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In the bioinformation photoplethysmography (PPG) measurement, the
precision and repeatability could be impacted by the contact pressure
between the optical sensor and the measurement site. Taking the finger’s
geometrical, mechanical, and optical characteristics into consideration, finite
element models and Monte Carlo (MC) simulation methods were used to
quantitatively analyze the effects of the deformation of different finger
layers under contact pressure on its optical parameters and PPG signals
during fingertip spectroscopic detection. Firstly, a 3D axisymmetric finger
model was established, pelican optimization was used to find the parameter
lamp that caused the simulation to best match the finger pressing behavior,
modeled the deformation of each layer, and quantified the changes in their
absorption and scattering coefficient. Then, before and after pressure
application, photon propagation in the reflectance and transmittance
modalities within the diastolic and systolic finger tissues at 660 nm and 940
nm were studied by MC simulation. The result shows that contact pressure

significantly altered the thickness of the dermis and subcutaneous tissues, a
decrease in tissue thickness caused an increase in optical coefficient, which
resulted in a reduction in normalized pulsatile reflectance and a boost in
transmittance, and the change was dependent on wavelength.
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1. INTRODUCTION

Photoplethysmography (PPG) is an optical technique for measuring volumetric changes in the
pulsatile blood vessels [1]. Recording the intensity of reflected and transmitted light through the measured
location, pulse wave signals could be obtained, which consists of arterial pulses period of each heartbeat, and
plenty of biometric information can be detected [2]. The most typical application of PPG monitoring is
transmission-mode finger pulse oximetry [3], whereas reflected PPG acquisition positions are more adaptable
for wearable devices [4]. In recent years, research interest in PPG applications has grown beyond oximetry to
encompass diabetes, hypertension, atherosclerosis, coronary artery disease, coronary heart disease, heart rate,
and blood pressure monitoring [5].

During the vivo measurement, the morphology of the PPG would be influenced by many factors [6],
[7]. The contact pressure between the optical sensor and the measurement site, in particular, causes changes
in the optical and material properties of the skin, which impacts the detected spectral intensity and the
effective information [8], [9]. Kamshilin et al. [10] analyzed the hand circulation during fingertip-sensor
contact using a camera, from which an increase in the amplitude of the PPG signal was observed. May et al. [11]
analyzed the effect of contact pressure on the 17 PPG morphological features by modeling artificial blood
vessels, and pointed out that the influence of pressure must be included in the morphological study of
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parameters such as oxygen saturation. Lim et al. [12] studied the variation of diffuse reflectance spectra with
the pressure of the fiber-optic probe, and the results showed that the longer the pressure applied, the greater
the spectral difference. Controlling the magnitude and duration of contact pressure can improve the quality of
PPG signals. Reif et al. [13] reported that contact pressure affects the absorption and scattering coefficients
of tissues to a certain extent. Li et al. [9] used a finite element model (FEM) of the dermis to simulate its
deformation under pressure and built a Monte Carlo (MC) model to simulate the change of its absorption and
scattering coefficients in the deformed tissue. He found that the pressure affects both the optical and material
properties of the skin. Moco et al. [14] proved the importance of the role of blood in the fat layer in the
formation of fingertip PPG by modeling a six-layer skin MC, which included the subcutaneous fat layer.
Andreia declared that his model was simplified and that the effects of the skin site and layer properties (e.g.,
thickness and absorption-scattering properties) during the modeling process require further study.
Simultaneously, all the models focus only on the effect of the cutaneous vasculature on the reflected PPG,
and the effect of the optical interactions of all the absorbers present in all the pulsatile and non-pulsatile
portions (including skin, fat, muscle, and bone) on the PPG during tissue deformation under pressure has
never been investigated. Kwon et al. [15] constructed a functional model of the interaction between the
thickness variation and the changes in absorption and scattering coefficients of each skin layer under external
pressure. This model facilitates the analysis of light propagation in deformed tissues, to provide a quantitative
and detailed analysis of the mechanism of influence between the light source's wavelength, the tissue
deformation, the tissue optical parameters changes, and the spectrum.

In this study, the geometric, optical, and mechanical parameters of the left index finger were
considered to analyze the impact of skin deformation on fingertip PPG collection, building on these models.
Initially, the finger’s pressing force over time and contact image that are processed to ascertain contact area are
collected during the human subjects pressing on glass. The dynamic contact process is simulated and replicated
in a finite finger model by parameter optimization search to find the best lumped parameter values that closely
reproduce the finger press behavior, and the deformation of the multilayered tissue is decided, allowing the
model to more accurately simulate the deformation of the finger during contact. The MC method is used to
simulate the propagation of light in the finger and the changes in the transmitted and reflected PPG during
pressure application, based on the research results of the relationship between thickness changes and its optical
coefficients, and the effect of the contact pressure on the accuracy of the oximetry is further analyzed.

2. METHOD
2.1. Data collection and processing

This research utilized the apparatus depicted in Figure 1 to measure and record the variations in
finger pressing force and contact area over time. The measurement device consists of a thin film pressure
sensor (FlexiForce A201, Tekscan), signal amplification module (LM358, Onsemi), and processor (Arduino
UNO, Arrow) at a sampling rate of 9,600 Hz and a resolution of 0.01 N, to record contact pressure. The
fingerprint images are captured by a charge coupled device (CCD) industrial camera (SY8031, China), which
has a resolution of 3,264x2,448 pixels, installed below the glass.

Experimental data was collected from the left index finger of a male subject. The finger was asked
to be spotless, then pressed vertically on the center of the image acquisition field until the normal contact
force reached 2 N, and repeated the data acquisition 15 times. It is worth noting that we do not limit the
pressing speed or time. Due to the irreversibility of the simulation model, some points in the collected
pressure data were removed in order to maintain a monotonic increase as the input to the FEM model.
Calculating the accurate contact area from the original contact image requires several processing steps,
including region of interest (ROI) extraction, image transformation, followed by background noise removal
and threshold enhancement, and finally extracting the area corresponding to each pixel of the image
(0.009325 mm2/pixel) multiplied by the pixels of the contact area to derive the total contact area. The
processing steps are shown in Figure 2. The collected data after processing is shown in Figure 3. Figures 3(a)
and Figure 3(b) show 15 groups of contact pressure and area derived after processing, respectively.

2.2. Finite element finger model

A 3D FEM of a male’s left index finger was established by COMSOL Multiphysics, to model the
development of the contact region between the finger and the optical sensor. The model was composed of
five layers: fingernail, epidermis, dermis, subcutaneous tissue, and phalanx. Figure 4 describes the axially
symmetric 3D finger model. The dimension parameters come from the literature [16]-[20]. This model
proves a lower computational load than the non-axisymmetric model, enabling the repetition of the
simulations with varying parameter combinations [16]. The optical sensor is abstracted as a glass plate with a
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thickness of 10 mm. The material property parameters related to model development are listed in Table 1.
Data are from the literature [17], [18], [21].
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Figure 3. 15 sets of measurement data of (a) contact pressure over time and (b) variation of contact area with
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Figure 4. Longitudinal (left) and cross (right) sections of the axisymmetric 3D finger model and their
geometric parameters (unit:mm)

Table 1. Material parameters of the finger finite element model

Parameter Finger  Fingernail  Phalanx  Glass plate
Poisson’s ratio (-) 0.48 0.3 0.3 0.2
Density (kg/m°) 100 1900 1960 2700

Young’s modulus (kPa) 10 1.7x10° 1.7x10° 9x107

The effect of contact pressure on photoplethysmography (Xin Gong)
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The material properties of soft tissues (involving dermis and subcutaneous tissue) under small load
are nonlinear and viscoelastic, a generalized Maxwell model with better capacity to capture the viscoelastic
of human skin was chosen to characterize [22]. Fingernails, phalanx, and epidermis are linearly elastic [23].
The epidermis was modeled as linear and assigned it the parameter E,. The material parameters of fingernail
and phalanx were set by the fixed values in Table 1. Figure 5 shows the constitutive model of three-layer
skin. E, is represented by a linear spring in this simulation. E,; and 7,,, E,, and t,, both designated as
Maxwell models. At a low strain rate, the skin can be expressed as:

oc=o0,+0, Q)
where o, stands for the stress part of the linear spring E,, g, represents the stress part of the viscoelastic, i.e.,
the Maxwell part. The stress can be derived from the following ordinary differential equation from the stress

equilibrium equation.

dee
o, = ne @
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External strain is defined by the stress equilibrium equation of an ordinary differential equation as (4).

&= Z%n:l 2Gym (Ue + O-vm) (4)

Among the variables, € denotes the total strain of the model, while G,,, and G, correspond to the
shear modulus of the dermis and subcutaneous tissue, respectively. t,,; and t,, represent the relaxation time
of these two parts. E = 2G(1 + p) and t = /G are used to calculate the model parameters, where p is
Poisson’s ratio. The model input was derived from the contact pressure recorded in 15 experiments. Defined
a contact pair between the skin model and the glass, utilizing the integration feature of COMSOL, the
simulated contact area at each time can be obtained.
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Figure 5. Skin constitutive model

2.3. Parameter optimization search

The actual contact area is A, . at time ¢t and force F,. And the simulated contact area is a function
of the lumped parameter (Ey, Eyq, Eya, Ty, Tyz), that is, S, 1) = fo(Eo, Ep1, Epz, Ty, Twas £, Fe). The objective
function is defined as (5).

1 2
MSE = —-¥:21(Ame — Son) ()

We search for the optimal parameter values, with the objective of finding the parameter lump that
enables the lowest sum of MSE across the 15 measurement experiments, to cause the model’s simulated contact
area to evolve in the same way as the contact area measured. Possible values were chosen by referring to the
research on Young’s modulus of each layer [22], which was reported as: 136 kPa for the epidermis, 80 kPa for
the dermis, and 34 kPa for the subcutaneous tissue, and the simulation results of Nam and Kuchenbecker [16].
Then an artificial search for the values to maximize the objection function was conducted. Finally, the range
was set as: E,(130000, 1550000), E,,; (130000, 156000), E,,(22000, 60000), t,, and t,, both in (0.4, 0.81).
The model was executed to simulate the contact area for all parameter combinations.
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A subset comprising 5% of the simulated contact area data was randomly chosen to create a new
data set. The parameter combination that reached the lowest MSE in this data set was determined using the
pelican optimization algorithm (POA), particle swarm optimization (PSO), and grey wolf optimizer (GWO),
to ascertain the most suitable method for conducting parameter search across the entire dataset. The results of
the comparison experiments are shown in Table 2. It becomes evident that the POA algorithm exhibits
superior performance in the experimental dataset. Prior research has also shown that this algorithm shows
greater competitiveness and superiority in solving optimization problems. To optimize parameters, the POA
algorithm was chosen.

Table 2. Comparison of results of POA/PSO/GWO (unit: mm?)
POA PSO GWO
7731 9,248 9,434
8,036 9772 9,459
8,350 9,218 9,557

2.4. Optical properties of skin

The anatomical feature of the finger is depicted in Figure 6. As can be seen in Figure 6(a), there are
seven layers total: (A) skin, (B&F) fat, (C&E) muscle, and (D) phalanx. It should be noted that the
cylindrical phalanx is located throughout the 10 mm-thick muscle layer. The model divides the skin layer
into six stacked horizontal layers based on the inhomogeneity of the vascular distribution. The first and
second layers are the stratum corneum and epidermis, with no blood. Melanin is distributed in these two
layers and shows strong absorption in the visible range (400-760 nm) [24], [25]. The dermis is subdivided
into four layers: (3) papillary dermis, (4) upper blood net dermis, (5) reticular dermis, and (6) deep blood net
dermis, each containing a different volume of blood. Capillaries are distributed in the papillary dermis. The
blood in the upper blood net dermis, reticular dermis, and deep blood net dermis represents the small arteries
that supply the entire skin and the small veins that collect the recurring venous blood [26], followed by (7)
fat, consisting of thicker and more dense collagen, elastin and adipocyte, which distributes the arteries and
arterioles [27]. The overall structure is shown in Figure 6(b).

light source

(@)

Figure 6. Photon transport in (a) reflective and (b) transmissive light source-detector mode

The thickness (d), diastolic blood volume (v,), and water content (v,) of each skin layers and the fat
are shown in Table 3, with data derived from Chatterjee and Kyriacou [28]. A melanin content of 13% is
considered in the model [29], as the volume of melanin in white people is set between 1.3% and 6.3%,
yellow people between 11% and 16%, and black people between 18% and 43%.
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Table 3. The parameters of thickness, blood volume, and water volume

Layer name d(mm) V, Vi,
Stratum corneum 0.02 0 0.05
Epidermis 0.25 0 0.2
Papillary dermis 0.1 004 05
Upper blood net dermis 0.08 0.3 0.6
Reticular dermis 0.2 004 07
Deep blood net dermis 0.3 0.1 0.7
Fat 0.55 0.3 0.05

Figure 6 depicts the movement of photons after entering the fingertip. The optical properties of the
tissue determine the depth and direction of photon transmission, primarily including absorption and scattering
coefficients, and anisotropy factor [30]. The parameters related to absorption and scattering are shown in
Figure 7. For each layer, scattering (us(4)) and anisotropy (g(4)) are wavelength dependent [24], [25]. The
scattering properties are described as the sum of Mie scattering and Rayleigh scattering, which reflects the
forward and backward scattering properties of each layer's cells, respectively. The scattering fraction due to
Rayleigh scattering (f,.q,) and the power of Mie scattering (b,,;) at 500 nm are shown in Figure 7(a).

= [ () 4 0 i) ) ™ 0
g(d) =0.62+291x 1073 o

Skin absorption is caused by its chromophores, predominantly melanin, water, oxyhemoglobin
(HbOy), and deoxyhemoglobin (HHb) [28], [29]. Figure 7(b) depicts the absorption factors of these four
chromophores at 300-1,000 nm. Depending on the composition of the layers and their content, this paper has
defined the absorption coefficient of each layer. The absorption coefficient of the stratum corneum and
epidermis without blood is defined as (8).

Ha(A) = Vit (D) + Kyt (D) + (1 = V=W, )1 (D) ®)

In each layer of the dermis, the absorption of photons by arterial and venous blood with different
concentrations of HbO, and HHb must be accounted, with the ratio of arterial to venous blood in the dermis
set to 1:1 [31], and the oxygen saturation of arterial blood (Sa0,) and venous blood (Sv0,) set to be 70%
[26]. The total absorption coefficient is expressed as (9).

ﬂai(}l) = VAi“Ai(A) + VVi“Vi(A) + VWL“WL(A) + (1 - VAi - VVi - le).u'b (A) (9)

The chromophores in the fat layer are water, adipose tissue, and blood. The adipose concentration
(V4q:) in the organization is set to 40% [14]. The values of the absorption coefficient of adipose tissue
(1qqi (1)) are shown in Figure 7(b). The absorption coefficient of the subcutaneous fat layer (u, f(l)) can be

defined as:
ﬂaf (A) = Vaaillaai (’1) + (1 - Vadi).uw()') + (1 - Vadi)(1 - Vw).ub (A) (10)

where u,, (1) is the absorption coefficient of melanin and u, (1) is the baseline absorption coefficient (the
inherent absorption qualities of the skin in the absence of any other chromophores). p, (1) and uy, (1)
represent the arterial and venous blood absorption which varies in different dermis layers, respectively,
calculated as:

U (D) = 6.6 X 1010 x 17333 (11)
(1) = 7.84 x 107 x 173325 (12)
pa(d) = Sa0,uypo,(A) + (1 — Sa0;)uyyp (1) (13)
uy (A) = Sv0,1ypo,(A) + (1 — Sv0)uyyp(A) (14)
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Figure 7. Related parameters of (a) absorption coefficient of the four chromophores and adipose tissue and
(b) scattering coefficient

Based on Kwon et al. [15] on the relationship between skin optical coefficient and uniform
compression on the skin, the variables u,(4) and uq,(4), ps(1) and pg,(4) are used to denote the
absorption and scattering coefficient before and after deformation, while d; and d;,, represent the tissue
thickness. The interdependence between thickness, absorption coefficient, and scattering coefficient is
characterized by (15) and (16).

ap @ = 1) (22)" (15)

hop ) = s (£2)” (16)

The study examines the correlation between the experimentally measured photon density and the model
simulation results when different values of « are used, and the results indicate that when the value is 0.7, the
error between the simulation results and the experimental measurements is the smallest; therefore, the optical
modeling parameters were set to be & = 0.7 in this paper.

2.5. MC simulation

Compared with the existing methods, such as radiative transfer theory and diffuse approximation, the
MC simulates the light propagation in tissues with rigorousness and accuracy that fits better with real data [29].
It is also simpler to deal with the light transmission in a deformed finger under pressure when using the MC
model since it offers more freedom in modeling the geometry shape and defining the optical properties of the
medium. It has become one of the principal research methods for tissue optical distribution [32]. MC
determines the probability distribution model of photon movement (direction and step size) based on the
optical properties of the tissues and achieves the simulation of several physical quantities by counting the
stochastic motion processes of generous photons, which in this paper are mainly manifested in the reflected
and transmitted light intensities. The accuracy of the model can be quantified by its convergence rate, which
is defined as 1/+/C, where C is the number of photons in the simulation run [33], and is taken to be ¢ = 108
in this paper, leading to a convergence rate of 0.0001. The large number of photon iterations makes the
results reliable and accurate.

The MC model was implemented in two modalities, modeling spectral acquisition systems for
reflectance and transmittance PPG [34] in the index finger at the wavelength of 660 nm and 940 nm, as
represented in Figure 6. In the reflectance mode, the light source and detector were positioned on the same
side of the measurement location. In the transmittance mode, they were put on two opposite sides of the skin
surface [35], simulating a Gaussian beam with a 10mm radius which was perpendicular to the skin. To
simulate the ‘pulse’, the arterial blood volume in diastole was set as half of systole. Executed the model to
quantify the reflected and transmitted photons at 660 nm and 940 nm, and recorded the intensity of the
detected photon packets. The difference between diastole and systole is known as pulsatile density, that is,
‘pulse’. The normalized pulsatile density is calculated by the ratio of ‘pulse’ and the photon density of
diastole.

P(ﬂ) — Pdiastole(/l)_Psystole(/l) (17)
Pgiastote(d)
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The model code in this paper was created in MATLAB MathWorks (Inc., Natick, MA, USA). It
referred to the MC simulation of multi-layer biological tissues with embedded objects (MCML-EO) [36].
According to previous findings upon the deformation of each tissue layer under pressure with its influence on
the optical parameters, the MC can be used to simulate the transmission and reflection of light before and
after deformation, so as to quantitative analysis of the impact of contact pressure on the collection of
reflected and transmitted PPG.

3. RESULTS AND DISCUSSION
3.1. Tissue deformation

During the process of deformation under external pressure, there are two primary changes in the
skin: the compression of skin thickness and the increase in optical coefficient. The material of human skin
demonstrates significant nonlinearity and anisotropy, the parameters of linear and nonlinear models to
characterize the material properties of skin would be influenced by several factors such as age, race, gender,
emotions, and environmental circumstances, the values can exhibit significant variations over 4 to 5 orders
(4.4 kPa-57 MPa) [16]. Hence, before reproducing fingertip pressing behavior by the model, it is imperative
to ascertain the skin material properties of the subject under the current experimental conditions.

After executing the chosen POA algorithm, the optimal parameter for simulating the finger pressing
behavior was obtained as (955500, 148000, 49560, 0.40, 0.61). In this parameter combination, the objective
function found an optimal value of 2,094 mm*. When the model’s input force is depicted in Figure 8, the
model was executed to acquire the deformation of each layer during the pressure application procedure, as
shown in Figure 9. It is seen that the dermis deformation is most evident when subjected to external
mechanical pressure, followed by subcutaneous tissue. The epidermis is mostly composed of keratinocytes
and has a relatively thin thickness, it is not significantly deformed. The Young’s modulus of nail and phalanx
exhibits a significant magnitude, the deformation can be ignored almost. The evolutionary trend aligns with
the finding of Reistad [8], who investigated the impact of probe pressure on the diffuse reflectance spectrum
of human skin and observed a similar behavior in tissue deformation.
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Figure 8. Input force of the FEM model
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Figure 9. The thickness changes of each layer
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3.2. Optical parameter variations under pressure

When uniformly compressed, the thickness of skin layers decreased along with an increase in its
optical coefficients (scattering and absorption). Figures 10 and 11 depict the evolution of the scattering and
absorption coefficients of different skin layers as pressure is applied at 660 nm (red light) and 940 nm
(infrared light). In MC simulation, the influence of phalanx deformation on its optical parameters is ignored.
The simulation results in Figures 10(a) and 11(a) indicate that, as pressure is progressively increased, the
scattering coefficients of the skin increase by 18.85% and 13.845%, respectively, at both wavelengths of
660 nm and 940 nm. The variation of the absorption coefficient is shown in Figures 10(b) and 11(b), the
changes caused by pressure are mainly in the dermis. Variations in the optical coefficient resulting from skin
compression exhibit differences across different wavelengths. An increase of optical coefficient creates
challenges to light propagation, and thus impeding the increase in photon density [9]. The reduction in skin
thickness competes with the increase in optical coefficient, ultimately influencing the spectral signal
detected.
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Figure 10. Changes in the optical parameters at 660 nm of (a) scattering coefficient and (b) absorption
coefficient
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Figure 11. Changes in the optical parameters at 940 nm of (a) scattering coefficient and (b) absorption
coefficient

3.3. PPG variations

The reflectance and transmittance of photons at 660 nm and 940 nm were simulated by MC, based
on the analytical findings of optical parameters. The results are represented in Figures 12 and 13. The
normalized reflectance and transmittance without pressure were compared with the results from the MCML-
EO. The difference between the two models is 0.00076 and 0.00091 for the normalized reflectance, 0.00185
and 0.00141 for normalized transmittance, at 660 nm and 940 nm, respectively. The results show the validity
of the MC model in this paper. A comparison of the results of Figures 12(a) and 12(b) shows that the
transmittance is always higher than the reflectance for systolic and diastolic at red and infrared wavelengths.
At both wavelengths, the light intensity during diastole is greater than the systole. After pressure is applied,
the reflection at the two wavelengths decreases with the increase of the absorption coefficient both in diastole
and systoles, and the change in the red light is more significant compared to the near-infrared light.
Figures 13(a) and 13(b) depict the normalized reflectance and transmittance calculated in this paper. At 660 nm,
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the normalized reflectance decreased by 1.97%; at 940 nm, there is a 0.49%-5% increase between 0 N and
1.52 N, and the maximum value is reached at 0.46 N. The increase in contact pressure has a positive effect on
the normalized transmittance at 660 nm, and this effect gradually stabilizes after 1.52 N. The normalized
transmittance at 940 nm increases steadily under pressure and stabilizes at 1.84 N. This indicates that the
effect of external pressure on PPG is a wavelength-dependent phenomenon, and that the research results are
consistent with those of [37], [38]. Teng and Zhang [37] studied the pulse amplitude of PPG signals gathered
from fingertips (880 nm, reflection PPG) while the contact force increased from 0.2 N to 1.8 N, the results
showed that various subjects reached maximal PPG amplitudes at various contact pressures (0.2-1.0 N), and
Lee et al. [38] ascertained this range to be 0.4-0.6 N.

The pulsatile portion of the PPG received by photodetectors in both transmission and reflection
modes arises primarily from several vascular factors, represented as changes in blood volume under the
analytical model developed in this paper. Shimojo et al. [25] used a hierarchical model to measure light
distribution in the epidermis, dermis, and subcutaneous tissues. The results showed that photons with
wavelengths between 405 and 532 nm reach the upper dermis, while light in 595-800 nm penetrates into the
dermis's deeper layers. Photons with wavelengths from 900 nm to longer can reach the subcutaneous fat,
where small arteries and arterioles are a richer source of PPG. Shimojo's findings could explain the higher
transmittance at 940 nm than at 660 nm, while Chen et al. [39] points out that the compression of the skin
leads to the photons penetrating deeper and reaching more pulsating blood vessels, and that the intensity of
transmitted light keeps increasing with the application of pressure, as shown in Figures 12(b) and 13(b).

Li et al. [9], Liu et al. [33], and Reuss [40], suggest that only the dermis affects PPG formation,
ignoring the role of blood vessels in it in deeper layers. Finlayson et al. [24] report on the relationship
between light penetration depth and wavelength demonstrated the involvement of the dermis and
subcutaneous tissue in PPG formation. A new hypothesis about the origin of PPG has emerged, that is, the
reflected PPG signal is a mixture of the blood characteristics of the dermis and subcutaneous tissue. Based on
this theory, Moco et al. [14] created a six layers MC model of skin, including the subcutaneous fat layer, and
analyzed the changes of reflectance spectra before and after the skin was compressed, and found that the
reflectance spectra showed a decreasing tendency in the wavelength range of 450-1,000 nm, and the shorter
the wavelength, the more obvious it becomes. This is consistent with the findings of this paper, where the
reflectance at 660 nm and 940 nm decreased by 15.74% (systolic), 17.89% (diastolic) and 15.18% (systolic),
15.62% (diastolic) before and after the application of contact pressure, respectively. The dermis is the source
of the reflected photons at 660 nm wavelength, and blood flow in capillaries, veins, and part of arterioles is
mostly responsible for the pulse [41]. The current broad opinion about the origin of PPG states that the
arteries and arterioles are primarily responsible for the variations of tissue optical density during the cardiac
beat cycle, and the effect of veins and capillaries in the single blood circulation cycle is insignificant by
contrast [29]. Additionally, as shown in Figures 10 and 11, the epidermis's absorption is predominant at 660 nm,
with little influence from the dermis's layers storing blood information. This allows the pulsatile portion of
the reflected light to decrease when pressure is applied. For the 940 nm wavelength, photons are transmitted
to the subcutaneous fat layer, which is rich in blood information. Meanwhile, the scattering coefficient of the
fat layer is higher than that of the skin, and more photons scattered back to the skin’s surface come from the
fat layer, bringing about stronger pulsatile information, corresponding to the increase in normalized
reflection. Systolic events correspond to the blood reflux in the skin tissue, which is represented in the model
as a small increment in the absorption and scattering coefficients of the different tissue layers compared to
diastole [42], making the PPG signal smaller in systole than in diastole.
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Figure 12. The optical simulation results of the MC model in (a) reflectance and (b) transmittance
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3.4. Oxygen saturation analysis

Pulse wave oximetry is commonly employed for the assessment of blood oxygen saturation. The
fundamental concept is to develop a correlation between normalized PPG amplitude ratios at red and near-
infrared wavelengths and blood oxygen levels. This paper defined the ratio of normalized pulsation intensity
at 660 nm and 940 nm as (18):

__ P(660nm)
" P(940 nm) (18)

commercial pulse oximeters are typically calibrated in a blood oxygen saturation range of 70 to 100% [43].
The empirical calibration curve of the commerical pluse oximeter is denoted by the formula about ratio I,
expressed as (19):

Cspo, = 110 — 251 (19)

Cspo, represents the blood oxygen saturation. To obtain the transmittance and its normalized value, run an
MC simulation of the transmission mode in a working state without pressure application and a blood oxygen
saturation of 70-100%. The simulated results of transmittance and the normalized transmittance are
illustrated in Figures 14 and 15. The ratio | under the current setting is determined using (18). Following this,
A linear fit to the simulated data points of blood oxygen saturation and ratio I, the simulated empirical
calibration curve is shown in Figure 16, expressed as (20).

Csao, = 109.45 — 27.041 (20)

The Pearson correlation value between the two curves is 0.9993, indicating a strong positive
relationship between the simulated data and the reference empirical calibration curve. Figure 17 shows the
ratio | for the scope of experimental pressure at 70% blood oxygen content. The blood oxygen saturation
under pressure was calculated using the fitted curve, as presented in Figure 18.
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Figure 14. Detected transmittance at different blood oxygen levels
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There is a 4.19% to 4.76% deviation between the content of blood oxygen derived from the two
curves, and the impact of the pressure can induce a variation of 0.35% to 6.2%. The presented data matches
findings from previous research [44] (in small loads, Santos' study demonstrated a 7% variation, utilizing
wavelengths of 660 nm and 905 nm; Similarly, Dresher's research yielded a result of 5.1%). When setting up
the empirical calibration curve for oximetry, it is imperative to consider the impact of this pressure-induced
variation. As the dynamic contact of the finger is a complex process, several factors contribute to the change
in the pulse fluctuation (Pgigstote (1) — Psystore (4)). These factors primarily include the dynamic changes in
the finger's layers caused by the pressure and the changes in the number of effective photons related to the
blood composition due to the pressure application-effective photons being defined in this study as the
transmissive photons. The increase in photons associated only with changes in blood composition contributes
to the detection of blood oxygenation, and the mechanism by which this change in blood oxygen saturation is
produced needs to be further analyzed by controlling the variables.
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4. CONCLUSION

Owing to the significance of contact pressure in blood components detection and the limitations of
previous research, a finger finite element and MC connection simulation model was developed to analyze the
effect of skin thickness changes caused by contact pressure between the fingertip and the light sensor on
transmittance and reflectance PPG signals during the process of pulse wave acquisition. The finger FEM in
contact with the sensor reproduces the deformation of each tissue layer during finger compression, which is
used to calculate the absorption and scattering coefficients of the skin. Then the effects of various pressures
on the optical signals during diastole and systole are analyzed, while PPG signals are collected at
wavelengths of 660 nm and 940 nm, using MC simulation in the state of 70% blood oxygen saturation and
13% melanin content. The results show that the effect of tissue compression on the optical properties of
fingertip skin is wavelength-dependent, the gradual decrease of diffuse reflectance spectroscopy under
pressure is accompanied by an increase in transmittance light. The pressure settings that maximize the
normalized amplitude of reflected and transmitted light are 0 N (660 nm), 0.46 N (940 nm) and 1.52 N
(660 nm), 1.84 N (940 nm), after processing and analyzing the data received from modeling the process of
reflected and transmitted light. The blood oxygen saturation research shows that there will be a 0.35-6.2%
variation in the sensor’s detection when there is pressure of 0-2 N, this variation increases as pressure is
applied and trends to stabilize after 1.84 N, which is consistent with the evolutionary trend of the normalized
transmitted light at both two wavelengths. Before designing a spectral detection system, this study can be
used to analyze the impact of contact pressure on PPG amplitude at selected wavelengths. For different blood
components, the impact needs to be studied in more detail by combining different principles of component
analysis. The influence of several demographic factors, such as skin color (specifically melanin and blood
oxygen concentration) and thickness, on the detected PPG signals varies across different populations. Future
studies will be undertaken to explore this matter in greater detail.
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