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Abstract 

Bioimpedance is an electrical property, which is measured to 

indicate related parameters and diagnose several diseases of the 

body. The heart pulsatile is a blood flow with periodic variations as 

a result of heart beats. The main objective of this article is 

studying the effect of the heart pulsatile on the measurements of 

artery bioimpedance. However, neglecting the heart pulsatile 

leads to error in calculations of many applications based on artery 

bioimpedance measurement such as glucose monitoring, stenosis, 

and cholesterol detection. Furthermore, the studying of the heart 

pulsatile effect could be developed to measure the heart rate as a 

novel method based on bioimpedance phenomena. A simple 

model of electrodes and composite layers (skin, fat, muscle, and 

artery) is simulated using COMSOL. In this work, a model of non-

invasive electrodes for measuring an artery bioimpedance is 

described to show the best method to take into consideration the 

effect of heart pulsatile. 
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Introduction 

Bioimpedance is a widely used technique to measure 

the body composition due to its various advantages such as 

noninvasiveness, accuracy, applicability and low cost [1]. 

The measurement of artery bioimpedance is proposed in 

this study because it is used to diagnose numerous of blood 

diseases such as the cholesterol level, the foundation of 

stenosis, and diabetes [1]. Furthermore, the studying of the 

heart pulsatile effect may be used to measure the heart 

rate as a novel method for heart rate detection based on 

bioimpedance phenomena. The heart rate measuring using 

bioimpedance technique will be a new addition in medical 

devices unlike existing devices due to the already 

mentioned advantages [2]. 

A rated 17.5 million people died from cardiovascular 

disease (CVDs) in 2012, representing 31% of all global 

deaths. However, people who suffer from CVDs because of 

the existence of one or more risk reasons such as 

hypertension and diabetes, need early detection [3]. 

The electrical properties of biological tissues are divided 

into two categories corresponding to the source of the 

electrical signal, active and passive responses. Active 

response (bioelectricity) happens when biological tissue 

induces electricity because of ionic activities inside the cells. 

Passive response happens when biological tissues are 

stimulated by an external electrical current source [4, 5].  

The heart pulsatile can be represented in finite element 

models (FEM) by two ways; first way is changing in blood 

pressure [6] and the second way is changing in the diameter 

of the artery wall [7]. 

The estimation of impedance depends on the electric 

current, which is passed through tissues. However, the 

electric current is described by two major parts (real and 

displacement), which are related to the generated electric 

field by the applied electrodes as follows [8]:  

 

𝐽 = 𝐽𝑟𝑒𝑎𝑙 + 𝐽𝐷 = [𝜎(𝜔) + 𝑗𝜔𝜀(𝜔)]𝐸,      (1) 

 

where J: the total density of current, 𝐽𝑟𝑒𝑎𝑙 : the real part 

of current density, 𝐽𝐷: the displacement part of current 

density, 𝜎(𝜔): the conductivity of tissue dependent on 

frequency, 𝜀(𝜔): the permittivity of tissue dependent on 

frequency. E: the generated electric field by the applied 

electrodes. 
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Equation (1) shows that the impedance depends on two 

parameters, as follows: 1) the generated electric field 

(which depends on the applied potential on electrodes, in 

addition to the position, the size and the shape of the 

electrodes) [9]. 2) The dielectric properties of tissues (the 

conductivity and the permittivity). 

The rest of this paper is arranged as follows: section 2 

explains the steps of modeling of the artery bioimpedance 

measuring. Section 3 presents simulation results such as, 

the properties of applied electric field and the fluidic 

properties of blood. Finally, section 4 concludes this paper 

and summarizes how to simulate the effect of heart 

pulsatile on the measuring of artery bioimpedance. 

 

2D Model of bioimpedance electrodes  

  COMSOL Multiphysics 5.0 is used for simulating the 

bioimpedance electrodes and an artery that is immersed in 

muscle and fat layers, and which are all covered by skin 

layer. The proposed model is simulated by three major 

stages: first stage is the pre-processing. Second stage is the 

processing stage as shown in Fig.1. In addition to the post-

processing stage in which the results are extracted and 

analyzed. 

 

The pre-processing stage 

As shown in Fig.1, the pre-processing stage contains: 

firstly, the selection of space dimensions, however, 2D 

space dimension is preferred to simplify the model in order 

to reduce the running time and increase the efficiency of 

the model. Secondly, the selection of physics, the electric 

current module is preferred to simulate the applied current 

and the generated electric field. The laminar flow module is 

selected to simulate and calculate the characteristics of 

blood motion based on its fluid dynamic properties. The 

frequency domain study is favored in order to compute the 

generated electric field at a specific range of frequencies. 

The laminar flow is used to simulate the motion of blood. 

The time-dependent study is preferred to compute the 

change in the motion of blood over time.  

 

The processing stage  

As shown in Fig.1, the processing stage contains: firstly, 

the geometry: which contains the structure of electrodes 

and composite layers (skin, fat, muscle, artery) as shown in 

Fig.2. The size and shape of electrode are proposed 

according to the results in article [10]. The dimension of 

pulse in the geometry are estimated depend on the stroke 

volume in diastolic and systolic [11]. Secondly, the 

materials: copper for electrodes, skin, fat and blood. Each 

material is described as set of features as shown in Table.1. 

Thirdly, applied physics: laminar flow module; the blood 

pressure is defined by the following equations: 

 

 

Pin= 126.09[mmHg]*f(t)  (2) 

Pout = 125.415[mmHg]*f(t)  (3) 

f(t) = 1- α cos (2 π (t-0.5)) 0 < t < 1       [14]   (4) 

 

where, Pin is the blood pressure at the inlet of the artery 

wall and Pout is the blood pressure at the outlet of the artery 

wall.  

 

 
Fig. 1: Block Diagram of the COMSOL model. 

 

 

 
Fig. 2: The geometry of the electrodes and an artery immersed in 

muscle and fat layers and covered by a skin layer. All dimensions in 

cm [10]. 

 

 

Table 1: The dielectric properties of organs at 100 kHz [10,12,13]. For 

blood as laminar flow: viscosity = 0.005 Pa∙s and density 1060 Kg/m3 [14]. 

 Organ  Permittivity  Conductivity (S/m) 

1 Skin 1000 0.2 

2 Fat  100 0.4 

3 Muscle 10000 0.4 

4 Blood 4000 0.7 

5 Copper 1 5.998e7 

 

In addition to the electric current module, the 

properties of the applied electrical signal are 1mA, 1 kHz to 

2 MHz, (current source) [15], and ground.  

Finally, the mesh: whereas, the fine physics controlled 

mesh is proposed due to various advantages such as 

minimizing of the running time and increasing the efficiency 

of the model as shown in Fig.3., a physics controlled mesh 

•Space dimension selection 
•Physics module and study defining 

preprocessing

•Geometry Building
•Material properties insrtion
•Applying loads and boundary conditions
•Meshing 

processing

•Results (2D and 1D) exratcion 
•Anlyzing results 

postprocessing
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which automatically creates meshes that are adapted to the 

physics in the model, can also be used. 

 

The post-processing stage 

In this stage, the results are extracted and analyzed for 

concluding the objective of the paper. The results extraction 

is illustrated in detail in the next section.  

 

 
Fig. 3: The mesh of the model. 

 

Results 

In this part, the detailed results are described in three 

major categories as follows: first category, the applied 

electric field. Second category, the fluid mechanics of the 

blood. Third category, the bioimpedance.  

The first category, the applied electric field is presented 

and described as shown in Fig.4. Fig.4 (A) shows the 

distribution of electric field over the whole layers. As noted 

in Fig.4 (A), the electric field intensity is higher at the skin 

and fat layer comparing to other layers because it is near to 

the electrodes. However, the legend bar show that the 

intensity of electric field at artery in suitable range to detect 

the changes in impedance after the losses due to the skin 

and fat layers. Fig.4 (B) shows that the path of the electric 

field starts in one electrode and continues to the second 

electrode through the artery, which confirms the ability of 

the system to measure the impedance of the artery with 

sufficient efficiency. Fig.4 (C) shows the intensity of the 

electric field with respect to the length of the artery as 

shown in Fig.4 (D). However, the intensity of the electric 

field is increased around the pulse. 

Fig.5 shows the fluid dynamic properties of blood. The 

translation velocity of blood is described in Fig.5 (A), which 

is estimated according to the following equations: 

 

𝜌
𝜕𝑢

𝜕𝑡
+ 𝜌(𝑢 ∙ ∇)𝑢 = ∇ ∙ [−𝑝 + 𝜇 (∇𝑢 + (∇𝑢)𝑇

−
2

3
 𝜇(∇ ∙ 𝑢)𝐼)] + 𝐹  (5) 

 

𝜕𝜌

𝜕𝑡
+ ∇ ∙ (𝜌𝑢) = 0                                     (6) 

 

where u is the fluid velocity, p is the fluid pressure, ρ is 

the fluid density, and μ is the fluid dynamic viscosity. 

 

 
 

Fig. 4: The properties of the applied electric field: A) the 

distribution of electric field over all layers, B) the stream of electric 

field through all layers, C) the distribution of electric field along the 

artery, and D) the arc length of (C). 

 

Eq.5 is divided into four major parts as follows: First 

part is the inertial forces at the left hand side. The second 

part is the pressure forces which is represented by the part 

(−𝑝 ∙ 𝐼). Third part is the viscous forces, which is 

represented by the part (𝜇 (∇𝑢 + (∇𝑢)𝑇 −
2

3
 𝜇(∇ ∙ 𝑢)𝐼)). 

Finally, F represents the external applied force to the fluid. 

However, the important parts in this study are the pressure 

forces (the pressure during systolic and diastolic) and 

viscous forces (the viscosity of the blood).  

A 

B 

C 

D 
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Eq.5 is always solved together with the continuity 

equation eq.6. However, Eq.5 represents the conservation 

of momentum, while the continuity equation (Eq.6) 

represents the conservation of mass. Furthermore, Fig.5 (B) 

describes the distribution of blood pressure along the artery 

Eq. (2-4) [14]. 

 

 
Fig. 5: The dynamic fluid properties of blood: A) the velocity, and 

B) the pressure. 

 

Discussion 

The effect of inserting a pulse, which is an extension in 

the diameter of the artery due to the stroke volume, on the 

measured artery impedance is presented in the Fig.6. 

Where, the blue line represents the impedance of the 

artery and all layers versus different frequencies in case of 

artery wall extension. The red line represents the 

impedance of artery and all layers versus different 

frequencies in case of inserting a pulse extension in the 

diameter of the artery. The difference between the two 

lines represent the errors in the calculations for any 

application, therefore, it is very important to track the heart 

pulsatile effect in the model conditions for different 

applications. Furthermore, the heart rate can be estimated 

from this difference by counting the times the impedance is 

changed from blue line to red line for one minute. From this 

point, a novel method for measuring heart rate based on 

bioimpedance is presented. 

Fig.7 shows the effect of changing the blood pressure 

by retyping the equations (2,3) as follows: 

 

Pin = r ∙ 126.09 [mmHg] ∙ f(t)  (7) 

Pout = r ∙ 125.415 [mmHg] ∙ f(t) (8) 

 

where, r is a factor for comparing impedance curve with 

respect to frequency at different inlet and outlet pressures. 

 

 
Fig. 6: The magnitude of impedance of all layers versus the range 

of frequencies with and without the pulse. 

 

 
Fig. 7: The magnitude of the impedance of all layers versus range of 

frequencies at different values of blood pressures. 

 

Note that all lines are plotted on each other, which 

mean that the changing in pressure has no effect on the 

measured impedance. Fig.6 shows that neglecting the effect 

of the heart pulsatile cannot be considered as an accurate 

model, because there will be a certain error in the results 

due to the difference between the lines.  

Fig.7 confirms the conclusion in article [16], which is the 

effect of pressure on the dielectric properties of tissue 

(conductivity) do not appear apart from at very high 

pressure (GPa). Therefore, the results show that the 

variation in pressure is not able to represent the heart 

pulsatile effect in the FEM model.  

In the following, we will use glucose level measurement 

by bioimpedance technique to show the effect of neglecting 

the effect of the heart pulsatile on the results. The 
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relationship between the dielectric properties of blood and 

the glucose concentration in blood is presented in Fig.8 

[17]. 

 

 
 

Fig. 8: The dielectric properties of blood vs glucose levels within 

0.5 – 20 GHz. A) the permittivity, and B) the conductivity. [17] 

 

As shown in Fig.8 (A), the permittivity of the blood 

gradually decreases with increasing concentration of 

glucose in blood. In addition, the conductivity of the blood 

is also decreasing with increasing concentration of glucose 

in blood as shown in Fig.8 (B). This relationship between the 

dielectric properties and the glucose concentration in blood 

leads to measuring the glucose level based on the changes 

in the bioimpedance as shown in Fig.9.  

The effect of ignoring the heart pulsatile effect on the 

measurement at different blood glucose concentrations is 

described in Fig.9.  Fig.9 shows that the values of 

impedance at different blood glucose concentrations (0 and 

2000 mg/dl) without the pulsatile effect are much less than 

with the pulsatile effect at the first part of frequency range. 

However, Fig.9 shows that there are errors in the 

expectation of glucose level using the magnitude of the 

measured impedance as described at the 0.5 MHz point in 

both cases. Where, at 0.5 MHz, and 0 mg/dl glucose 

concentration; the difference between two bars (without 

and with the pulsatile effect) is 2.279×10−4 ohm and 

1.613×10−4 ohm at 2000 mg/dl glucose concentration, 

which represent the error in the measurement of glucose 

level in case of neglecting the heart pulsatile effect. 

Therefore, Fig.9 confirms the objective of this article, which 

is the importance of adding the heart pulsatile effect to the 

estimation of blood diseases based on the bioimpedance 

technique. 

 

 
 

Fig. 9: Comparison between measuring the glucose level with and 

without heart pulsatile at different level of glucose concentration: 

A) 0 mg/dl, and B) 2000 mg/dl. 
 

Conclusion  

A model of non-invasive electrodes for measurement of 

artery bioimpedance and a model of composite layers is 

presented and discussed. In addition, a model of blood 

glucose level detection is discussed. 

The simulation results show that the best method of 

taking into consideration the effect of heart pulsatile is the 

extension in the diameter of artery wall as a pulse. 

Furthermore, the results show that an error exists in the 

calculations of glucose level detection using bioimpedance 

electrodes in case of neglecting the effect of the heart 

pulsatile effect.  
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