DOI: 10.63527/1607-8829-2024-1-2-97-112

R.R. Kobylianskyi, Cand.Sc.(Phys-Math) '*
V.V. Lysko, Cand. Sc (Phys-Math) '
V.V. Boychuk 2

!Institute of Thermoelectricity of the NAS and MES of Ukraine,
1 Nauky str., Chernivtsi, 58029, Ukraine;
2 Yuriy Fedkovych Chernivtsi National University,
2 Kotsiubynskyi str., Chernivtsi, 58012, Ukraine
e-mail: anatych@gmail.com

COMPUTER-AIDED DESIGN OF THERMOELECTRIC
MICROCALORIMETRIC SENSORS

The paper deals with the design and development of thermoelectric microcalorimetric sensors for
use in low-power reaction chambers. The physical and mathematical aspects of the sensitivity and
response speed of sensors made of Bi-Te semiconductor material and copper-constantan-based
metal legs with appropriate geometric arrangements of the legs are investigated. The paper presents
a computer design algorithm, depicted as a block diagram, and also demonstrates the development
of a program for automating the design process with subsequent implementation of the software.
Practical examples of the development and analysis of the calculated parameters for two types of
sensors are presented to identify their advantages in measuring low thermal powers and fast
processes, respectively.
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Introduction

The measurement and control of microscopic thermal powers in such fields as microcalorimetry,
biochemistry, pharmacy and technological research occupy an important place in the development of
new technologies and products [1 — 3]. In this context, the accuracy and sensitivity of thermoelectric
sensors play a key role in monitoring and controlling processes in the reaction chambers of
microcalorimeters [4 — 12]. The development of such sensors requires innovative approaches to material
selection, calculation of geometric parameters, and integration with software to automate the design
process and optimize their performance.

Existing challenges include not only the selection of optimal materials and structures, but also the
need to develop software that automates the processes of calculation and study of sensor characteristics.
This will ensure higher accuracy and operational efficiency at minimal thermal powers, and can also
accelerate the process of adaptation to specific conditions of use. The need for the development of
microcalorimetric sensors is very relevant for industries where microscopic temperature changes can
have significant consequences for the quality and safety of products [13 — 24].

The purpose of this work is to develop software for automating the process of computer-aided
design of highly sensitive thermoelectric microcalorimetric sensors. This, in turn, will improve the
functionality of such sensors by implementing advanced algorithms and computer simulation, which
will ensure significant progress in the accuracy of measurements and the response speed of such devices.
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1. The task of designing thermoelectric sensors for microcalorimeters

To formulate the problem of designing thermoelectric sensors for microcalorimeters, we will
consider their operation in isothermal microcalorimeters.

In general, an isothermal microcalorimeter is shown in Fig. 1.
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Fig. 1. Isothermal microcalorimeter: 1 — thermostatic block; 2 — sensor; 3 — reaction chamber,
4 — medium between thermostatic block and reaction chamber.

The objects under study are placed in the reaction chamber 3. To avoid heat exchange with the
environment, a thermostatic block 1 is used. Measuring sensors 2 are placed between the reaction
chamber and the thermostatic block.

The thermal conductivity of medium 4 between the reaction chamber and the thermostat must be
sufficiently high. Then the heat does not accumulate in the microcalorimeter, but passes to the
thermostatic block and is dissipated in it. The temperature difference between the reaction chamber and
the thermostat is very small.

As stated above, thermoelectric sensors are an excellent tool for measuring heat flows. We will
consider thermoelectric metal and semiconductor sensors with star-shaped and radial arrangement of
thermocouple legs.

The operation of thermoelectric sensors is characterized by their main parameters, in particular:
sensitivity, response speed, sensor resistance, number of thermocouple legs in the sensor.

When designing thermoelectric sensors, it is important to determine the sensitivity and response
speed. For example, if during microcalorimetric measurements thermal processes in the reaction
chamber occur quickly, it is important that the response speed of the microcalorimetric sensors be high.
In the case where small thermal powers are released in the reaction chamber, highly sensitive sensors
are required.

Let us establish the dependence of the sensitivity and response speed of thermoelectric sensors
on the physical parameters and dimensions of the materials they are made of.

The sensitivity of a thermoelectric sensor is determined by the formula:

S

y= (1)

= 1R

The response speed is characterized by a time constant which is determined as:
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where a is the Seebeck coefficient; y is the thermal conductivity; c is the thermal conductivity and heat
capacity of the thermoelement legs, respectively; # is the number of thermoelement legs; L, S are the
length and cross-sectional area of the thermoelement leg.

As is known, metals the thermocouple sensors are made of have a thermal conductivity greater
than that of semiconductors. Therefore, as can be seen from formula (1), a thermoelectric semiconductor
sensor is highly sensitive compared to a metal one, provided that the geometric dimensions of their legs
are equal.

But the ratio c/y in metals is much smaller than in semiconductors, therefore, from formula (2) it
is clear that with equal geometric dimensions of the legs of metal and semiconductor sensors, the
response speed of metal sensors is greater than that of semiconductor ones.

From the above-established dependence of sensitivity and response speed on the physical
properties of materials, it follows that for microcalorimetric measurements of thermal processes with
increased response speed, metal thermoelectric sensors should be used, and when measuring thermal
processes with the release of reduced thermal power, semiconductor sensors should be used.

Highly sensitive semiconductor sensors may have a response speed lower than that required for
some fast thermal process in the reaction chamber. In contrast, metal sensors with a high response speed
do not detect processes with low thermal power release.

In addition to the physical properties of the materials the thermoelectric sensors are made of, the
geometric dimensions of the thermocouple legs also affect their sensitivity and response speed. From
formulae (1) and (2) it follows that the length of the thermocouple legs L affects the sensitivity and
response speed. As L increases, the sensitivity of the sensors increases, but the response speed decreases.

This dependence leads to the question: what should be the length of the thermocouple legs in
order for the parameters of the thermoelectric sensor to be optimal?

An important parameter of a thermoelectric sensor is its resistance. To coordinate the operation
of microcalorimetric sensors with electrical measuring devices included in their electrical circuit, it is
necessary to select a sensor resistance close to the resistance of the measuring device.

Thus, the task of designing thermoelectric sensors for microcalorimeters is reduced to finding the
optimal values of the following parameters:

- the number of thermocouple legs in the thermopile design,

- sensor resistance,

- the length of thermoelement legs whereby the values of thermoelectric sensor parameters will be
optimal.

To solve this problem, first of all, it is necessary to specify the operating range of measuring
powers in the reaction chamber. Depending on this range, the design of the thermoelectric sensor can
be selected.

For this sensor design, the following parameters must be set:

- height of the microcalorimeter reaction chamber;

- diameter of the microcalorimeter reaction chamber;

- cross-sectional area of the thermoelement leg;

- geometry of the arrangement of legs (distance or angle between thermoelement legs);
- distance between thermopiles;

- physical properties of the material the legs are made of;

- thermoEMF value;
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- heat capacity
- thermal conductivity;
- electric conductivity,
as well as equations relating this data to the parameters of thermoelectric sensors.

Knowing the height and diameter of the reaction chamber, as well as the geometric dimensions
of the thermocouple legs and their location, it is possible to determine the density of the legs around the
reaction chamber (packing density).

Since the sensor resistance includes the resistances of all thermoelement legs, it is necessary to
know the number of legs in the sensor. The packing density of the thermoelement legs, as can be seen
from formula (2), also affects the response speed.

2. Calculation of the main parameters of thermoelectric microcalorimetric sensors

The parameters that need to be determined can be calculated as follows:

1) By definition, the volt-watt sensitivity is the ratio of the EMF of the microcalorimeter sensor
E to the thermal power W released in the microcalorimeter reaction chamber.

Y= 3)
The thermoEMF of thermoelement legs n
E = aATn @)

where a is the Seebeck coefficient.

Thermal power released in the microcalorimeter reaction chamber:
W = X%ATn (5)

where y is thermal conductivity, S is cross-sectional area of the leg, L is leg length.

Therefore,
a L
V= 25 (6)
2) The thermopile resistance R is calculated by the formula:
1 L
R = g ' E 'n (7)
where ¢ is electric conductivity.
3) The response speed of thermopile t:
c L 1

where c is heat capacity.

4) This paper considers thermoelectric metal and semiconductor sensors with star-shaped and
radial arrangement of thermoelements. The number of thermoelement legs n for the design is calculated
individually.

Let us calculate the packing density of a metal (thermocouple) thermoelectric sensor with radial
arrangement of legs (Figs. 2 and 3).
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Fig. 2. Thermocouple sensor with radial arrangement of legs (top view):
1 —plates with thermocouples, 2 — reaction chamber, a — thickness of thermocouple leg,
C —distance between the legs from the chamber side, L — effective length of the leg.

Fig. 2 shows a top view of this sensor. Plates 1 with thermocouples are radially arranged around
the reaction chamber 2. Let us count the number of plates.

n =2 9)

a+c

Fig. 3 shows a measuring cell with a sensor mounted with radial arrangement of thermocouple
legs. The thermocouple legs in plate 3 are connected by a snake.

AR

Fig. 3. Measuring cell with a sensor mounted with radial arrangement of thermocouple legs (side view):
h — sensor height; \ — angle between thermocouple legs in case of their vertical arrangement.

The number of thermocouple legs n, in each such plate:
h
nz = [7) (10)

" Lsin £
2
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Thus, the number of thermocouple legs in such a sensor:
md h
7 (11

a+c L-sin >

n=ny-n, =

Since the number of thermocouple legs must be an integer, when finding the packing density n in
the values n; and n, only the integer part should be left.

The design of a thermoelectric metal sensor with star-shaped arrangement of legs is presented in
Figs. 4 and 5.

Fig. 4. Thermocouple sensor with star-shaped arrangement of legs (top view):
d — chamber diameter; L — length of the thermocouple leg;
@ — angle between the thermocouple legs in the case of their vertical arrangement.

Fig. 4 shows the design of a thermoelectric metal sensor with star-shaped arrangement of legs
(top view).

Fig. 5. Measuring cell with a sensor mounted with star-
shaped arrangement of thermocouple legs (side view):
h — sensor height; b — insulation thickness; k — thermocouple thickness.

Fig. 5 shows the arrangement of thermopiles along the height of the reaction chamber. The
number of thermocouple legs of one thermopile in the design of a thermoelectric metal sensor with star-
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shaped arrangement of legs is calculated using the formula

N = nd
1 Lsin 2
The number of thermopiles:
n, = -
27 btk

Packing density of such a sensor is calculated by the formula:

md . h
L-sin% b+k

(12)

(13)

(14)

Next, we will calculate the packing density for semiconductor microcalorimetric sensors with

star-shaped and radial arrangement of semiconductor legs.

The design of semiconductor sensors with radial arrangement of semiconductor legs is shown in

Figs. 6 and 7.

Fig. 6. Semiconductor sensor with radial arrangement of leg (top view):
a —thickness of thermocouple leg; C — distance between the legs;
L — length of the leg.

Number of thermopiles in such a sensor:

nd
ng=—— (15)
Number of blocks:
h
ny = (16)
Packing density:
d h
= avc bik (17
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Fig. 7. Measuring cell with a sensor mounted with radial arrangement of semiconductor legs (side view):
h — sensor height; b — insulation thickness; k — thermocouple thickness.

The design of semiconductor sensors with star-shaped arrangement of semiconductor legs is

shown in Figs. 8 and 9.

Fig. 8. Semiconductor sensor with star-shaped arrangement of legs (top view):
d — chamber diameter; L — length of thermocouple leg; 1) — angle between legs.

Number of thermopiles in such a sensor:

360
1=05 (18)
Number of blocks:
h
n, =~ (19)
Packing density:
360 h
= bk (20)

Thus, depending on the design of thermoelectric sensor, the packing density is calculated by the
formulae (11), (14), (17), (20).
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Fig. 9. Measuring cell with a sensor mounted with star-shaped arrangement of semiconductor legs
(side view): h —sensor height, b —insulation thickness, k — thermocouple thickness.

3. Algorithm for designing thermoelectric microcalorimetric sensors

Algorithm for designing thermoelectric sensors is shown as a block diagram in Fig.10.
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semiconductor
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Fig. 10. Block diagram for designing thermoelectric microcalorimetric sensors.
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4. Computer-aided design of thermoelectric sensors for microcalorimeters
In order to automate the design of thermoelectric sensors for microcalorimeters, a computer
program was developed. The algorithm of the program is presented in Fig. 11 as a block diagram.
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Fig. 11. Block diagram of calculating optimal values of the main parameters
of thermoelectric sensors for microcalorimeters.

5. Examples of designing thermoelectric microcalorimetric sensors
We will design a sensor for reduced values of thermal power released in the reaction chamber,

the sensitivity of which is 25 V/W. We will give an example of the calculation of a semiconductor
microcalorimetric sensor with radial arrangement of thermoelements, made on the basis of extruded

Bi-Te thermoelectric material.
Input data:
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— height of the reaction chamber — 90 mm,
— diameter of the reaction chamber — 10 mm,
— cross-sectional area of the thermocouple leg — 0.9 x 0.9 mm?,
— distance between thermopiles — 0.2 mm,
— distance between legs — 0.2 mm.
Physical properties of a pair of legs of Bi,Tes semiconductors

a=0.00018 V/K;

6=9000 m'cm™;
_ J
x = 0.018 prp—
J
=0.15—
c K g

Calculated parameters:
— number of thermoelement legs — 1755,
— leg length — 10 mm,
— response speed — 28.93 s,
— resistance — 487 Ohm.
Next, we will calculate a thermoelectric metal sensor with a sensitivity of 0.25 V/W, whose legs
are made of copper-constantan materials.
Input data:
— reaction chamber height — 90 mm,
— reaction chamber diameter — 10 mm,
— cross-sectional area of thermocouple leg — 0.9 x 0.9 mm?,
— distance between thermopiles — 0.2 mm,
— angle between legs — 10°,
Physical properties of a pair of legs of Bi»Te; semiconductors:

a=0.00041 V/K;

c=m'cm’;

X “"K-cm-s
J

=0.31—

c K g

Calculated parameters:

— number of thermoelement legs — 2730,
— leg length — 10 mm,

— response speed — 1.2 s,

— resistance — 252 Ohm.

Based on the calculated parameters for a semiconductor microcalorimetric sensor with radial
arrangement of thermoelements made on the basis of extruded Bi-Te material, as well as for a metal
sensor with radial arrangement of thermocouple legs made on the basis of copper-constantan, it can be
concluded that with the same length of the thermoelement legs, the sensitivity of the semiconductor

ISSN 1607-8829 Journal of Thermoelectricity Nel-2, 2024 107



R.R. Kobylianskyi, V.V. Lysko, V.V. Boychuk
Computer-aided design of thermoelectric microcalorimetric sensors

sensor is 100 times greater than that of the metal one, but the response speed of the metal sensor is 23

times greater than that of the semiconductor one.

Therefore, it can be concluded that when measuring low thermal powers in the reaction chamber

of a microcalorimeter, it is better to use semiconductor sensors, since they have high sensitivity, and

when measuring fast processes, it is better to use metal thermoelectric sensors.

Conclusions

L.

A computer program has been developed to automate the design of thermoelectric microcalorimeter
sensors, which provides the ability to enter key parameters and obtain the calculation of optimal
values of the main characteristics of sensors, which simplifies and accelerates the design process
of research equipment and microcalorimeters.

Software has been developed to automate the process of computer-aided design of highly sensitive
thermoelectric microcalorimetric sensors, which makes it possible to improve the functionality of
such sensors by implementing cutting-edge algorithms and computer simulation, and also provides
significant progress in the accuracy of measurements and the response speed of such devices.
Thermoelectric microcalorimetric sensors for use in low-power reaction chambers have been
designed and developed. The physical and mathematical aspects of the sensitivity and response
speed of sensors made of Bi-Te semiconductor material and copper-constantan- based metal legs
with appropriate geometric arrangement of the legs have been investigated.

It has been established that semiconductor sensors have significantly higher sensitivity compared
to metal sensors with the same length of thermoelement legs, so their use is more effective when
measuring low thermal powers. On the other hand, metal sensors demonstrate significantly better
response speed, which makes them promising for use in fast processes.

The results obtained are the foundation for further development and improvement of thermoelectric
sensors for microcalorimetric measurements, ensuring high sensitivity and accuracy in working
with low-power energy processes.

References

1.

Anatychuk L.I. (2003). Thermoelectricity. Vol. 2. Thermoelectric power converters. Kyiv,
Chernivtsi: Institute of Thermoelectricity.

Anatychuk L.I. (1998). Thermoelectricity. Vol.1. Physics of Thermoelectricity. Kyiv, Chernivtsi:
Institute of Thermoelectricity.

Anatychuk L.I. (2007). Current status and some prospects of thermoelectricity. J. Thermoelectricity,
2,7-20.

Smith S.J., Adams J.S., Bandler S.R., Borrelli R.B., Chervenak J.A., Cumbee R.S. et al. (2023).
Development of the microcalorimeter and anticoincidence detector for the Line Emission Mapper
x-ray probe. J. Astron. Telesc. Instrum. Syst. 9 “) 041005
https://doi.org/10.1117/1.JATIS.9.4.041005.

Mantegazzini F., Kovac N., Enss C., Fleischmann A., Griedel M., Gastaldo L. (2023). Development
and characterisation of high-resolution microcalorimeter detectors for the ECHo-100k experiment.
Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment, Vol. 1055, 168564,
https://doi.org/10.1016/j.nima.2023.168564.

108

Journal of Thermoelectricity Nel-2, 2024 ISSN 1607-8829


https://doi.org/10.1117/1.JATIS.9.4.041005
https://doi.org/10.1016/j.nima.2023.168564

R.R. Kobylianskyi, V.V. Lysko, V.V. Boychuk
Computer-aided design of thermoelectric microcalorimetric sensors

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Biffi V., ZuHone J.A., Mroczkowski T., Bulbul E., Forman W. (2022). The velocity structure of the
intracluster medium during a major merger: Simulated microcalorimeter observations. A&A 663
A76 Published online: 2022-07-14 DOI: https://doi.org/10.1051/0004-6361/202142764

Zhao Yue, Wang Hubing, Gao Bo, Wang Zheng (2023). Characterizations of the electrothermal
parameters of a transition edge sensor microcalorimeter and its energy resolution.
Superconductivity, 7, 100051, https://doi.org/10.1016/j.supcon.2023.100051.

Choinski D., Wodotazski A., Skupin P., Malcher A., Bernacki K. (2021). Modeling and CFD
simulation of an isothermal heat flow microcalorimeter. Sensors and Actuators A: Physical, 331,
112999, https://doi.org/10.1016/j.sna.2021.112999.

Wang Ye, Zhu Hanliang, Feng Jianguo, Neuzil Pavel. (2021). Recent advances of microcalorimetry
for studying cellular metabolic heat. TrAC Trends in Analytical Chemistry, 143, 116353,
https://doi.org/10.1016/j.trac.2021.116353.

Feng J., Podesva P., Zhu H., Pekarek J., Mayorga-Martinez C.C., Chang H., Pumera M., Neuzil P.
(2020). Droplet-based differential microcalorimeter for real-time energy balance monitoring.
Sensors and Actuators B: Chemical, 312, 127967, https://doi.org/10.1016/j.snb.2020.127967.

Feng J., Zhu H., Lukes J., Korabe¢na M., Fohlerova Z., Mei T., Chang H., Neuzil P. (2021).
Nanowatt simple microcalorimetry for dynamically monitoring the defense mechanism of
Paramecium  caudatum. Sensors and  Actuators  A: Physical, 323, 112643,
https://doi.org/10.1016/j.sna.2021.112643.

O'Connor C.T., Taguta J., McFadzean B. (2024). A review of the use of microcalorimetry to
determine the enthalpies of immersion and adsorption on various minerals and their relationship to
flotation performance. Minerals Engineering, 207, 108552,
https://doi.org/10.1016/j.mineng.2023.108552.

Anatycuk L.I., Ivaschuk O.I., Kobyliaskyi R.R., Postev 1.D., Boiaka V.Yu., Huschul 1.Ya. (2016).
Thermoelectric device for measuring the temperature and density of heat flux “Altec-10008”.
J. Thermoelctricity, 1, 76 — 84.

Anatychuk L.I., Luste O.J., Kobylianskyi R.R. (2017). Information-energy theory of medical-
purpose thermoelectric temperature and heat flux sensors, J. Thermoelectricity, 4, 5 — 20.
Anatychuk L.I., Ivaschuk O.I., Kobylianskyi R.R., Postevka [.D., Bodiaka V.Yu., Hushul I.Ya.,
Chuprovska Yu.Ya. (2018). On the effect of ambient temperature on the readings of thermoelectric
medical-purpose sensors. Sensor Electronics and Microsystem Technologies, 15 (1), 17 — 29.
Anatychuk L.I., Kobylianskyi R.R., Konstantynovych LA., Lysko V.V., Pugantseva O.V.,
Rozver Yu.Yu., Tiumentsev V.A. (2016). Calibration bench for thermoelectric heat flux converters.
J. Thermoelectricity, 5, 71 — 79.

Anatychuk L.I., Kobylianskyi R.R., Konstantynovych [.A.,, Kuz R.V.,, Manyk O.M.,
Nitsovych O.V., Cherkez R.G. (2016). Technology for manufacturing thermoelectric
microtherrmopiles. J. Thermoelectricity, 6, 49 — 54.

Wang Chunzhi, Jiao Hongzhe, Anatychuk Lukyan, Pasyechnikova Nataliya, Naumenko Volodymyr,
Zadorozhnyy Oleg, Vikhor Lyudmyla, Kobylianskyi Roman, Fedoriv Roman, Kochan Orest (2022).
Development of a temperature and heat flux measurement system based on microcontroller and its
application in ophthalmology. Measurement Science Review, 22 (2), 73 — 79.

Kobylianskyi R.R., Prybyla A.V., Konstantynovych I.A., Boychuk V.V. (2022). Results of
experimental research on thermoelectric heat flux medical sensors. J. Thermoelectricity, 3-4, |

ISSN 1607-8829 Journal of Thermoelectricity Nel-2, 2024 109


https://doi.org/10.1051/0004-6361/202142764
https://doi.org/10.1016/j.supcon.2023.100051
https://doi.org/10.1016/j.sna.2021.112999
https://doi.org/10.1016/j.trac.2021.116353
https://doi.org/10.1016/j.snb.2020.127967
https://doi.org/10.1016/j.sna.2021.112643
https://doi.org/10.1016/j.mineng.2023.108552

R.R. Kobylianskyi, V.V. Lysko, V.V. Boychuk
Computer-aided design of thermoelectric microcalorimetric sensors

20.

21.

22.

23.

24.

68-81.

Anatychuk L.I., Kobylianskyi R.R., Prybyla A.V., Konstantynovych I.A., Boychuk V.V. (2022)
Computer simulation of the thermoelectric heat flow sensor on the surface of the human body.
Journal of Thermoelectricity, (2), 46—60.

L.I. Anatychuk, R.R. Kobylianskyi, R.V. Fedoriv, [.A. Konstantynovych (2023) On the prospects of
using thermoelectric cooling for the treatment of cardiac arrhythmia. Journal of Thermoelectricity,
(2), 5-17.

Yuryk O., Anatychuk L., Kobylianskyi R., Yuryk N. (2023). Measurement of heat flux density as a
new method of diagnosing neurological diseases. Kharkiv: PC Technology Center, 31 — 68.

R.R. Kobylianskyi, V.V. Lysko, A.V. Prybyla, I.LA. Konstantynovych, A.K. Kobylianska,
N.R. Bukharaeva, V.V. Boychuk (2023) Technological modes of manufacturing thermoelectric
sensors for medical purposes. Journal of Thermoelectricity, (4), 49-63.

L.I. Anatychuk, R.R Kobylianskyi, V.V. Lysko, A.V. Prybyla, [.A. Konstantinovych,
A K. Kobylyanska, M.V. Havrylyuk, V.V. Boychuk (2023) Method of calibration of thermoelectric

sensors for medical purposes. Journal of Thermoelectricity, (3), 37-49.
Submitted: 14.02.2024.

Ko6unsincokuii P.P., kano. iz.-mam. nayx

JIucsko B.B., kano. ¢iz.-mam. nayx '

Boiiuyk B.B. 2

'TactutyT Tepmoenektpukn HAH tTa MOH Vkpainu,

Byx. Hayku, 1, Yepnismi, 58029, Ykpaina;
?Yepnipenpkuii HanioHanbHuit yHiBepcuTeT iMeni 0pis depkoBuya,
ByJ1. Komtobuncekoro 2, Yepnisui, 58012, Ykpaina
e-mail: anatych@gmail.com

KOMII'IOTEPHE TPOEKTYBAHHSA TEPMOEJIEKTPUYHUX
MIKPOKAJIOPUMETPUYHUX CEHCOPIB

YV pobomi euxonano npoexmyeanns i po3poOKy mepMOereKmpUdHUX MIKPOKANOPUMEMPUYHUX
CeHCOopi8 071 BUKOPUCTNAHHA 8 MAJLONOMYNCHUX peaKyitHux xamepax. JJocriodceno gizuuni ma
mMamemamuuni  ACNeKmu  YYMaugocmi  ma  WEUOKOOIi  CeHcopis,  6U20MOBNEHUX 3
HanienpogioHuxosoeo mamepiany Bi-Te i memanesux imox Ha OCHOB8I MiOb-KOHCMAHMAHY NpU
BIONOGIOHUX —2€OMEMPUYHUX —POMIWEHHAX 6IMOK. Y pobomi npedcmasieHo anecopumm
KOMN IOMepHO20  NPOeKmy8aHus,  300padsxcenuil y  ueasidi  ONOK-cxemMu, a  MAKOiC
NPOOEMOHCIPOBAHO  PO3POOKY npozpamu 0N  agmomamusayii npoyecy npOeKmy6anHs, 3
nOOANbLWIOIO IMNIeMeHmayiclo npozpamuozo 3abesneuenns. Ilpedcmagnieno npakmuini RpuKIaoU
PO3POOKU MA AHANIZY PO3PAXOBAHUX NAPAMEMPIE O/l 080X MUNIE CEHCOpIs, wod GuasuUmU IXHI
nepegazu 'y GUMIPIOGAHHI MAUX MENNOBUX HOMYICHOCMEN Ma WEUOKONIUHHUX HpOYecia
8ION0GIOHO.

KuarouoBi cioBa: MikpoKamopuMmeTpisi, TEPMOENEKTPUYHI MIKPOKaJOPHUMETPUYHI CEHCOpPH,
KOMIT IOT€pHE NIPOEKTYBaHHS CEHCOPIB, IpOrpaMHe 3a0e3neyeHHs .
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