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Abstract: Peripheral artery disease (P.A.D.) is a significant health issue in developed countries. 

Stenosis of an artery produces substantial changes in blood flow and, consecutively, in its 

hemodynamics. By simulating the stenosis (obstruction) - arterial environment, valuable insights 

are obtained. Various methodologies are used to simulate an arterial flow distribution. In this study, 

a 0D model using a printed circuit board (P.C.B.) is proposed. The model mimics a medium-sized 

single artery stenosis. Various degrees of stenosis are simulated. Results show that the P.C.B. model 

accurately predicts the hemodynamic changes produced by stenosis of a medium-sized artery. Also, 

the model is sensitive to the arterial wall stats. In conclusion, the P.C.B. design is a viable method 

for hemodynamic simulations. Moreover, to enhance the precision and intricacy of the simulation, 

the complexity and design of the P.C.B. must be augmented. Additionally, alongside subsequent 

computational fluid dynamics (C.F.D.) studies, the model will extract significant insights into the 

vascular dynamics of arterial stenosis. 
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1. Introduction 

Hemodynamics refers to the study of the movement and forces involved in the circulation of 

blood. The circulatory system is regulated by autoregulatory mechanisms of homeostasis, similar to 

how control systems regulate hydraulic circuits. The hemodynamic response constantly monitors 

and adapts to the situations within the body and its surroundings. Hemodynamics is the study of the 

physical principles that control the movement of blood within the blood arteries. Blood circulation 

facilitates the conveyance of nutrients, hormones, metabolic waste products, oxygen, and carbon 

dioxide throughout the body to sustain cellular metabolism, regulate the pH, osmotic pressure, and 

temperature of the entire body, and offer defense against microbial and mechanical damage. The 

heart serves as the primary propeller of the circulatory system, propelling blood through the body 

via rhythmic contractions and relaxations. The cardiac output (C.O.) refers to the volume of blood 

that is pumped out of the heart per minute, typically measured in liters per minute (L/min) [1,2]. 

The heart pumps blood into the aorta, which is the body’s most significant artery. Subsequently, 

it undergoes a process of branching into progressively narrower arteries, then into arterioles, and 

ultimately into capillaries, where the exchange of oxygen takes place. The capillaries are 

interconnected with venules, and subsequently, the blood is transported back through the intricate 

system of veins to the venae cavae, ultimately reaching the right heart. The micro-circulation, which 

includes the arterioles, capillaries, and venules, makes up the majority of the circulatory system and 

is where the exchange of oxygen, glucose, and enzyme substrates occurs between the cells. The 

venous system transports the blood lacking oxygen back to the right side of the heart, from whence 

it is propelled into the lungs to acquire oxygen. At the same time, carbon dioxide and other gaseous 

waste products are exchanged and released during the process of breathing. Subsequently, the blood 

is sent back to the left side of the heart, initiating the cycle once more [3–5]. 
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In a typical circulatory system, the amount of blood that flows back to the heart per minute is 

about equivalent to the amount that is expelled per minute (known as the cardiac output). The total 

cross-sectional area of that level essentially governs the velocity of blood flow at each level of the 

circulatory system. 

There are two ways used to determine cardiac output. The Fick equation can be utilized as 

follows: C O = V O2 / (C a − C v) where V̇O2, oxygen consumption in mL of pure gaseous oxygen per 

minute, C.O. = Cardiac Output, Ca = Oxygen content of arterial blood, Cv = Oxygen content of mixed 

venous blood [6–8]. 

Another thermodilution technique involves detecting the temperature variation resulting from 

the injection of a liquid into the proximal port of a Swan-Ganz catheter, which is then measured at 

the distal port. 

The equation provided represents the mathematical expression for cardiac output. 

The equation is represented as C O = S V × H R. 

C.O. stands for cardiac output and is measured in liters per second (L/sec). 

S.V. is the cardiac output, which is the amount of blood ejected from the heart during each 

beating, quantified in milliliters (ml) H.R. stands for heart rate, which is measured in beats per minute 

(bpm) [9]. 

The typical cardiac output of a human at rest is 5-6 liters per minute. Not all blood that enters 

the left ventricle is expelled from the heart. The difference between the end-diastolic volume (E.D.V.) 

and the stroke volume is known as the end-systolic volume (ESV). 

Blood, being a non-Newtonian fluid, is best analyzed using rheology rather than 

hydrodynamics. Hemodynamics cannot be explained by conventional hydrodynamics and fluid 

mechanics, which rely on the use of classical viscometers because blood vessels are not rigid tubes 

[10]. 

The smoothness of blood arteries affects blood flow, leading to either turbulent (chaotic) or 

laminar (smooth) flow. The accumulation of fatty deposits on the artery walls diminishes 

smoothness. 

The Reynolds number (N.R. or Re) is a parameter used to analyze the characteristics of fluid 

flow in a tube, specifically in the instance of blood flow in a vessel. 

The mathematical expression representing this correlation, without considering units, is as 

follows: 

The equation N R = ρ v L expresses the correlation among N, R, ρ, v, and L. In this context, the 

symbol ρ denotes the blood density. 

The variable “v” denotes the mean speed of the blood. 

The term “L” refers to the unique measurement of the vessel, specifically its diameter. 

The symbol μ denotes the viscosity of blood [11]. 

The Reynolds number exhibits a direct correlation with both the velocity and diameter of the 

tube. It should be noted that N.R. is directly related to both the average velocity and the diameter. 

Laminar fluid flow is characterized by steady flow motion when the Reynolds number is less than 

2300, whereas a value of above 4000 indicates turbulent flow. The capillaries have a smaller radius 

and lower velocity compared to other vessels, which leads to a very low Reynolds number. As a 

result, the flow in the capillaries is laminar rather than turbulent [12]. 

It is commonly measured in centimeters per second. The value is inversely proportional to the 

entire cross-sectional area of the blood artery. Furthermore, the variation occurs depending on the 

cross-sectional area due to the fact that, under normal circumstances, the blood flow exhibits laminar 

properties. Consequently, the velocity of blood flow is highest near the center of the vessel and lowest 

at the vessel wall. Typically, the average velocity is utilized. Various methods can be employed to 

quantify blood flow velocity, such as videocapillary microscopes with frame-to-frame analysis or 

laser Doppler anemometry. Arterial blood velocities are greater during systole compared to diastole. 

The pulsatility index (P.I.) is a metric utilized to quantify the disparity between the highest systolic 

velocity and the lowest diastolic velocity, divided by the average velocity during the heart cycle. This 

value decreases as the distance from the heart increases [13]. 
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Resistance is additionally impacted by variables such as the diameter and length of the blood 

artery, as well as the viscosity of the blood. 

At first, we employ a fluid-based methodology, as recommended by the Hagen-Poiseuille 

equation. The equation is as presented: 

The change in pressure is eight microliters. Q represents the flow rate, π represents the 

mathematical constant pi, and r4 represents the fourth power of the radius. ∆P represents the pressure 

drop or pressure gradient; μ: the measure of a fluid’s resistance to flow, commonly known as 

viscosity. The variable “l” represents the length of the tube. For vessels that have infinitely long 

lengths, the variable “l” is substituted with the diameter of the vessel. The variable “r” represents the 

radius of the vessel. 

According to Thurston, a second approach, based on experimental measurements of blood 

flows, provides a more realistic understanding of vascular resistance. This method suggests that there 

is a layer of plasma release-celling surrounding a blocked flow at the walls. The fluid layer in actual 

blood flow is characterized by a varying viscosity η(δ), where δ represents the distance from the 

vessel center. It is important to note that these surrounding layers do not intersect at the vessel center. 

Alternatively, there is the phenomenon of blocked flow, characterized by its high viscosity due to the 

presence of a dense concentration of red blood cells (R.B.C.s). Thurston constructed this layer to 

quantify the resistance to blood flow by incorporating the viscosity η(δ) and thickness δ of the wall 

layer [14–16]. 

The blood resistance law, represented by the symbol R, is modified to align with the blood flow 

profile. 

The equation is given by R = c L η(δ) (π δ r3), where R represents the resistance to blood flow. 

c represents the constant coefficient of flow. 

L represents the measurement of the vessel’s length. 

The symbol η(δ) represents the viscosity of blood in the wall plasma release-cell layers. 

The variable “r” represents the radius of the blood vessel. 

δ represents the distance within the plasma release-cell layer. 

The resistance of blood is influenced by factors such as blood viscosity, the flow of blood through 

the vessel (either blocked flow or sheath flow), and the size of the vessels. Under the assumption of 

steady, laminar flow within the blood vessel, its behavior closely resembles that of a pipe. The 

pressure drop or gradient, denoted as Δp, can be calculated by subtracting the pressure at one end of 

the tube (p1) from the pressure at the other end (p2). 

p1− p2 l= Δ P 

The more prominent arteries, which are visible to the naked eye, serve as conduits with minimal 

vascular resistance (assuming no significant atherosclerotic alterations). They exhibit rapid flow rates 

and produce negligible decreases in pressure. The smaller arteries and arterioles exhibit more 

excellent resistance, resulting in a significant reduction in blood pressure from the large arteries to 

the capillaries in the circulatory system [17,18]. 

Illustration depicting the mechanism by which vascular constriction, or vasoconstriction, leads 

to an elevation in blood pressure. 

Arterioles have lower blood pressure compared to the major arteries. This phenomenon occurs 

as a result of bifurcations, which lead to a decrease in pressure. As the number of bifurcations 

increases, the total cross-sectional area also increases, resulting in a decrease in pressure over the 

surface. No evidence supports the reason for the largest pressure decrease in the arterioles, and 

citation is required. The pressure drop across the arterioles can be calculated by multiplying the flow 

rate by the resistance: ∆P = Q × resistance. The significant resistance reported in the arterioles, which 

predominantly affects the ∆P (pressure difference), is due to their lower radius of approximately 30 

μm. As the radius of a tube decreases, the resistance to fluid flow increases [19]. 

The capillaries are located just after the arterioles. Based on the observed logic in the arterioles, 

we anticipate that the blood pressure in the capillaries will be lower than that is applied, as pressure 

is defined as the force per unit area (P = F/A). Despite the small size of the capillary radii, the capillary 

network possesses the most extensive surface area among all the blood vessels in the body. The 
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human vascular network is recognized for having the most comprehensive surface area, measuring 

485 mm^2. As the overall cross-sectional area increases, both the mean velocity and the pressure 

decrease [20]. 

Vasoconstrictors are substances that can constrict blood arteries, leading to an increase in blood 

pressure. Vasodilators, such as nitroglycerin, cause the dilation of blood arteries, leading to a 

reduction in arterial pressure. 

An increase in blood viscosity leads to an elevation in arterial pressure. Specific medical diseases 

can alter the thickness or consistency of the blood. Anemia, characterized by a low concentration of 

red blood cells, decreases viscosity, while an increasing concentration of red blood cells increases 

viscosity. Previous beliefs said that aspirin and similar “blood thinner” medications lowered the 

thickness of blood, but research has revealed that its actual mechanism of action involves diminishing 

the blood’s propensity to form clots. 

The formula used to calculate resistance is employed to determine the systemic vascular 

resistance (S.V.R.) [21]. 

The formula for R is the change in pressure divided by the flow. 

This can be translated as “Support Vector Regression” (S.V.R.). 

The formula for calculating S V R is obtained by subtracting the constant variable P from the 

product of M A and P and then dividing the result by the constant variable O. 

The abbreviation S.V.R. stands for systemic vascular resistance, which is measured in 

millimeters of mercury per liter per minute. 

M.A.P. refers to the mean artery pressure, which is measured in millimeters of mercury (mmHg). 

CVP is an acronym for central venous pressure, which is quantified in millimeters of mercury 

(mmHg). 

C.O. stands for cardiac output, which is measured in liters per minute (L/min). The number 27 

is enclosed in square brackets. 

To convert this into Wood units, multiply the answer by 80. 

The typical range for systemic vascular resistance is 900 to 1440 dynes/sec/cm−5. 

The blood pressure at any given position is determined by the tension applied to the wall of the 

blood artery, as explained by the Young-Laplace equation. This equation assumes that the vessel 

wall’s thickness is insignificant compared to the lumen’s diameter. 

The equation σ θ = P r t represents the relationship between the stress (σ θ) in a cylinder, the 

blood pressure (P), the wall thickness (t), and the inside radius (r) of the cylinder. 

σ θ represents the stress exerted on a cylinder, sometimes referred to as “hoop stress.” 

In order for the thin-walled assumption to be true, the vessel’s wall thickness should not exceed 

around one-tenth (also referred to as one-twentieth) of its radius. 

The cylinder stress is the mean force applied in a circumferential direction (perpendicular to 

both the axis and radius of the object) on the cylinder wall. It can be defined as: 

The equation for shear stress (σ) is equal to the applied force (F) multiplied by the distance (l) 

and divided by the cross-sectional area (θ). 

Where: F represents the circumferential force applied to a section of the cylinder wall that has 

two lengths as its sides: 

t represents the radial dimension of the cylinder 

The variable “l” represents the axial length of the cylinder [22,23]. 

When a material is subjected to force, it undergoes deformation or displacement. The force 

required to deform a material, such as causing a fluid to flow, increases in proportion to the size of 

the material’s surface area. Therefore, the magnitude of this force (F) is directly proportional to the 

area (A) of the surface portion. Hence, the quantity (F/A), denoting the force exerted on a given area, 

is referred to as stress. The wall shear stress associated with blood flow through an artery is 

determined by the size and geometry of the artery and can vary from 0.5 to 4 Pa. 

The equation is written as σ = F/A. 

Shear stress is responsible for regulating its strength and orientation within an acceptable range 

to avoid the development of atherosclerosis, blood clotting, excessive growth of smooth muscle, and 
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death of endothelial cells under normal circumstances. At times, when there is a sudden rise in blood 

pressure, shear stress can reach greater levels. At the same time, the counterflow can potentially 

change the direction of stress depending on the hemodynamic conditions. Therefore, this situation 

can lead to the formation of atherosclerosis [24]. 

Veins are commonly known as the “capacitance vessels” of the body since they hold about 70% 

of the body’s blood volume within the venous system. Veins have higher compliance than arteries, 

enabling them to stretch and tolerate changes in volume [25,26]. 

In this study, a P.C.B. device is proposed for studying arterial stenosis. The degree of stenosis is 

varied, leading to multiple readings. 

2. Materials and Methods 

A PCB-based device is presented to perform hemodynamic studies. According to Figure 1 of the 

simplified anatomical configuration and blood circulation, the portion that corresponds to a vessel 

with a hemodynamically significant stenosis is chosen. The scheme of the equivalent model of the 

arterial circulation and, consequently, of the lesion is as follows: 

 

Figure 1. Assembly principle diagram. Note that the variable resistor R4 was used to simulate the 

artery stenosis by comparing the resistance in the resistance in the assembly. 

It can be seen that the electrical analog circuit is composed of resistors, inductors, and capacitors. 

The series resistors (R1, R2) equalize the characteristic impedance of the feeding artery corresponding 

to high frequencies and avoid their reflections. The parallel resistors (R3, P1) represent the peripheral 

resistance of the organ, and the parallel capacitors (C2, C3) ensure the compliance of the organ. The 

variable resistance (P1) models the arterial flow depending on the impact and hemodynamic 

significance of the stenosis. The circuit elements (C1, C2) and the inductors (L1, L2) complete the 

parallel circuit together with the resistors (R3, P1). The variable resistance (P1) simulates the evolution 

of arterial stenosis, so the increase in resistance (P1) produces the narrowing of the artery. The 

calculation of the circuit elements of the block proposed for study starts from the characteristic of the 

artery assuming a length of l=10 cm, with a diameter of 8 mm, which provides an arterial radius of 4 

mm for the calculation. Blood flow density is ƿ=1.05g/cm3. The thickness of the blood vessel wall (h) 

is allowed to be 15% of the arterial radius [r]. Blood viscosity (μ) is administered with a value of 

1.22875. 

Other quantities from physics also intervene in the mathematical calculation relations of the 

values of the circuit components. Thus, the size (E) is used in the calculation as Young’s modulus. It 

represents the stiffness of an elastic material. In this context, it refers to the elasticity of blood vessels. 

Consider E = 0.0005024. With the above specifications, the circuit elements are calculated according 

to the relations below where: 
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R=8μl/πr4 

L=ƿl/ πr2 

C=3 πr3 /2Eh 

Applying in these relationships the values established above for all the quantities involved in 

the calculation, we obtain R1=71.6Ω; R2=0.8 Ω; R3=83.4 Ω; C1=C2=490n, L=0.000209m. After the 

simulated tests of the completed assembly, the values of all the elements were adjusted so that the 

electrical diagram contained the actual values after their adjustment. Following the electrical 

diagram, you can see the symmetry of the two cells connected in series and the uniqueness of the cell 

connected in parallel. All the pieces were made on the face of a copper plate. Pictures of the copper 

plate are shown on both sides, and the position of the component parts and their connection to the 

circuit can be noted. 

The variable resistor (P1) can be operated with a button located outside the box. At the entrance 

to the installation, a light-emitting diode (L.E.D.) was provided to simulate the presence of the 

Sangvin flow. The input and output in the electrical scheme are made through the USB mother plugs 

in parallel with the 3.5mm jack plugs. The whole assembly is fixed in an aluminum frame to shield 

the electric circuit, thus avoiding the influence of other external dimensions that can distort the circuit 

parameters. These external quantities can be electromagnetic waves, T.V. waves, telephone waves, or 

short circuits nearby. It is specified that the USB plugs admit the introduction of a continuous voltage 

for powering the L.E.D.s (in the case of 5 Vdc), as well as an alternating voltage for testing the circuit 

(0-5 Vac) into the circuit. Below are the photos of the completed assembly - the plate on both sides: 

one side shows the planting of the parts, and the other shows the connection of the parts with copper 

to realize the proposed electrical scheme (Figure 2). 

 

Figure 2. The montage created for the simulation of vascular hemodynamics (see Supplemental 

material S1). 

The figure below shows the circuit diagram of a female USB plug. Pins (1) and (4) carry the direct 

voltage, and pins (2) and (3) hold the signal voltage. Pins (2) and (3) are connected to the input and 

output of the assembly (C1) and (C4) (Figure 3). 

 

Figure 3. Basic diagram of a USB port and modification of the USB port. 

A hemodynamic study was performed using the device discussed above. The study’s purpose 

was the characterization of single artery stenosis with the help of the proposed P.C.B. device. In this 

study, the resistance of the system was varied to mimic the increasing degree of stenosis. The 

increased percentage of the resistance was as follows: 2.5; 5; 7.5; 10; 12.5; 15; 17.5; 20; 22.5; 25; 27.5; 30; 

32.5; 35; 37.5; 40; 42.5; 45; 47.5; 50; 52.5; 55; 57.5; 60; 62.5; 65; 67.5; 70; 72.5; 75; 77.5; 80; 82.5; 85; 87.5; 
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90; 92.5; 95; 97.5; 100(%)- corresponding to same percentage stenosis. Forty readings were performed 

using an FNIRSI oscilloscope. The readings were graphically represented and interpreted. 

3. Results 

A continuous and variable voltage source was used to test the assembly. The test voltage was 

injected in point 1 of the primary electrical diagram of the assembly. The output voltage was collected 

from point 2 of the assembly and applied to the input of an oscilloscope. It is found that as the input 

voltage at point 1 increases, the value of the output voltage measured at point 2 increases accordingly 

for the interpretation of test results with a mathematical expression; a straight rectangular system is 

used in the plan. A flat Cartesian system includes two perpendicular axes: Ox - the axis of the values 

(of the variable (x)) and the oy axis - the axis of the function (Y). These axes are oriented in a 

perpendicular plane. On the axis of the value of the variable (x), respectively, the function (y) is 

positive, increasing starting from the holes (0,0). In the opposite sense, the values of the variable and 

the function decrease; they are positive until the origin and then become negative. The function (y) is 

repeated in cycles or periods. 

The size for which the function takes values of the same meaning is called the half-period. A 

cycle (a period includes a positive half-period and a negative half-period. The function presents 

several periods in its domain of definition. The intersection of the two axes (ox) and (oy) is made at 

the coordinate points (0,0) called the origin, being perpendicular (make 90 degrees between them or 

right angles). The plane is divided into quadrants, numbered 1,2,3,4 (Table 1). 

Table 1. Domains of the y function in the fourth quadrans of a rectangular plane coordinates 

system. 

Domain  1 2 3 4 

Variable x + - - + 

Function y + + - - 

Interval 0-π/2 π/2-π π-3π/2 3π/2-2π 

A practical example shows the sine function. A cycle (a period) extends over the interval (0.2π) 

on the Ox axis. On the interval (0, π), the function has positive values. This interval is a half-period. 

The interval (π, 2π) is the second half-period of the function. In the first half-period, the function is 

in the 1st quadrant, and in the 2nd half-period, the function is in the 4th quadrant. In test 5, there is a 

cut in the signal that is slightly pronounced so that it can be distinguished for the function with values 

close to the origin, such that the shape of the signal is convex. The usual porcine shape of the semen 

is easily highlighted. 

Then, there is a sudden increase in the function, which stands out in the graph as the rectangular 

signal determined by a pronounced cut (interval A-B). In the negative area (interval B-C) , the signal 

is close to the rectangle-shaped shape, where the cut is made at a higher amplitude than in the 

positive part. The images obtained on the oscilloscope highlight the increase in the average voltage 

(Vavg) and the voltage between the peaks of the signals (Vpp) corresponding to one half-cycle of the 

signal recorded on the oscilloscope. The maximum amplitudes (peaks) are not visible on the 

oscilloscope, the signals being cut for both half-periods (positive located above the axis (ox) and 

negative situated in the lower part of the ox axis). The test image (40) includes the complete form of 

the signals, although VBpp has a relatively high value of 7.41V. The first three images, corresponding 

to test 1,14,33, are rectangular due to the “cutting” of the signals in amplitude. Image 33 indicates a 

slight deviation from the rectangular shape like this, as images 3 and 39 show a curvilinear graph; 

however, the voltage cuts in both semi-periods are visible. The stability of the signals on the 

oscilloscope screen is verified, proving the correct function of the assembly. The 50 Hz ester testing 

frequency is provided and indicated by the oscilloscope. A slight deviation of the frequency is evident 

in test 33, being 49.9 Hz (see supplemental material S2). Table 2 shows the results of the experiments. 
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Table 2. the signal input, U in [V], the signal output, U off, the average voltage [V] Vpp [mV], and the 

voltage between peaks Vavg [mV]. 

Nr U in [V] U off [V] Vpp [mV] Vavg [mV] 

1 4.910 3.520 383.00 41 

2 4.917 3.521 383.03 48 

3 4,920 3.522 383.02 49- 

4 4.924 3.523 383.03 51 

5 4.931 3.524 383.04 55 

6 4,930 3.525  383.05 58 

7 4.938 3.526 383.06 61 

8 4.945 3.527 383.07 64 

9 4,940 3.528 383.08 67 

10 4.952 3.530 383.09 69 

11 4.959 3.531 383.10 71 

12 4,950 3.532 383.11 72 

13 4.966 3.533 383.12 73 

14 4.967 3.560 383.30 74 

15 4.924 3.552 457.60 84 

16 4.931 3.557 567.23 99 

17 4,930 3.562 879.40 120 

18 4.938 3.567 973.57 146 

19 4.945 3.571 1007.68 150 

20 4,940 3.576 1340.21 167 

21 4.952 3.581 1420.79 175 

22 4.959 3.586 1457.93 189 

23 4,950 3.590 1789.17 199 

24 4.966 3.595 1934.55 202 

25 4.973 3.600 2346.67 211 

26 4,960 3.605 2584.50 218 

27 4.968 3.610 2865.70 234 

28 4.969 3.614 3146.90 245 

29 4.988 3.619 3428.19 257 

30 4.995 3.624 3709.35 267 

31 4,940 3.629 3990.57 288 

32 4.952 3.633 4991.78 321 

34 5.005 3.742 5670.35 345 

33 5.020 3.640 4020.31 353 

35 6.015 3.847 6320.89 361 

36 6.025 3.851 7270.67 377 

37 6.035 3.956 7620.98 393 

38 6.070 4.350 7710.04 490 

39 7.510 5.310 19800.89 2080 

40 7.532 5.421 32190.56 2670 

In Figure 4, the signal input and output are shown [V]. As observed, the in and out signals 

remain constant, contrary to an increase in the system resistance (which mimics a stenosis). After the 

resistance [Ω] is increased by more than 50% of the base value, an increase in the in and out signals is 

observed. 
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Figure 4. In and out signal recorders with an increase in resistance. 

In Figure 5, the average voltage versus the difference between the voltages is represented. Vagp 

and Vpp are very sensitive to changes in vascular resistance and increase with the increase in 

resistance (stenosis). 

 

Figure 5. The average voltage(Vavg) versus the difference between the voltage(Vpp). 

Figure 6 represents the cluster of all experimental observations. As observed, all values are part 

of the same cluster. The cluster is symmetric and distributed, suggesting that the data are average 

values and that there is an interconnection between them. 

 

Figure 6. A cluster of the v values obtained by the simulation of hemodynamics using the P.C.B.The 

red spot represents the last value corresponding with the highest degree of stenosis. 
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4. Discussion 

Recent developments in computational performance and medical simulation technologies have 

markedly improved, especially in predictive diagnosis. This paper examines reduced-order models 

for blood flow simulation, hence serving as viable alternatives to 3D simulations in resource-

constrained medical environments. This simplification leads to a reduction in spatial detail. 

Moreover, in hemodynamics research, user engagement with simulations might be crucial for 

pinpointing particular regions inside blood arteries that require thorough examination. For the 

application of CFD-based blood flow simulation in clinical practice, it is essential to achieve results 

in a timely manner. Conventional three-dimensional analyses necessitate significant processing 

resources, particularly when evaluating a diverse array of blood arteries, to ascertain local flow 

distribution. The considerable requirements for computer power and time make these studies 

unsuitable for swift clinical use. In contrast, economic blood flow simulations with reduced-order 

models have been created as diagnostic assistance instruments. Liang introduced a 1D–0D 

cardiovascular circulation model, wherein the 1D component calculates the deformation of the vessel 

wall and the corresponding pulse wave propagation by utilizing the surface integral over the cross-

sectional area of the governing equation [27,28]. 

The 0D model simulates the mechanical characteristics of blood vessels by drawing parallels 

with electrical circuits. In literature, models are combined to simulate blood flow throughout the 

entire circulatory system. Those models represent major arteries as one-dimensional (1D) 

axisymmetric tubes, whereas peripheral blood vessels, veins, and the heart are depicted as zero-

dimensional (0D) circuit components. The 0D elements are linked at both the commencement and 

conclusion of the 1D model, forming a closed loop. The 1D model governs the primary arteries, 

including the ascending aorta, and the circulatory systems of the upper body (Circle of Willis, 

external carotid arteries, and upper limbs) as well as the lower body, encompassing the abdominal 

region and, in this study, both lower and upper limbs. The one-dimensional elements connect to the 

zero-dimensional components at the terminal arteries and arterioles of each circulatory system. Veins 

converge in the heart’s right atrium and ventricle, with blood passing through pulmonary circulation 

before being ejected into the ascending aorta from the left atrium and ventricle, thereby re-entering 

the one-dimensional flow and initiating a new cardiac cycle [29]. 

Blood circulation entails the propagation of pressure and flow waves throughout the vascular 

system. To balance computational efficiency and physical accuracy, one-dimensional (1D) network 

models have been employed to analyze pressure and flow waveforms in both normal and 

pathological states. This modeling methodology has been utilized for the systemic arterial system, 

the coronary network, and the brain vascular network. These one-dimensional network models 

comprise elements that locally delineate the relationship between pressure and flow. The relationship 

among pressure, area, and flow in blood vessels is described by one-dimensional wave propagation 

equations, specifically one-dimensional partial differential equations of mass and momentum, 

determined by integrating the Navier-Stokes equation across the cross-sectional area of the blood 

channel. As the caliber of vessels diminishes and their quantity grows towards the periphery, a 

threshold is achieved beyond which individual vessel modeling becomes unfeasible. At this juncture, 

the vasculature is abbreviated, and 0D lumped models, such as the Windkessel model or the 

structured tree model, elucidate the distal vasculature’s contribution to pressure and flow [30]. 

Various complicated techniques exist to resolve the system of equations resulting from the 0D 

and 1D models and to simulate the propagation of pressure and flow waves through the vascular 

system. All numerical approaches for 1D wave propagation equations originate from the precise 

relationship among pressure, area, and flow or cross-sectional mean velocity. Initially, discrepancies 

among the numerical approaches emerge based on the selected state variables to be retained. The 

relationship between area and pressure, governed by a constitutive equation of the vessel wall, yields 

either a pressure-flow-area-velocity or a pressure-velocity formulation. A secondary source of 

discrepancies is the selection of spatial discretization for the equations. Techniques encompass finite 

difference and spectral/finite element methods. The outcome is a collection of ordinary differential 

equations requiring the temporal resolution of state variables. Thirdly, several techniques are 
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employed to maintain the continuity of pressure and flow at vessel bifurcations and the junction 

between the vessels and the periphery. Methods encompass the weak coupling of 0D and 1D 

equations, the computation of Riemann invariants, or the incorporation of penalty equations [31]. 

Considering 1 D models - in big arteries, blood pressure p (Pa), blood flow q (m³·s⁻¹), wall shear 

stress τw (Pa), and artery cross-sectional area A (m²) are interconnected through one-dimensional 

equations of mass and momentum. Neglecting leakage through the vessel wall and gravitational 

forces, the mass and momentum balance is expressed as follows (derivations can be found in Hughes 

and Lubliner and Van de Vosse and Stergiopulos: C.A.∂p∂t + ∂q∂z = 0, with C.A. = ∂A∂p, (1) ρA(∂q∂t 

+ ∂∂z(δq²A)) + ∂p∂z = 2aτw(2) [32–34]. 

In this (p, q, A) formulation, z (m) represents the coordinate along the vessel axis, a = √(A/π) (m) 

signifies the vessel radius, C A (m²·Pa⁻¹) indicates the vessel area-compliance, and ρ (kg·m⁻³) defines 

the blood density. 

The wall shear stress τ w and the constant δ in (2) are determined by assuming a velocity profile. 

Multiple alternatives exist for selecting a velocity profile [1]. This analysis assumes an approximate 

velocity profile. The wall shear stress is expressed as τw=−2η(1−ζc)aqA+a4(1−ζc)∂p∂z, where 

ζc=(max   [0,1−2√α]).2. (3) where η (Pa·s) represents blood viscosity, ζ c denotes the fraction of cross-

sectional area exhibiting inertia-dominated flow, and α=√2A0ρ/Tη is the Womersley number, which 

incorporates the time of the cardiac cycle T [s] and the vascular cross-sectional area A 0 = πa 0 2 at 

reference pressure p0. For approximate velocity profiles, the constant δ is defined as 

δ=2−2ζc(1−lnζc)(1−ζc)². (4) [35–37] 

The Poisson ratio μ, Young’s modulus E, and wall thickness h define the radius dependence of 

the area compliance. An expression for the pressure dependence of the cross-sectional area is derived 

by integrating the area compliance with pressure [38]. 

The role of the peripheral vasculature at each artery endpoint is aggregated in a three-element 

Windkessel model. A singular differential equation is typically formulated that correlates pressure p 

and flow q at the entry of the Windkessel: ∂q/∂t = (1/Z)∂p/∂t + (p/ZC) - ((1 + Z.R.)q/ZC), (6) where Z 

denotes the characteristic impedance, R represents the peripheral resistance, and C signifies the 

peripheral compliance. However, the adoption of this equation implicitly presupposes that the 

venous exit pressure is zero. The model’s applicability is confined to that particular circumstance. A 

broader methodology involves constraining the Windkessel equations to those that correlate pressure 

differentials across the many components constituting the Windkessel model. 

The role of the peripheral vasculature at each artery endpoint is aggregated in a three-element 

Windkessel model. A single differential equation is often formulated to connect pressure p and flow 

q at the Windkessel’s entrance.: 

∂q∂t=1Z∂p∂t+pZRC−(1+ZR)qZC,     (6) 

Let Z represent the characteristic impedance, R denotes the peripheral resistance, and C signifies 

the peripheral compliance. However, the adoption of this equation implicitly assumes that the 

venous exit pressure is null. The model’s applicability is confined to that particular circumstance. A 

broader methodology involves constraining the Windkessel equations to those that correlate pressure 

differentials across the many components constituting the Windkessel model [39–42]. 

The wave propagation equations for vascular segments are often expressed in discrete form 

utilizing finite/spectral-element or finite-difference methods. These approaches have the drawback 

that bifurcations necessitate the formulation of supplementary coupling equations based on Riemann 

invariants or penalty functions. Moreover, the equations of the peripheral model are typically 

integrated by resolving a characteristic equation in conjunction with the wave propagation equations. 

The limitation of this method is that the characteristic equation must be accessible. In the 0D model 

proposed, the data are directly available, being a fast and reproducible method. 

Furthermore, the results provided by the 0D model are modest compared to the 2D-3D 

hemodynamics models presented in the discussion section. For those models, parallel computing is 

required. The exact anatomy of the vessel is usually recorded; thus, there is a need for extensive 

medical imagistic exploration (C.T., R.M.N.) before the model can be computed and the results 

analyzed. 
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5. Conclusions 

The model based on the P.C.B. design retrieves good results in simulating arterial stenosis. Also, 

it proves it can simulate the changes in the vascular wall resistance. Furthermore, it is a fast tool for 

simulating arterial stenosis. Further developments regarding hardware (the P.C.B.) and in 

conjunction with software analysis and computation are needed. 
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