THEORETICAL FOUNDATIONS OF ENGINEERING. TASKS AND PROBLEMS

SECTION 6. INFORMATION TECHNOLOGIES

6.1 Principles of piezoresonance sensors construction with capacitive control and
their practical application for telemedicine diagnostic systems

Abstract. The paper outlines the principles of using piezoresonance
mechanotrons (PRMT) with a modulated electrode gap to create high-precision
applanation pressure sensors for sphygmographic applications in telemedicine. Design
features of the PRMT construction on quartz resonators with capacitive control are
considered. An electrical model of a piezoresonance mechanotron was constructed and
numerical analysis of the PRMT control characteristics was carried out in the presence
of parasitic electrical connections. A 3-D model of an overpressure sensor based on
PRMT was built and a numerical simulation of the stress-strain state of the corrugated
membrane in COMSOL Multiphysics was performed. The features of linearization of
the PRMT conversion characteristics in the two-frequency mode of excitation of a
quartz resonator are considered. An example of the practical implementation of the
Sphygmograph for telemedicine monitoring of the human cardiovascular system is
given.

Keywords: telemedicine, cardiovascular system, hemodynamic monitoring,

sphygmography, piezoresonance pressure mechanotron

Cardiovascular disease often develops without any symptoms and is undetected
until it is far advanced. Heart attack or stroke is often the first manifestation of
atherosclerosis in patients who have not had any prior symptoms of the disease. This
fact highlights the importance of developing new technologies for early diagnosis in
patients at high risk for cardiovascular disease [329]. The current cardiovascular
diagnostic tools assess risk factors and detect atherosclerotic plaque [330]. However,
the diagnosis of the risk factors in a patient provides no information about the early
pathological changes in his blood vessels; and, by the time atherosclerotic plaque is

detected, the disease is already well advanced. Early detection of cardiovascular
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disease, by assessing arterial stiffness and endothelial dysfunction, provides physicians
with detailed and clinically valuable information and helps identify patients at high risk
for cardiovascular disease.

In this regard, the development of widely available methods and devices to
identify abnormalities of the cardiovascular system at early stages of disease
development is a very urgent task [331].

Almost all equipment existing now intended for research of characteristics and
of a velocity of propagation of a pulse wave uses a method of Doppler ultrasound [332]
that evaluates blood flow through a blood vessel of the person. A disadvantage of this
method is a dependence of measurements results from placement and relocation of the
Doppler sensor, and also the occurrence of noise. The known plethysmographic
method has a disadvantage, because of the use of poorly sensitive photoelectric sensors
and piezoelectric sensors as measuring transducers [333,334] that reduce the value of
the results obtained. Rheography is a non-invasive method and provides much more
convenience to carrying out many measurements. However, in its present form, a
rheography is suitable only for research of rather simple cases as a result of an
undeveloped methodology of the analysis of the received results, called rheogram. An
application of electro-cardio graphical method with the use of two electrodes [335] also
doesn’t allow to estimate completely a condition of the cardiovascular system of the
person and his central hemodynamic parameters.

One of the most promising methods for the telemedicine monitoring of the state
of the cardiovascular system is the sphygmography - graphic recording method of the
pulse wave and pulse oscillation. This method involves carrying out a contouring or
spectral analysis of pulse oscillations recorded on the carotid, femoral and radial
arteries of a person. The amplitudes of the pulse oscillations usually do not exceed
(0.5...3) mm Hg. For their reliable reproduction, the accurate pressure sensors with
high resolution are required [331,336-338].

The paper presents the principles of using piezoresonance mechanotrons
(PRMT) with a modulated interelectrode gap for the construction of high-precision

applanational pressure sensors for sphygmographic applications. By using a
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sphygmographic system on PRMT it will be possible to estimate the condition of
vessels and chance of cardiovascular disease for several years before the appearance
of clinical symptoms of diseases such as atherosclerosis, hypertension, heart failure,
diabetes, coronary heart disease, and pre-stroke and before infarction states. This
assessment is needed for sick people to control the disease and for healthy people to
prevent disease development, as well as for physical activity monitoring.

Sensors based on piezoresonance mechanotrons refers to measuring transducers
with frequency output. The PRMT resonance frequency is adjusted by changing the
capacitance (gap) between the excitation electrodes of the piezoelectric element (PE)
(usually quartz). Sensors based on PRMT have a wide versatility. The constructive
combination of such transducers with elements transforming the external action of a
different physical nature into displacement makes it possible to synthesize various
pressure sensors, forces, accelerations, and others.

The constructive scheme of PRMT is presented in Fig.1. Under the action of a
physical quantity (pressure P ), the position of the moving electrode (membrane)

changes. This leads to a change in the control capacitance C_,,, of the interelectrode

excitation gap x of the PRMT piezoelectric element (Fig.1).
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Figure 1. Construction diagram of PRMT

When PE is excited in the interelectrode gap X, the formula for the resonance

frequency f(x) of a PRMT can be written as
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F(x)=f, L4—T ~f[1402Mm | (1)
14 Mee 14 Mee
X Epg . X Epg |

where x = x, — X,,4 1S the current value of modulated interelectrode gap (MIG);
X, IS the initial gap between the membrane and quartz piezoelectric element;
Xmg 1S the membrane deflection at overpressure P;
f, is the nominal PRMT frequency for x4, =0;

m is the frequency coefficient of quartz PE;

hpe and ep IS the thickness of the quartz piezoelectric element and its

dielectric constant (g, =4.5).

To use PRMT as a sensor, it is included in the circuit of the oscillator. Formula

(1) for the output frequency of the sensor can be represented as

f(X) = f0 + F(X), X € [Xmin 1 XO]’ (2)

where F(X) is the frequency calibration characteristic of the PRMT.
The calibration characteristic F(X) of PRMT is described by a fractional-

rational function

TPV )

where a, ,a,,a, are the approximation coefficients, individual constants of the PRMT.

To use a pressure sensor based on PRMT in microprocessor devices, the

difference frequency F,(x) is allocated

Fair () = free — () = (fo + Fhet)_ f(X) = Free — F(X) 5 (4)
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where f, ., is the frequency of the local oscillator (heterodyne).

Next, we turn to the period T(X) of the difference frequency signal (4) with (3):

(1+a,x)
Fhet (1+ azx)_ (ao + alx).

T(X) = [Fy (0] = [Free ~ FOOT ™ = (5)

Analysis of the denominator (5) shows that the function 1 is transformed into a

strictly linear function of the form

Tiin(X) = Tojin + Sjin - X (6)
subject to the conditions
n a
Fret = Fror) = =%, (7)
d,

-1
a _ N :
where Ty, = [a—l - aoj Is the initial period for x = x,;
2

-1

a . i

Siin = az(a—l—aoj Is the steepness of the pressure sensor conversion on the
2

PRMT [336-338].
To study the electrical characteristics of the PRMT, consider its electric

equivalent circuit (Fig. 2), the main element of which is a quartz resonator with

equivalent dynamic inductance Lq, capacitance Cq, loss impedance Rq and parallel

capacitance C,. In series with the quartz resonator (QR), the control capacitance C

contr

and (if necessary) inductance L., are included to increase the control range and

ext

improve linearity. Parasitic capacities ¢, and c  are also included in the

equivalent electrical circuit, which significantly affects the characteristics of the
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control of the PRMT. If excitation of a quartz resonator in a two-frequency (multi-
frequency) mode is assumed, the equivalent circuit should be expanded by using
additional dynamic circuits, the number of which should correspond to the number of
additional modes of excited oscillations.

For the analysis of the equivalent electric circuit of the PRMT as a complex
multifrequency piezoresonance oscillatory system (MPOS), we use the method
proposed in [336]. We find the conductivity between the points a - b of the equivalent
scheme of the PRMT (Fig. 2):

Figure 2. Equivalent electric circuit of the PRMT

1 1 1 . 1-7:&, + jre
Y=o ="tV = 4 jaCl = 1 , (8)
P Ze Zg qu1+ chqi ° RL+ig)

where z,=R,(1+]j&,) is the complex equivalent resistance of the series circuit Ly,Cq, R,

of the QR near the resonance;

Y, = joC§ = jolC, + C,,, ) IS the complex conductivity parallel connected

capacitances C, and C

par, ’
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a,
§q:Q[£——qu2Q5q — is the generalized detuning relative to the series

a)q 0

resonance frequency;

w—®
oy =2, = 5, =
L,C, @y

iIs the relative frequency deviation,

Lq /Cq .
Q= R Is the Q-factor of QR,;
q

T¢ =a)RqC(') — ratio of resistance to losses R, and resistance of parallel

capacitance 1/wCyg;

1
The quality factor M =—- (parallel Q) determines the activity of the quartz
Tc

resonator when it is connected to the oscillator circuit (M >>1).

Next, we find the equivalent resistance of the serial connection z;, and the

capacity of the control C

contr *

A R+ jg,) 1 R-gn+im)
Zory, =ZortZc,, = , T = : :
1- Tcgq + J7¢ Ja)ccontr _T2 + J(Tcontr _ngq)

(9)

where Zgoy = @Cooy Ry — similarly to the z¢, the ratio of loss resistance R, and the
resistance of the control capacity 1/wC.,,,, IS introduced;
T =Teonr +7¢ 3 To = TeonurTc -

In turn, the conductivity between the points a - ¢ will be determined as

1 1 T4l —TE)
:,—+Ypar2 _ 2 ( contr : 2 q)+ Ja)Cparz —
Zin RyL-& T +iT,)

_ o (le-('; + T2 ) + j(Tcontr + T('; - gq (TlTC'; + T2 ))
R,(ML-&T +iT,)

. (10)
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where ¢ = @R .C,,. Is the resistance ratio of losses R, and the resistance of the

parasitic capacitance 1/«C,,, -

Then, the analytical expression for the complex equivalent resistance of the

electric circuit of the PRMT taking into account the elongation inductance L., (Fig. 2)

will take the form:

Zoput =Zag =2, + jobgyy =

1 , (- T.)

1- équ - f(rcontr +7c — qu3)+ J(Tl - ,3\]
4" 7L

=R, x . -

_T3 + J(Tcontr +7c — qu3)

. (11

where 7 =R, /oLy, is the resistance ratio of losses R, and the resistance of the

elongation inductance wl,, ; T, =T, z& +T,.

ext ?

Thus, the equivalent electrical resistance of the PRMT Z..,,; (11) can be

presented in standard form

_A+JB

ZPRMT(ja))_ A+ B, (12)
2

T T "
where ﬂ:thl—qul—T—fj; BlzRq(Tl——,s); A, =-T3; B, =T,; T4:fcontr+TC_§qT3-

L s
Analysis (12) allows determining the basic electrical parameters of the

piezoresonance oscillatory system of the PRMT: the frequencies of the serial resonance

f. (w,) and the parallel resonance (antiresonance) fpar (@gar ); equivalent quality

factor Qeq (fixing ability); Equivalent Resistance Loss (ESR) and others. So, equating

the imaginary part Im(Z,., (jo) of  Zp(jo) (12) to  zero
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(Bl( q)AQ (ﬁf )— Al(é':q )Bz( q): 0), we obtain an equation for the generalized detuning

éq, which allows us to determine the resonance frequencies of PRMT as a multi-

element MPOS:

k,- &3 +k - &, +k, =0, (13)

" 1 " 2 4
where Ko =7gone +7¢ +TiT3—— ((Tcontr e )2 +T32) k= (_,TS - Tl)(fcontr tTc ) —Ts;

7L 40
K, :T{Tl —Ej
T

Having distinguished the real part Re(Z ., (j®)), we obtain the equivalent
series (ESR) and parallel (EPR) resistance of the MPOS:

ESR = Re(Z pgorr (j0))|, _ o i EPR =Re(Z 7 (jo)) o (14)

1
par

, o o)
where Re(Z . (jo))= (A (o)) ) is the real part of the complex
2

equivalent resistance Z .z, (j@).
One of the most important parameters of the oscillating system is its fixing

ability o, which is directly related to the equivalent quality factor Qeq :

=~ ZQeq , (15)

do(w)

d is the steepness of the phase-frequency characteristic PRMT ¢(w)
a

where

near resonance.
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To determine @(w), we represent the equivalent complex resistance of the

PRMT (12) in an exponential form:

Zppyr(jo) = ‘Z(a))(e)(pjw(w), (16)

where ¢() = ¢1(@)-9,(0)= arctg(%] - arctg[%] |

Accordingly, taking into account (12) and (15) we get:

B0 ) A

‘ A@)+EB @)  (A) + ()

where dA(w): R, A (- T, +T,/7)): dBy(w) _ dA(w) 0- dBy(w) o, T

12 " do da):’da)ZZQB'

We will analyze the characteristics of the oscillatory system PRMT on the basis

of a flat quartz piezoelectric element with the parameters: AT-cut (diameter 12 mm);

frequency of the main resonance f, =10.009987 MHz for Q-factor 103000 and
dynamic resistance R, =24 Ohm,; parallel capacity C,=3.5 pF [336].

In Figure 3 shows the dependences of the frequency of series resonance
AF, = f - f; (Fig.3,a) and parallel resonance AF,, = f, —f, (Fig.3,b), the
equivalent series resistance of losses ESR (Fig. 3,c), the quality factor g =Q,, /Q

(Fig. 3,d) with a change in capacitance control C

contr

and parasitic capacitance C ,, .

The analysis of the obtained data confirms the high efficiency of control with the

use of a series-connected capacity C.,.. He shows that the characteristics of control

are purely nonlinear in nature. So, for the value C.,,, €[L5;5] pF, the steepness
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S of the control characteristic should be between (550...600) Hz/pF,

contr — AI:r/ACcon’[r

and for C,,,,, €[20;30] pF values at the level of 30 Hz/pF.

At the same time, it is possible to distinguish areas with almost linear

dependencies AF,(C,,,, ), for example, C.., €[1.5;4] pF or C,,,, €[17.5;30] pF (Fig. 3,

a, dependence 1). But, the use of the first section is accompanied by a sharp increase
(almost by an order of value) of the series resistance of ESR (Fig. 3, ¢, dependence 1).
This significantly increases the requirements for the active part of the PRMT oscillation
system (its regeneration parameter), which should provide a stable mode of oscillation
in conditions of a decrease in the activity of the quartz resonator (M - factors).
Although in general, the g-losses do not exceed 1%, which potentially ensures high
stability of the generated oscillations (Fig. 3, d, dependence 1).

Naturally, the serial control method PRMT frequency has little effect on its
frequency of parallel resonance oscillating system (Fig. 3, b, dependence 1). Thisis a
confirmation of the adequacy of the proposed electrical model.

The connection of external additional controls to the quartz piezoelectric element
of the PRMT is accompanied by negative phenomena. Thus, the presence of relatively
large parasitic capacitance C . <[2.5;5] pF leads to a significant reduction in the

steepness of the control characteristic (up to 2 times) and a sharp increase in ESR (up
to 5 times) in the area C_,,, €[1.5;5] pF with maximum steepness S, (Fig. 3,a,c,

dependence 1 and 3).
Compensation (to some extent) of the negative effect of the presence of parasitic
capacitance C . can be achieved by including the extension inductance L., (Fig. 2),

which increases the frequency range and improves the linearity of control

characteristics, using a frequency domain lower than f, (Fig. 4, a; C,, [17.5; 30]pF).

It should be noted that at the same time, for relatively large values of Cp,. € [2,5;5]pF

, the equivalent resistance of ESR also significantly increases in accordance with Fig. 3,
C.

The situation is different when controlling PRMT by modulating of
interelectrode excitation capacitance gap (Fig. 4,b) [338,339]. Since the parallel
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parasitic capacitance c . that occurs, in this case, is included through the control

)

capacitance C_,,, (Fig. 2), it has a significantly lower effect on the characteristic of the

contr

PRMT control, the steepness S_ ... of which approaches the maximum possible values

contr

(Fig. 4,b, Window 2, dependence 1-3). At the same time, the variations of the
equivalent resistance ESR and quality factor J values within C_, ., <[1.5;30] pF

maximally approaching the dependencies shown in Fig. 3, ¢, d (dependences 1).
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Figure 3. Dependences of the serial AF, (a) and parallel AF,,, (b) resonances,

equivalent series resistance (ESR) (c) and quality factor g (d) of the PRMT
oscillation system when the parasitic capacitance c,, changes
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Numerical simulation of the stress-deformed state of a metal corrugated

membrane (CM) is performed on the basis of the finite element method by solving the

multifunctional electromechanics problem in the system of physical modelling of
COMSOL Multiphysics.
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The main elements of the three-dimensional (3D) model of the piezoresonance

pressure sensor (Fig. 5, a) are a piezoelectric element (PE), which is located on special

quartz holders and a corrugated membrane that is rigidly fixed in the contour. The

piezoelectric element, which is applied in the center by the electrode and CM

(Fig. 5, b), forms a quartz resonator controlled by excess pressure AP. The resonance

frequency of the sensor depends on the capacity C_,,, of the excitation gap, which is

formed between the PE and the central part of the corrugated membrane (Fig. 1).
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Piezoelectric element =

Metal shell
(quartz)

Membrane

Qu;lrt; holder
(a) (b)

Figure 5. Three-dimensional (3D) model of the excess pressure sensor (a) and

pressurized corrugated membrane (6) (COMSOL Multiphysics)

For linear conditions (small displacements), COMSOL Multiphysics software

formalizes a stress-strain state using the equation:
6 =Deg, (18)

where D - a matrix of elasticity, and vectors of mechanical stresses and deformations

6=|0,0,0,747, 7] and £=[s, &, ¢, 6, &, &) consist of three normal

components o,,c,,0, and ¢,,¢,,&, those three tangents (in symmetry - =z,

Txe =T v Ty =Ty Exy TEp 1 Eq = Exgy Ey; = &gy ) component Ty Ty T and
Exr1EyrEq-
In an isotropic interpretation, the matrix of elasticity D is defined as
1-u  u y7; 0 0 0 |
u l—u u 0 0 0
1-u 0 0 0
D E 0o o o Iz g o | (19)
1+ 1) (1-24) 2,
0 0 0 il
2
0 0 0 0 %

where E — Young's module; {# — Poisson coefficient.
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When applied pressure P, which exceeds the atmospheric pressure, the
deflection of the membrane occurs (Fig. 6), resulting in a decrease in the size of the

gap x.,q between the central surface of the PE and the working surface of the CM. As

you can see, the membrane gets a variable deflection. The greatest displacement has
the centre of the membrane, and the smallest is its periphery (Fig. 6, a, b).

To study the characteristics of a piezoresonance overpressure sensor with a
variable interelectrode excitation gap, its numerical simulation was carried out in
COMSOL Multiphysics (materials temperature - 20°c) (Fig. 7). The results of the
simulation model confirm the high linearity of the deflection characteristics of the CM
in the range of excess pressure AP < [0;40000]Pa or AP < [0;300] mm Hg. The
membrane of the "soft" AERIS 1345 ("BrB2") alloy provides nearly 50% more
sensitive than 36NHTY membrane. However, its maximum deflection goes beyond the

permissible range x., €[0;70um], which must be taken into account when

constructing pressure sensors of this type (Fig. 7, a).

PO(2)=20000 Volume: Total displacement (um)

20

10

g @)
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o

P0(4)=40000 Volume: Total displacement (um)
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Figure 6. Profiles of micro-displacements of a corrugated membrane: X4 max
=31.28 um for AP, =20000Pa (a); X4 max =61.39 um for AP, = 40000 Pa (b)
Accordingly, the capacity C_,, of the interelectrode gap for overpressure

AP > 32500 Pa (Fig. 7, b) is beyond the limits of the values C.,, < [1.5;30], which
are necessary for the effective control of PRMT (Fig. 3) [340].

Membrane deflection Interelectrode gap capacity

—e— ABRIS 1345 | : 1 1 : —e— AERIS 1345 | : : : :
|| —8— 36NHTY : i 3 : —B— 36NHTY [ i i P

(b)
Figure 7. Dependences of the membrane deflection x4, (&) and of the
interelectrode gap capacity C,,, (b) on the value of the applied pressure AP
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Block diagram of suggested sphygmograph based on the PRMT for
telemedicine monitoring is shown in Fig. 8. The suggested device contains the sensors
Sensor 1, and Sensor 2 of pulse wave oscillations, two identical channels of frequency
converters Channel 1, and Channel 2, ARM microprocessor (MC) to control the process
of obtaining and pre-processing of data and the Bluetooth module.

Each sensor contains the pressure measuring transducer based on the PRMT that

Is included in the oscillating system (see the Oscillator 1, and Oscillator 2).

A signal frequency f @) at the output of the i-th pressure sensor is equal to

fO=fD+Af0) =12, (20)

inf 1

where fo(i) Is the rated frequency PRMT,; Af-g‘f) Is the information feature value in the

form of frequency deviation.

For increase the value of the information frequency deviation the multipliers
(Multiplier 1, and Multiplier 2) are used in each channels Channel 1, and Channel 2.
From the outputs of the multipliers Multiplier 1, and Multiplier 2 the frequency-

modulated signal arrives in the frequency mixers Mix 1, and Mix 2.
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Figure 8. An electrical block diagram of the proposed Sphygmograph for
telemedicine monitoring
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After filtration and shape forming procedures performed in the Filters & Shapers
1,2, the frequency difference signal is generated at the mixers Mix 1, and Mix 2 outputs

as follows

Fd(iif) = fR(iE)F f(l)

mul —

Fd(iifi T AFd(iif)f i=12, (21)

where ngiE)F is the output frequency of I1°C of the programmable crystal oscillators
(PVCXO 1, and 2);

Fi) = £l —nf® , AR =£nAfl) is the rated value and information
frequency component F..

The value of reference frequency ngiE)F Is formed according to the approximate
method of linearization (7) [336].

According to the linearization method, the period function TOllf (AP) 1/FOIIf

corresponding to the difference frequency and caused by the change of pressure AP

Is transformed to the strictly linear value as

Tn(n AP ]7/Fd|f =Ty + Spr - AP, (22)
where the upper heterodyne frequency
fhet = fh(eotpt fREF- (23)

For instance, typical data for the practically implemented piezoresonance

frequency transformation with PRMT can be represented as follows: the nominal

frequency f, =10 MHz; optimal heterodyne frequency r,, =10013691 Hz; period
T,=119.196 ps.
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Application for PVCXO 1, and PVCXO 2 the crystal oscillators Si599 (Silicon
Labs) allows setting the optimum frequency of heterodyning (23) with an accuracy of
Hertz. Programming of PVCXO 1, and PVCXO 2 is carried out on the bus I2C.

Signal contained information frequency arrives on ARM Microprocessor Atmel.
For measurement of the period the internal 16th- bit Timer/Counter 1 (T/C1), and
Timer/Counter 2 (T/C2) are used in the microprocessor. At the output of T/C1 and T/C2

the digital code is created proportionally to the high-speed performance of counters:

NG =kT(At Y =12, (24)

cod

where At; is the time counter status change; k is the number of measured periods.
After transforming T{(AP)— N (AP), preprocessing of data (scaling, and

filtering) and forming the digital data stream for transmission on Bluetooth channel of
Smartphone (Notebook) is carried out. For visualization and recording ARM
microprocessor also performs functions of monitoring of the process of measurements.
Initial initialization and zero adjustment Sensor 1, Sensor 2 are demonstrated in Fig. 8.
Let us analyze the accuracy of reproduction of the shape of the pulse wave

oscillations. The information contained in the signal period for small deviations

AF§{ << F{l) can be represented as

1 (i) AFSY

Td(iif) = i i = T(ii) i ATd(iif), AT i = - .
i arf) T AT AT

(25)

The error arising in the evaluation of the period Td(i‘f) and defining the resolution
capability of the transducer T./(AP)— NU),(AP) depends on the high-speed

performance of counters. Then the error 5T(i) can be written as
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(i) _ Atr _ AtT (I:d(iif)o)2 26
0 - At _ At Fai] (26)
KATg{ kn Af,;

Let us define an error of secondary transformation of the pulse oscillations shape
arising in the mode of the sphygmography measurements. This mode is characterized
by small changes of pressure value AP < (3...5) mm Hg and, therefore, the small
magnitude of information frequency deviation Af, < F{\).

For standard magnitude steepness, the following data can be obtained:

transforming AMT of the pressure to the frequency can be equal to S, =

(15...20) Hz/mm Hg; the difference frequency Fd(i‘% =1 kHz, and runtime At; =51078 sec

(k =1, n=4). As a result, relative error 5T(i) is less than 0.1%. It is quite enough for

reproduction of pulse oscillations with high reliability.

The basic advantage of suggested pressure mechanotron is the complete absence
of hysteresis effects, which are inherent in sensors with direct influence onto PE. This
peculiarity substantially increases the reproducibility of graduation characteristics and,
as a result, the accuracy of the measurements. A typical value of permitted ability of
given PRMT with metal membrane comprises (0.05...0.08) mm Hg, and the main error
does not exceed (0.1...0.15) % [336,337].

Piezoresonance pressure mechanotron can use both the single- and the dual-
frequency excitation mode of PE with a modulated interelectrode gap (MIG). The
single-frequency excitation mode of PE with MIG is considered in detail in [338,339].
In the pressure transducer shown in Fig. 9, the QR is included in the scheme of the
dual-mode controlled oscillator DCXO [341]. It is excited at the fundamental mode of

oscillations f, and at the additional mode with an anharmonic frequency f_ .
Fundamental mode f, is informative, and the anharmonic oscillations are used as
frequency of the first heterodyne f,.

After division in DIV device by coefficient equal to N, the frequency of the

second heterodyne f,/N is formed. Respectively, at the output of the first mixer
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MIX1 the first differential frequency F,,, = f, — f, is selected, and at the output of the
second mixer MIX2 the second differential frequency F,, = f,, — f,/N is formed.

After double transducing, the spectrum of an informative signal is exposed to
frequency-period transform for the linearization of the through transducing PRMT

characteristic.

A
=
X
N

P=xE=! | DCXO| 7, | MIx1 EPT

DIV

Figure 9. An electrical block diagram of the dual-mode piezoresonance pressure
mechanotron

Experimental study of PRMT characteristics was performed for the quartz
resonator with a nominal frequency value of the fundamental mode of oscillations
f_ =10010 kHz and the additional mode with an anharmonic frequency f

=10066 kHz. Graduation characteristics for the fundamental and additional oscillation
modes of the QR with MIG are represented in Fig. 10. The dependence of the PRMT
output signal period on the surplus pressure T(P) is shown in Fig. 11.

Af;, kHz Af,, kHz
\
10 66.0
N
9 \ - 65.5 \\
8 AN 65.0 \
AN : N
7 \\ 64.5 \\
6 \\ 64.0 \
5 N 63.5 \\
4 63.0
0 5 100 150 200 250 Ap mm Hg 0 50 100 150 200 250 AP, mm Hg
(a) (b)

Figure 10. The graduation characteristic of the PRMT for the fundamental mode of
oscillations f, (a) and for the additional mode with an anharmonic frequency f, (b)
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The analysis of the obtained results indicates that the change of the division
coefficient N for the frequency f_ allows selecting an optimum period value T, for
the output signal within the borders of a permissible error of a non-linearity transducing.

It can be seen that for these graduation characteristics of the QR with MIG
demonstrated in Fig. 10, the optimum division coefficient value is N =194 in case of

the integral non-linearity value of the pressure characteristic of no more than 0.5 mm Hg.

T, us
N
260
3 \\\]\&194
220 \~\
200 \ \\ o3
180 \\\\\_
MN=195 %
160 \\

140
0

4

5 100 15 200 250 AP, mm Hg

Figure 11. Dependences of the output signal period of the PRMT on the pressure
T(AP) for different values of N

At the same time, satisfactory results can be obtained also at the coefficient

values of N =193 and N =195 that indicates the high performance of this
linearization method [341,342].

Three main areas of use of a sphygmography in clinical practice and for
personal/home use where it is planned to use the Sphygmograph:

1. Sphygmography is used for the quantitative definition of hemodynamic
indices of the blood circulatory system, such as of a pulse wave velocity (PWV),
duration of separate phases of a cardiac cycle, the size of systolic volume and others.
The singular value gets this method during the diagnosing of atherosclerosis, arterial
hypertension, heart diseases, closed craniocerebral injuries, etc. Examples of

synchronous measurements of sphygmogram of the central pulse (carotid artery) and
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peripheral pulse (femoral artery) obtained by the sensors PRMT 1 and PRMT 2 are
shown in Fig. 8.

2. Sphygmography is used in a complex of poly- cardiographic researches of the
cardiovascular system where there is a simultaneous filing of an electrocardiogram,
sphygmogram, phonocardiogram, the rheocardiograms characterizing the different
parties of physiologic processes in the body’s circulatory system.

3. The special sphygmography is necessary for the solution of specific problems
of assessment of a condition of cardiac walls at different forms of cardiovascular
pathology, for example, assessment of change a pulse wave a normal form is observed
at a failure of aortal valves, an aortal stenosis, and some other diseases and it needs the
subsequent studying [343, 344].

Sphygmograph reads the pulse wave on the carotid and radial (femoral) artery.
Then, it is synchronized with one of the gadgets via Bluetooth for storage statistics,
issues derived hemodynamic parameters on its screen, and, if necessary, transmit the
processed information to the server in the cloud for advice from the family doctor
[329,330]. Constructive realization of the microcontroller block and PRMT of surplus

pressure is shown in Fig. 12.

(@ (b)

Figure 12. Constructive realization of the microcontroller block (a) and PRMT of
surplus pressure (b)
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The following are typical technical characteristics of the Sphygmograph.

1. Resolution in the range of applied pressure P < [0;300] mm Hg:

— for small pressure, lessthan 10 mmHg .................... (0.008 - 0.01) mm Hg;
— for maximum Pressure NOt WOISe ......o.vevveiinieenieiniiiine e, 0.025 mm Hg.
2. Full change-over of frequency, notless than ................................ 9.5 kHz.
3. The value of hysteresis after maximum load, not more than ....................... 2 Hz.

4. The basic error of measurement the surplus pressure, not more than ........ 0.15%.

Suggested Sphygmograph is used for the quantitative definition of
hemodynamic indices of the blood circulatory system, such as of a PWV, duration of
separate phases of a cardiac cycle, the size of systolic volume and others. The singular
value gets this method during the diagnosing of atherosclerosis, arterial hypertension,
heart diseases, the closed craniocerebral injuries, etc. [337].

Examples of synchronous measurements of sphygmogram of the central pulse
(carotid artery) and peripheral pulse (radial artery) obtained by the sensors PRMT 1
and PRMT 2 are shown in Fig. 13. In Fig. 14 are shown the sphygmograms for carotid
(@) and the radial (b) arteries take off by PRMT for patients with diagnosed aortic
insufficiency and mitral valve prolapse [337,343,344].

0 0.5 1 1 5 2 25
Time, s

Figure 13. Defining PWV by signals on carotid artery (1) and radial artery (2),
Female, 25 years old
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Figure 14. Sphygmograms measured for carotid (a) and the radial (b) arteries taken off
by PRMT for patients with diagnosed aortic insufficiency and mitral valve prolapsed

SUMMARY. The method of sphygmography is one of the most promising
diagnosis methods of cardiovascular disease and for hemodynamic monitoring of the
cardiovascular system. This method involves an analysis of pulse oscillations, taken on
the carotid, femoral, radial and other arteries of a person. The wide application of the
method of sphygmography is hampered by the absence of precise pulse wave acoustic
sensors with high resolution.

Using a new generation of pulse wave sensors such as piezoresonance pressure
mechanotron (PRMT) with a modulated interelectrode gap significantly improves the
accuracy and reliability of sphygmographic studies. The sphygmographic system
developed on the basis of PRMT allows recording of local and volumetric
sphygmograms and provides reliability of measurements in real time, solving the
problems of computer diagnostics. The received results of researches confirm high
efficiency of application of offered approaches at the construction of telemedical

systems for monitoring of parameters of hemodynamics of the person.
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