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Abstract—The physical and technical characteristics, structural and topological aspects of the micromechanical thermo-
resistor active heating transdusers synthesis for fluid (gas and liquid) parameters determination are considered. All trans-
ducers are based on a single MEMS (Micro Electro Mechanical System) structure and differ in functionality due to different
operating modes and different principles for determining fluid parameters. It allows the development of multifunctional
sensors based on a single hardware, which includes a typical MEMS structure and mass production microprocessor, for
example, PSoC (Programmable System On Chip). The transducers mathematical models acceptable for the COMSOL sim-
ulation library and designing of information electronics devices with the registration of various physical parameters are
proposed. The analytical calculations on the basis of the proposed models for a gas flow sensor of the temperature depend-
ence from the fluid flow velocity in the MEMS structure was performed. The proposed models can be used for the operation

analytical description and computing of devices based on the use of thermoelectric processes in micro-scale structures.

Ref. 29, fig. 3.
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L INTRODUCTION

Development of the sensing device for any physical
parameter and carrying out of scientific researches with
its using imply the both sensor and research field detailed
elaboration [1-6]. Revealing regularities of the investi-
gated measuring processes into the research object is
solved within the problem framework. Synthesis of a new
generation semiconductor submicron or nanoscale struc-
tures is mainly based on the use of laws and phenomena
of solid state physics and is largely used into an empirical
process. Many authors have attempted to systematize and
present comprehensively such knowledge [1, 4], but
the result does not create the impression of completely
systematic one. The variety of phenomena and laws
allowed to create a variety of semiconductor structures
and devices based on them. This process has not com-
pleted but constantly develops and discovers of nanoscale
effects. The variety of effects should be considered in
a certain methodological manner. First of all, it concerns
measured values, by means of which quantitative descrip-
tion of the phenomenon (effect) is given; secondly, estab-
lished relationships take the form of mathematical models
at certain approximation; finally the synthesis of a semi-
conductor device can be considered. Modern researches
is hardly to imagine without the active use of software
products based on basic mathematical models to formal-
ize a process of semiconductor individual element design
and a converter synthesis as a whole [3, 6]. Such infor-
mation and analytical systems with a communication

interface are developed for circuit design and do not
affect the design and technological constraints of particu-
lar classes of semiconductor structures. In terms of sys-
tematization of knowledge about phenomena in solids
and in micromechanical thermocouples in particular,
the creation of such an information system remains an
urgent task, since a detailed analysis of the processes
occurring in the semiconductor structure opens up possi-
bilities for the new measuring methods implementation
and the characteristics of devices improving. The system-
atization of knowledge in this direction can not be
reduced to a formal table or a simple algorithm for defin-
ing a feature of systematization. Nowadays, there are
classes of instruments for which the physical principles
of functioning are presented in the form of Computer
Aided Design (CAD) systems. For devices not studied or
new expediency of the system approach is justified and
the synthesis of the information system for the study of
devices is a necessary step [3, 5, 6]. With the rapid devel-
opment of Micro Electro Mechanical System (MEMS)
there is a rising need for CAD. This is an unsolved part of
sensing device synthesis task for the both scientific pur-
poses and educational ones for devices based on MEMS
structures using electrothermal phenomena.

There are many CAD systems that can be used to syn-
thesize MEMS sensing structures; a detailed analysis of
design tools is considered [3, 6]. It should be noted that
the authors present a point of view from the perspective
of the through-design of micromechanical systems, which
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itself is a complex and global task. Existing powerful
CAD systems are versatile and focused on a wide range
of tasks, which sometimes makes it difficult to take into
account the specific features of specific technical solu-
tions. The feature of the synthesis of MEMS structures is
a combination of technological techniques characteristic
of the CMOS technology and special techniques, deter-
mined by the application area of the device and the corre-
sponding use of physical effects. The design phases asso-
ciated with the CMOS technology are usually well-stud-
ied, but the specific design steps do not have a unified
representation up to date. The ones are fully relevant to
MEMS structures using electrothermal phenomena [7-
12]. The multifunctionality and closedness of individual
CAD systems are not always a plus for design, especially
when studying dimensional effects in MEMS. CAD sys-
tems with an open library seems preferably for such case.
The possibility to use the visual system interface for
the both library elements editing and new ones introduc-
ing is very important for designers; using customer’s
analytical equations for theire next solutions by embed-
ded into CAD numerical methods is important too. This
approach does not contradict the goal of MEMS sensor
flow-through design, but rather complements it in
the design of MEMS using electrothermal phenomena.
The problem part of the task is both the lack of a mathe-
matical description and how it is obtained, as well as what
are the required input values and which characteristics at
the synthesized model output will be determined.

However, the effectiveness of CAD systems does not
solve the problem of the price of the final product —
the sensor, because it is determined by its mass produc-
tion. Increase in mass production can be achieved
by reducing the typical structures of sensors, expanding
their range extension and making them multifunctional.

Having regard to mentioned, the purpose of this work
is to consider the possibility of implementing a multifunc-
tional sensor based on a typical MEMS structure and to
propose basic analytical models of a thermoresistive sen-
sor element used heat-exchange technology as a library
elements for an open CAD system. The proposed models
describe number of sensors based on the common sensor
core (the same MEMS structure), but the physics of oper-
ation for each case was developed individually, taking
into account the features of the analyzed phenomena.
The proposed models can be used in open CAD systems
like COMSOL to calculate and describe the operation of
such sensor devices.

Il MULTIFUNCTIONAL MICROELECTRONIC
THERMORESISTIVE SENSOR

A. Application fields and technology.

The functional dependences of the overheated
by enforcement thermoresistor from environmental
parameters such as temperature, pressure, fluid (gas or
liquid) flow, absorbed electromagnetic power are an
essential physical principle of developments [1, 4, 5].
The unified sensitive element includes a resistor assembly
properly co-located either freely or at a thin-film dielec-
tric membrane [13-15]. The membrane being made
by backside through etching of a monocrystalline silicon
wafer. The membrane thermal properties, geometry and
on the substrate location provide a high thermal isolation

of the sensitive element from the substrate and reliable
contact with ambient fluid. MEMS technology is used for
the such sensitive element fabrication. It mainly includes
standard operation steps of microelectronic manufactur-
ing and micromechanical engineering for many types of
sensors. Atomic layer deposition technology is possible
for a fabrication of the sensitive element.

Sensor signal processing circuits are individual for
each type of sensor and usually include a heating power
supply circuit, a measuring amplifier, an analog-to-digital
(ADC) converters, heat loss and offset compensation cir-
cuits, interface electronics (lately made by IoT technol-

ogy).

Fields of application of microelectronic thermal sen-
sors are the next [2-4]:

e temperature measurement;

e fluids (gas and liquid) velocity and volume or
mass flow rate measurement [15-18];

e absolute gas pressure and density measurement
(including vacuum Pirani type gauges) [19-21];

e fluids (gas and liquid) composision analysis
by varying heat exchange technologies;

e mechanical parameters of moving objects [22-25];

o differential pressure and velocity measurement,
including infra- and low- frequency acoustic [26,
27];

e optical power measurement.

Some operational principles of such sensors are
the next ones:

Absolute gas pressure sensor

The operation of the sensor is based on the internal
properties of a non-stationary heated structure, including
a membrane and overheated gas in the condition of
unsteady heat exchange [19-21]. A bridge technique is
used in which the modulated power is dissipated on
the membrane and the overheating temperature amplitude
relative to the matching thermoresistor is detected.

Fluid velocity, mass or volume flow rate and dif-
ferential pressure sensor.

The sensor operates on a heat transfer theory for gas
flowing over a micromachined overheated bridge or
membrane, producing a change in the temperature profile
of the membrane [15-18]. Dual sensing elements posi-
tioned at both sides of a central heating element allow for
bidirectional flow measurement. The temperature differ-
ence between the sensors is transforming into a voltage
signal which is in direct relation to the gas flow.

Vacuum meter (Pirani type).

The working principle of a Pirani vacuum sensor is
based on the fact of a hot membrane to its ambient tem-
perature, although the gas condition is proportional to
the molecular density of the gas in the vacuum system.
Our structure provides both low thermal losses through
the membrane to the substrate and a large active area for
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gaseous heat conduction. A new method of ambient tem-
perature compensation was also proposed.

Gas pressure variation velocity sensor.

The operation of the sensor is based on the inertial
properties of a overheated structure including a mem-
brane and adjacent gas in the condition of non-stationary
heat exchange. A pulse current bridge technique is used,
in which the incoming power is dissipated at the heater
located on a membrane and detects the overheating tem-
perature amplitude relative to the gas pressure variation.

Sensor of gas density measurement.

The principle of determining the density of gas is
based on the dependence of phase characteristics of
the propagation of temperature waves in the medium
from the mass and concentration of molecules. The waves
of temperature in gas are excited by passing an alternating
electric current through one of the active resistors of
the primary converter, whose construction corresponds to
the base element. The following parameters of the infor-
mation signal are subject to measurement: the average
temperature of the gas, the frequency component of
the temperature component of the oscillation, as well as
the phase shift of the temperature of the primary converter
relative to the phase change temperature of the heater.

Bolometer.

The detector is a resistance of a thin-film bolometer
type; an adsorber radiation raises the temperature of
the detector, thereby causes electrical resistance chang-
ing. This change is observed by virtue of the variation in
the current bias current applied to the detector.

B. Basic constructive constraints.

The presented phenomena of electrothermal
transformations are basic for describing the ongoing
physical processes. At this stage, it is necessary to analyze
the essence of the physical phenomenon, how to describe
it and what structural characteristics are basic [1, 7,9, 11,
12].

Thus, in the analysis of the gas flowmeter package
according to Fig.1 an electro-hydraulic analogy was been
used. To characterize the flow forming channel,
a pneumatic resistance is introduced, it is parameter that
is defined as the ratio of the pressure drop AP [Pa] to
the channel length L, (analogue of the voltage drop on
the element) to bulk charges moving medium in
the channel Q [m3 / sec] (analog of electric current):

AP
Ry = AmAr —- D,
Q
where A, — scale parameter of model, A — dimen-
sionless parameter of the form of the flow-forming chan-
nel cross-section, depending on the Reynolds number.

Any fluid movement in the flow-forming channel is
accompanied by vortices and fluxes, especially in transi-
tion modes. If the reaction rate of the measuring system
is higher than the rate of the changes in the channel, then
the semiconductor structure can be treated as quasi-static.
In this detail, the study of the laminar flow of the medium
in the channel based on the calorimetric method is pre-
dominant.

For a cylindrical channel in a mode of laminar speed,
the Reynolds number, taking into account the parameters
of the medium, can be expressed through volume flow or
through pressure drop 4P on the length of the L, channel
in accordance with the following expressions:

_ 4Q yD3AP
Re(Q) = p— 3217L, (2),

where y [kg/m?], # [Pa-s] — respectively, density and kin-
ematic viscosity of the medium in the channel.

Re(AP) =

In the worst case scenario for numbers Re <200,
the length of the channel, which provides the formation
of'a laminar flow, has an order of ten hydraulic diameters.
Then, for channels up to 1 mm high, the sensing element
of the transducer should be located 10 mm from
the beginning of the channel for the implementation of
the laminar mode at the upper region of the measuring
range; as a result the transducer package must accord-
ingly have dimensions of at least 20 mm.

IIl.  ELECTROTHERMIC TRANSFORMATIONS
IN THE THERMORESISTIVE TRANDUCERS

Micromechanical thermistor transducers operate on
the basis of electrothermal transformations, and it is en-
visaged to create the given temperature gradients in
the thermally insulated structure (TIS) and control
the heat exchange between its individual elements and
the environment [8, 10]. Structurally simple membrane,
bridge or cantilever insulated TIS are multifunctional and
meet the need for temperature, pressure, composition of
the gas mixture, linear velocity, volume or mass flow of
liquid and gas, acceleration, sound vibrations (micro-
phones), electromagnetic radiation (bolometers) etc.
The development of electronic transformer devices on
their basis requires a complex statement of the problem
with the obligatory consideration of both electrical and
thermophysical processes directly in the TIS, as well as
in the thermophysical and hydrodynamic processes in
the environment fluid. Automatisation of an optimal
design for such TIS and secondary converters electronic
circuits development are the up to date subject of active
research in the leading scientific institutions of the world.

Analysis of electrothermal processes in solid-state
thermoresistive semiconductor transducers (TRST) man-
ufactured by MEMS technology, which by their nature
are substantially different from analogous processes in
functional analogues created in macroscopic design.

The determination of the fluid flow velocity by meth-
ods of active heating implies either the estimation of
the fraction of thermal losses of the heater into the sur-
round flow due to its mechanical motion (thermoanemo-
metric method) or the analysis of the change in the spatial
temperature distribution into the both TIS around
the heaterand the flow-forming channels (calorimetric
method) [1, 7, 10, 11]. The solution of the heat transfer
problem in precise formulation requires finding a com-
mon solution of the following system of equations:

e Navier-Stokes equation for a non-mopping envi-
ronment (equation of moments),

e cquation of continuity of a flow in a channel,
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e the energy transfer equation in the filled medium
channel for the temperature field T (x; y; z) in
the moving flow without taking into account heat
allocation due to the work performed by the forces
of friction and compression,

e cquation of conductive and convective heat trans-
fer in the structural elements of the TIS taking into
account heat sources geometry and heat exchange
processes from the TIS’ top and down surfaces.

These equations solutions require taking into account
the processes occurring in the MEMS flow-forming chan-
nel; it is necessary to determine the velocities and pres-
sures distribution for a given instant of time at any point
in space. It is necessary to take into account both the ini-
tial and the boundary conditions for the completeness of
the situation, depending on the type of the problem being
solved. The complexity of the named equations systems
prejudices a possibility of an exact solution obtaining in
the general form; this is a well-known fact; therefore, dif-
ferent scenarios of the approximate solution are consid-
ered. There are certain solutions that establish links
between the parameters of the motion of the medium and
the structural elements of the semiconductor MEMS. One
of such scenarios is the use of a solution in the form
Gagen-Poiseuil equations.

The detailed solution by an analytical method with
due consideration for simplifications described in [15]
establishes links with parameters that can be influenced
by manufacturing technology [16]. The common solution
also is a complex task for real TRST designs. In practice,
when analyzing the physical processes of measuring
the transformation of the TRST, it is expedient to perform
a reasonable simplification of their geometry to simple
models and using of the similarity theory methods.

1V.  RESULTS OF ANALITYCAL SIMULATION
BY CALORIMETRIC METHOD

The base semiconductor structure includes a mem-
brane, a sensing element (SE) and an active heat-generat-
ing element (heater H, Figl). It remains identical for-
multiple physical parameters registration, but the meth-
ods of quantitative determination of the parameter are sig-
nificantly different. Simulation of electrothermal pro-
cesses characteristic of structures in the MEMS design
allows us to give recommendations on the geometry of
the primary converter, the optimal mutual positioning of
the H and SE, and to establish the basic characteristics of
the instrument.

The simulation of processes in the structure should be
considered successful if the results obtained on the basis
of the both calorimetric and thermocondutometric
method including:

o the study of the stationary temperature distribution
in the flow-forming channel;

o the research on the heat exchange of the micro-
bridge heat-generating element with the analysed
medium in a flow-forming channel of a rectangu-
lar cross-section.

e We’ve took into account the specific energy
exchange between the next heat exchange bodies:

Sensor
case

Flow-forming channel ‘ y

Si
substrate

Back-side etching cavity
\

\

—
rLead wire \‘ y !
contacts ! AN x |
[ 1A\ | Sensing Elements
—— f’=\=:\ |, St
= 1 ‘\ J— Il-|eater H
- T —— | .
— | ] Membrane
' Si02/Si3N4
} n

Fig. 1 The gas velocity and flow rate sensor topology.

e clements inside of the TIS;
e the roof and bottom of the flow-forming channel;
e the moving fluid into the channel.

We have analysed conductive and convective heat
transfer in the typical structural elements of the TIS
according to the Fig. 1 taking into account the simplified
heater geometry like a beam placed on a closed dielectric
membrane. We have took into account heat exchange pro-
cesses from the TIS top and down surfaces into a rough
approximation of liner temperature distribution towards
the outer normal to TIS surfaces [15] into the both
the flow-forming channel and the etching cavity. Finally
we have obtained the next heat-exchange equation for
TIS one-dimension temperature distribution along
the flow channel:

1 d?*T
(E ydep + kmdm) i
V., dT P,
—Cryrden %E — (h + hp)T = S_: 3),

where k; Cj; yr are the fluid heat conductivity, heat capac-
ity and density respectively, d. is the flow-forming chan-
nel height, ky and dn is the TIS supporting membrane
heat conductivity and thickness, /4 and 4, are the TIS heat
exchange coefficients from the top and bottom surface
respectively, P, and S are the heater active power and
heat-exchange surface respectively.

The last equation solution gives the temperature dis-
tribution into the proposed simple model for the both flow
velocity depending heater 7, and TIS T7(y) towards
the flowing fluid:

Th =
Py
_ / Sh
V2 +16a; (% + ’,im;m) —hlg Z hy
ke kg fQcn/ KrQcn
e — A SCthyf
dch db kmdm
1+2 .d
fY%ch
T(y) = Ty exp(1y) @,

where: k., is an air heat conductivity (the proposed model
supposed the bottom under-TIS etching cavity filled
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by stagnant air), ay is fluid thermal diffusivity, Se is
the flow-forming channel cross-section,

1
P S—
T k.d
da; (3 + Xmlm
GG Krdey)

1 kpdy)(hc+h
— |z 2(Z g mrm (7t T b
V2 + 16a? <2+ kfdch>( Kdon ) }o®

The analytical solution takes into account the electro-
thermal feedback between processes in the primary and
secondary transducers, allows to perform the above-men-
tioned studies and results the numerical estimation, spec-
ified at the Fig. 2.

V. DIFFICULTIES IN APPLYING THE PROPOSED
APPROACH AND POSSIBLE WAYS TO OVERCOME THEM.

The outcome of the modeling presented in Section IV
is the result of applying an analytical approach to solving
a specific problem and for a particular model.
The dependence of the temperature distribution in
the membrane transducer on the flow rate of the fluid was
the result of a detailed analysis and implementation of
rather burdensome mathematical transformations. On
the other hand, the obtained solution is a confirmation of
the intuitively expected result of the physical laws of heat
distribution and symmetry laws.

For obvious reasons, the analytical approach may be
too complex and hard to understand in terms of interpret-
ing the resulting final expressions after mathematical
transformations and simulation results for other designs
and applications of thermoresistive converters. In this
case, it is advisable to use a more general mathematical
approach for describing the behavior of elements of ther-
moresistive converters able to become a communicative
language for the user of system design.

In the general case it is necessary to implement an
approach that will describe the behavior of processes and
synthesize new applications based on thermoresistive
converters, and in this case, it is necessary to solve
the differential equation of the form [15, 16]. The solution
to this problem can be due to various reasons, for exam-
ple, the solution of algebraic equations derived from
the differential equation for t — oo, finding the maximum
and minimum solutions in the time interval, studying
the nature of the transient process in time for the subject
of stability, etc. The peculiarity of this task is that
the engineer is interested in the solution at the end of
a considerable time, this is important for practical tasks,
that is, it is necessary to establish the nature of
the changes of the solution, will it be constant or have
a oscillation character.

To solve the equation, it is proposed to apply
the method of finite differences and implement it with
the use of the principle of quasi-analogy, which is used in
electronic modeling. In doing so, we note that in our study
there is no need to create a proper electronic model and
the technical implementation of the achievement of
equivalence conditions is not considered. Perspective use
of the algorithm of transition from differential equation to
finite differences and from them to the electrical analogue

of the finite-difference equation. Such an approach can be
used for the CAD synthesis of the system of thermoresis-
tive converters for two reasons: 1) due to the developed
numerical methods for solving systems of algebraic equa-
tions; 2) the typical problem is considered and the transi-
tion to the electrical analogy of the finite-difference equa-
tion does not cause difficulties and as a result actually we
obtain a system of algebraic equations, and the procedure
for their synthesis is reduced to the use of simple and
understandable rules and the process can be easily auto-
mated.

Thus, in the case of significant complications in
the application of the analytical approach to solving a par-
ticular problem and for a particular model, as a possible
alternative, it is proposed to use a modified finite-differ-
ence method for modeling elements of thermoresistive
converters.

VI.  SIMULATION TO OPTIMIZE THE MULTIFUNCTIONAL
DESIGN OF THE MICROELECTRONIC THERMORESISTIVE
SENSOR

The expansion of the capabilities of a multifunctional
microelectronic thermosetting sensor occurs due to cer-
tain changes in its operating modes. The higher men-
tioned sensor of the gas density measurement, which is
intended to determine the specific gravity of hydrocar-
bons in the control systems of the combustion process,
the systems for monitoring natural gas leaks, etc., is given
as an example.

The physical principles of the measurement process
are described in detail in [20, 21]. It should be noted that
an increase in the concentration of molecules in volume
on the thermal conductivity may not occur, since with
the increase in specific heat capacity simultaneously
the length of free run of molecules decreases. This leads
to the fact that the dependence of the thermal conductivity
on the density in certain ranges of densities and tempera-
tures can have an extremum, that is, it is ambiguous.
Essentially, there is a requirement for the coexistence of
the geometric dimensions of the primary converter with
the free path of the molecule in the working ranges of
concentrations. In addition, it is necessary to take into
account the very significant damping of the amplitude of
the temperature fluctuations in the medium in accordance
with the following coordinate-time dependence T (X, t)
for the model of the thermal wave penetration into
the semispace [28]:

~ 4 ol T o e
s V=025 ms -~ —
A EEE) T
8 wo V=0.5 rn/s :Jf
e 7 W ———

3 = V-lsms Lot .
5} it freeend]
o e
£, il —
=) ]
o) e 9
e o

oooooo :
% 2 B s /
- ',
b5y . ¥
2 M|
g .
ﬁ 4 Y _j

-0.4 0.2 0 0.2 0.4

) Coordinate along the flow channel (mm)

Fig. 2. Calculated dependence of temperature change in the mem-
brane plane on the linear air velocity into a fluid-forming channel.
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T(x,t) = Ty exp (—\/gx) cos (cut - Ex) (6),

where Ty is the amplitude of the temperature fluctuations
of the heater, o is the frequency of temperature fluctua-
tions, a is the thermodiffusivity, t is the time, x is
the coordinate in the normal to the half-space boundary.

The simulation of the thermal wave penetration into
the medium gives a substantially expressed maximum in
the spatial dependence of the variation of the temperature
fluctuation amplitude on the coordinate when the thermal
diffusivity is changed. Fig. 3 shows the corresponding
curves, the analysis of which confirms the optimal use of
measuring transducers in the MEMS performance with
their characteristic dimensions of the order of tens —
hundreds of microns and their own constant time of about
a few milliseconds. The dependence of the relative
change in the amplitude of the temperature fluctuation
(vertical axis) from the distance x from the boundary as
a result of the change in the temperature diffusivity from
al =2 - 107 [m? / sec] (air under normal conditions) to
a05 = 1073 [m? / sec] for the frequencies w1 = 100Hz, w2
= 50Hz, 3 = 10Hz clearly shows the presence of
the optimal spatial location of the heater and the register-
ing temperature converter for the analysis of the charac-
teristics of the medium over the temperature diffusivity
and the derivatives of its thermal conductivity, specific
heat and density. A feature is the curve narrowing and
the resulting expected increase in criticality to the geo-
metric optimization of the converter with increasing
operating frequency.

The implementation of the method for measuring
the density of gases occurs by determining the heat ex-
change between the heating element of the converter and
the gas, provided that the electric current is transmitted in
periodic mode according to the harmonic law. The two
parameters of the alternating signal are subject to meas-
urement: the phase shift of the temperature of the gas at a
distance d from the heater relative to the phase of the tem-
perature variation of the heating element and the fre-
quency of oscillation, as well as the temperature of the
gas. Then the density is determined by the equation [21]:

_NT (A(p)z
p= A w d (7) ’
al
015
013 T ———— ©3=10Ty
) . ’ l/ . T~ —_—
0.1 < ™
:’I /
ovs| [/
L/ @2=500y
0.05 /
i/ o1=100y -
02|}/
0 -
0 5-10 4 0.001 0.0015 0.002 0.0025 0.003
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Fig. 3 The simulated dependence of the relative change in the ampli-
tude of the temperature fluctuation AT upon penetration of the ther-
mal wave in the fluid at a depth x as a result of a thermodiffusivity
change.

where T is the gas temperature, A is the phase shift of
the temperature fluctuations at a distance d from
the heater, 4 is the constant which is determined experi-
mentally during the calibration. The constructive param-
eter of the converter d must be determined with reference
to the working values of the density of the medium and
be optimized in accordance with the results shown
in Fig. 3.

Calculations for the sensor model described above
show that the conversion characteristic is not symmet-
rical. This result requires an appropriate asymmetrical
arrangement of the sensors relative to the heater. For
the bidirectional measurement of the linear velocity and
the simultaneous preservation of the maximum sensitivity
of the method, a matrix of sensitive elements will be
required.

VII.  VERIFICATION OF THE MODEL AND SIMULATION

The adequacy of the proposed advanced model is con-
firmed by the correspondence of the calculated data
obtained in the work with the results of experimental
studies of similar structures performed by the authors in
previous works [20, 29] and in the works of other authors
[10, 16].

Primary differential pressure transducer
UR3201NRO1-1 for measuring range from 102 to
1.5 10" PA, the advanced mathematical model of which
is considered above in this work, was produced serially in
accordance with TU U24571552.001-99. This transducer
was used in devices of diagnostics of the external respi-
ration function of the person "Pulmovent". Absolute error
of measurement of volumetric flow in the range from 0.1
to 1.5 I/s was not more than £0.045 1/s and limits of per-
missible relative error in the measurement of volumetric
flow in the measurement range from 1,5 to 15,0 I/s was
not more than +3%

CONCLUSIONS

All considered transducers are based on a single
MEMS structure and differ in functionality due to differ-
ent operating modes and different principles for determin-
ing fluid parameters. It allows the development of multi-
functional sensors based on a single hardware, which
includes a typical MEMS structure and mass production
microprocessor, for example, PSoC.

The mathematical model which is accepted as
the basis for synthesis of the library and designing of
information electronics devices with the registration of
various physical parameters is proposed.

The analytical calculation on the basis of the proposed
model for a gas flow sensor of the temperature depend-
ence from the fluid flow velocity in the MEMS structure
was performed.

The result obtained is the basis for the implementation
of a perspective design of a multifunctional thermosetting
sensor for the two-way registration of gas flow rates.

The proposed models can be used in open systems
like COMSOL for the calculation and description of
the operation of devices based on the use of thermoelec-
tric processes in small-sized structures.
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«KuiBChKUMi TTONiTEXHIYHUH iHCTUTYT iMeHi [ropst CikopchKOTOY

KuiB, Ykpaina

Anomayia—Yy podoTi NPOBeEHO aHAJI3 eJIEKTPOHHUX, TEIVIOBHUX i rilpoAuHaMidYHUX (Pi3HYHUX NpoLeciB, XapaKTePHUX
AJIs1 CTPYKTYP NepBHHHMX MepeTBOPIOBAYiB, BATOTOBJICHHX 32 TEXHOJIOTi€I0 KpeMHieBoi MikpoesiekTpoMexaHiku. Po3rius-
HYTO (pi3uK0-TeXHiYHi XapaKTePUCTUKH, CTPYKTYPHI Ta TONOJIOTiYHI acnieKTH GyHKIiOHYBAHHA MiKpOMeXaHiYHHX TepMO-
Pe3UCTOPHUX TeILIOi30/IbOBAHUX CTPYKTYP AKTHBHOIO HArpiBaHHs, SIKi MOKYTh OyTH OCHOBOIO JJIsi CHHTe3y 0i0sioTexu
eJleMeHTiB NePBMHHUX MEePEeTBOPIOBAYIB B CHCTEMAaX aBTOMATH30BAHOI0 NPOEKTYBAHHS NMPHCTPOIB iHpopMaLiiiHOI esleKT-
poniku. Oco0.uBicTI0 YyHiiKoBaHOI TeN10i30/1b0BAHOI CTPYKTYPH € ii 0araTop)yHKHiOHAJIBHICTD, 110 HAJA€ MOXK/INBICTD
Ha 0a3i €1MHOr0 MOJE/IBbHOrO Miaxoay A0 GyHKIiOHYBAHHS TEPMOPE3UCTOPHOr0 NEPBHHHOIO NEPETBOPIOBAYAa AKTHBHOIO
HArpiBaHHS PO3POOUTH HU3KY CeHCOPiB (i3MYHMX BeJMYHH: a0COJIOTHOIO Ta AU(epPeHUiHHOI0 THCKY ra30BOI0 cepeno-
BHUIIA, JiHiliHOT MIBHIKOCTI Ta MacOBHUX BHTPAT (MIIOiLy, MOTY’KHOCTI €JJeKTPOMATHITHOIO BHIIPOMiHIOBaHHsA Tomo. Bei
nepeTBoproBayi 3acHoBaHi Ha €quHiii crpykTypi MEMS (Micro Electro Mechanical System) i Bigpisusilorbes 3a ¢pyHkuio-
HAJIBHICTIO 32 PAXYHOK Pi3HMX pesKuUMiB po0oTH i pi3HMX NPUHIMIIB BU3HAYeHHS napaMeTpiB pinunu. e 1o3Bosse po3po-
011N 0araTopyHKUiOHAJIbHI JaTYMKH HA OCHOBi €IHHOIO0 00JIATHAHHS, L0 BKJIIOYAa€ B cede TUNOBY cTpyKTYypy MEMC
i Mikponmpouecop MacoBoro BHpoOHHUUTBA, Hanpukjiaag, PSoC (Programmable System On Chip). B poGori po3BuHeHO
3aNpONOHOBAHY aBTOPAMH B MOINEPeIHIX po00Tax MATeMAaTHYHY MO/ie]b MOBEPXHEBOI0 TEPMOPE3HCTOPHOI0 MEPBUHHOIO
NepeTBOPIOBAYA JIHIHOT MIBUIKOCTI NOTOKY Ha AieJieKTPUYHiii MeMOpaHi, BMOHTOBAHOI0 B CTiHKY IO0TOKO(OpPMYy040ro
KaHaJly NPSAMOKYTHOI0 nomnepe4Horo nepepisy. Ilposeneno norinéJenuii aHaji3 Temio00MiHHUX NpouneciB Mizk eaeMeH-
TaMH TeIlI0i30/1b0BAHOI CTPYKTYPH, 0TOYYI0UHM ()JII0iI0oM i eleMeHTamMu kopnycy. B 3anpononoBaHniii Mmogeni peanbHol
CTPYKTYPH IePBHHHOI'0 IIePETBOPIOBAYA BPAX0BAaHO reoMeTpH4Hi i Tenodisnyni napamerpn MmeMOpanu, 10TokogopMyIo-
Y4Oro KaHaly, reoMeTpii Ten/0i30/11010401 MOPOKHUHM TPaBJIeHHs] KpeMHil0. OTpUMaHO PiBHAHHS, sIKe ONMHCYE TaKi Mpo-
1ecH B KBa3icTaTHYHOMY HA0/IM:KeHHi, HaBeJeHO ii0ro po3B’si30K, BHKOHAHO YHCeIbHHII PO3PaXyHOK 3aj1esKHOCTi nmpodinro
TeMIepaTypH TeIJI0i30J1b0BAHOI CTPYKTYPH BiJ IIBHAKOCTI MOTOKY PiiMHU B MOTOKO(popmyrouomy kanaii. HaBenenmii
B po0OTi aHATITHYHMIT PO3B’SA30K HAA€ MOMJIMBICTH ONTUMI3alii YyTIMBOCTI NEPBMHHOIO NMepeTBOPIOBAaYA /10 JiHiliHOT
IIBUAKOCTI NOTOKY (p110iny B KaHaJIi Ta ii0ro BUMIpIOBAIbHOIO Aiala30HY 3 BPaXyBaHHSIM NIapaMeTpPiB reoMerpii Temnoi-
30/1bOBAHOI CTPYKTYPH i kaHaj1y. 3aIpOIIOHOBAaHA MOJe/Ib MOKe OyTH BUKOPHCTAHOIO Y BiIKPUTHX CHCTeMaX aBTOMATHU30-
BaHoro npoexkrysanHs Tuny COMSOL a5 po3paxyHKy KOHCTPYKUII Ta aHaJi3y (isuyHuX 3acan GQyHKUiOHYBaHHS NPH-
CTPOIB HA OCHOBI TeIJI0i30,Ib0BAHUX PE3UCTOPHUX CTPYKTYP AKTHBHOT0 HATPiBaHHS 3 BAKOPHCTAHHS TeIIOOGMiHHUX MPO-
neciB y KOHCTPYKUifAX MiTiMeTpOBHX, MIKPOHHHX Ta CyOMiKPOHHMX pPO3MipiB..

bioa. 29, puc.3

Kniouosi cnosa — mikpoenekmpomexaniuna cucmema; mepmope3ucmueHuii nepeUHHIIL NEPemeoploeay; mepmoaHemo-
MempuuHUil i KOHOYKMOMEMPUUHUI MEMOO UMIDIOGAHHA.
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Kadenpa MUKpORIEKTPOHUKH

HanuonaneHelil TEXHUYECKUH YHUBEPCUTET Y KPAUHBI

«KueBckmii MOMUTEXHUYECKIA HHCTUTYT UMeHH Mrops CHKOPCKOTO»
Kues, Ykpauna

Annomayua—B paGoTe paccMOTpeHa CHCTEeMATH3ALUS 3J1eKTPOHHBIX, TEIJIOBLIX H THAPOAMHAMMYECKHX (PU3NYECKUX
MojeJieli, XapaKTepHBIX 1JIsl NMPOLEeCCOB B CTPYKTYpax MepBHYHBLIX NMpeodpa3oBaTeJieii, H3rOTOBJICHHBIX M0 TEXHOJIOTHH
KpPeMHHeBOii MUKPOeJIeKTPOMeXaHNKbI. PaccMoTpeHbl pu3nKko-TexHnuecKne XapaKTepuCTHKH, CTPYKTYPHBIE U TONOJIOTH-
YyecKHe aCHeKThl CHHTe3a MHKPOMEXaHHMYeCKHX TepMOpe3HCTOPOB AKTHBHOIO HarpeBa /ISl onpejelieHUsl MapaMeTpoOB
cpenbl (ra3a u :;kuakoctu). [Ipeanoxena MaTeMaTuyecKkass MoJeJb, KOTOPasi ABJIsIETCS OCHOBOIi IJIsl CHHTe3a OHMOJIHOTEeKH
31eMeHTOB cucTeMbl CAIIP 1 npoeKTHPOBaHHsA YCTPOICTB HH(POPMALIMOHHOI 31eKTPOHUKH U151 PETHCTPALUHU PA3JIHYHBIX
¢usnyeckux napamerpos. IlposeseH aHaIMTHYECKUH pacyeT TeMIEPATYPHOH 3aBUCHMOCTH OT CKOPOCTH NMOTOKA KH/KO-
¢t B cTpyKTYype MOMC Ha 0CHOBe Npe/IIoKeHHON Moe/H VIS AaTYUKA ra30Boro noroka. Ipeaso:xxeHHble Mo1esin MOIyT
OBITH MCII0JIb30BaHbI B OTKPBITHIX cucTeMax CAITP tuna COMSOL st pacuera u onucanusi padoThl YCTPOICTB HA OCHOBE
HCIO0JIb30BAHAS TEPMO3IEKTPHYECKHX NPOLECCOB B MAJIOra0apHTHBIX KOHCTPYKIHSIX.

buoa. 29, puc.3

Kniouegvie c106a — MUKpoINEKmMpOMEXAHUYECKAS CUCIEMA; MEPMOPEIUCMUGHDLIL NEPEUYHDBLI NPeobpazosamens; mep-
MoanemomempuyiecKue u KOHOYKnoMempuyecKuii Memoo usmepenus
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