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Abstract: This study explores the practical application and impact of bioimpedance analysis in mobile devices for monitoring human
health. The objective of the study is to propose a feasible application of non-invasive bicimpedance analysis by using the tetrapolar
electrode connection method and the Cole-Cole model. Bioimpedance measurements and the calculation of electrical parameters
are performed using ANSYS HFSS software for theoretical calculations and digital signal processing technology for real-time
measurements using hardware devices. The study focuses on a model of the front arm, including tissues such as bone, fat, muscles,
arteries and skin, with glucose concentrations as test cases. The simulated characteristic impedance with the ANSYS HFSS software
package at 125 kHz varied from 315.8 Q to 312.6 Q, and the measured forearm characteristic impedance with hardware varied
from 150.1 Q to 151.3 Q. The measured characteristic impedance when the heart is in systole and diastole also differed, with a difference
of about 0.85% of the maximum impedance measured. The study demonstrates the potential of non-invasive bioimpedance analysis
to address health issues such as obesity and heart disease. It also highlights its usefulness as a non-invasive alternative for measuring
glucose concentration in diabetic patients to reduce the risk of infection. The findings indicate the feasibility of using bioimpedance analysis

in mobile devices for health monitoring purposes.
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1. INTRODUCTION

Bioimpedance measurements are widely used in various fields
[1-3]. Bioimpedance refers to the tissue’s resistance to the flow of
alternating electrical current. When an alternating electrical cur-
rent passes through the human body, the Z complex impedance
of the tissues consists of two components: the imaginary part
(reactive resistance, X) and the real part (active resistance, R).

Bioimpedance measurement is based on the fact that the
complex impedance of conductive materials depends on the
shape of the conductor. In a cylindrical conductor, impedance is
directly proportional to the length of the conductor and inversely
proportional to the cross-sectional area of the conductor [4].

Different tissues in the body respond to electrical current such
as conductors, semiconductors or dielectrics. Lean body tissues
respond to electrical current as conductors because they contain
a high amount of water and electrolytes. Fatty tissues and bones,
on the other hand, act as dielectrics. Since electrical current will
primarily flow through the most conductive tissues in the human
body, such as interstitial fluids and muscles, these tissues will
have the greatest influence on the overall body impedance.

Since the human body does not have a regular cylindrical
shape, a model is used when measuring body impedance, in
which different body parts are represented as separate cylindrical
components: two arms, the human back and two legs [5].

When performing bioimpedance analysis and calculating body
impedance, challenges arise because the human body consists of
both active and reactive components of impedance. The reactive
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component of impedance in the human body is due to cell mem-
branes, while the active component is influenced by intracellular
and extracellular fluids. It can be inferred that cell membranes in
the body act as capacitors, while intracellular and extracellular
fluids function as resistors [6].

To calculate the reactive and active components of body im-
pedance, several steps are involved. Firstly, the effective voltage
and current values are calculated. Then, power and effective
power are determined. Finally, phase shift, reactive impedance
and active impedance can be calculated [7].

Currently, the most commonly used methods for electrode
placement are bipolar and tetrapolar configurations. In bipolar
electrode placement, two electrodes are connected to the human
body to supply the tissue with alternating current and measure the
voltage between the two electrodes. In tetrapolar electrode
placement, four electrodes are used. Two electrodes are respon-
sible for supplying the body with alternating current, while the
other two measure the voltage [8].

When measuring the whole-body impedance, there are sever-
al methods for electrode placement on the body. These methods
differ based on electrode attachment to different body locations,
allowing the alternating current to flow through different segments
of the human body. The most commonly used methods are hand-
to-hand [9], foot-to-foot [10] and hand-to-foot [11] methods. Cur-
rently, the most popular method is the hand-to-foot method.

Segmental impedance analysis involves measuring the im-
pedance of individual body segments. By measuring the imped-
ance of specific body regions using this method, it is possible to
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calculate the mass of different tissues in the entire body and
monitor parameters such as heart activity, the relationship be-
tween impedance and blood glucose levels, and the respiratory
rhythm of an individual [12,13].

In this method of measuring bioelectrical impedance, a con-
stant frequency current of 50 kHz is commonly used. This current
flows through electrodes attached to the individual’s hand and foot
[14]. By conducting measurements with a current of 50 kHz, it is
possible to determine the fat-free mass and total body water
content, but it is not possible to assess the specific quantities of
intracellular and extracellular fluids since the 50 kHz current can-
not penetrate cell membranes, which act as capacitors. Therefore,
this method is most suitable for healthy individuals with a normal
body water content and who are not severely dehydrated [15].

The limitations mentioned earlier can be overcome by the
method of bioimpedance analysis using multiple frequency meas-
urements, typically ranging from 0 kHz to 500 kHz (0, 1, 5, 50,
100, 200 and 500). This method is based on the principle that
different tissues have different electrical conductivities at different
frequencies. By applying currents at different frequencies, it is
possible to estimate fat-free mass, total body water and the quan-
tities of extracellular and intracellular fluids. Research has shown
that using variable-frequency electrical currents allows for more
accurate estimation of extracellular fluids [16]. However, a previ-
ous study [17] has indicated that this method is not suitable for
determining the distribution of water between intracellular and
extracellular compartments in the bodies of elderly individuals.

Another application area is in the measurement of fat-free
mass. The initial methods for calculating fat-free mass were solely
based on measurements of height and impedance. To improve
measurement accuracy, formulas were later derived that required
additional individual data such as weight, age, sex, reactance and
anthropometric [18]. In this method, a constant current of 50 kHz,
800 pA is used to calculate bioimpedance. Kotler et al. [19] devel-
oped a formula specifically for calculating fat-free mass in healthy
individuals. This method utilises a fixed-frequency 50 kHz electri-
cal current for impedance measurement.

In the human body, body fluids consist of intracellular (ICW)
and extracellular (ECW) fluids. Studies have shown that bioelec-
trical impedance analysis at varying frequencies is more suitable
for measuring body fluids as it yields lower measurement
errors [20].

This method involves measuring impedance at varying fre-
quencies. A current with frequencies ranging from 0 kHz to 100
kHz was passed through the human body. Impedance was meas-
ured at specific frequencies: 1 kHz, 5 kHz, 50 kHz and 100 kHz.
The results showed that the most accurate determination of the
total body fluid volume was obtained using an electrical current of
100 kHz, while the most accurate data for extracellular fluid vol-
ume were obtained using an electrical current of 1 kHz. Kushner
and Schoeller [21] derived a formula for calculating the total body
fluid volume.

Constant frequency bioelectrical impedance analysis is also
used to determine the total body skeletal muscle mass [22].

Equally important research has been conducted in a previous
study [23], stating that under different pressures in the arteries,
their diameter can vary from 2.274 mm to 2.519 mm. Another
study [24] presents an electrical model of arterial impedance
variation due to the heart pulse. It is also crucial to note that blood
conductivity and dielectric permittivity parameters vary with
changes in blood glucose levels. In a study by Li et al. [25], the
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calculation was made on how glucose affects the electrical pa-
rameters of deionised water at glucose concentrations ranging
from 0 mmol/L to 225 mmol/L.

In addition, in this study, it was observed that dielectric permit-
tivity parameters, conductivity and dielectric relaxation time have a
linear dependence on the glucose concentration in deionised
water solution. Based on this finding, formulas were derived to
calculate the electrical parameters of the solution at different
glucose concentrations [22]. The observation that glucose affects
the conductivity of a non-conductive solution leads to the conclu-
sion that different glucose concentrations also affect the electrical
conductivity of blood. Therefore, by knowing the electrical pa-
rameters of blood, the diameter and length of the artery at the
measurement site, it is possible to calculate bioimpedance [26].

To measure bioimpedance, a tetrapolar 4-electrode connec-
tion method was used. This method was chosen because the
shape of electrodes, and contact impedance has less influence on
measurement accuracy than the bipolar measurement method. In
the tetrapolar configuration, a current is applied through two elec-
trodes, while the other two electrodes are used for voltage meas-
urement. No current flows through the voltage measurement
electrodes. The entire electrical current passes only through the
tested tissue. Consequently, there is no voltage drop due to con-
tact impedance between the voltage measurement electrodes.
Additionally, when performing measurements using the tetrapolar
connection method, the body position has less impact than the
bipolar measurement method. Finally, the tetrapolar electrode
configuration method is less sensitive to electrode placement than
the bipolar method.

This study will be conducted on the human wrist. This location
was chosen because it is convenient to measure the variation in
bicimpedance due to the presence of the radial and ulnar arteries
in the wrist. The radial and ulnar arteries are among the main
arteries in the human body.

2. INVESTIGATED MODELS OF THE FOREARM

The described study consists of two parts: theoretical and ex-
perimental. In the theoretical part, computer modelling of bioim-
pedance analysis is performed using the ANSYS HFSS software
package. In the experimental part, bioimpedance measurements
are taken on the human wrist using a specially prepared meas-
urement setup.

2.1. Computer-based model of the forearm using ANSYS
HFSS

The electrical model of the forearm was created using the
ANSYS HFSS software package, considering six tissues: the skin
layer, adipose tissue, arteries, muscles, cortical bone and bone
marrow (Fig. 1).

The length of the electrical spatial model is 25 cm, the width is
5.05 cm and the height is 3.05 cm. The proportions and thickness
of the selected tissues in the study were the same as those used
in the study conducted by Yu et al. [1] Dimensions of the model
are provided in Fig. 2. In the model (Fig. 1), the skin layer is de-
picted in orange, adipose tissue in yellow, arteries in red, muscles
in pink, cortical bone in grey and bone marrow in white. Green
colour represents the electrodes used to connect to the tissues.
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The electrodes located on the outer surface of the model are
current electrodes, while the electrodes at the centre are voltage
electrodes. During the development of the model, separate pa-
rameters were defined, allowing for easy modification of the
length, width, height, artery diameter and electrode layout of the
model. In the centre of the model, a space was created to visual-
ise the distribution of current within the model.

The power source for bioelectrical impedance measurements
in the ANSYS HFSS software package was implemented using
current sources. The amplitude of the current was chosen to be
0.1 mA. The selected maximum current value is safe and com-
plies with the |IEC 60601-2-47:2012 safety standard for medical
electrical equipment — Part 2-47: Particular requirements for the
basic safety and essential performance of ambulatory electrocar-
diographic systems. This choice was made in consideration of the
capabilities of the experimental equipment that will be used in
subsequent experiments.

adipose tissue
muscles

Fig. 1. Computer model of the human forearm, created using the ANSYS
HFSS software package, consists of the following components:
the skin layer in orange, adipose tissue in yellow, arteries in red,
muscles in pink, cortical bone in grey and bone marrow in white
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Fig. 2. Dimensions of the tissues in the model
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Fig. 3. Distribution of current through the tissues in the forearm electrical
model [15]
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The ANSYS HFSS software package cannot automatically
calculate the bioelectrical impedance using current sources.
Therefore, it needs to be calculated using the field calculator
function. To do this, firstly, the voltage drop between the voltage
measurement electrodes needs to be calculated. This can be
done by knowing the electric field and the distance between two
points.

The voltage drop was calculated using the field calculator tool
in the ANSYS HFSS software package. The expression of Ohm’s
law was used to calculate the bioelectrical impedance.

The current flow in each tissue depends on the geometry and
electrical parameters of the tissues. Since the geometry of the
tissues in the thigh is irregular and complex, it is challenging to
create an accurate electrical model. For this reason, the model will
be composed of stacked tissues. The forearm model is shown
in Fig. 3.

By creating such a model, it can be concluded that the current
distributes through all the tissues of the forearm. Since the tissues
in the model are connected in parallel, this model is equivalent to
an electrical model of six resistors connected in parallel, and their
total resistance can be calculated using formula [15]:
L=L+L+i+i+i+i’ (1)
Zfa  Zbm Zcb Zm  Zfy Zp Zs
where Z;,, is the characteristic impedance of the forearm, Z,,,,, is
the characteristic impedance of the bone marrow, Z,, is the
characteristic impedance of cortical bone, Z,,, is the characteristic
impedance of muscle, Z; is the characteristic impedance of fat,
Z,, is the characteristic impedance of blood and Z is the charac-
teristic impedance of the skin.

To calculate the resistance of an individual tissue, the tissue’s
electrical conductivity needs to be known. With this value, the
tissue resistance can be calculated using formula [15]:

l
RtlSS B OissAtiss’ (2)
where R, is the resistance of the tissue, L is the distance,
0:iss 1S the electrical conductivity of the tissue and A is the
cross-sectional area of the tissue.

During the computer modelling of the human wrist, three pa-
rameters were varied: frequency, radial artery diameter and differ-
ent glucose concentrations in the blood. The radial artery diameter
of the human wrist was limited to two different values ranging from
2.274 mm to 2.519 mm. Four different glucose concentrations in
the blood were used to calculate the characteristic resistances of
the simulated human wrist model in ANSYS HFSS software. In
total, calculations were performed at 48 different frequency points.
The calculated results of the model are presented on a logarithmic
frequency scale to visualise the variation in the characteristic
resistances, especially at lower frequencies.

2.2. Physical forearm measurement model

Bioelectrical impedance was measured using the MAX30001
integrated circuit. The MAX30001 circuit is a complete solution for
wearable applications and serves as a biopotential and bicimped-
ance front analogue. It provides high performance and extremely
low power consumption to extend battery life in clinical and fitness
applications. In a single biopotential channel, it provides a form of
pulse in the electrocardiogram (ECG), heart rate and pacemaker
edge detection. In addition, there is a single bioimpedance chan-
nel to measure breathing.
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The bicimpedance channel is equipped with integrated pro-
grammable current drives that support common electrodes and
provide flexibility for measuring two or four electrodes.

During the measurements, the maximum allowable frequency
of MAX3001 was used, which is 128 kHz. A 1 kHz high-frequency
filter was applied to the voltage measurement electrode inputs.
This filter is designed to eliminate high-frequency noise from
bioelectrical impedance measurements. Two MAX3001 integrated
operational amplifiers were used during the measurements. The
first operational amplifier was set to operate in a low-noise mode.
The gain coefficient of the second operational amplifier was set to
20 VIV. The analogue-to-digital converter sampling frequency was
set to the maximum possible value of 64 Hz. The integrated digital
filters of the MAX3001 prototype were not used since all signal
processing will be performed using the MATLAB software pack-
age. The amplitude of the alternating electrical current was set to
the maximum allowable value of 0.096 mA.

The real physical experiment setup, using the MAX3001 pro-
totype with four electrodes, is shown in Fig. 4. The four electrodes
were arranged equidistantly on the human forearm. Real physical
experiments were conducted on a healthy individual without dia-
betes. The glucose concentration in the blood was measured
using a commercial glucometer —- CONTOUR PLUS ELITE.

Fig. 4. Physical measurements of the characteristic impedance based
on the MAX30001 integrated circuit

The MAX30001 integrated circuit is connected to an external
microcontroller, which is used to collect and process information.
Samples are recorded in 20-bit resolution. This sensor calculates
the characteristic impedance based on the following formula [6]:

Vre
Z(Q) = ADC .—219.CGMA2 — 4)
where ADC is the voltage reading from the analogue-to-digital
converter of the sensor, V,.. is the reference voltage, CG 4 is
the magnitude of the current excitation and GAIN is the internal
gain applied to the voltage measurement.

This integrated circuit was chosen for its small size, low cost
and ease of operation. Due to these characteristics, this sensor is
suitable for use not only in scientific research but also in commer-
cial products.

The tested individual should fasting for 8 h. The person was
tested when in a lying position, fully relaxed. Initially, the blood
glucose level was measured before glucose consumption. After
measuring the blood glucose concentration, the subject consumed
75 g of glucose. The next measurement was taken 30 min after

acta mechanica et automatica, vol.18 no.3 (2024)
Special Issue "New Trends in Biomedical Engineering"

glucose intake, and subsequent measurements were taken every
30 min. The test lasted a total of 90 min. A total of four measure-
ments of glucose and characteristic impedance were taken. Each
measurement of characteristic impedance lasted 5 min to capture
multiple readings of impedance changes and increase the reliabil-
ity of the test. The testing equipment and its setup are shown in
Fig. 4.

After conducting the measurements of characteristic imped-
ance, the previously discussed signal processing was performed
to remove noise caused by human respiration and electrical inter-
ference.

3. SIGNAL PROCESSING METHODS

The planned measurements are expected to be quite noisy,
so it is important to discuss possible signal processing methods.
The most common sources of noise include human movements,
respiration and electrical interference. The initial unprocessed
measurement results with evident low-frequency noise influenced
by human respiration are presented in Fig. 5. Fig. 5 shows a 30 s
data window with characteristic impedance calculations from raw
data.
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Fig. 5. Example of characteristic impedance calculated from raw data

The aforementioned filtering helps to eliminate the previously
mentioned sources of noise, such as respiration and electrical
interference. From the filtered signal, peak values of the signal
can be extracted. Each signal maximum and minimum indicate
the impedance during systole and diastole of the heart, respec-
tively (Fig. 6).
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Fig. 6. Calculated characteristic inpedance from raw data
with the applied Chebyshev bandpass filter
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A hundredth-order Chebyshev bandpass filter was designed
for the initial data filtering by using the MATLAB software pack-
age. The sampling frequency was chosen to be 130 Hz, justified
by the hardware used. The MAX3001 sampling rate was 64 Hz.
The passband of the bandpass filter was set from 0.7 Hz to 40 Hz.
Frequencies below 0.7 Hz were filtered out to eliminate the influ-
ence of respiration on the measurements [27]. The heart rate in
the human body ranges from 50 beats/min to 180 beats/min,
corresponding to frequencies from 0.8 Hz to 3 Hz. This filter en-
sures that such heart rate frequencies are captured. The upper
cutoff frequency of the passband was chosen to be 40 Hz to filter
out electrical interference present in the measurements. The filter
has a stopband attenuation of 80 dB at the filtered frequencies.

4. RESULTS

In this section, computer modelling results using the ANSYS
HFSS software package and experimental research results under
real conditions are presented to validate the hardware on the
human wrist.

4.1. Characteristic impedance results of computer-based
modelling

Computer modelling using the ANSYS HFSS software pack-
age yielded results of the wrist computer model’s characteristic
impedance dependence on the frequency and blood glucose
level. Computer modelling was performed in the frequency range
from 10 kHz to 2 MHz. During the experiments, the blood glucose
level was varied within the range of 4 mmol/L to 33 mmol/L.

The results of the variation in the characteristic impedance
when the blood glucose concentration is 4 mmol/L are shown in
Fig. 7. The graph displays three curves. The orange curve repre-
sents the characteristic impedance when the heart is in the systol-
ic state. The blue curve represents the characteristic impedance
when the heart is in the diastolic state. The grey curve shows the
difference in the characteristic impedance between different heart
states as a function of frequency. The initial analysis of the results
indicates that the model’s characteristic impedance is inversely
proportional to the frequency of the alternating current.

As the artery fills with blood during systole, the pressure and
diameter of the artery increase. At this moment, there is more
electrically conductive blood in the artery, resulting in a lower
value of characteristic impedance than the diastolic state when
there is less blood in the artery and the diameter is reduced. The
characteristic impedance during systole, as the frequency in-
creases, varies from 330.86 Q to 229.13 Q in our examined fre-
quency range from 10 KHz till 2 MHz. During diastole, the charac-
teristic impedance varies from 332.99 Q to 229.53 Q.

The difference between the characteristic impedances is not
directly dependent on the frequency of the alternating current. As
shown in Fig. 8, initially, there is an increasing difference at lower
frequencies. The difference reaches its maximum at around 150
kHz and then starts to decrease again. Throughout the frequency
range, the difference varies from 0.39 Q to 2.13 Q. It can be con-
cluded that at 150 kHz, the difference between the characteristic
impedance of blood and the overall model impedance is the
greatest, indicating the highest concentration of current in the
artery. The current distribution in the other layers of the model is
minimal. Since the highest current concentration is in the artery at
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150 kHz, the largest difference between the characteristic imped-
ances is observed when the heart is in systole and diastole. As
the frequency increases, the characteristic impedance of the other
model tissues decreases faster than the blood impedance, result-
ing in a smaller variation in characteristic impedance for the differ-
ent cardiac states.

. S 25
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Characteristic impedance, Q
The difference between the characteristic resistances, Q
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Fig. 7. Change in characteristic impedance with respect to the artery
diameter and frequency, when the glucose concentration in the
blood is 4 mmol/l
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Fig. 8. Change in characteristic impedance as the artery diameter,
frequency and glucose concentration vary

Since the overall model impedance is more dependent on fre-
quency than on blood glucose concentration to better visualise the
dependence of the characteristic impedance on glucose concen-
tration and frequency, the results are presented in a narrower
frequency range from 100 kHz to 150 kHz. This dependence is
shown in Fig. 8. In Fig. 8, two groups of curves can be distin-
guished. The red, orange, green and blue curves represent the
results of the characteristic impedance when the heart is in systo-
le, while the brown, black, pink and grey curves represent the
results when the heart is in diastole. In systole, the blood glucose
concentrations were chosen as follows: red — 33 mmol/l, orange —
18 mmol/l, green — 12 mmol/l and blue — 4 mmol/l. In diastole, the
blood glucose concentrations were chosen as follows: brown — 33
mmol/l, black — 18 mmol/l, pink = 12 mmol/l and grey — 4 mmol/l.
As seen in the graph, different blood glucose concentrations lead
to changes in the overall model’'s characteristic impedance. With
varying glucose concentrations and different cardiac states (systo-
le and diastole), the characteristic impedance varies throughout
the frequency range. Thus, the blood glucose concentration is
directly proportional to the characteristic impedance of the entire
model of the human wrist current.
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To investigate the dependence of the difference between the
characteristic impedance of the heart in systole and diastole on
glucose concentration, the values of characteristic impedance
were examined at 125 kHz. This frequency was chosen because it
is the closest frequency that our used hardware is capable of
measuring, and it is close to the frequency of 150 kHz, where the
largest difference between the characteristic impedance of the
wrist in systole and diastole is observed. This dependence is
shown in Fig. 9.

From the graph, it can be observed that the difference in the
characteristic impedance of the whole model is inversely propor-
tional to the glucose concentration in the blood. When the glucose
concentration is 4 mmol/l, the difference in characteristic imped-
ance is 2.674 Q. When the glucose concentration is 12 mmol/l,
the difference between the characteristic impedances in the mod-
el, in systole and diastole, is 2.645 Q. When the glucose concen-
tration is 18 mmol/l, the difference in impedances is 2.636 Q.
When the glucose concentration is 33 mmol/l, the difference in
impedances is 2.578 Q. These calculated results confirm the
previous assumption that the difference in characteristic imped-
ances between systole and diastole decreases with increasing
glucose concentration in the blood.

Difference in characleristic resistance, [

4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

Glucose concentration, mmalfl
Fig. 9. Dependence of the difference between the characteristic imped-
ance of the wrist in systole and diastole on glucose concentra-

tion, when the frequency is 125 kHz

(79

4.2. Characteristic impedance results of the physical
experiment

The equipment for measuring the characteristic impedance
and the procedure of measurements and the entire experimental
study are described in the previous section. For each 5-min
measurement, the values of the characteristic impedance in systo-
le were subtracted from the values in diastole. The average differ-
ence was then calculated. The measured glucose concentration
values and the average values of the impedance differences are
presented in Fig. 10.

The blue curve (Fig. 10) represents the measured glucose
concentration using the commercial glucometer CONTOUR PLUS
ELITE. The orange curve represents the measured difference in
characteristic impedance between systole and diastole. From the
graph in Fig. 11, it can be observed that as the glucose concentra-
tion in the blood increases, the difference in characteristic imped-
ance decreases. Conversely, as the glucose concentration de-
creases, the difference in characteristic impedance increases. At
the initial time, the measured glucose concentration was 4.5
mmol/l, and the difference in characteristic impedance was 67
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mQ. After 30 min of consuming 75 g of glucose, the glucose con-
centration in the blood increased to 8.1 mmol/l, and the difference
in characteristic impedance at that time was 43.4 mQ. After 60
min from the start of the test, the glucose concentration in the
blood decreased to 6.2 mmol/l, and the average difference in
characteristic impedance increased to 60.7 mQ. At the final time,
after 90 min from glucose consumption, the glucose concentration
in the blood dropped to 4.8 mmol/l, and the difference in charac-
teristic impedance increased to 64.4 mQ. The measured values of
the difference in characteristic impedance and glucose concentra-
tion are presented in Tab. 1.

From the conducted test, it is evident that the difference in
characteristic impedance between systole and diastole has an
opposite relationship to the difference in characteristic impedance.
The dependence of the difference in characteristic impedance on
glucose is depicted in Fig. 11.
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Fig. 10. Measurement of glucose concentration in the blood and differ-
ence in bioelectric impedance

Tab. 1. Values of measured glucose concentration in blood and the
differences in characteristic impedance in systolic and diastolic states

Time Glucose Differences in
(min) concentration characteristic
(mmol/l) impedance (mQ)
0 45 67
30 8.1 43.4
60 6.2 60.7
90 4.8 64.4

0

85

60

45

Difference in characteristic resistance, m(

40
45 5 55 6 65 7 75 B

Glucose concentration, mmol/l
Fig. 11. Dependencies of the differences in the characteristic impedance
when the heart is in systolic and diastolic states on blood
glucose concentration

The (Fig. 11) shows that the relationship between the differ-
ence in characteristic impedance and glucose concentration is not
linear. Due to this nonlinearity, it may be challenging to accurately
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calculate the exact glucose concentration in the blood based on
the measurement of the difference in characteristic impedance
between systole and diastole.

5. DISCUSSION

In the study, the characteristic impedance of the entire fore-
arm was measured under real conditions and by creating a fore-
arm computer model and measuring its impedance using the
ANSYS HFSS software package. Despite using the same elec-
trode size and arrangement in both the software package and the
real measurements, a significant difference in characteristic im-
pedance was observed. Through calculations with the software
package, the characteristic impedance of the entire forearm varied
from 315.8 Q to 312.6 Q at a frequency of 125 kHz, depending on
the different states of the heart and different glucose concentra-
tions in the blood. When measuring the characteristic impedance
under real conditions, the impedance of the entire forearm ranged
from 150.1 Q to 151.3 Q due to low-frequency noise caused by
respiration and different glucose concentrations in the blood, as
well as different states of the cardiac cycle.

As can be seen, the measurements differ significantly. This
difference arises because not all tissues present in the human
forearm were included in the model. The forearm contains tissues
that are more conductive to electrical current than fat, bone and
skin. Due to the presence of these more conductive tissues, the
actual characteristic impedance of the entire forearm is lower than
what was calculated using the software package. Tissues such as
tendons, arterial walls, extracellular fluids and other tissues were
not represented in the model.

The measurements also differ because the proportions of
muscle, fat, artery, bone and skin tissues vary between the meas-
ured individual and the model. In reality, the individual may have
more blood vessels, which are more conductive to electrical cur-
rent, than what was included in the designed model. Additionally,
the forearm not only contains the radial artery but also the ulnar
artery, which is smaller in size but still a good conductor of elec-
tricity.

When performing calculations with the ANSYS HFSS software
package, it was observed that the model’s characteristic imped-
ance varied significantly when the heart was in the systolic and
diastolic states, with a maximum change occurring at a blood
glucose concentration of 4 mmol/l. At this glucose concentration,
the model's characteristic impedance ranged from 312.57 Q to
315.25 Q. The difference between these two impedances was
2.67 Q, corresponding to a 0.85% variation from the maximum
characteristic impedance value.

During real measurements using the MAX30001 hardware, it
was observed that the characteristic impedance varied, on aver-
age, by about 67 mQ at a glucose concentration of 4.5 mmol/l.
The average measured characteristic impedance over a 5-min
period was 151.21 mQ at a glucose concentration of 4.5 mmol/l.
This variation in characteristic impedance corresponds to a 0.04%
change from the average measured characteristic impedance.

When measuring the results under real conditions, much
smaller variations in characteristic impedance were obtained than
those in the calculations using ANSYS HFSS software. Although
the variations in characteristic impedance due to the heart rate
differ significantly, both the theoretical calculations and the actual
measurements showed the same dependency of characteristic
impedance on the heart rate. The significant discrepancy between
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the results obtained in the software and the measurements under
real conditions could be attributed to the fact that not all tissues
present in the forearm were included in the model. Tissues such
as tendons, arterial walls, extracellular fluids and veins were not
included in the model. These tissues are more conductive to
electrical current than skin, fat or bones, but their characteristic
impedance does not depend on the heart rate. Therefore, in real
conditions, the electrical current distributes through more electri-
cally conductive tissues, and the variation in characteristic imped-
ance of the radial artery has a smaller impact on the overall char-
acteristic impedance of the forearm.

The results obtained from the calculations using ANSYS
HFSS software showed that the variation in the model’s character-
istic impedance, when the heart is in systole and diastole, is in-
versely proportional to the glucose concentration in the blood.
When the measurement frequency of the characteristic imped-
ance was set to 125 kHz, and the glucose concentration was 4
mmol/l, the variation in the characteristic impedance due to the
heartbeat was 2.67 Q. When the glucose concentration reached
12 mmol/l, the variation in the characteristic impedance was 2.65
Q. For a glucose concentration of 18 mmol/l, the impedance varia-
tion was 2.64 Q. When the glucose concentration reached its
highest level of 33 mmol/l, the impedance variation was 2.58 Q.

During the measurements under real conditions, although the
measured glucose concentrations differed from the concentrations
used in software, the same dependence of the characteristic
impedance variation was observed as in the calculations with
software. When the measured glucose concentration was 4.5
mmol/l, the variation in the characteristic impedance was 0.067
mQ. At a glucose concentration of 4.8 mmol/l, the measured
variation in the characteristic impedance due to the heartbeat was
64.6 mQ. With an increase in glucose concentration to 6.2 mmol/l,
the variation in the characteristic impedance was 60.7 mQ, and
when the maximum glucose level of 8.1 mmol/l was reached, the
variation in the characteristic impedance was 64.4 mQ.

6. CONCLUSIONS

After conducting a literature review on the characteristic im-
pedance of the human body, the electrical model of the human
body was analysed. The main parameters of the body’s character-
istic impedance were reviewed, and an overview of different
measurement methods for the characteristic impedance was
conducted.

In the scope of this study, a computer model of the human
wrist was developed using the ANSYS HFSS software package.
Additionally, measurements of the bioelectrical characteristic
impedance were performed with different glucose concentrations
in the blood. The characteristic impedance of the wrist was also
measured using the MAX30001 integrated circuit at various glu-
cose concentrations in the blood, and the measured characteristic
impedance signals were processed programmatically.

The measurements using the ANSYS HFSS software pack-
age revealed that the characteristic impedance of the wrist is
inversely proportional to the glucose concentration in the blood.
Using the software package, the characteristic impedance of the
wrist was also calculated when the heart is in systole and diastole,
resulting in changes in the diameter of the radial artery in the
wrist. The difference in characteristic impedance between the
maximum and minimum diameter of the radial artery was calcu-
lated, and the dependence of this difference on the glucose con-
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centration in the blood was examined. The results showed that the
difference in characteristic impedance is inversely dependent on
the glucose concentration in the blood.

The measurements conducted using the MAX30001 integrat-
ed circuit confirmed the results obtained from the computer simu-
lation. The largest difference in impedance between systole and
diastole was observed at 150 kHz. By performing calculations with
different glucose concentrations in the blood, it was observed that
the difference in characteristic impedance is inversely proportional
to the glucose concentration in the blood. All measurements were
performed in the frequency range from 10 kHz to 2 MHz. The
glucose concentration in the model artery varied from 4 mmol/l to
33 mmol/l.

The measured values of the model and real wrist’s character-
istic impedance revealed a significant difference, which arose due
to the absence of all tissues in the computer model created with
ANSYS HFSS. In future work, there are plans to improve the
computer model of the human wrist by including as many tissues
as possible that are actually present in the human wrist.

The study conducted using ANSYS HFSS software showed
that the wrist’s characteristic impedance is inversely proportional
to the frequency of the alternating current, and the model’s char-
acteristic impedance is higher when the heart is in the diastolic
state.

In this feasibility study on non-invasive bioelectric impedance
analysis, we recognised that changes in physical parameters of
the human hand can lead to changes in measurements. However,
since the main objective of the study was to determine the tech-
nical effectiveness of the method, a complete study of these
variations was not part of the scope. Recognising the importance
of individual differences in hand anatomy, we believe that in the
future, more comprehensive research will take these parameters
into account to ensure robust and accurate application of non-
invasive biomechanical analysis.
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