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Abstract. Bioimpedance analyzers are non-invasive instruments that practitioners use to
measure physiological parameters of body composition. The existing technology for measuring
bioimpedance is constantly being improved, and more and more commercially available
analyzers that do not solve the problems with measurement errors and the information content
of the obtained data appear on the market. This article proposes an automated bioimpedance
measurement system for studying body composition with a reduced impedance measurement
error up to 1% and an increase in the information content of the human body composition due
to the expansion of the impedance frequency measurement from 0.3 kHz to 2000 kHz.
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Annoranuga. bruonMniegaHCHBIE aHATU3aTOPBI OTHOCSTCS K HEMHBAa3MBHBIM MHCTPYMEHTAM,
KOTOpble IPAaKTUKYIOLIME Bpauyd MCIIOJL3YIOT IJII  M3MEpeHUs  (PU3MOIOTUYECKUX
napaMeTpoB cocraBa Teja. CylllecTBYIOIasl TEXHOJIOIUs M3MEpeHUs] OuouMIegaHca
MOCTOSIHHO COBEPIIEHCTBYETCS M Ha pPBIHKE IIOABJISIETCS BCe OOJbIIe KOMMEPYECKUX
JTOCTYITHBIX aHAJIM3aTOPOB, KOTOPHIE HE pelIaloT MPOoOJeMBbl C IMOTPEIIHOCTHIO M3MEPEHUN U
MHGOPMATUBHOCTBIO MOJIYIeHHBIX JaHHBIX. B TaHHOM cTaThe IpeaiaracTCsI aBTOMaTU3pOBaHHAS
cucTeMa W3MEpPeHHUs OMoMMIIeHaHCa IS MCCIAEAOBAHMSI COCTaBa Tejla C YMEHBIICHHON
MOTPELTHOCTBI0 M3MEPEeHU uMIiegaHca 10 1% u moBblllIeHMeM MHGOPMATUBHOCTH COCTaBa
Teja 4eJoBeKa, Oyaromapsl paclIMpEeHUI0 M3MEPEHMsSI YaCTOTHOIO Juana3oHa MMIIeJaHca OT
0,3 xI'u ;o 2000 kI,
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Introduction

The development of new approaches to both hardware and software for bioimpedance analysis
in recent years has significantly increased its capabilities and expanded the list of both already
implemented and promising applications [1]. In the modern world, the introduction of diagnostic
devices is receiving great development, which makes it possible to save money and effectively
influence the patient [2]. Although the technology has been improved, it is currently difficult to
obtain high-quality measurements of physiological parameters with most commercially available
bioimpedance analyzers because they do not detect large amounts of fat under the skin [3].

The creation of an automated system is based on the idea of measuring human bioimpedance,
with improved measurement accuracy (impedance measurement error up to 1%) and an increase
in the information content of the human body composition, due to the expansion of the measure-
ment of the impedance frequency range from 0.3 kHz to 2000 kHz [3].

When measuring the impedance of biological objects, there are instrumental and methodologi-
cal errors. Instrumental errors are caused by the presence of errors of electronic components that
are part of the developed automated system. A detailed analysis of methodological measurement
errors is presented by the authors in [4]. Thanks to the calibration of the digital automated bio-
impedance meter, it was established that the total methodological and instrumental accuracy of
bioimpedance measurement in relative form does not exceed 1%.

Structural diagram of the automated bioimpedance measurement system

The automated bioimpedance measurement system includes a measurement object, a measur-
ing unit (highlighted by a dotted line in Fig. 1) and a personal computer. The object of measure-
ment can be either a person or a calibration device. In the case of measuring human parameters,
the measuring unit is connected to the object through measuring electrodes (not shown in the
diagram). The calibration device is connected to the measuring unit through a connector and it
is necessary for calibrating the measuring unit before operation.
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Fig. 1. Structural diagram of an automated system for measuring bioimpedance
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The calibration device imitates the parameters of the electrode-human cell transition. The per-
sonal computer is intended for processing, displaying and storing the measurement results. The mea-
suring unit operates under the control of a microcontroller, to which a ROM (read-only memory)
is connected to store calibration coefficients, the number of the measuring unit, and other service
information. The voltage reference source generates the voltage with high accuracy and temperature
stability for the ADC (analog-to-digital converter) operation. The microcontroller is connected to a
personal computer through a digital isolator and an interface converter. The digital isolator prevents
leakage current from flowing into the personal computer, and also additionally protects a person
from electric shock (in the grounding absence of the personal computer case).

To form a sinusoidal signal, a generator, which is controlled via the SPI interface (serial peripheral
interface) is provided. The current source generates a sinusoidal current on the measurement object.
The voltage drop across the object is measured by a differential amplifier with an input ESD protec-
tion (electrostatic discharge protection) circuit. The matching and gain control device is controlled
by a digital potentiometer, which makes it possible to change the gain of the entire receiving path.
From the output of the matching and gain control device, the signal is fed to the input of the ADC3
of the microcontroller, as well as to the detector, which extracts the signal amplitude and feeds it to
the input of the ADC2 of the microcontroller. To assess the shape of the flowing current, a current
sensor is provided, the voltage from which is measured by a second differential amplifier, after which
the signal is fed to the matching device and to the input of the ADCI of the microcontroller.

The microcontroller is designed to implement the control of all nodes of the bioimpedance
meter, measurement, digitization and output of values on a personal computer. The micro-
controller contains two ADCs, the signals to the inputs of which are received through internal
demultiplexers. The ADCI1 channel in the block diagram is connected to the first ADC inside
the microcontroller. The ADC2 and ADC3 channels are connected to the second ADC of the
microcontroller through a demultiplexer. The range of voltages applied to the ADC inputs is from
0 V to 3.3 V. The reference voltage value is 3.3 V. The microcontroller has two SPI interfaces
to control peripherals. The first SPI interface controls the oscillator, the other one controls the
digital potentiometer and ROM. The digital potentiometer and ROM have different signals for
selecting slave devices (chip select) [5, 6].

The generator is designed to form a sinusoidal signal at the output with a constant amplitude.
The microcontroller, via the SPI interface, sets only the signal frequency from the generator
output. To synchronize the signal from the generator output, from the microcontroller output,
a pulse signal sync 'sync.' with the frequency of 2 MHz, with a duty cycle of 2 is provided. The
frequency of 2 MHz corresponds to the maximum operating frequency of the sinusoidal signal on
the sample. The rest of the output frequencies are set by dividing the frequency 2 MHz.

The current source is designed to form a sinusoidal current in the range from —1 mA to +1 mA
with a frequency set by the generator. The current source is controlled by voltage. The signal from
the generator output through the matching device is fed to the input of the current source. The
matching device removes the DC (direct current) component of the signal, and also amplifies it.
The output stage of the current source is made according to the bridge circuit.

The differential amplifier is designed to measure the voltage on the sample. It has a high input
impedance to eliminate the influence on measurements. An ESD protection device, which 'drains'
excess voltage in the power circuit is provided at the input of the differential amplifier.

Before starting the measurement, the microcontroller must set the measurement limit to 1000
ohms and send a command to the generator to generate a signal with a frequency of 1 MHz.
Depending on the resistance of the object, the voltage amplitude on it will change, and its value
will be fixed by the detector for a period of 10 ms. Depending on the voltage level at the output
of the detector, the microcontroller decides how to set the measurement limit.

The measurement limit is set by a digital potentiometer, which is controlled via the SPI inter-
face by a microcontroller. In total, the digital potentiometer has 256 positions, the resistance ratio
is given by the number Dn (position) placed in the register.

At the time of measurements, two channels ADC1 and ADC3 are involved (Fig. 1). The signal
to ADCI is proportional to the current flowing through the sample, and the signal to ADC3 is
proportional to the voltage across the sample. According to the voltage on the sample, one can
judge the resistance according to Ohm’s law. The dependence of the voltage on ADCI on the
current flowing through the sample is shown in Table 1.

296



Biophysics and Medical Physics >

Table 1

Dependence of voltage on ADC1 on
current flowing through sample

Current, mA Voltage at ADC1, V
+1 +3
0 +1.65
-1 +0.3

The dependence of the voltage on the ADC3 on the resistance at a constant current through
a sample of 1 mA is shown in Table 2.

At all measurement limits, zero voltage on the sample corresponds to 1.65 V at ADC3 (mid-
dle point). The dependence of the voltage on the ADC3 on the resistance at a constant current
through the 1mA sample is shown in Table 3.

Table 2

Dependence of voltage on ADC3 on resistance
at constant current voltage through 1mA sample

Measurement limit, Ohm | Sample resistance, Ohm | ADC3 voltage, V
50 50 2.96
100 100 2.97
200 200 3
500 500 3
1000 1000 3
Table 3

Dependence of voltage on ADC3 on resistance
at constant current through -1mA sample

Measurement limit, Ohm | Sample resistance, Ohm | ADC3 voltage, V
50 50 0.34
100 100 0.33
200 200 0.3
500 500 0.3
1000 1000 0.3

As it can be seen from the tables, the measurements do not use the full range of voltage mea-
surements at the ADC input (from zero to 3.3 V). Such a voltage margin is necessary in order to
increase the overload capacity, as well as to carry out correct operation at all measurement limits.
On some samples, more frequency response drops, which, if the limit is chosen erroneously, can
lead to saturation of the ADC input can be observed. A sufficient voltage margin eliminates this
disadvantage. It is not necessary to programmatically limit the measured resistance to the value of
the selected limit, if the system measures, for example, at the limit of 1000 ohms a value of more
than 1000 ohms, then these values must be reflected in the frequency response.

Automated Bioimpedance Measurement System

The automated bioimpedance measurement system (Fig. 2) in its design has a device and mea-
suring electrodes. The device is connected to a personal computer.

The input action is created on the patient’s body in the form of a weak electric current of a
given frequency using electrodes. A reaction to an impact in the form of a potential difference in a
certain part of the body is perceived. The following patient data are used to perform calculations:
measured data (active and reactance), sex, height, weight, age.
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Fig. 2. Automated Bioimpedance Measurement System

Based on bioimpedance measurements and input data, a set of physiological parameters of the
body is determined. Measurement data, calculations and experimental conditions are stored in
the database. The report can be displayed on a PC (personal computer) screen, saved as a file and
printed (Fig. 3). The dynamics of changes in indicators is recorded and visualized and a prelimi-
nary medical report is formed.
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Fig. 3. Main application menu of the automated bioimpedance measurement system

A circuitry part of the measuring apparatus, which will allow measurements of bioimpedance
in a wide frequency range from 300 Hz to 2 MHz has been developed. Thanks to the obtained
frequency response, the selectivity of measurements, which allows increasing the influence of
some tissues or organs on the measuring signal and at the same time reducing the influence of
others will become possible.

The accuracy of body composition data has been improved by developing a current source
that measures both currents flowing into the object and currents flowing out of the object. It will
allow hardware to minimize the influence of leakage currents inside the measuring apparatus on
the final result.

Calibration is performed using a 910 ohm resistor. As a result of calibration, a table of complex
coefficients is formed at each of the thirteen frequencies in the range from 300 Hz to 2 MHz
(Fig. 3). Then, using the correction coefficients obtained, the resistance of the resistor with a
nominal value of 910 ohms is measured. The resulting frequency response is shown in Fig. 3.
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The ordinate axis on the left shows the module of the complex resistance, measured in ohms.
The tangent of the phase angle tge, expressed as a percentage, is displayed on the ordinate axis
on the right. The frequency in Hz is deposited along the abscissa axis. The abscissa axis has a
logarithmic scale. Bright colors of red, blue and green (in the upper part of Fig. 3) the module of
the complex resistance Z is indicated, and the tangent of the phase angle tge is indicated in pale
colors (in the lower part of Fig. 3)

It can be seen from the graph that the maximum absolute deviation of the resistance:

AR =918 ohms — 910 ohms = 8 ohms. (1)
The maximum relative deviation is determined as follows:

_ 918 ohms —910 ohms

0,, = -100% =~ 0.87%. 2
w 910 ohms ’ ° @

In turn, the maximum absolute deviation:
AR=—-0.9-0=-0.9%. 3)

As a result, the relative error of the impedance measurements will not exceed 1%.

Conclusion

An automated bioimpedance measurement system has been developed, in which the total
instrumental and methodological error of bioimpedance measurements has been reduced to 1%,
which is confirmed by the calibration results. The proposed bioimpedance meter has an extended
frequency range from 0.3 kHz to 2000 kHz. A distinctive feature of the proposed automated
system is the use of a current source in the system for bioimpedance measurements, which mini-
mizes the influence of a parasitic leakage current from the measuring object to the ground, which
positively affects the accuracy of measurements.

REFERENCES

1. Tronstad C., Strand-Amundsen R., Possibilities in the application of machine learning on
bioimpedance time-series, J Electr Bioimp, (10) (2019) 24—33.

2. Anamika P., Mukesh R., Bioimpedance analysis of vascular tissue and fluid flow in human and
plant body: A review. Biosystems engineering, (197) (2020) 170—178.

3. Freeborn T.J., Crircher S., Artifacts in Localized Multi-Frequency Bioimpedance Measurements,
IFAC PapersOnLine 54-15 (2021) 55—60.

4. Antipenko V.V., Pecherskaya E.A., Zinchenko T.O., Melnikov O.A., Fimin A.V., Zaryvahina S.A.,
Analysis of methodological errors in measuring a digital automated bio-impedance meter J. Phys.:
Conf. Ser. 1695 0120510, 2020.

5. Antipenko V.V., Pecherskaya E.A., Zinchenko T.O., Artamonov D.V., Spitsina K.Yu., Pecherskiy
A.V., Development of an automated bioimpendance analyzer for monitoring the clinical condition and
diagnosis of human body diseases, J. Phys. Conf. Ser. 1515 (5), 2020.

6. Levin A. 1., et al., Application of an automated complex resistance and phase difference measuring
method for rheographic studies of human cardiovascular system,”. Journal of Physics: Conference
Series, 2086 (1), 012113, 2021.

299



4 St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2023. Vol. 16. No. 3.2

300

ANTIPENKO Vladimir V.
v.antipenko7@yandex.ru
ORCID: 0000-0003-0274-7004

PECHERSKAYA Ekaterina A.
peal @list.ru
ORCID: 0000-0001-5657-9128

TUZOVA Diana E.
diana.tuzova.02@bk.ru
ORCID: 0000-0002-7352-3932

THE AUTHORS

YAKUSHOYV Dmitriy V.
hammer.fate@yandex.ru
ORCID: 0009-0005-0892-312X

ARTAMONOY Dmitriy V.
dmitrartamon@yandex.ru
ORCID: 0000-0002-3240-7222

Received 30.06.2023. Approved after reviewing 24.07.2023. Accepted 26.07.2023.

© Peter the Great St. Petersburg Polytechnic University, 2023

>



