of the phantom highlighting overall geometry.
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the 500 to 1000 nm range using 10 mm path-length cuvettes. The μa and μ 0
s were then extracted

using the Inverse Adding-Doubling (IAD) algorithm,34 assuming a refractive index of 1.4 and
anisotropy factor (g) of 0.9. These measured optical parameters were used as inputs for the sub-
sequent Monte Carlo light-transport simulations (Table 2).

The measured μa and μ 0
s spectra for the adipose and the three skin tones are shown in Fig. 3.

The absorption coefficients have a strong dependence on pigmentation in the visible range, with
higher μa values at 530 nm for darker tones due to higher melanin concentration. The reduced
scattering shows a non-monotonic trend across wavelengths, decreasing from 500 to 530 nm,
increasing toward 665 nm, and decreasing again at longer wavelengths, consistent with a general
decrease toward the infrared.

In addition to optical characterization, the mechanical properties of the phantom materials
were assessed to ensure physiologically relevant tissue compliance. Platsil Gel-00 silicone was
selected due to its ease of handling, optical stability, and ability to reproduce human soft tissue.
Target hardness values were guided by reported human fingertip measurements (25 to 35 Shore
OO).35,36 Hardness was measured using a Shore OO durometer following ASTMD2240-15, with
values reported as the mean of multiple measurements. The resulting hardness was 31.2� 1.9

(Shore OO), falling within the physiological range.

2.1.3 Finger phantom fabrication
The vascular channel network was fabricated and integrated into the finger phantom through a
casting process (Fig. 4). The vascular network was 3D printed using a Bambu Lab X1 Carbon
Series printer (Bambu Lab, Hong Kong, China) with polyvinyl alcohol (PVA) filament, allowing

Table 2 Optical properties used in the Monte Carlo simulations for each tissue-simulating layer of
the finger phantom at three wavelengths (530, 665, and 940 nm). The absorption coefficient (μa)
and reduced scattering coefficient (μ 0

s) were obtained experimentally from the optical characteri-
zation of the fabricated finger phantom, while anisotropy factor (g), and refractive index (n) were
assumed on typical values reported for soft tissue. The scattering coefficient (μs) was calculated
from μ 0

s and g.

Tissue layer /
Component μa ðmm−1Þ μ 0

s ðmm−1Þ μs ðmm−1Þ g

Wavelength 530 nm 665 nm 940 nm 530 nm 665 nm 940 nm 530 nm 665 nm 940 nm

Pale skin 0.183 0.053 0.022 1.612 2.249 1.427 16.120 22.490 14.270 0.900

Medium skin 0.248 0.092 0.034 1.296 2.050 1.402 12.964 20.497 14.020 0.900

Dark skin 0.290 0.134 0.067 1.018 1.603 1.291 10.180 16.030 12.910 0.900

Adipose 0.037 0.013 0.004 1.565 1.246 0.607 15.649 12.455 6.066 0.900

Blood 0.162 0.119 0.071 0.254 0.161 0.036 2.535 1.611 0.364 0.900

Table 1 Concentrations of absorbing and scattering agents are used in the formulations of adi-
pose and skin tone layers. Volumes are reported as microliters or milligrams of stock solution
added per gram of silicone mix. Stock solution concentrations are given in parentheses.

Layer

Bismarck Brown stock
solution (25 mg/L in
isopropanol) [μL∕g]

Epolight dye stock
solution (1 mg/mL in

acetone) [μL∕g]

India ink
(1% v/v)
[μL∕g]

Titanium
dioxide
[mg/g]

Adipose 7.74 0 0 0.5

Pale skin tone 20 70 10 1

Medium skin tone 40 100 20 1

Dark skin tone 130 400 30 1
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Fig. 4 Fabrication of the finger phantom. (a) 3D-printed PVA sacrificial template. (b) Cleaned PVA
structure, (c) Two-part finger mold. (d) Secondary mold for casting a 0.5 mm adipose silicone layer.
(f) Placement of the PVA network within the mold. (g) Mold assembly and silicone casting. (h) Final
phantom after curing and dissolution of the PVA.

Fig. 3 Measured absorption (μa) and reduced scattering (μ 0
s) coefficients of the adipose and skin-

tone layers compared with literature data. Panels (a)–(b) show the adipose phantom versus
reported values from Refs. 27–31. Panels (c)–(d) show pale, medium, and dark skin phantoms
versus literature data from Refs. 30, 32, 33 within 500 to 1000 nm wavelength range.
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it to act as a water-soluble sacrificial template material [Fig. 4(a)]. After printing, the PVA struc-
ture was cleaned to remove supports and residual filament using fine tools. To prevent damage to
the delicate structure, any remaining filaments were softened in warm water (approximately
40°C) and carefully detached [Fig. 4(b)].

The external finger geometry was formed using a custom two-part mold representing the
distal and middle phalanges of an adult male index finger [Fig. 4(c)]. Before embedding the PVA
network, a uniform 0.5 mm adipose silicone coating was fabricated using a secondary mold
scaled down 0.5 mm on all sides [Fig. 4(d)], ensuring a consistent positioning of the vascular
network ∼0.5 mm below the surface of the adipose region, corresponding to the depth of the
superficial vascular plexus in vivo [Fig. 4(e)]. The PVA network was then placed within the mold
cavity [Fig. 4(f)], after which the mold halves were assembled and sealed. The remaining adipose
silicone mix was poured through the dedicated 4 mm inlet [Fig. 4(g)] and allowed to cure. One
cured, the mold was removed [Fig. 4(h)], and the PVA template was dissolved in warm water,
leaving a fully enclosed internal channel network.

2.1.4 In vitro experimental setting and protocol
The fabricated vascular finger phantom was evaluated using the in vitro cardiovascular system
previously described.12 The system reproduces physiological pulsatile flow and pressure con-
ditions throughout a closed-loop circuit driven by a programmable pulsatile pump (BDC
Labs, Colorado, United States), connected to the phantom via compliant tubing that mimics the
peripheral arterial tree (Fig. 5). During the experiments, the system was operated at a heart rate of
60 bpm with a flow rate of 8 L∕min, generating an overall system pressure of ∼90 mmHg. A
blood mimicking fluid composed of 0.1% w/v Nigrosine dye (Thermo Fisher Scientific,
Loughborough, United Kingdom) diluted in deionized water was circulated through the vascular
network to simulate the broadband optical absorption of blood across 500 to 1000 nm wave-
length range.

Both reflectance and transmittance PPG configurations were implemented to assess the in-
fluence of the three pigmented skin layers on optical performance. A custom-made PPG finger
clip probe operating in reflectance and transmittance mode was used. In the reflectance mode, the
light source and the reflectance photodetector were positioned on the same side of the fingertip
with a source-detector separation of 4 mm. In the transmittance mode, the LEDs were positioned
directly opposite the transmittance photodetector, enabling light to pass through the fingertip.
The PPG finger clip probe was interfaced with a PPG acquisition system developed by the
Research Centre for Biomedical Engineering (RCBE),37 at a sampling rate of 2 kHz. The probe
incorporated an integrated multiwavelength LED chip (SFH 7016, OSRAM), with all LEDs
driven at a constant current of 40 mA. The manufacturer’s datasheet reports a total radiant flux
values of 14, 14, and 11 mW at 20 mA, for the green, red, and infrared LEDs respectively, at
20 mA38 drive current, indicating comparable optical output across wavelengths at equivalent
drive conditions. As all three LEDs were subject to the same drive current in the present study,
the relative comparability of optical output across wavelengths is expected to be preserved.

Fig. 5 Schematic of the in vitro cardiovascular flow loop used to evaluate the vascular finger phan-
tom. The programmable pulsatile pump generates physiological pulsatile flow that circulates
through the ascending aorta, brachial artery, radial artery, and the finger phantom before returning
through the venous pathway (radial vein, brachial vein, and vena cava) in a closed-loop circuit. The
system was operated at a heart rate of 60 bpm, with a flow rate of 8 L/min, producing an overall
system pressure of ∼90 mmHg.
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PPG signals were recorded for five minutes per skin tone phantom under pulsatile condi-
tions. Signal processing was performed in MATLAB (R2024a) using a fourth-order Butterworth
band-pass filter (0.4 to 10 Hz) to extract the AC component and a low-pass filter (<0.3 Hz) for the
DC component. The AC/DC ratio, signal-to-noise ratio (SNR), and amplitude were computed to
quantify the impact of skin pigmentation on PPG signal quality.

In this study, the AC/DC ratio is used as a measure of relative pulsatile signal strength and
signal quality, rather than within the conventional ratio-of-ratios formulation used in pulse
oximetry. AC amplitude and AC/DC were calculated using peak-to-peak measurements of the
pulsatile PPG waveform, while SNR was computed from 5-s analysis windows as the ratio of
signal power within the physiological frequency band (0.5 to 10 Hz) to high-frequency power
(>10 Hz), estimated using a high-pass filter. The calculation was implemented using MATLAB’s
built-in snr function.

2.2 Monte Carlo Modelling of Photon-Tissue Interaction
Monte Carlo simulations were performed to model photon propagation through the multilayer
structure of the vascular finger phantom and to quantify how skin pigmentation influences light
transport and signal detection. This computational approach complements the in vitro experi-
ments by isolating the contribution of tissue absorption and scattering to the measured PPG
amplitudes.

2.2.1 Model geometry and optical properties
The Monte Carlo model was constructed based on the multi-layered tissue framework described
by Wang and Jacques,39 representing the same geometry and layer arrangement used in the
fabricated finger phantom. As shown in Fig. 6, the tissue volume consisted of three primary
optical regions: skin, adipose tissue, and blood, arranged into multiple sublayers to replicate
the spatial distribution of the vascular channels. The total tissue thickness was 14.6 mm.
From top to bottom, the layers were defined as: top skin (0.3 mm), top adipose (0.5 mm), upper
blood (1.0 mm), upper adipose (5.0 mm), middle blood (1.0 mm), lower adipose (5.0 mm), lower
blood (1.0 mm), bottom adipose (0.5 mm), and bottom skin (0.3 mm). The three vascular layers
were included to represent the depth distribution of the vascular network within the phantom.
A schematic of the model geometry and source-detector configuration is shown in Fig. 6.

The optical properties assigned to each layer were derived directly from the experimental
optical characterization (μa and μ 0

s) of the phantom described in Sec. 2.1.2, ensuring consistency

Fig. 6 Geometry of the multilayer Monte Carlo model replicating the vascular finger phantom. (a)
3D schematic of the layered tissue geometry showing the top and bottom skin layers, adipose
regions, and embedded blood channels. (b) Source–detector configuration used in reflectance and
transmittance simulations, matching the in vitro PPG setup.
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between the in vitro phantom and the Monte Carlo model. A refractive index of 1.37 was
assumed for all tissue layers, with the surrounding medium set to air (n ¼ 1). The resulting
optical coefficients used for each wavelength are summarized in Table 2.

2.2.2 Simulation parameters
The photon-transport simulations were implemented in MATLAB (R2024a) using a custom
Monte Carlo photon-tracing algorithm based on the statistical approach of Wang and
Jacques.39 The model allowed for full control over layer geometry, optical properties, and detec-
tors configuration.

A total of 1 × 107 photons were launched per wavelength (530, 665, and 940 nm). Light
source was modeled as a normally incident Gaussian beam 1∕e2 radius of 1 mm, representative
of the LED emission profile. Each photon was assigned an initial statistical weight of 1 and
propagated throughout the multilayered medium. Photon step sizes were randomly sampled from
an exponential distribution governed by the total interaction coefficient:

EQ-TARGET;temp:intralink-;sec2.2.2;117;567μt ¼ μa þ μs;

where the scattering coefficient was derived from the reduced scattering coefficient using,

EQ-TARGET;temp:intralink-;sec2.2.2;117;532μs ¼
μ 0
s

1 − g
:

Photon scattering directions were determined using the Henyey-Greenstein phase function.
Absorption was modeled by decrementing photon weight proportionally to μa∕μt and reflections
at tissue interfaces were handled using Fresnel equations. Photons crossing into a new layer were
assigned its corresponding optical parameters. Photons with a weight below 10−4 underwent
Russian roulette termination to preserve energy balance.

Two detector configurations were simulated to replicate the experimental setup. Reflectance
mode, where photons exiting the top surface within a 3 mm radius circular detector offset 4 mm
laterally from the light source were recorded; and transmittance mode, where photons exiting the
bottom surface within a 3 mm radius circular detector centered on the illumination axis were
detected.

Simulations were performed for the three skin pigmentation layers (pale, medium, and dark)
by varying the absorption and scattering coefficients of the skin layers according to the exper-
imentally measured optical properties. All other layers, such as adipose tissue and blood,
remained constant across simulations.

Diffuse reflectance (R), transmittance (T), and absorption (A) were computed as the ratio of
the total detected photon weight to the number of photons launched, excluding the specular
reflection component. Spatial energy deposition was recorded in a fluence density matrix
(200 × 200 bins), from which fluence maps were generated to visualize photon confinement and
propagation across wavelengths and skin tones.

Optical path length (OPL) was calculated as the cumulative distance travelled within the
tissue by each reflected photon, weighted by its exited energy, representing the effective photon
migration distance contributing to the detected signal. Layer-specific absorption fractions were
computed to quantify the contribution of each tissue-simulating layer to total absorption. A skin
contribution index (SCI) was defined as the sum of the absorption in the top and bottom skin
layers, expressed as a percentage of total absorbed energy. Penetration depth was quantified
using fluence-based metrics, defined as the depth at which 50% of the cumulative absorbed
energy occurred.

2.3 Correlation Analysis
To compare Monte Carlo simulations with experimental measurements, the simulated skin layer
absorption fraction quantified using the SCI was correlated with experimentally measured PPG
AC/DC ratios. In addition, simulated diffuse reflectance and transmittance values were correlated
with the corresponding in vitro PPG peak-to-peak amplitudes across wavelengths and skin tones.
Pearson’s correlation coefficient was used to assess the agreement between simulated optical
metrics and experimental PPG signal features.
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3 Results
The results of this study are presented in three main parts: (i) the evaluation of the fabricated
vascular finger phantom and its ability to reproduce physiologically relevant PPG signals across
three skin pigmentation levels, (ii) analysis of photon-transport behavior obtained from Monte
Carlo simulations, and (iii) the correlation between experimental and simulated results to validate
the influence of skin pigmentation on optical PPG performance.

The in vitro experiments were conducted to verify that the advanced finger phantom could
generate PPG signals in both reflectance and transmittance configurations under pulsatile flow
conditions. The Monte Carlo simulations were then used to interpret the optical behavior
observed experimentally, specifically, how the different skin layers influence photon transport,
penetration depth, absorption, and detected intensity.

3.1 In Vitro Experiment
The fabricated finger phantom enabled continuous fluid perfusion through the three-layer chan-
nel vascular network without any leak or occlusion. Pulsatile flow at 60 bpm was successfully
generated using a programmable pump, producing pressure variations that resulted in detectable
optical modulations at the fingertip. Figure 7 shows the experimental setup used for both reflec-
tance and transmittance configurations, including the cardiovascular flow loop, the three inter-
changeable skin tone layers representing pale, medium, and dark skin pigmentation, and the
finger phantom connected to the circuit.

PPG signals were successfully recorded for all three skin tones at 530, 665, and 940 nm in
both acquisition modes. The waveforms exhibited characteristic physiological PPG signals.
Figure 8 presents a 10-s window of the recorded PPG signals for pale, medium, and dark skin
tones in reflectance (left) and transmittance mode (right), illustrating differences in signal mor-
phology and confirming the finger phantom’s ability to generate pulsatile signals in both meas-
urement modes.

Quantitative assessment was performed using the peak-to-peak AC amplitude, SNR,
and AC/DC ratio, which together characterize PPG signal quality and sensitivity to skin

Fig. 7 In vitro experimental setup. (a) Cardiovascular flow loop used to perfuse the vascular finger
phantom under physiologically representative pulsatile flow conditions, incorporating the pulsatile
pump, ascending aorta, brachial artery, radial artery, and returning venous pathway. (b) The three
interchangeable skin tone layers represents pale, medium, and dark pigmentation. (c) The vas-
cular finger phantom with a skin tone layer.
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pigmentation. Table 3 summarizes the median and interquartile range (IQR) of these metrics
across wavelengths and skin tones.

In reflectance mode, clear PPG waveforms were recorded across all wavelengths and skin
tones, confirming the finger phantom enabled reliable optical detection of pulsatile blood-
volume modulation. As illustrated in Figs. 9(a)–9(c), infrared produced the largest peak-
to-peak amplitudes and the most stable signals, followed by red and then green wavelengths.
Quantitatively, infrared reflectance amplitudes decreased from a median of 8.57 V for pale skin
to 5.59 V for dark skin, while red amplitudes showed a similar attenuation from 6.89 to
3.09 V (Table 3). Green reflectance signals were substantially weaker and exhibited the
strongest sensitivity to skin pigmentation, decreasing from 2.01 V in pale skin to 0.33 V
in dark skin.

In transmittance mode, the observed trends differed [Figs. 9(d)–9(f)]. As expected, the green
wavelength produced negligible signals across all skin tones, reflecting its shallow penetration
depth and predominant absorption in superficial layers, preventing light from reaching the deeper
vascular regions. In contrast, red and infrared wavelengths, which were the target wavelengths
for transmittance measurements, produced detectable PPG signals. Their amplitudes were lower
than those in reflectance mode, reflecting the longer optical path through the phantom. Infrared
exhibited the highest transmittance signal amplitude, with median amplitudes decreasing from
2.80 V for pale skin to 1.95 V for dark skin, while red amplitudes decreased from 0.65 to 0.27 V
(Table 3). Increasing skin pigmentation resulted in a consistent reduction in transmittance signal
amplitude, reflecting higher absorption within the dark pigmented skin layers.

Signal quality trends were further supported by the SNR and AC/DC ratio metrics (Fig. 9
and Table 3). In reflectance mode infrared achieved the highest SNR values across all skin tones
(∼38 to 39 dB), followed by red, while green exhibited a marked decrease in SNR with increas-
ing pigmentation, with ∼28 dB in pale skin and falling to ∼15 dB in dark skin. In transmittance
mode, SNR values were lower overall due to the increased optical path length, with infrared
remaining the most robust wavelength (∼33 dB in pale skin, decreasing to ∼30 dB in dark skin),
followed by red (∼17 dB in pale skin, decreasing to ∼12 dB in dark skin). Green transmittance
signals exhibited no pulsatile content across all skin tones.

The AC/DC ratio exhibited similar behavior for the wavelengths and skin pigmentation
effects. In reflectance mode, AC/DC ratios decreased progressively with increasing skin pigmen-
tation for all wavelengths, with the largest reductions observed for green light. In transmittance
mode, infrared and red wavelengths maintained comparable AC/DC ratios across skin tones,
while green showed increased variability, consistent with its limited penetration depth.

Fig. 8 Comparison of reflectance (left) and transmittance (right) PPG signals from the vascular
finger phantom across three skin tone conditions: pale (yellow), medium (turquoise), and dark
(purple). Each plot shows a 10-s window of the PPG signal for the red (top), infrared (middle),
and green (bottom).
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Collectively, these results demonstrate that the improved perfusion phantom produces
physiologically realistic PPG waveforms across multiple skin tones and wavelengths for reflec-
tance and transmittance mode.

3.2 Monte Carlo Simulation Results
Simulations incorporating pale, medium, and dark skin tones were performed using the exper-
imentally derived optical properties of the fabricated phantom materials (Table 2). By varying
only the optical properties of the skin layer while keeping tissue geometry and adipose and blood
optical properties constant, the simulations isolate the effect of skin pigmentation.

Simulations were conducted at 530, 665, and 940 nm under identical geometry and illumi-
nation conditions, enabling direct comparison of photon transport and energy deposition metrics
across wavelengths and skin tones.

Table 3 Median and interquartile ranges (IQR) for peak-to-peak amplitude and signal-to-noise
ratio (SNR) for red, infrared (IR), and green wavelengths, by skin tone condition in reflectance
and transmittance photoplethysmography (PPG) modes. Corresponding sample sizes (n) are also
reported for each feature; the difference in sample sizes between metrics arises because AC
amplitude and AC/DC are derived from individual pulse cycles, whereas SNR is estimated from
fixed time windows.

Pale skin Medium skin Dark skin

Skin layer Median IQR Median IQR Median IQR

AC Amplitude (V) (n ¼ 298)

Reflectance Red 6.891 0.081 5.687 0.089 3.094 0.052

IR 8.567 0.116 7.712 0.101 5.588 0.105

Green 2.005 0.037 0.763 0.031 0.330 0.022

Transmittance Red 0.647 0.043 0.428 0.026 0.271 0.026

IR 2.795 0.045 2.495 0.034 1.951 0.036

Green 0.074 0.037 0.056 0.023 0.063 0.034

SNR (dB) (n ¼ 60)

Reflectance Red 37.410 0.540 37.818 0.592 35.217 1.039

IR 38.081 0.417 39.114 0.367 38.267 0.585

Green 28.708 0.599 22.083 1.009 15.437 1.593

Transmittance Red 17.123 0.711 16.581 1.136 11.980 1.193

IR 32.570 0.626 32.387 1.448 29.941 0.935

Green −1.799 1.704 −2.948 1.696 −2.960 1.625

AC/DC (%) (n ¼ 297)

Reflectance Red 5.280 0.062 4.673 0.073 3.706 0.062

IR 5.887 0.081 4.920 0.064 4.252 0.080

Green 6.160 0.113 4.962 0.203 3.542 0.234

Transmittance Red 5.358 0.350 5.415 0.325 4.181 0.399

IR 5.648 0.090 5.956 0.082 5.078 0.095

Green 2.575 1.294 2.070 0.856 2.361 1.252
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3.2.1 Photon transport and energy deposition behavior
Figure 10 shows the simulated photon fluence distributions for pale, medium, and dark skin tones
at 530, 665, and 940 nm in reflectance and transmittance modes. The tissue depth (z-axis) and
lateral distance (x-axis) correspond to the simulated tissue region, with dashed lines indicating

Fig. 10 Simulated photon fluence distributions for pale, medium, and dark skin tones at 530, 655,
and 940 nm in reflectance (left) and transmittance (right) modes.

Fig. 9 Boxplot comparison for PPG signal quality metrics across skin tones and wavelengths.
Peak-to-peak AC amplitude, signal-to-noise ratio (SNR), and AC/DC ratios are shown for pale
(yellow), medium (turquoise), and dark (purple) skin layers under reflectance (a)–(c) and transmit-
tance (d)–(f) measurement configurations. Boxes indicate median and interquartile ranges, with
red asterisks that denote outliers.
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the interfaces between layers. In reflectance, photon energy was concentrated near illumination
site, with shallow interaction at 530 nm, extending slightly deeper at 665 nm, and reaching the
middle blood layer at 940 nm. In transmittance, green light was fully attenuated within super-
ficial layers, while limited transmission was observed at 665 nm, and pronounced propagation
through the full tissue depth occurred at 940 nm.

Across all wavelengths, increasing skin pigmentation reduced the overall fluence magnitude
due to higher skin absorption. Although these differences are visually subtle, they are consistent
with the expected attenuation behavior and support the wavelength-dependent transition from
shallow to deep optical interaction within the finger phantom model.

To quantify this behavior, Fig. 11 summarizes the distribution of absorbed photon energy
across tissue layers and the resulting skin contribution index (SCI). At 530 nm, absorption was
dominated by the skin and upper blood layers, together accounting for more than 70% of total
absorbed energy. At 665 nm, absorption extended further into the adipose and middle blood layer
regions, while at 940 nm, absorption became more evenly distributed throughout the tissue depth,
reflecting enhanced photon penetration.

The SCI decreased with increasing wavelength and increased with skin pigmentation, con-
firming that darker skin retains a larger fraction of absorbed energy within the skin layers across
all wavelengths. Dark skin exhibited the highest SCI values, reaching nearly 40% at 530 nm
compared with lower contributions for medium and pale skin tones, 37% and 32%, respectively.

3.2.2 Energy balance and photon transport metrics
Figure 12 summarizes the simulated photon energy balance for pale, medium, and dark skin
tones across all wavelengths. Absorption dominated the photon energy balance, decreasing pro-
gressively as wavelength increased, from ∼56% at 530 nm to 32% at 940 nm for the dark skin.
Reflectance increased slightly with wavelength, indicating deeper photon penetration and
reduced superficial attenuation. Transmittance remained negligible at 530 and 665 nm and
increased slightly at 940 nm.

To characterize photon penetration, fluence-based photon penetration depth was quantified
using the 50% cumulative absorption depth. This metric represents the depth at which most
photon energy is deposited within the tissue layers. The results show that photon penetration
increased with wavelength. At 530 nm, half of the total absorbed energy was confined within
the upper 1 mm, extending to around 1.3 mm at 665 nm and 1.5 mm at 940 nm. Across all
wavelengths, darker pigmentation produced slightly shallower penetration depths due to the
increased absorption, especially in the visible range.

Fig. 11 Wavelength and pigmentation-dependent absorption behavior obtained from Monte Carlo
simulations. The bar plots show the layer-specific absorbed energy fractions for pale, medium, and
dark skin tones at 530, 665, and 940 nm. The line plot (right) quantifies the Skin Contribution Index
(SCI), defined as the percentage of total absorbed energy within the pale (blue), medium (yellow),
and dark (red) skin tones.
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3.3 Correlation between Experimental and Simulated Data
Strong agreement was observed between Monte Carlo-simulated optical trends and experimen-
tally measured PPG metrics across wavelengths and skin tones. In reflectance mode, AC/DC
ratios decreased consistently with increasing skin pigmentation at all wavelengths, yielding
strong negative correlations (jrj ≥ 0.94). In transmittance mode, negative correlations were
observed at 665 and 940 nm (jrj ≈ 0.8), while no reliable PPG signal was detected at 530 nm
due to the shallow penetration depth of green light, and this wavelength was excluded from
quantitative interpretation [Fig. 13(a)].

Simulated detected intensity showed strong positive agreement with experimentally mea-
sured PPG peak-to-peak amplitude. In reflectance mode, correlations were consistently high
across all wavelengths (r ≥ 0.98), indicating that pigmentation-driven reductions in simulated
diffuse reflectance translated directly into reduced signal amplitude. In transmittance mode, sim-
ilarly strong agreement was observed at 665 and 940 nm (r ≈ 0.98), whereas the 530 nm trans-
mittance mode was excluded due to insufficient signal presence [Fig. 13(b)].

Fig. 13 Correlation between Monte Carlo simulations and in vitro PPG measurements. (a)
Relationship between Skin Contribution Index (SCI) and AC/DC ratio for reflectance and trans-
mittance modes across wavelengths. (b) Relationship between Monte Carlo simulated detected
intensity and experimentally measured PPG peak-to-peak amplitude. Data points represent pale,
medium, and dark skin tone layers of the finger phantom, solid lines indicate linear fits, and
Pearson’s r -values are reported. The 530 nm transmittance results are shown for completeness
but excluded from quantitative interpretation due to insufficient signal, given the shallow penetra-
tion depth of this wavelength.

Fig. 12 Monte Carlo-derived photon transport metrics across wavelengths (530, 665, and 940 nm)
for pale (blue), medium (yellow), and dark (red) skin tones: (a) absorbed energy fraction, (b) diffuse
reflectance, (c) transmittance, and (d) fluence-based 50% cumulative absorption depth (Z50).
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Overall, the correlation analysis demonstrates that Monte Carlo simulated changes in photon
transport with increasing skin pigmentation are closely reflected in both PPG amplitude and AC/
DC ratio, with the strongest and most consistent agreement observed in reflectance mode.
Although the correlation analysis is descriptive given the three data points representing the three
skin tone conditions, the consistent direction and magnitude of correlations across wavelengths
and measurement modes suggest that the observed relationships between simulated photon trans-
port and experimental PPG metrics are robust and representative of the underlying optical
behavior.

4 Discussion
This study combined an advanced vascular finger phantom with Monte Carlo modelling to inves-
tigate how skin pigmentation alters PPG signals in both reflectance and transmittance measure-
ment modes. Building on prior phantom work that demonstrated a decrease in signal quality with
increasing skin pigmentation in reflectance measurements,12 the present design extends the
experimental capability to incorporate transmittance mode PPG signals and directly links
observed signal changes to simulated photon transport and absorption behavior.

Although pulse oximetry applications have highlighted the potential impact of skin pigmen-
tation in optical measurements, the present study focuses specifically on the underlying PPG
signal quality and its dependence on light–tissue interaction. To achieve this, fixed acquisition
conditions were employed to isolate the intrinsic optical effects of pigmentation, enabling con-
trolled comparison of wavelength-dependent attenuation and signal quality metrics without con-
founding effects from adaptive system responses. This approach aims to provide insight into the
fundamental mechanisms governing PPG signal formation. This is particularly relevant for
emerging wearable technologies that use algorithms based on PPG waveform morphology and
derived features, such as blood pressure estimation,40,41 arterial stiffness assessment,42–44 and
other cardiovascular markers, where reduced signal quality and increased variability may directly
impact algorithm performance.

The multilayer vascular architecture enables a more physiologically representative interac-
tion between light and pulsatile blood volume by incorporating both superficial and deeper vas-
cular layers. Unlike the previous single-vessel phantom, the present design incorporates three
distributed perfusion layers spanning superficial and deeper tissue regions, allowing evaluation
of wavelength-dependent photon penetration within a more physiologically representative vas-
cular environment. Importantly, the added vascular complexity did not change the expected opti-
cal behavior that melanin-simulating absorbers attenuate shorter wavelengths more strongly, as
this could also be demonstrated using simpler single-vessel models.8,10 The purpose of the
present vascular network was instead to address a limitation of such simplified models: their
restricted vascular interaction volume and non-physiological depth distribution of pulsatile
blood. This distributed vascular structure increases light-blood interaction across tissue depths,
enabling stable acquisition of PPG signals across reflectance and transmittance modes and
allowing more consistent comparison of signal quality metrics across wavelengths and skin
tones. This includes conditions where signal generation was particularly challenging in our pre-
vious study,12 such as shorter wavelengths under dark skin pigmentation, where in vivo signals
are still typically observable. This was made possible by the 3D-printed PVA sacrificial template
fabrication method, which enables the formation of small, compliant, geometrically complex
channel networks that would be difficult to achievable through conventional single-vessel casting
approaches. The resulting distributed vascular network more closely reflects the spatial organi-
zation of physiological microvascular perfusion within the highly vascularized fingertip, repre-
senting a fundamental fabrication advance over prior simplified phantom designs. Therefore, this
specific advancement is not the demonstration that melanin absorption is wavelength dependent,
which is already well established, but the ability to produce measurable PPG signals within a
more physiologically representative depth-distributed vascular environment and to evaluate how
distributed pulsatile blood volume interacts with wavelength-dependent photon penetration in
both reflectance and transmittance geometries, which could not be reliably achieved using the
previous single-vessel configuration.
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Across the in vitro measurements, increasing pigmentation produced a consistent reduction
in PPG strength, which is expected as higher skin absorption reduces the light available to inter-
rogate pulsatile blood volume and reach the detector, as demonstrated in prior studies.7,45 This
effect was most apparent at shorter wavelengths and in reflectance mode, where the detected
photons are most influenced by superficial losses, whereas longer wavelengths better preserved
pulsatility due to deeper tissue interaction.46 The integrated simulations provide a direct physical
insight into the underlying photon transport mechanisms responsible for these trends. By linking
experimental observations with photon-based metrics, this work extends previous phantom stud-
ies beyond qualitative signal comparison.

Monte Carlo simulations provided a mechanistic explanation for the experimentally
observed signal attenuation with increasing skin pigmentation. Fluence distributions demon-
strated that higher skin absorption progressively reduced photon energy reaching deeper vascular
layers, particularly at shorter wavelengths. This behavior was quantified through the skin con-
tribution index (SCI), which increased with pigmentation and decreased with wavelength. These
findings are consistent with prior modeling studies of light–tissue interaction in PPG, which
show that melanin-dominated absorption redistributes photon energy toward superficial layers,
thereby limiting sensitivity to pulsatile blood volume changes.17,47

Similar trends have also been reported in Monte Carlo studies of pulse oximetry, where
increasing melanin concentration leads to a reduction in AC/DC amplitude and a systematic drift
in the ratio-of-ratios, driven by wavelength-dependent attenuation of the pulsatile signal.48 In
particular, these studies demonstrate that higher melanin levels reduce the detected pulsatile com-
ponent and alter the relative contribution of red and infrared wavelengths, contributing to a bias
in SpO2 estimation. The present results are in agreement with these observations, as the exper-
imentally measured reductions in PPG amplitude, SNR, and AC/DC ratio with increasing pig-
mentation reflect the same underlying mechanism of reduced photon penetration and diminished
interaction with pulsatile blood volume.

The 50% cumulative absorption depth increased with wavelength, indicating progressively
deeper photon interaction at red and infrared wavelengths. Across all wavelengths, darker pig-
mentation resulted in slightly shallower penetration depths, reflecting increased superficial
absorption. Energy balance analysis showed that absorption was the dominant mechanism of
photon fate at all wavelengths and pigmentation conditions. Together, these results demonstrate
that pigmentation primarily affects PPG signal formation by altering where photon energy is
deposited within the tissue.

Strong correlation between Monte Carlo predictions and experimental PPG metrics validates
the combined modeling-phantom approach. Simulated diffuse reflectance and transmittance
closely matched measured PPG amplitudes, while SCI showed strong agreement with AC/
DC ratios, particularly in reflectance mode. Although the correlation analysis is descriptive
in nature, reflecting the three discrete and physically distinct skin pigmentation levels from the
experimental design, the consistent directional agreement between Monte Carlo predictions and
experimental PPG metrics across multiple wavelengths and measurement modes supports the
validity of the combined modelling-phantom approach. Notably, cases where a correlation was
not expected, such as the 530 nm transmittance condition where signal penetration is limited, did
not exhibit meaningful alignment, further indicating that the reported Pearson correlations reflect
genuine optical behavior rather than coincidental agreement. These findings demonstrate that
skin pigmentation-driven changes in photon transport are directly reflected in measured PPG
features, strengthening the confidence that the observed attenuation trends arise from optical
mechanisms rather than artifacts of phantom design or experimental variability. Such agreement
is rarely demonstrated in phantom studies and highlights the value of integrating modeling along-
side in vitro experimentation.

One limitation of this study is the simplified blood optical properties, as the blood-
mimicking fluid exhibits a monotonic absorption spectrum, rather than the wavelength-
dependent hemoglobin absorption spectra observed in vivo,49 which vary with oxygenation level,
and does not replicate the high scattering coefficient of red blood cells. However, this blood-
mimicking fluid preserves the expected trend of higher absorption at shorter wavelengths and
lower absorption in the infrared region, allowing relative comparisons of signal behavior. Similar
nigrosine-based blood-mimicking fluids have been used in optical phantom studies to investigate
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light–tissue interactions in in vitro systems.8,10 Regarding scattering, while red blood cells con-
tribute substantially to blood scattering in vivo, this effect predominantly governs photon inter-
action within the vascular compartment; consequently, increased blood scattering would not be
expected to alter the directional relationship between skin pigmentation and PPG signal attenu-
ation reported in this study. Nevertheless, incorporating physiologically representative blood
optical properties, including wavelength-dependent hemoglobin absorption and realistic red
blood cells scattering, remains an important goal for future phantom improvements, particularly
for extending this framework toward pulse oximetry applications.

A second limitation relates to the use of discrete wavelengths in the Monte Carlo simula-
tions, whereas the experimental PPG system employs LED sources with finite spectral band-
widths. In LED-based PPG systems, the measured signal represents the convolution of the
LED emission spectrum, tissue optical properties, and detector sensitivity, which may lead to
a spectral shift in darker skin tones, particularly in the red spectral region.50 As a result, the
simulations are more representative of narrowband illumination and do not fully capture the
spectral response of the experimental setup.

A third limitation is that the scattering properties of the skin and adipose tissue layers do not
fully reproduce the wavelength-dependent decrease in scattering typically observed in biological
tissue. The greatest divergence from reported literature values was observed at 530 nm, where
TiO2 particle scattering characteristics differ from the scattering behavior of biological tissue
constituents such as collagen fibers and cell organelles. At this wavelength, an underestimation
of scattering would reduce photon pathlength in the superficial layer, potentially leading to an
underestimation of the filtering effect of skin pigmentation on the detected signal. However, as
melanin absorption rather than scattering is the dominant driver of superficial attenuation at
530 nm, the directional trends in skin pigmentation-driven signal attenuation reported here are
not expected to be fundamentally altered. Future work will focus on incorporating wavelength-
dependent scattering behavior and physiologically representative oxygenated and deoxygenated
blood levels to further improve optical realism and extend the framework.

Overall, this study contributes to the phantom-based literature8,10,11,13,51,52 by providing a
quantitative and mechanistic assessment of how skin pigmentation influences PPG signal quality.
Although previous phantom studies have incorporated varying skin tone layers, the present work
extends this approach by evaluating specific PPG features, including peak-to-peak amplitude,
SNR, and AC/DC ratio, under controlled and physiologically relevant perfusion conditions.
By integrating the advanced vascular phantom with Monte Carlo modelling, this study offers
a robust framework to isolate the optical effects of skin pigmentation on PPG quality.

5 Conclusion
This study investigated the impact of skin pigmentation on photoplethysmography using
an advanced perfused vascular finger phantom combined with Monte Carlo modelling.
The 3D-printed PVA sacrificial template approach enabled the fabrication of a geometrically
complex, distributed vascular network that represented a fundamental advance over simplified
single-vessel phantom designs, allowing PPG signal acquisition across all wavelengths and skin
tones. Increasing pigmentation produced consistent reductions in PPG amplitude, SNR, and
AC/DC ratio across wavelengths, consistent with increased absorption in the skin layers.
These effects were most pronounced at shorter wavelengths and in reflectance mode, where
superficial absorption dominates photon transport, while longer wavelengths preserved deeper
vascular sensitivity. Monte Carlo simulations provided mechanistic insights by linking these
trends to superficial photon energy deposition, effective penetration depth, and reduced inter-
action with pulsatile blood volumes. Consistent directional agreement between simulated optical
metrics and experimental PPG features supports the validity of the combined experimental-
computational framework. Overall, this combined approach supports improved understanding
and evaluation of light–tissue interaction under varying skin pigmentation conditions, with direct
relevance to emerging wearable devices and PPG-based applications that extend beyond pulse
oximetry, including blood pressure estimation, arterial stiffness assessment, and other cardio-
vascular markers, where reduced signal quality due to skin pigmentation may directly impact
algorithm performance.
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