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AHoTanisi. B po6oTi npoanasizoBaHO XapaKTEPUCTHKH MiKPOEIEKTPOHHUX CEHCOPIB IOTOKY, IO JO3BOIUIO
3pOOUTH HM3KY B@XJIMBHX BHCHOBKIB, a CaMe: Cy4acHi MIKPOEJEKTPOHHI TEIUIOBI CEHCOpH MOTOKY, i
30KpeMa CEHCOPH OiOMEIMYHOro MPU3HAYCHHS, XapaKTePH3YIOThCS 3HAYHMM PIi3HOMAHITTSAM MPUHLMIIIB
(hopMyBaHHS CHTHATYy — BiJ €JNEMEHTAPHUX JIHIHHUX MEpPEeTBOPIOBAYiB HA OCHOBI OJHOTO YYTIHBOIO
eNEeMEHTY 1 [0 HeNiHIHHUX (TeHepaliliHUX, Yaco3ale)KHHX) NEepPeTBOPIOBAYiB Ha OCHOBI MaTpHULb
(YHKI[IOHAIBHO IHTEIPOBAHHMX EJIEMEHTIB. AKTYalbHOIO 3aJULIAETHECS MPOOIeMa EHEProCIoKHBAHHSI
TEIUIOBUX CEHCOPIB MOTOKY. OCOONHBO 1€ XapaKTepHO INPU JKHUBICHHI CEHCOPIB NpPU3HAYCHHS BiJ
ABTOHOMHHX, TOOTO, MajorabapuTHHX MAaJOMOTY)XHHX HH3bKOBOJBTHHX €JIEKTPOXIMIUYHHX EJIEMEHTIB.
3MEHILEHHsI CHEProCMOKUBAHHA (TOTY)KHOCTI Ta TEMIEpPaTypH HarpiBy) NpPH3BOJUTb 10 BUHUKHEHHS
[ApasuTHOTO BIUIUBY OMOPIB CHTHAIBHHX JIHIA 1, SK HACIIIOK, OO MOTIpIICHHS (yHKIIOHAIBHUX
XapaKTEePHCTHK, 30KpeMa, 3MEHILICHHS TOYHOCTI BUMIPIOBaHHSI [IBUAKOCTI IIOTOKY.

KirouoBi cii0Ba: TEIUIOBI CEHCOPH IIOTOKY, CHIHANBbHI II€PETBOPIOBaYi, IHTErpajibHa EJEKTPOHIKa
610MEIMIHOr0, eKOJIOTYHOTO IPU3HAYCHHSI.

Abstract. The paper analyzed the characteristics of microelectronic flow sensors, which made it possible to
draw a number of important conclusions, namely: modern microelectronic thermal flow sensors, and in
particular biomedical sensors, are characterized by a significant variety of principles of signal formation -
from elementary linear converters based on one sensitive element to non-linear ones ( generation, time-
dependent) converters based on matrices of functionally integrated elements. The problem of energy
consumption of thermal flow sensors remains relevant. This is especially characteristic when powering
destination sensors from autonomous, i.e., small-sized, low-power, low-voltage electrochemical cells. A
decrease in energy consumption (power and heating temperature) leads to the parasitic effect of signal line
resistances and, as a result, to the deterioration of functional characteristics, in particular, to a decrease in the
accuracy of flow rate measurement.

Keywords: thermal flow sensors, signal converters, integrated biomedical and ecological electronics.
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INTRODUCTION

The development of modern diagnostic devices of biomedical designation is characterized by the rapid
widening of physical methods of measuring transformation of functional possibilities, improvement of technical
characteristics, wide introduction of microelectronic technologies and microprocessor engineering. These trends
are vividly manifested in one of the most important classes of diagnostic equipment —devices for measurement of
gasses and fluids flow speed (flow sensors), used for measurement of the respiratory system parameters (in
particular, in case of asthmatic diseases), artificial respiration systems, means of biochemical analysis. Besides,
flow sensors find wide application in the technological processes of pharmacology and devices used for

ecological monitoring.
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From the point of view of biochemical compatibility of the materials, high operation reliability, minimal
impact on the parameters of the studied flow and the possibility to measure both small and large flows of fluids
and g—asses thermal flow sensor (hot-wire anemometer)— devices, measuring ability of which is based on the
determination of the temperature field in locally heated substance of the flow have the priority in biomedical
equipment [1,2].

1. ANALYSIS OF THE STATE - OF-ART OF THE DEVELOPMENT OF THE
THERMAL FLOW SENSORS OF GENERAL AND BIOMEDICAL DESIGNATION

Thermal flow sensor is a device for measurement of liquid or gas flow rate, based on the principle of
measurement of the temperature field of the locally heated substance of the flow [1, 2, 3].

Several basic methods of signal formation, stipulated by the flow rate are distinguished. In the simplest
method the temperature of the heater, located in the flow is measured — the temperature of the heater decreases
with the increase of the flow rate, as a result of heat exchange. More progressive methods imply the local
heating of the flow environment and measurement of the temperature difference in the flow in the areas prior to
(S1) and after (S2) the heater in the direction of the flow propagation (Figure 1). This enables, first, to measure
not only the flow rate but also its direction and, secondly, minimize the impact of the temperature of the flow
substance on the result of the measurement [4, 16, 17].

Functional principle of the flow senser, Thermal equivalent circnit of the semsor.
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Figure 1 — Structure and the functional principle of microelectronic thermal flow sensors operation

Static and dynamic (Thermal Time-of-Flight Mode Transducers) information signal formation circuits, in
particular, as it is shown on the example of biomedical thermal flow sensor with integrated signal converter, are
distinguished (Figure 2)[4, 5, 6].
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Figure 2 — Principles of signal formation in thermal flow sensors
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If it is necessary to measure the large volumes of flows in the main line of a large diameter, the bypass
pipe of small diameter (connected in parallel to the main) is formed in it, the flow in this bypass pipe is
proportional to the flow in the main line. Measuring the flow rate only in the bypass pipe and approximating the
obtained result of the measurement by the flow rate in the main line, the reduction of energy losses for flow
heating is achieved and the temperature impact of thermal flowmeter on the flow on the whole [18, 19, 20].

In various functional-structural realizations of the thermal flow sensors their sensors of the temperature
difference are combined with the heaters. In such a case, a flow sensor consists of two functionally integrated
elements, each of them is heated and, characterized by the known value of the temperature resistance coefficient,
provides the possibility of temperature signal formation.

The temperature of the first in the direction of the propagation flow of the functionally integrated element
is smaller relative to the second, similar to the dimensions and heating energy element that is stipulated by the
heat transfer between these elements of the flow medium. The example of the realization of the microelectronic
flow sensor, based on the functionally integrated elements of the thermoresistive type, in particular, model AWP
2100 V — of the world leader in the field of microelectronic sensor electronics, Honeywell company, is shown in
Figure 3 [7, 8].

Membrane structure of the sensor, that provides minimal value of heat transfer between functionally
integrated elements and the chip of the integrated circuit, is formed by the technology of the silicon MEMS
(Micro-Electromechanical — Systems) structures. The dimensions of the flow sensor, based on MEMS structure,
typically do not exceed several millimeters whereas the dimensions of the sensing elements (in particular,
functionally integrated elements) are of the order 100 microns. Important role in thermal flow sensors Heating
mode and mutual location of temperature difference sensors relative to the heater play an important role in
thermal flow sensors, this is discussed in [9, 10].

200 400 SO0 B00 1000 -
Flows (cm3rs) ) Flowr (em3rs) b)

Figure 3 — Microelectronic MEMS structure of:
a) thermal flow sensor; b) typical characteristics

New direction in the development of thermal flow sensors is presented by the multiband MEMS flow
sensor, based on the matrix of functionally integrated elements [11, 21, 22]. The construction of such a sensor is
shown in Figure 4, distribution of the temperature in the elements is shown in Figure 5 and its exterior view — in
Figure 6.

: Top-view of the flow sensor membrane.
Cross-section scheme of the flow sensor. 3 S 4
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Figure 4 — Construction of the thermal matrix MEMS flow sensor:
a) cross-section scheme;b) photograph
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Qualitative FEM results of the modification of the
temperature distribution due to the presence
of an incoming flow.

membrane

Figure 5 — Temperature distribution in the thermal matrix flow sensor
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Figure 6 — Thermal matrix flow sensor:
a) photograph; b) example of the functional characteristics

Construction, principle of signal formation and functional characteristics of matrix flow sensors, based on
thermal-time-of-flight mode are shown in Figures 7-8, correspondingly [12]. Such method provides further
decrease of energy consumption and the possibility of microprocessors signal conversion without the usage of
the analog-to-digital converters [23, 24, 25].

Greater part of the thermal flow sensors, considered above, did not get industrial introduction — the given
publications demonstrate only the realization of the laboratory prototypes. That is why, to give a more
comprehensive vision of the state of art of thermal flow sensors development, we will suggest several examples
of the mass production and commercially available devices of such type. They are, in particular, thermal flow
sensors, manufactured by the company ELDRIGE PRODUCTS Inc. (Figure 5), hot-wire anemometers A-477
(Figure 10), Testo 405 (Figure 11) and Testo 425 (Figure 12), presented at the market of Ukraine by the
Association " Industry-Ukraine" [13, 14]. Sphere of the application — monitoring of the labor conditions in
industry, ecology, etc [28, 29, 30].
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Figure 7 — Matrix thermal Time-of-flight mode flow sensor:
a) construction; b) exterior view
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Figure 8 — Matrix Thermal-Time-of-Flight Mode flow sensor:
a) functional scheme of signal formation; b) characteristics of the conversion

2. TECNOLOGIES FOR REALIZATION OF THERMAL FLOW SENSORS, DEVELOPED
FOR BIOMEDICAL AND ECOLOGICAL APPLICATION

We will consider thermal flow sensors, developed for biomedical application. The required information
can be found at numerous information resources, they describe, in particular, characteristic features of the
devices of biomedical designation, scientific research, devoted to the development of the flow sensor for
biomedical application, carried out in Bio-MEMS & Microsystems Laboratories of University of South Florida
(Figure 13) [12, 13] and State of Utah Center of Excellence for Biomedical Microfluidics (Figure 14) [14, 31].
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ELDRIDGE PRODUCTS INC - Thermal Gas
Mass Flow Measurement and Control
Instrumentation

Eldriclge Products Inc - Abbreviated as EPI, has more than 20
years exerience in the design and production of thermal mass
floww meters and flow switches.

The Eldridge Master-Tauch flowmeters include microprocessor
technalagy and remains at the forefront of thermal gas mass flow T
instrurmentation |

Eldridge manufactures a range of in-line and insertion style
thermal mass flow meters with integral and remaote electronics
options. Single point and multipoint units as well as the new
Thermal Flow Averaging tube is unigue to Eldridge Products Inc.

Figure 9 — Information materials of the Company ELDRIDGE PRODUCTS Inc
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Figure 11 — Brief information about the hot-wire anemometer Testo 405
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Figure 12 — Brief information about the hot-wire anemometer Testo 425
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ORIDA

Nelcome to the
Bio-MEMS & Microsystems Laboratory

Bio-Sensors and Micro-fluidics

The research objectives of this proposal are: (2) Development af novel
MEMS sensors and techniques to reliably and repeatedly image individual
cellsforganisms using bio-impedance measurements, (b) Integration of
micro fluidic sensors into flow-through swstem to develop a generic
identification technique and (c) Understand and analyze the challenges in
signal processing enabling differential detection. Research outcomes of
this proposal would faclitate the fundamental understanding and
optimizing of the scence and technology of bio-impedance at a micro
scale, The research will establish the fundamental science required to
enable the development of a single generic sensor that would be capable
to identify cells based on their hio-impedance maps.

Figure 13 — Information resource Bio-MEMS & Microsystems Laboratory of University of South Florida
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Figure 14 — Information resource of State of Excellence for Biomedical Microfluidics

Main requirements to the flow sensors of biomedical designation are the following: biomedical
compatibility of the materials and the ability to measure small values of the velocity (mass transfer) of the
studied fluid or gas flow.

If these sensors are used for studying the parameters of the respiration system the main requirement is
minimal inertia and ergonomic indices. Sensors for biomedical in-situ studies must be characterized by minimal
dimensions and energy consumption.

3. CONSTRUCTION AND FUNCTIONAL CHARACTERISTICS OF MICROELECTRONIC
FLOW SENSORS OF BIOMEDICAL AND ECOLOGICAL DESIGNATION

In particular, Figure 15 shows the construction and functional characteristics of microelectronic flow
sensors of biomedical designation [9]. The sensor is manufactured in the base of LTCC (Low Temperature
Coffered Ceramics) using the elements of thick-film technology, that provides biomedical compatibility with the
investigated fluids.

Sensor design with Tlue channels.
o AR ($2-81) vs. flow rate
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Figure 15 — LTCC — based microelectronic flow sensor of biomedical designation:
a) construction; b) functional characteristics
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Another typical example of the flow sensor of biomedical designation is the microelectronic module of
the base of biocompatible MEMS matrix [7]. Matrix of the sensor is realized on the base of biocompatible
Parylene C Membrane with platinum sensor electrodes. In order to improve the heat insulation of the thermal
flow sensor its membrane is "suspended" above the beamed micromechanical channel made of silicon. Principle
of the functioning and the design of the sensor are shown in Figure 16, succession of its structure formation — in
Figure 17, exterior view — in Figure 18. Wide range of functional characteristics of the given flow sensor in

various operation modes can be seen in Figures 19 — 22.

A three-dimensional exploded view of the sensing array layout and design.

Parylene C
Membrane

Schematic showing the thermal flow sensing principle.
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Glass Plate__

Fluidic
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Figure 16 — Microelectronic flow sensor of biomedical designation on the base
of Parylene C membrane [7]: a) functional principle; b) design
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Figure 17 — Succession of flow sensor structure formation [46]
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Photographs of completely packaged thermal flow sensing arrays.

Figure 18 — Exterior view of the flow sensor [7]

Representative temperature calibration curve for a flow sensing element.

The resistance () and overheat temperature ((O) dependence on the
The slope of the curve corresponds to the empirically obtained TCR (a).
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Figure 19 — Characteristics of the thermoresistive elements of the flow sensor [7]:
a) temperature; b) current

Response of three sensors connected in series for constant current bias- Frequency response for constant current biasing with a sinusoidal input
ing and hot-film mode operation at four different overheatratios and over the flow (mean =+ $.E. with n=4). The cutoff frequency is 890 Hz and after which the
rate range of 0—400 pL/min (mean &= 8.E. with n =60). The predicted response, output drops off at 15 dB/decade

or sum of the individual sensor responses, is also plotted for comparison.
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Figure 20 — Characteristics of the thermoresistive elements of the flow sensor [7]:
a) functional; b) frequency
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The time-of-flight response displayed as the measured top time (2, H) Individual detecied heater responses to an imposed upstream heat pulse
and corresponding temperature increase at the thermal sensor (AT, @) for flow | for different syringe pump flow rate settings superimposed on a single graph.
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Figure 21 — Temporal functional characteristics of the flow sensor [7]

Flow sensing performance for calorimetric mode testing for flow rates
between O and 300 pL/min. The inset displays in detail the performance a low
flow rates (0—20 pL/min). The heater is initially set to impose a local temperature
increase of 15°C (S mA). Data is presented as mean £ S E. with n=100.
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Figure 22 — Functional flow sensor performance for high and low flow rates [7]

CONCLUSIONS

Analysis of the characteristics of the considered sensors enables us to make a number of important
conclusions.

e First, modern microelectronic flow sensors, in particular, sensors of biomedical designation, are
characterized by a great variety of signal formation principles — from the elementary linear converters,
based on one sensitive element to non-linear (generation, time-dependent) converters, based on the
matrices of the functionally integrated elements. Realization of these principles puts forward the
problem of the development of the corresponding signal converters that meet the requirements of
modern microelectronics.

e Secondly, the expansion of the range of flow rates measurement causes certain problems — the
characteristics of the sensor's conversion which enable it to measure small flows becomes non-linear at
the increase of the flow rate. At certain critical values of the velocity the extremum of the
transformation function is observed, it makes impossible the measurement of both small and great
velocities. The solution of this problem requires the corresponding control over the thermal power of
the sensor heaters and a number of other circuit engineering solutions. Thirdly, the problem of energy
supply of thermal flow sensors remains actual. It is especially typical for the supply of the sensors of
biomedical designation from autonomous, small-size low power, low voltage electric chemical
elements The heating of the flow substances as compared with the energy supply of modern micro
power CMUS of the integrated circuits requires greater energy. Besides, with the decrease of the
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supply voltage (for the small-size, self-contained supply sources it is typically not more than 3V), it is
necessary to decrease the resistance of the heating elements. Applying functionally integrated elements
used both for heating and the measurement of the temperature, the decrease of the resistance (as a rule,
to the values of less than 100 ohm) leads to parasitic impact on the result of signal lines measurement.
Thus, the decrease of energy consumption ( power and heating temperature) leads to the advent of the
parasitic impact of signal lines resistances and, as a result, to worsening of the functional
characteristics, in particular, decrease of the accuracy of flow rate measurement.
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