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Nicole Jaffrezic-Renault

Abstract. The article summarizes and supplements the results of the development of methods
and tools for improving the reliability of differential measurement of local changes in electrical
conductivity in electrolyte solutions using a pair of interdigitated transducers, which are used in
conductometric biosensors. The aim of the work is a deeper suppression of the error due to the
influence of background changes in a solution when the parameters of a pair of transducers are not
completely identical. The essence of the issue, the causes and mechanism of the resulting error, and
possible ways to reduce it are considered. The structure and algorithms of operation of a computer
biosensor system with an intelligent module of a differential conductometric channel based on an
alternating current bridge, with balancing in absolute value and phase of the disequilibrium signal, are
described. Methods have been developed for tuning such a bridge to a special quasi-equilibrium state,
in which a change in the background electrical conductivity does not change its output informative
signal. The results of experimental studies are presented.
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AITAPATHO-IIPOIT'PAMHUIA KOMILJIEKC JJ51I KOHAYKTOMETPUYHUX
BUMIPIOBAHB 3 BUCOKOIO METPOJIOTTYHOIO HAJIMHICTIO

B. I Menvnux, C. B. /[3a0eeuu, I1. 1. bopwes, B. K. benses, A.J]. Bacunenxo,
Hikxonv JKaghghpesix-Perno

AHoTauis. Y CTarTi y3araJpbHeHO Ta JOMOBHEHO Pe3yJabTaTH PO3POOOK METO/IB Ta 3aCO0IB TIijI-
BUIICHHS JOCTOBIPHOCTI AM(epeHIiaTbHOTO BUMIPIOBAHHS JOKAJIBHUX 3MiH €JIEKTPOIPOBIIHOCTI
B PO3YHMHAX €JIEKTPOJITIB 32 IOTIOMOTOIO MapH 3yCTPIUHO-TPEOIHYACTHX IIEPETBOPIOBAUIB, SIKi 32CTOCO-
BYIOTBCSI B KOHAYKTOMETPUYHUX OioceHcopax. MeToro poOoTH € muoIe NpuayeHHs TTOXUOKY Yepes
BIUTUB ()OHOBHX 3MiH y PO3UMHI NPH HETIOBHIH 1IGHTHYHOCTI MapaMeTpiB Mmapu nepeTsoprosadis. Po3-
DJISIHYTO CYTh MMUTAHHS, IPUYMHU T4 MEXaH13M BUHUKHEHHS ITOXUOKH, MOYJIMBI IIUTAXH i1 3MEHIIICHHS.
Onucano CTPyKTYpy Ta JITOPUTMHU POOOTH KOMIT IOTEPHOT O10CEHCOPHOI CHCTEMU 3 IHTEIIEKTYaATbHUM
MOAyJIEM TU(epeHITiaTbHOTO KOHyKTOMETPHYHOTO KaHaTy Ha OCHOBI MOCTa 3MIHHOTO CTpyMy 3 0a-
JaHCYBaHHSM IO MOJYIIIO Ta (ha3i CUrHaITy HepiBHOBAaru. Po3po0iieHo MeToIu HaTaTyBaHHS TAKOTO
MOCTY B OCOOJTMBHI CTaH KBa3ipiBHOBArW, IPH SIKOMY 3MiHa (DOHOBOI €IEKTPONPOBITHOCTI HE 3MiHIOE

fioro BuXigHUN iHpOpMaTHBHUN curHai. HaBeneHo pesyiabsraT eKCIIepUMEHTAIBHUX JOCIiKEHb.
KurouoBi ciioBa: KoHaykToMeTpisi, MOCT 3MIHHOTO CTpyMy, OanaHcyBaHHs, quddepeHanbHbIi

CEHCOop

Introduction

Conductometric measurements of the
concentration of electrolyte solutions are used
in many technological processes, to determine
the composition of the working environment,
raw materials and finished products, as well
as in biomedical and environmental studies,
in particular, in biosensor analyzers. Their
advantages are the speed and low cost of obtaining
results, the simplicity of the equipment and
measurement methods, the possibility of using for
automatic monitoring [ 1-5]. The disadvantages of
traditional conductometric methods that use direct
measurement of electrical conductivity are the low
selectivity of determining an informative change
in the electrical conductivity of a solution relative
to non-informative influences, as well as the effect
of technological deviations in the parameters of
a conductometric transducer on the sensitivity
of the measuring channel. Partially, this problem
is solved by using bio- or chemo-selective
membranes, when the change in conductivity in
the solution inside biological membrane on the
sensor surface occurs only when there is a certain
change in the parameters of the medium during
the biological reaction [6].

Earlier studies have shown the possibility
of significantly reducing these disadvantages
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due to the use of differential measurements using
a measuring channel (MCh) with a balanced
alternating current bridge [7—12]. The direction
of their use with impedance sensors, in particular
with conductometric ones, turned out to be very
promising [6, 9, 13, 14]. The arms of this bridge
contain identical conductometric transducers
forming a differential sensor [15]. One of these
converters is selective (working, active). It
perceives the background electrical conductivity
of the solution and its local (informative)
change, while the second transducer (reference,
passive) perceives only the background electrical
conductivity. When preparing for measurements,
the bridge is balanced to the minimum final
output signal. During measurements, a certain
amount of the substance under investigation
(analyte) is introduced into the buffer solution.
In proportion to its concentration, the electrical
conductivity of the solution in the selective
membrane changes locally. The value of the
corresponding informative change in the final
output signal of the bridge is recorded by MCh
means. When introducing the analyte, it is also
possible changing the background electrical
conductivity of the solution in the measuring cell,
which is in-phase (common mode) interference.
Note that the background conductivity changes
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both when the composition or concentration of
the solution changes, and when the temperature
changes (approximately 2% per degree).

When the RC-parameters of the equivalent
circuit of the converters differ by up to several
percent (which is ensured by their manufacturing
technologies), a sufficiently high suppression
(up to 100 times) of the signal of such common-
phase interference is achieved. This ensures high
selectivity and sensitivity of MCh. Thanks to this,
the differential measurement method has shown
effectiveness when using working transducers
with selective membranes in biosensor devices
[16]. The paper [17] summarizes the results of
previous studies of the most essential questions
of such measurements and the principles of
construction of the necessary equipment. With
changes in the background electrical conductivity,
which does not exceed a small informative change
in the local electrical conductivity (usually of the
order of 1%), the relative error of determining
the latter does not exceed a few percent.
Consequently, the relative value of the additive
error from the change in background electrical
conductivity, which determines the resolving
power of the differential measuring channel, can
reach hundredths of a percent.

However, during the practical use of
conductometric transducers, it is difficult to
maintain a high identity of their parameters
for a long time, even with the most advanced
manufacturing technology. The reason for this
is that the equivalent circuits of the transducers
contain near-electrode impedances in addition to
the informative parameter — the R, resistance of
the solution between their electrodes. They consist
of parallel-connected double-layer capacitance C,
and active charge transfer resistance R , which
are connected in series with R.. The impedance
parameters of such an object are determined using
an equivalent two-element series RC circuit. The
active resistance in this scheme differs from the
resistance of the solution due to the presence of
charge transfer resistance.

The transducers of the differential sensor
retain their identity if the parameters of the near-
electrode impedances are the same. However,
when the transducers are used, processes occur

on the surfaces of the electrodes that change them.
The values of these changes can reach tens of
percent and differ greatly in transducers forming
a differential pair, which leads to differences in
active resistances in their equivalent two-element
circuits [17, 18]. There are also differences
in the phase angles of the impedance of the
transducers. The multiplicity of suppression by
the differential scheme of the background
influences of the measurement environment at
the same time decreases from hundreds of times
to several units [19]. Therefore, conductometric
analyzers with an ordinary, balanced bridge circuit
guarantee good metrological characteristics only
under the condition of constant control over
the sufficient identity of the parameters of the
transducers and when ensuring minimal changes
in the background electrical conductivity in the
measuring cell [20]. It is not always possible to
comply with these requirements in the conditions
of real practice. As a result, the metrological
reliability of measurement results decreases
and the application of the selective differential
conductometric method for determining the
concentration of electro-conductive substances is
limited [21].

To solve the described problem, it is
necessary to achieve the invariance of the
determination of the difference in the resistance
of the solution in the working and reference
transducers in relation to the difference in their
near-electrode impedances. Theoretically, it is
possible to determine the parameters of three-
element equivalent circuits of transducers by
the data of separate measurements of their two-
element circuits parameters at several frequencies
[22], and then calculate this difference. Such a
way is very complicated, inefficient due to non-
simultaneity of the required measurements (this
reduces the accuracy of the result), and most
importantly, the advantages of the differential
method are lost — the mutual subtraction in
bridge circuit the background components of
the transducers’ signals, of some errors and
interference.

As our studies have shown, a more
promising way is to pre-balance the bridge in
a special state of quasi-equilibrium, in which
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the minimum value is achieved not of its output
signal, but of the response to changes in the
background electrical conductivity. The bridge
circuit can be brought to such a state by setting
the parameters of its mode (voltage modulus
and phase on the conductometric transducers),
obtained by calculation from the previously
measured parameters of their two-element
equivalent circuits. The purpose of the presented
work is to create and study the metrological
characteristics of the hardware and software
complex of the conductometric analyzer, which
allows implementing such a measurement
method and achieving a significant reduction in
errors from difficult-to-control changes in the
background conductivity of the working solution.

Principles of equipment construction
and measurement methods

Structure and principle of operation of
differential conductometric analyzers with a
quasi-balanced bridge circuit.

The structure and operating principle of
the device for implementing such an approach to
building a differential conductometric analyzer
were firstly proposed in [23]. To set the necessary
parameters of the bridge circuit mode, it used
analog functional converters: an integrator, a
DAC, an adder, a phase shifter, which made it
possible to adjust the test voltage vectors on the
converters by two quadrature components.

Further studies have shown that in such a
structure, using the existing analog element base,
it is difficult to provide the necessary accuracy
in setting the parameters of the above quasi-
equilibrium mode at frequencies that are optimal
for conductometric measurements. Therefore, a
bridge circuit was developed for a differential
conductometric analyzer with digital balancing
in absolute value and phase of its output signal
(in polar coordinates). Its circuit contains digital
generators of two coherent quasi-sinusoidal test
signals with precise, frequency-independent
amplitude adjustment and accurate digital setting
of their phase relationships within +90°. A detailed
description of the principles of construction of
such a generator, its characteristics and application
for measuring the impedance is given in [24, 25].
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To understand the set of algorithmic
solutions proposed below, we first briefly
consider the structure of the bridge circuit of a
conductometric analyzer with digital balancing in
polar coordinates and the electrical signals in it.
This is described in more detail in [26].

The diagram in Fig. 1 illustrates the
principle of operation of this device. The arms
of the bridge circuit consist of synthesizers
(generators) DG1 and DG2 of quasi-sinusoidal
test voltages U, _and U, to which conductometric
transducers are connected by keys SW1 and
SW2: working (active, a) with impedance Z_and
reference (passive, p) with impedance Z. They
can be modeled by a two-element circuit R,
C,, by which their parameters are measured, or
by a three-element circuit with the parameters
of the near-electrode layer C, R , which more
accurately reflects the nature of their impedance.

The complete equivalent circuit of a
conductometric transducer also contains an
interelectrode capacitance in parallel with R and
a Warburg impedance. However, they have very
little effect on the value of Ry and C, at the used
frequencies of 30-100 kHz. Therefore, we can
assume C = C,. The additional local conductivity
of the solution AG, which occurs when the analyte
is introduced into the measuring cell, is the
informative measured value. The synthesizers
consist of a ring counter CNTR according to the
Johnson code, a decoder that extracts pulses from
the counter signals to form quasi-sinusoid steps,
and a digital-to-analog converter DAC that forms
these steps from a constant reference voltage U, .
This voltage can be adjusted with a DAC, digital-
to-analogue converter to change the amplitude of
the quasi-sine wave. Synthesizers are clocked by
fc pulses from the MC microcontroller. To provide
an adjustable phase shift between U and U, the
circuit has a PHASE SHIFT block, which forms
sequences Icl and Ic2 from fc. The delay between
them is determined by the code Ag. Pulses Is1 and
Is2 synchronize the counters with each other. The
output current signal of the bridge is converted to
voltage in the I/U block. Synchronous detector SD
extracts the in-phase or quadrature U, component
from it using one of the quadrature reference

voltages UgorUp, which are obtained from the
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Figure 1. Structural diagram of the bridge circuit of a conductometric analyzer
with digital balancing in polar coordinates.

CNTR. These signals are converted into codes
by a highly sensitive multi-bit integrating ADC
and transferred to the microcontroller for primary
processing. The data obtained as a result of it
are transmitted through a standard interface to
a personal computer of the hardware-software
complex for further processing, accumulation and
presentation as analysis results in the required
form.

For experimental studies of the balancing
process and metrological characteristics of the
conductometric analyzer, the electrical equivalent
of a differential conductometric sensor with
adjustable parameters of series-connected
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R and C components was used. The values of
these parameters lie in the range typical for
planar intercomb conductometric transducers
widely used in biosensors with gold electrodes
with a width and gaps between them of 20 pm
with a total grating size of 1.5 X 1.5 mm. [15].
The equivalent’s circuit is shown in fig. 2. The
RC-parameters of the transducers can vary by
+20% relative to the average values of 1 kQ
and 5.6 nF, which corresponds to the allowable
values for such sensors. In this equivalent, it is
possible to connect an additional component Rn
in parallel with the capacitance, simulating the
charge transfer resistance Rct.
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Figure 2. Equivalent circuit for experimental studies

of the balancing process and

metrological characteristics.
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Analytical models of measurement
processes with a quasi-equilibrium bridge
circuit.

The vector diagram in fig. 3 explains the
changes in currents and voltages in the bridge
circuit during its preliminary balancing and during
measurements. It is built on the complex plane
with coordinate axes Re and Im. The generator
voltages U, and U , which are antiphase in the
initial state, are located on the Re axis. The
voltages on the active (R) and reactive (C)
components of the impedances of the active and
passive conductometric transducers in the initial
state of the bridge are designated U, and U,
respectively. They form vector triangles with U,

|

+ o ALy

and U,. For ease of comparison, the vectors of the
active transducer are shown with a “-” sign. The
voltages U, and U, coincide in phase with the
currents of the transducers I,and I and differ in
phase by the difference in their phase angles Ao.
At the output of the bridge, the summation of the
current vectors —/ and / takes place and a signal
of disequilibrium of the bridge A] is formed. At
subsequent stages of balancing the bridge, these
vectors take positions indicated by the numbers
1, 2, 3. At stage 1, the Up vector turns to the Up ;
position, and at stage 2, its amplitude decreases to
the U , position. The current vectors of the active
(-1 ) and passive (IPZ) converters coincide in this
case, i.e. the bridge is balanced.

l

Figure 3. Vector diagram of currents and voltages in the bridge circuit during
its preliminary balancing and under measurements.

In the case of equality of R, and R, at
different C,, and C, the result of this balancing
stage is the alignment of the ends of the voltage
vectors U, and U, along the arc between points
P and A. In this state of the bridge, the current
increment vectors are —A/ and AL, with the same
background effect on the sensors have the same
amplitude, but different phase angles relative to
the current vectors (they are equal to the phase
angles ¢, and ¢, respectively). To eliminate this
difference, at the next tuning stage (stage 3), the
bridge is transferred to a quasi-equilibrium state by
an additional rotation by an angle Ao of the voltage
vector on the passive sensor from the position U,
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to U .. In this state of the bridge, these background
actions lead to current increments (now —A/ and
A1p3) that become collinear (with opposite phases)
and equal in absolute value, and therefore cancel
each other out in the bridge output signal.

The initial data for this bridge presetting
method is obtained by measuring the quadrature
parameters (along the Re, Im axes) of the current
vectors of the working and reference transducers,
and then calculating the values of their phase
angles and active conductivity G,, G,

The complex currents through the sensors
in the initial state of the bridge are determined by
the following expressions [27]:
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. Ua explarctg(tgo )] ;
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. 1 1 J1+igle,
JoCsy  Ggy

where: tgo, = G, /0C,,; tgo, = G, /oC, are phase
angle tangents @, and ¢, of sensor’s impedances.
Balancing the measuring circuit is to
achieve equality of the modules and phase shifts
of the currents / , and Ip .- Based on this condition,
the relative value of the modulus of the regulated
voltage of the dependent generator to the voltage
of the independent generator ND1 (this is the
DAC, control code) and the phase shift between
these voltages A, are found, corresponding to
the equilibrium state of the measuring circuit:

A _ _ _ GSA \Il+tg2(pP
¢, =9, —9p. ND, = : —
’ Gp J1+1g7 o,

The quasi-equilibrium of the bridge is
obtained by addition rotation of the vector / by
the angle Ag.

In [27], a justification is given for achieving
the necessary quasi-equilibrium also in the case of
inequality between R, and R, To do this, after
reaching the equality of the current’s modules
of the converters, the current’s module of the
reference converter is corrected, depending on the
ratio of active resistances of the differential pair of
converters. This correction brings the bridge into
a state of quasi-equilibrium (in terms of current)
and equilibrium in terms of voltages across
their active resistances. The latter ensures the
equality of current increments in converters with
a difference in Ry, and R, when the background
electrical conductivity changes. The analysis of
the mathematical model of the measuring process
also showed that at the third stage it is necessary
to perform an additional correction of the voltage
modulus U by a coefficient depending on the
ratio of the phase angles of the passive and active
converters:

(1

\/1+tg2(PP
\/1+tg2(PA .

B ‘Up ‘ exp(¢p) ‘ - ‘ exp(Qp) -explarctg(tgep)]
- P SP s
JoCsp  Ggp

Thus, the correction values of the voltage
vector on the reference sensor in phase and
modulus to achieve the necessary quasi-
equilibrium have the following values:

on phase AQ,, =2(¢,—¢p);
on modulo

ND — AGSA _l+tg2(pP — GSA .1+tg2(pP
' AGg, 1+1g'0, Ggp 1+1g’0,

2)

Experimental studies of suppression of
background influences.

Due to the described corrections of the
state of the bridge circuit, the increments of the
current amplitudes in the converters with the same
changes in the background electrical conductivity
on them coincide with a higher accuracy. This
ensures their more complete mutual compensation
at the output of the bridge circuit. Therefore,
the weakening of the influence of changes in
the background electrical conductivity is much
higher. In [27], the results of computer simulation
and research on an experimental sample of
a differential conductometer are presented for
several typical values of the parameters of planar
interdigitated conductometric transducers with
gold electrodes, which are used in conductometric
biosensors. The increase in the suppression of
changes in the background electrical conductivity
using the described device and measurement
method ranged from 10 to 60 times if to compare
with the devices of the previous generation [17,
19, 20]. On fig. 4a and 4b show photographs
of the hardware-software complex (HSC) of
the conductometric analyzer and the electrical
equivalent of the differential conductometric cell.

Table 1 shows the results of testing of
the suppression factor of additive error due to
the influence of changes in the background
conductivity of the buffer solution in the cell using
a real analyzer. Three differential sensors were
used: 1 — with an average difference between the
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values of the parameters R and parameters C of
the transducers (the differences is 5% and 10%)
under low values of the phase angles; 2 — with a
small differences in the values of the parameters
(less than 5%) and with an increased (more than
0.5) values of the phase angle tangent; 3 — with
an increased differences in the values of the
parameters R and C (7% and 46%) at low phase
angles. Studies were carried out by adding 0.1 ml
of distilled water to a phosphate buffer solution
(volume 2 ml, concentration 5 mM/1, pH 7.0).
The suppression coefficient was calculated as the
ratio of the response of the working transducer
to such an addition to the change in the output

signal of the bridge circuit during the in-phase
effect of this addition on both transducers. An
analysis of the test results shows a large increasing
in the suppression of the influence of background
changes compared to the devices of the
previous generation [17, 19, 20] under moderate
differences in the R and C parameters values of the
transducers both at normal and at increased values
of their phase angles. With a significant difference
in phase angles (which is not recommended for the
operation of sensors), the suppression coefficient
drops significantly. However, it should be pointed
out that in devices of the previous generation the
suppression is only a few units in this case.

i
«212 s
LR ﬁ. -
\ P .‘b't'qﬁ'

Figure 4. Photo of the hardware-software complex for the conductometric analyzer
and the electrical equivalent of the differential conductometric cell.

Due to a significant reduction in the additive
error from poorly controlled factors, the real
measurement range of differential conductometric
analyzers expands towards small values of
informative quantities. However, the most
important thing is to increase the metrological
reliability of the results obtained.

Usually, such parameters as the
measurement range, sensitivity, resolution,
linearity and stability of the conversion function

are used as metrological characteristics of
measuring instruments. These parameters allow
you to estimate the expected basic measurement
error — relative or absolute.

The methods for their determination
and normalization are well known, as are the
methods for estimating and accounting for
random (noise) interference. However, for
complex measurements, which include those
considered in this article, the errors associated

Table 1.

Work Common Common
Sensor R,,, tgo Cs. R, tgo Cyp transduc. mode mode
number Ohm A F Ohm A F influence influence influence

# 3 response response suppression

1(5-2) 623 0,321 12,7 596 0,379 11,3 8490 30 283
2(7-2) 523 0,763 6,93 541 0,683 6,9 6960 50 139
3(6-2) 612 0,60 6,88 654 0,386 10,0 6485 380 17
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with a complex of deterministic, but unstable
factors of measurement conditions are very
significant. Their cumulative impact on the results
obtained can be very significant, and it is very
difficult to determine and correct it. Therefore,
we have to talk about the metrological reliability
of measurements by various means in various
conditions. In our article, we mean by this the
ability to obtain a reliable result with significant
differences in the values of the RC-parameters of
conductometric transducers and the presence of
changes in the electrical conductivity of the buffer
solution during the measurement process.

The considered technical solutions for
preliminary balancing of the conductometric
analyzer’s bridge circuit were based on the
representation of the equivalent circuit of the
differential sensor in the form of two pairs of
RC-components connected in series. However,
as mentioned above, such a model of the object of
measurement is not always sufficiently adequate
to real practice. First of all, this concerns cases
of significant nonidentity of the RC-parameters
of transducers when working with electrically
conductive analytes. The latter leads to significant

changes in the background electrical conductivity
when they are introduced into the measurement
environment. In such cases, for a sufficiently
accurate setting of the quasi-equilibrium state of
the bridge, it is necessary to take into account the
charge transfer resistances R  in conductometric
transducers buffer solution during measurements.

Balancing the bridge circuit taking into
account the effect of charge transfer resistance.

In [28], a method for solving this problem
is presented, based on a simple method for
estimating the values of R , which is described
in detail in [29]. It consists in measuring the
RC-parameters of converters at two frequencies
in the region where their equivalent circuit is close
to serial (from 30 to 100 kHz) and recalculating
the obtained differences in Ry, and R, values at
these frequencies into active resistances connected
in parallel C,, and C,.

Table 2 shows the data for determining R |
for one of the studied differential conductometric
sensors (No. 3 in Table 1), which has significant
differences in the RC-parameters of the
transducers, in the range of buffer solution
concentrations used. Simulation data of changes

Table 2.
. 62,5 kHz 100 kHz

fransducer co:c(ll:tt;gltlion R, Ohm Cs, nF tgo R, Ohm Cs, nF tgQ Reo Ohm
3 mM pH7PB 1810 4257 | 033 1741 3,47 0,263 | 7703
W‘Erzlj)rlg 8 mM 770 5,63 0,587 718 5,06 0438 | 4863
10 mM 529 597 | 0,805 | 483.8 5,44 0,606 | 4785
3 mM pH7PB 2017 5,81 0217 | 1967 4,47 0,18 | 6406
Reiezr;‘)“ce 8 mM 814 8,2 0,38 780 7.2 028 | 3631
10 mM 544 8,96 0,52 513 8,12 0,382 | 3131

in R, values depending on R values under typical
values of RC-parameters of applied sensors show
that these changes can be from 3% to 7% of the
R, value. However, they can increase by several
times with increasing transducer tge values, which
often occurs in practice and is one of the main
factors for reducing the metrological reliability of
biosensor measurements. Note that the above data
were obtained in the absence of electrochemical
reactions that change R .

The article [28] gives an analytical
justification for refining the value of the
correction of the ratio of the voltage amplitudes
of the bridge circuit generators, which is
necessary for its equilibrium, depending on the
R values of the converters.

Taking into account such a correction, the
ratio of the voltage of the dependent generator
to the voltage of the independent bridge at
equilibrium has the form:
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|UP| _i. \/1+(w'RAct 'CSA)Z .\/(1+GSP 'RPct)Z +(w-Rp, -CSP)2

Npy ==

|UA| G \/1 +(@- Ry, -Cg)’ \/(1 +Gy Ry) +(@-R,, -Cg,) 9

where G,, G, are the electrical conductivity
of the solutions between the electrodes of the
transducers.

It is shown that in order to achieve the
necessary state of quasi-equilibrium, the ratio of
generator voltages should have the value:

G
Np, =N12)1_P-

5 @

To find the correction factor according to
(4), the approximate values of R,  of the active
(working) and R,  of the reference (passive)
transducers are determined. The results of
measurements of the next values are used for that:
of the active components Re(Z, ), Re(Z,,) and of
the reactive components Im(Z ), Im(Z, ) of their
impedances at the operating frequency ® and the
values of components Re(Z,,), Re(Z,)), Im(Z ),
Im(Z,,) at the frequency ol1. The values of o1 is
greater than the frequency o (at least 1.5 times).

1 . 1 .
CSA ~ ; ’RAct ~ 5 5 2 2
Im(Z,,)- o, [Re(Z ) —Re(Z,,)]-Cg, - o]
1 . 1
~ - SRy, = - - -
Im(Zy,)- o [Re(Zg,) —Re(Zg,)] Cop - @)

SP

Next, we find and substitute in (4) the
values of the conductivity of the solution between
the electrodes:

G, =~ ;
. R
Re(Z,,) - Act 2
I+(e R, - Cyy)
1
GR - 7 RPct
Re(Z;,) -

1+ (@, Rp,, - CSR)2

Detailed substantiation of this bridge circuit
balancing method is given in [28]. In this work,
a comparative computer simulation of the error
suppression from a change in the background
electrical conductivity of the buffer solution was
also carried out for conductometric analyzers
using the quasi-equilibrium balancing method
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3)

described in [27] and the last of the considered
methods.

Table 3 shows the simulation results for
sensors with different parameters of the equivalent
RC circuit, which were previously selected
for experiments. The results of calculations
of coefficients K of the amplitude correction
and the obtained values of the coefficients of
suppression of the influence of changes in the
background electrical conductivity of the K_
solution using the two methods described above
are presented: using two-element and three-
element equivalent circuits of the transducers.
The suppression coefficients were calculated as
the ratio of the change in the current modulus in
the bridge branch with the working transducer
to the change in the informative current at the
bridge output with a change in the background
electrical conductivity in the differential sensor
transducers. The simulation results show that for
close values of the phase angles of the transducers
(1-4 lines), taking into account the values of R |
(if they differ little) has practically no effect on
the coefficient of suppression of background
influences. However, with a larger difference in
phase angles (rows 5 and 6), considering them
makes it possible to increase it approximately in
proportion to the ratio of tge of the converters.
This is consistent with the electrical properties
of their equivalent circuit. We also note that the
data in line 5 correspond to the data of sensor No.
3 in Table 1. 1. Thus, a significant decrease in
the suppression of background influences when
using this sensor (Table 1) is also due to the lack
of accounting for Rct.

As noted above, the results presented
here assume that there are no electrochemical
processes during measurements that significantly
change R , but in practice, this is quite possible.
Therefore, we additionally carried out a simulation
of the suppression of background influences
with differences in R  of the converters of the
differential pair. The data obtained in this case are
shown in Table 4. For comparison, this table also
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shows data for sensor No. 3 in Table 1 with real
values of R,

As can be seen, in this case, considering
R can give a very large gain in suppressing the

Table 3.
G, R, C,, G, . Method 1 Method 2
1,55 | 5529 | 6,69 | 0,5645 1,55 5716 6,68 | 0,5670 1,001 255 1,0 262,5
1,68 | 4601 6,601 0,6101 | 1,686 4921 6,4 0,6325 1,01 125,6 1,01 125,6
1,633 | 4791 6,67 | 0,5902 | 1,541 5415 6,22 | 0,5988 1,004 84,5 1,002 85,4
1,815 | 4359 8,7 0,5107 | 1,634 4572 7,9 0,5054 0,998 117,1 0,999 118.,8
1,299 | 4863 5,63 0,5524 | 1,229 3631 8,2 0,3669 0,933 38,1 0,913 71,5
1,393 | 5386 | 4,63 0,7036 | 1,474 4661 5,4 0,6435 0,973 60,0 0,966 67,3
Table 4.
G, | R c. G, R, Method 1 Method 2
mS |Ohm | nof | %" | mS | ohm | CwnF| teeP K K, K K,
1,613 | 3000 3,82 0,8346 | 1,333 4000 4,0 0,7315 | 09512 11,6 0,8784 165,4
1,613 | 4000 3,82 0,8908 1,6 10000 4,8 0,8101 | 0,9609 8,0 0,8565 189,7
1 |9000| 50 |04935]| 1,01 | 4000 51 | 04679 | 0,99 318 | 1,022 151,2
1 3000 4,9 0,464 | 0,833 10000 5,0 0,414 | 09819 15,1 0,9232 99,1
1 4000 6,2 0,3901 1,01 9000 7,3 0,3471 | 0,9861 354 0,9598 354,6
1,754 | 3817 6,36 0,6476 | 1,597 2665 9,16 | 0,4201 | 0,9104 32,8 0,8877 77,4

effect of changes in the background electrical
conductivity.

Implementation of the hardware-software
conductometric complex.

A photograph of the HSC is shown in
fig. 4. It is based on an MCh module, which is
connected to a personal computer (PC) using
a standard USB interface, and to a sensor unit
with a conductometric cell using a signal cable
with a special holder. This block is mounted on
a magnetic mixer for mixing the buffer solution
in the cuvette during measurements. To test and
calibrate the measuring channel, as well as to
study its metrological characteristics, the complex
is supplied with an electrical equivalent of a
conductometric cell (for practical operation, it is
performed according to a simplified scheme).

The hardware structure of the IR module
is shown in fig. 1. Its implementation was

based on the unified impedance measuring base
module MXP-6, developed at the Institute of
Electrodynamics of the National Academy of
Sciences of Ukraine for precision measurements
in a wide frequency range, which is described
in detail in [25]. It should be noted here that in
order to achieve the depth of suppression of the
influence of background changes, which can be
provided by the methods presented above, it is
necessary to balance the bridge circuit with errors
of 0.01% at frequencies up to 100 kHz.

The software component of the measuring
complex consists of two parts: the lower-level
software package for the microcontroller of the
IR module and the upper-level software package
that is installed in the PC. Their structures and
interaction are organized in such a way that
simple functions of a conductometric analyzer
without of registering arrays of results, their
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complex processing and graphical representation,
could be performed by the microcontroller of the
measuring channel without connecting a PC,
including under mobile using.

Low-level software package.

The microcontroller controls the process of
adjusting the bridge circuit into a state of quasi-
equilibrium, as well as measuring changes in
the electrical conductivity of the solution in the
working transducer. Important components of its
software are shown in fig. 5. In fig. 5a presents a
block diagram of the microcontroller’s operation
algorithm. The operation of the device consists of
six stages.

Stages 1, 2: measurement of the reference
and working converters parameters (blocks 1-8).
The microcontroller sets the switches: SW1 to the
“1” position, and SW2 to the “0” position (block
1). The voltage of the regulated generator DG2,
which is equal to the voltage of the independent
generator DG, is connected to the reference
transducer, there is no voltage on the working
transducer. In-phase U, and quadrature U,
reference voltages are alternately connected to
the reference input of the synchronous detector
SD. The in-phase and quadrature components of
the current through the reference transducer are
measured (unit 2) for further determination of
its impedance parameters. The variation of the
generator voltage is also performed by changing
the N, . code by one-step and the corresponding
increment of the in-phase component of the
InfToDac current is determined to match the scales
of the DAC, and ADC, which is necessary when
balancing the bridge circuit. The switches are set:
SWI to the “0” position, SW2 to the “1” position
(block 5). The DG2 voltage is connected to the
working transducer; there is no voltage on the
reference one. In a similar way, the components
of the current through the working transducer
(unit 6) are measured to further determine its
impedance parameters. Moduli and tangents of
phase angles of currents through transducers are
calculated and memorized. The difference in the
tangents of the phase angles of the transducers is
calculated and displayed on the indicator (block
8). That is used to diagnose the quality of the
Sensor.
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Stage 3: assembly of the bridge measuring
circuit (blocks 9, 10). Switches SW1 and SW2
are set to the “1” position. DG1 is connected to
the working transducer and DG2 to the reference
one. In the initial state, the voltage amplitudes
of the generators are equal, and the phases are
opposite (the Ap code corresponds to 180°). As
a result, a bridge measuring circuit is formed
with the comparison of currents through the
transducers of the sensor. Next the operations
of block 10 is performing. The microcontroller
sets the parameters of the regulated generator,
calculated for balancing the bridge: the initial
N, code is multiplied by the ratio of the modules
of the currents through the transducers; the value
corresponding to the difference in the phase angles
of the currents of the transducers is added to the
initial code Ao.

Stage 4: checking the balance of the
bridge according to the quadrature component
of the unbalance current and, if necessary, final
balancing according to this component (unit 11).
This is done by adjusting the phase delay of the
voltage of the regulated generator relative to the
voltage of the generator DG1 by the PHASE
SHIFT block (Fig. 1). The block diagram of
the “CompenPhase” subprogram in the general
algorithm of the microcontroller is presented in
Fig.5b.

Stage 5: the balance of the bridge
according to the in-phase component of the
unbalance current is checking and, if necessary,
final balancing according to this component is
performed (block 12, Fig. 5a). That perform by
changing the N, . code, which sets the voltage
amplitude value of the regulated generator. The
block diagram of the “CompenInf” routine is
shoun in fig. Sc.

Stage 6: the state of quasi-equilibrium of the
bridge measuring circuit is establishing and the
informative changes in electrical conductivity of
the solution of the working measuring transducer
is measuring (block 13, Fig. 5a).

After reaching equilibrium of the bridge,
it is transferred to a specific state of quasi-
equilibrium according to the method described
in [27] for mutual compensation of the in-phase
effect of changes in the background electrical



Sensor Electronics and Microsystem Technologies 2023 — T. 20, Ne 3

L l

1
Connecting Dg2 to Z), Connecting Dg2 to Z, * o
* Calculation and setting the amplitude
3 ‘ and phase of Up, for bridge’s balance
e 6
Measuring of Re(I), Im(I ;) Misasviag of Regt ), ugl g *
* * A bridge’s balance refinement 11
3 by adjusting the U, phase
Calculation of Zp, 1g0, Calculation of Z, 1g0 7 ¢
i * Abridge’s balance refinement 12
3 2 ) :
4 Indication of difference iy Ao ey St
Variation of Up, measuring tgopand 120, l
of Re(l,) increment * -
I Calculation and setting the amplitude

and phase of U}, for bridge’s balance.

Assewhling of bridge-ciroult Measuring of electrical conductivity
I changes in the working transduser
Figure Sa

21 < 32
. Is the bridge close
Measuring of the Im(AL, )); to balance?
Change NA@by 1 in 22 Calculation and setting 33
the direction of balance of Ny, for fast balancing
¢ 34
23 Measuring of the Re(Alap)i
Measuring of the Im(AL, ), L*
T
NA@ correction -
according to 25 Change Nj,,by Lin 35
the direction of balance
Im(AL,); i+, values ‘
36
N Measuring of the Re(AL,);. ¢

.38
Np.c correction

according to
Re(Al,); 54 values

Is the balance
reached?

37
Is the balance
reached?

Setting NAg corresponding
to the smallest [m(Alap) 26

i Setting N, , .. corresponding
to the smallest Re(Alap) 39
27
Balance by Im(AL,) A 4 -
Balance by Re(Al)

Figure 5b Figure 5¢

Figure 5. Block diagram of the microcontroller operation algorithm.
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conductivity of the buffer solution on the working
and reference transducers. For this, two operations
are performed: adding to the code A the value,
corresponding to the difference in the phase angles
of the currents through the working and reference
transducers and multiplication of the N, . code by
a correction factor that depends on the tangents of
the phase angles of the sensor transducers.

After the state of quasi-equilibrium is
reached, the components of the imbalance
current are periodically measured, which carry
information about changes in the informative
parameter of the differential sensor — the electrical
conductivity of the solution on the surface of the
working transducer.

Operations of blocks 11 and 12 are
performed by the classical method of balansing
the alternating current bridge using quadrature
detectors of the unbalance signal. The peculiarity
is that the phase and amplitude of the voltage
of the reference generator DG2 are regulated,
and not by the amplitudes of its quadrature
components. Phase adjustment is carried out by
steps in the direction of reducing the quadrature
component of the bridge imbalance signal, and
amplitude adjustment is carried out by DAC code
steps in the direction of reducing its in-phase
component. Equilibrium is fixed when the signs
of those components changes in adjacent steps. A
state with a smaller amplitude of the controlled
component is considered to be in equilibrium.

Balancing of the bridge according to the in-
phase component by adjusting the amplitude of
D@2 is carried out with much greater precision
and discreteness than its phase; because active
conductivity is an informative parameter in
conductometry. To reduce the time to perform
a large number of DAC, steps, block 12 may
perform an extrapolation of the equilibrium value
of the N, . code using the resulting InfToDac
value (blocks 32-34).

Top-level software package.

The top-level program (control program
“MXP_Conductometer”) is implemented in
the form of an executable file with modules of
dynamic libraries, for work in the Windows OS
environment on a PC. The main tasks of the
upper-level program are to provide an interface
for user interaction with the measuring module, to
ensure interaction with the lower-level program,
to ensure playback, analysis and saving of data
obtained during measurement.

Communication of the upper-level
program with the microcontroller program is
implemented according to the Modbus protocol
through a serial communication line using the
RS-232 data exchange interface (connection
through a virtual port). The main blocks of the
top-level control program and their interaction
are shown in the diagram of fig. 6. The program
blocks (with the exception of the block for
providing communication with the hardware

PC
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maodule
MXP-6 Elock for
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COMMUnicas
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[

S
—

-
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! purmmeter

Validation of the
measuwring module dada
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Figure 6. Block diagram of the top-level control program for the conductometric analyzer.
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part) have their own graphical interfaces for
management and interaction with the user, which
are combined into a common multi-window
graphical interface of the HSC control program.

W X g Wi MV e— g | 0 ."] I I

The main window of the control program is
shown in Fig. 7.

The main management functions provided
by the program:

F_pd [l i

eI Rl LE L R

Figure 7. The main window of the control program «MXP_Conductometer».

— control of the mode parameters of the
units of the measuring module of the complex;

— management of measurements;

— accumulation, presentation, analysis,
storage and reproduction of the measurement data.

Management of the complex’es hardware
units.

The program allows you to set the mode
parameters of main blocks of the measurement
channel blocks, as well as display the set
parameters and save parameter profiles in
separate files for further use. A set of parameters
at which the measurement will be performed is
the instrument’s parameter profile), Parameters
to be set:

— clock frequency of the ADC;

— clock frequency of the test signal
generator;

— type of reference signal of the synchro-
nous detector (in-phase or quadrature);

— voltage phase delay of generator DG2
(code Ag phase shift of voltages U and Up);

— DAC control codes of the measuring
module.

Profiles of parameters can be saved in
separate files, reloaded and installed in the

measuring module, also parameters from the
profile are written to files for storing the results
obtained when they are used.

Organization of measurements.

After the complex is turned on and ready
for measurements, it is necessary to balance
the bridge circuit of the measuring module, for
which the user submits the appropriate command
from the main window of the program. A
balancing perform by the device controller. After
balancing, the complex is completely ready for
measurements and the measuring module outputs
the values of the current results of the conversion
of the output signal of the bridge circuit. Their
parameters (two quadrature components and the
module) are displayed digitally and graphically
on the main window of the program. These
data change when an informative effect is
applied to the differential sensor. The transfer of
results perform in sets (data packets). A single
packet can contain up to 62 values according
to the limitations of the Modbus transmission
protocol. The number of transmitted results in
a packet determine by the program depending
on: the ADC conversion frequency, the type of
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measurement, the transmission time and the
number of results in the clipboard, as well as the
time of processing and updating information on
the screen. The logical scheme of implementation

in the measurement mode program is presented
in Fig. 8.

The presented measurement results together
with the parameters of the device modules and

Elock for ensunng commumication with the measurmg module

H

Olbstaining

I B

A

Yes

the mode PD:?;;M START Lraa Formation #
parameters | |parameters of the package and Presenting packages
ofthe [5| ofthe i request accumulation | | of current lave been
measurng requested {:Mﬂm.m- and of an array of result accepted and
module data ents) reception | [current results presented
blocks package

e
T

Figure 8. The basic operations sequence when working
in the measurement mode in the top-level program.

parameters of the operating mode can be saved
in files (ANSI coding). The saved measurement
results can be viewed in the form of tables and
graphs after the measurements are finished
with the built-in viewer-analyzer (analysis and
presentation of measurement results block). After
balancing the bridge circuit of the measuring
module, the main window displays the obtained
values of the DAC, and A¢ codes, which
correspond to the established state of quasi-
equilibrium (readiness for measurements). Also,
the conductometric transducers’ parameters
are calculated: resistances and tangents of the
loss angle, which is necessary for evaluating
the quality of the characteristics sensor and
metrological reliability of measurement results.

Conclusion

Differential measurements using a pair
of planar conductometric transducers (working
and reference) included in a balanced bridge
electrical circuit are a promising way to create
highly sensitive analytical systems and, in
particular, the development of biosensors. Their
wide application for solving practical problems
is limited by a significant increase in the
additive error from changes in the background
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electrical conductivity during measurements, if
the electrical parameters of the conductometric
transducers differ significantly, which occurs
during their operation. The solution to this
problem can be based on preliminary balancing
of the bridge into a state of quasi-equilibrium,
at which the minimum value is reached not of
its residual output signal, but of its response to
changes in the background electrical conductivity.
This state is set by additional rotation of the
signal phase in the reference transducer by the
difference in the phase angles of the transducers.
Theoretical and experimental studies have
established that for a sufficiently deep suppression
of the influence of changes in the background
electrical conductivity, in addition, it is necessary
to correct the amplitude of this signal, taking
into account the difference of the actives and the
difference of the reactives components of the
two-element equivalent circuits of the impedance
of the converters. It is shown that the degree of
suppression of the effect of background electrical
conductivity also worsens in the presence of a
difference in charge transfer resistances in the
near-electrode region. The developed method
for determining and considering them when
correcting the amplitude of the reference signal
makes it possible to maintain a high degree of
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suppression of the effect of background electrical
conductivity in this case as well. As a result of the
development, a hardware-software complex was
created for a conductometric biosensor analyzer
with high metrological reliability of measurement
results under the parameters of a differential
conductometric sensor transducers typical
for practical conditions, what was confirmed
experimentally by using conductometric enzyme
biosensor [30].
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within the framework of the State Budget Program
“Support for the Development of Priority Areas
of Scientific Research” (KPKVK: 6541030),
the target program of scientific research of
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based on modern materials and technologies”.
The project “Development and optimization of the
electronic module of the conductometric biosensor
analyzer for the determination of arginine”.
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Summary

The article summarizes and supplements the results of the development of methods and tools for
determining local changes in the electrical conductivity of electrolyte solutions, which can significantly
reduce the influence of additive error sources under conditions of changes in the background electrical
conductivity in the measurement environment. This is relevant for biosensor and other measuring
systems based on a differential pair of conductometric transducers when their electrical parameters
are not identical. The aim of the work is to provide a deep suppression of the influence of background
changes under these conditions. The essence of the issue, the causes and mechanism of this type of
error, as well as previously developed methods and means of reducing it are briefly considered. A
diagram is shown and a description of the structure of a computer biosensor system with an intelligent
module for a differential conductometric channel based on an alternating current bridge is given. The
algorithm of a bridge balancing operations by adjusting the module and phase of the test voltage on
the converters is described. A vector model of currents and voltages in the circuit during this process
is considered, as well as mathematical expressions that explain bringing the bridge to a special quasi-
equilibrium state, in which a change in the background electrical conductivity does not change its
output informative signal under the above conditions. Additional operations are determined to balance
the bridge to achieve such a state with significant differences in both near-electrode capacitances
and active resistances, and inter-electrode resistances of solution in the impedances of a pair of
conductometric transducers of a differential sensor. The interaction of an intelligent module with
a personal computer is described, which performs a more complete processing, accumulation and
presentation of research results. The results of experimental studies of the suppression of the influence
of changes in the background electrical conductivity of a solution in a differential conductometric
channel carried out on its computer model and on an experimental sample of a conductometric device
with an electrical equivalent of a differential sensor, are presented. A comparison of the results obtained
and the corresponding data for balancing bridge circuits by previously used methods is given.
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Pedepar

VY crarTi y3arajibHEHO Ta JOMOBHEHO PE3yJbTaTH PO3POOOK METOIIB Ta 3aC00IB BU3HAYCHHS
JIOKAJBbHUX 3MIH €JIEKTPOIPOBIAHOCTI PO3YHHIB €IEKTPOIITIB, 10 JO3BOJSIOTH CYTTEBO 3MEHIIUTH
BIUIMB JDKEPEJ aJIMTUBHOI MOXMOKH B YMOBaX 3MiHU ()OHOBOI €JIEKTPOMPOBITHOCTI Y CEPEIOBHIIIL
BUMIpIOBaHb. Lle € akTyanbHUM i1 010CEHCOPHUX Ta 1HIIMX BUMIPIOBAILHUX CHCTEM Ha OCHOBI
nrdepeHIiaIbHOT TapH KOHJTYKTOMETPUYHUX NIEPETBOPIOBAUIB, KOJIH 1X SJICKTPUYHI MTapaMeTpHu HEe/l0-
CTaTHBO 1ICHTHYHI. MeTor0 po0oTH € 3a0e3nedeHHs NIMOOKOTO MPUIYIICHHS BIUTMBY (DOHOBUX 3MiH
y X yMmoBax. KopoTko po3misiHyTO CyTh MUTAaHHS, IPUYMHU T4 MEXaHi3M JaHOTO BUAY ITOXUOKH,
a TaKoX Po3po0IIeHi paHilie MeToM Ta 3aco0H il 3HMKeHHs. [Ioka3aHo cxeMy Ta JaHO OITUC CTPYKTYpH
KOMTII FOTEpHOI 010CEHCOPHOT CUCTEMH 3 IHTEIICKTYaIbHUM MOJYJIEM TU(EPEHIIATBHOTO KOHTYKTOME-
TPUYHOTO KaHAJTy HA OCHOBI MOCTa 3MiHHOTO cTpyMy. OIUCaHO ajIrOpuTM omepalliii 6aJaHCcyBaHHS
MOCTa IIIJISIXOM PETYTIOBaHHS MOAY/IS Ta (pa3u TECTOBOI HANPYTH Ha MEepeTBOproBavax. Po3misHyTO
BEKTOPHY MOJICITb CTPYMIB 1 HAlIPyT y BUMIPIOBAJIEHOMY KOJIi ITPH IIbOMY TIPOIIECi, a TAKOK MareMa-
THUYHI BUPa3H, 1110 TOSICHIOKOTh MPUBEICHHS MOCTA B 0COOJIMBUI KBa3UPIBHOBAXKHUI CTaH, PH STKOMY
3MiHa (DOHOBOI EIEKTPONPOBITHOCTI HE 3MIHIOE HOTO BUXIAHHM 1H()OPMATUBHUI CUTHAJ Y 3a3HAaYCHUX
BUIIIe yMOBaX. BU3HaueHO JJ0MaTKOBI omeparlii 3 ypiBHOBaKCHHS MOCTY ISl TOCSTHEHHSI TAKOTO CTaHy
MIPY 3HAYHKX BIIMIHHOCTSIX SIK TIPUEJIEKTPOIHUX EMHOCTEH Ta aKTUBHHX OTOPIB, TaK 1 MIXKEIEKTPOI-
HUX OTOPIiB PO3UMHY B IMIIE/IaHCaX MapHU KOHIYKTOMETPUYHHX TIEPETBOPIOBAYIB AU(EPEHITIATBHOTO
naryrka. OTMCAaHO B3aEMOIIIO IHTENIEKTYATBHOTO MOIYJIS 3 MIEPCOHAILHUM KOMIT IOTEPOM, SIKUH BU-
KOHY€ OUTBII MMOBHY 00pOOKY, HAKONTMYEHHS Ta MPEICTABICHHS pe3y/IbTaTiB A0ciikeHb. HaBeneHo
PEe3yJbTaTH eKCIIEPUMEHTATBHUX JIOCITIPKEHb PUIYIICHHS BIUTUBY 3MiH (DOHOBOT EJICKTPOIPOBITHOCTI
PO3YHHY B TU(EPEHIIIATEHOMY KOHIYKTOMETPUYHOMY KaHaJll, BAKOHAHUX Ha OT0 KOMIT IOTePHIl MO-
JIeJTi Ta eKCTIEPUMEHTAIBHOMY 3Pa3Ky KOHJIYKTOMETPUYHOTO TPUIIAJTY 3 CIICKTPUYHUM E€KBiBaJICHTOM
nudepeHIiaIbHOro JaTynka. J[aHo MOpIBHAHHS OTPUMAHUX PE3YJbTaTiB 1 BIAMOBIIHUX JaHUX IS
OanaHCyBaHHS MOCTOBHX CXEM METOJIaMHU, 0 paHillle 3aCTOCOBYBAIIH.

Kurouosi ciioBa: KoHtyKTOMETpIsl, MOCT 3MIHHOTO CTPyMY, OaslaHCyBaHHS, TUddepeHIInaTbHBIN
CEHCOp
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