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Introduction

Sensors are devices which give us knowledge about the
external world (and to some extent about the internal state of a
man as well). They are widely used in industry, home appliances,
medicine etc. Sensor world market in 1990 exceeded 15 billion US
dollars and it is growing at around 8,8% annual rate to reach
appoximately 30 billion 8 in 2000 (fig.1). Main producers of
sensors are developed countries of West Europe, USA and Japan
(fig.2) [1). In 1987 more than 140 million different sensors were
produced only in Europe [2]. Developing countries produce onlyv
very small part of the total number of sensors which can be
regarded as a substantial problem in developing modern industrial,
medicine and consumer facilities and in proper pollution control.
General trends of sensor development and application of new
materials and technologies in the field are described briefly in
the report. It is certainly impossible to give a detailed analysis
of the situation because many hundreds of special books and
reviews are devoted to the field vhich has already obtained
special name of ‘'sensorics" or "sensoelectronics”. Some most
important for our treatment references are given at the end of the
report. Many references to earlier publications can be found in
these sources. Some general Conferences devoted to the subject
such as "Eurosensors"”, "Sensors and actuators", "Transducers" and
more specialized ones are held regularly and proceedings of these
meetings are important to understand the latest results. Some

specialized journals such as "Sensors and actuators'", "Sensor
Magazine", '"Sensor review”, "Sensor Trend Intern.", '"Senscrs”,
"Fiber optics” as well as more general "Electronics', "Technisches

Messen', "Elektronik", IEEE Transactions etc publish many hundreds
papers on the subject annually.

Present state-of-the art of sensor materials for different
applications, some constraints, new technologies of sensor
materials and possibilities of their implementation in developing
countries are reviewed consecutelely in the report, main attention
being given to  inorganic | materials ‘for sensors and ' their:
technologies, which are used in solid-state sensors. .
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1. Present state-of-the art of solid state sensors.

Most phenomena can be discovered and investigated using 6
main signal domains: radiant, mechanical, thermal, electrical,
magnetic and chemical signals. Table 1 shows most important
physical and chemical parameters which can be used in these signal
domains [{3). More detailed description of different sensors and
effects they use can be given (see, for instance, (3,41). Fig.3
shows some simple devices converting one Kkind of signals (or
energy) to another one [3]. The sensors correspond to some extent

to human senses, and table of correspondence is given in annex
(table A1 [5]).

Table 1.
The six signal domains [(3].
Signals ' Properties and phenomena
!
radiant Right intensity, wavelength, polarization,

phase, reflectance, transmittance.

mechanical Force, pressure, toraue, vacuum,flow, volume,
thickness, mass, level, position, displacemsnt
velocity, acceleration, tilt, toughness,
acoustic wavelength and amplitude

thermal Temperature, heat, specific heat, entropy,
heat flow,
electrical Voltage, current, charge, resistance, induc-

tance, capacitance, dielectric constant,
electric polarization, frequency, pulse dura-
tion

magnetic Field intensity, flux density, moment, magne-
tization, permeability

chéhicél Composition, concentration, reaction rate,
- ‘ toxicity, oxidation-reduction potential, pH.
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But certainly sensors cover much broader field of external signals
including those which are far beyond usual human senses such as
electrical and magnetic signals, high energy radiation etc.

These were remarks concerning sensors in general. Solid-state
sensors which are most important for applications are based on
different solid-state materials (see table 2). The materials are
applied in different forms: silicon devices of different design,
thin and thick inorganic films, sintered ceramics, polymer foils,
metal wires, glasses and fiibers etc. Each variety has its own
advantages and drawbacks. Fig.4 shows an example of relations
between different kinds of sensors (3].

Table 2.
Different materials used for sensing elements
of solid state sensors [6]
Material ! Example ! Application for measurement
' '
Metals Pt, Ni, alloys temperature, elongation,
strain etc.
Intermetallic Nb3Ge magnetic flux
compounds
Semiconductors Si, GaAs pressure, temperature,
emission
Other inorganic LiTa0;, glass fiber,temperature, strain, liquid
materials ceramics level
Polymers emission, humidity, oil
Binary and triple RhO,, Cu,0, SrTiO3
oxides with
dopents
Optimized catalysts
systems, solid
state electrolites (Bio)chemical parameters
Metal-organic Phtalocyanines
compounds porfirines |
Ferments Glucose, oxidazes

Microorganisms  Microbs-reaction
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Different materials and effects can be used almost in every
case, and one must consider many sides of problem to make a good
choice. Some examples of different applications and technologies
mainly in enviroment control are given below.

1.1. Humidity sensors.

Humidity sensing and measurements are of great importance in
various industrial process applications, such as food processing,
manutacture of plastics, electrical insulating materials,
petrochemical products, solvents, building construction materials,
paper and pulp production, gas control for semiconductor industry
(oxygen, argon, nitrogen, helium), atmosphere  control in
buildings, for instance, in grain-elevators. Solid-state humidity
sensors are usually rather simple and are based on changes of
physical properties of materials resulting from interaction with
water vapors. Some polymers and semiconductors change drastically
their resistance under influence of water. Resistance of
polystyren-sulfonate decreases three order of magnitude when
humidity increases from 10Z to 97-98%2 (7). The polymer materials
are simple to prepare but their properties change with time under
atmosphere action and some hysteresis also takes place during
water absorption and desorption processes althogh their properties
are constantly improving. One more effect used to me~sure relative
humidity RH is surfase acoustic wave (SAW) frequency change under
influence of water. Voltage output for broad-band SAW delay line
made on Lithium niobate piezoelectriec crystal changes one order of
magnitude when RH changes from 89 to 98%, so 0,1Z RH sensitivity
can be cbtained in this RH interval. Resistance of some
semiconducting oxide ceramics can also change with RH and these
ceramics can be used as sensing elements, especially, at elevated
temperatures. The compositions include MgCr,0,4-TiO;, ZrO,-MgO, TiO,
-Sn0, and others. The sensors can work at temperatures from -20
to 650 C and do not change their properties after some hundred
thousands measurements [8}. Typical size of sensing element ?5
4x4x1 mm ' And certainly a number of RH sensors was developed on
silicon basis (3,9]. | | |




1.2. Automotive industry.

A lot of different sensors are used in cars. Table 3 shows
some ceramics sensors used in Toyota automobiles production (101].
Special conferences were devoted to the sensors applied in the
industry (for instance, [11]1). May be it is interesting to mention
the most important sensed parameters in the car engine and their
use (12]:

- crankshaft angle position, vwhich indexes ighition timing
(and injection timing for electronic fuel injection systems),
yields angular velocity for ignition and fuel control, and from
vhich an engine roughness signal can be derived;

- manifold absolute pressure, vwhich is a2 primary parameter
for speed/density fuel control systems;

- manifold vacuum, for ignition control and load sensing;

- ambient absolute pressure, for exhaust-gas recirculation;

- air flow, for mass-air flow-fuel-control systems;

- oxygen partial pressure, for air/fuel ratio control to
ensure exhaust gas compositions within stoichiometric - ratio
"window” which can be handled efficiently by three-way catalysts,
and possibly for lean-limit control;

-knock, for retarding ignition timing during Kknock-inducing
conditions;

fuel flow, for optimizing engine economy;
coolant temperature, for cold start;
air temperature, for air-density correction;
throttle position, for power command and its time
derivative, and for idle shutoff on coast-down;

- oxides of nitrogen partial pressure in exhaust, for diesel
engine emission control;

- exhaust gas flow for exhaust-gas-recirculation systems
and some others. Besides the engine control sensors some other
sensors are used in cars, such as air RH and temperature sensor to
control atmosphere inside the car, accelerometer, sensors of
rotation,‘pressure; acceleration and velocity for antilock
braking, position = sensor for . steering, velocity/proximity
microwave sensors for safety and 'so on.
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Table 3.
Some ceramics sensors used in Toyota
automobile production
Oxygen sensor (ZrO )
Knock sensor (PZT)
Backup sensor (PAT)
Electric buzzer (PZT)
Thermal sensor of water temperature (Fe304—CoMn203-NiO)
Thermal sensor for exhaust gas (Aly03-Cr,03)
Fuel level switch (A1203—Cr203)
Light-emitting diode (GaP)

* piezoelectric zirconate-titanate

»x piezoelectric alumina titanate

Main sensor materials for the applications include different
silicon devices and ceramics in form of sintered samples, thin and
thick films. GaAs Gann diodes, GaP light-emitting diodes, ZnS
electroluminescent devices are also used as parts oi sensors. It
is necessary to note that many automobile sensors work in harsh
enviroments (temperatures from -60 to +150°C, sometimes even up to
700°C, dust, high humidity, thermal and mechanical shocks,
vibrations etc.), so high requirements exist to stability and
packaging of these sensors [12, 13]. Some sensors for automotive
irdustry can also act as pollution control sensors (such as
sensors of oxygen partial pressure, oxides of nitrogen partial
pressure etc.), which is very important because cars are one of
the main sources of pollution. Total automotive sensors’ market in
the world is around 6 Billion DM and is expected to reach 20
Billion DM to the end of the century. Number of sensors in one BMW
car is around 30 now and can reach 80 in luxury cars [(14)3. The
sensors together with small on-board computer can enable "Smart
car" concepts where the car driver can obtain full information of
car’s behavior and his own functions can be partly replaced
by computer, with highly increased safety.

1.3. Chemical éensors.

' Many chemical substances are considered as polluting agents
and their concentration in air, water and soil - must - be well
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controlled to be kept is under certain limiting values. Chemcal
and food ;ndustry, agriculture and many other areas also need
control of chemical substa nces present. The control can be done
using different chemical sensors. The main materials used for
commercial gas s+ water sensors include silicon (different
variants of field-effect transistors, FET) and semiconducting
ceramics - SnOp, Iny,04 or Fe,04 for reducing agents, Sn 0, or WD3
for H,S sensor, dirferent oxide materials for air-to-fuel ratic
and humidity sensors already discussed [3,8,15]. GSilicon-based
sensing elements include so called ion-sensitive field effect
transistor (ISFET), Pd-gate MOSFET (Metal-oxide FET)hydrogen
detector, ISFET with some additional ion-permeable layers on oxide
surface (so called CHEMFET) and some devices using silicon
together with m%Lal oxide or polymer layers (tin-oxide gas 3Sensor
on silicon substate, chemdiodes etc.)[3,15). Main disadvantage of
FET-based sensors is a necessarily close contact between the
sensor and the fluid and gases to be analyzed, so protection
(encapsulation) of the electronic functions from the often
corrosive environment is necessary. Other problems include
instability of electronic materials exposed to gas or liquid
environment (eg. the hydrolisis of gate dielectrics), instability
problems due to contamination, poor selectivity, short lifetime,
unavalaibil:ty of multispecies  sensors, the lack of mass

fabrication method (because of the lack of compatibility between
depositing d:fferent ion-selective membranes and integrated

circuits technology) [15]. So more detailed researches are
necessary in the field.

Ceramics-based sensors are much more stable and rather cheap,
but at the same time need further improvement in stability,
selectivity and sensitivity. About 20 million such sSensors are
already commercially produced and used each year and extensive
investigations are carried out to increase the scope of° ceramic
materials used and improve sensor’s perfomance (15,18]. Many
ceramic sensors use semiconductor oxide ceramicsz Or 3011d
electrolytes. Some materials used for gas detection are listed in
tables 4 ahd 5 (following (15-181).
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Semiconductor gas ccmbinations [15,16].

Table 4.

Semiconductor ! Gas
'

SnOg 0y, Hp, CO, alcohols, HpS, HC, NOy
SnOz, In203, ms st
TiO,p 09, CO
Ti/Nb/Ce oxide Air-to-fuel (A/F) ratio
CoO Oy, CO
Coq04 Cco
Nb,Os A/F ratio
Coy.x Mex0 A/F ratio
LaCOq, NdCO3, SmCO3,Eu003 CO
D6203 C(‘H“o
W04, HC, alcohols, st’ CH
Ag,0 CO
Zn0 CO, HC, O,
ZnGe03Nz NH3
Organic semiconductors:
Polyphenylacetylene CO, CO,p, CH4, HZO
Phtalocyanine NO, N02, chlorinated HC
Polypyrrole NH 3

Polyamide, polyimide

NO,
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Table 5.
Some Solid-Electrolyte-Based Sensors ([15-18]).

Cell ! Temperature, ! Analyte
! °c__

Ref/Zr0y-Y, 04/MM, Oy 500-800 0
Ag/SrCly -KC1-AgC1/Pt,Cl 100-450 Cl
Ag/Li,S04-AgySO,4/Pt, SO +S0 +air 500-750 SO0y
Ref/CaS-Y,S3/Pt,S 600-900 Sy
Ag/Ba(NO3), -AgC1/Pt,NO2 500 NOo
Ag/KAg4l5/PL, Ip 40 Io
Na(vap)/p"A1203(Na)/Na(vap) 200-300 Na
Al,Cr/LaE3/Au+Ag,Oz,Coz,SOZ,NO,N02 R.T. 0,, COp, SOz, NO, NOp
Au,COZ,02/K2003,COz,ZrOZ—CaO/Au,Oz,COZ 700 €0,

Ref=Ref. electrode, MM-metals, vap=-vapours.

The tables though not exhaustive show how many inorganic
materials can be used as solid-state sensing elements in ch=mical
sensors. The elements’ technology is condiderably simple and flow
chart for the preparation of tin oxide paste used for production
of many sensors is shown in fig.5 as an example.

Chemical sensors have many applications, some of which are
listed in table 6.

One can see that the scope of their applications is extremely
wide and includes many sides of industry and everyday life. We
shall discuss in the second chapter some new possibilit:ies
connected with modern trends in sensor development.

1. 4. Summary of existing technologies.

One can see from some examples discussed above that basic
technologies used for sensor production include different
materials and technologies.

Silicon and usual technology of IC production together with a
new technology of micromashining (see chapter 2) are usgd w;dely.
The sensors have small size, are compatible with data processing
qyotems and can be produced on mass scole. Production costs ‘being
rather high at the begxnlng OW1ng to complexxty of technology are
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Table 6

Application of chemical sensors in various fields [18]

Field

! Sensor target

Aim

Consumer electric
products and home
appliances

humidity, dew
turbidity

gas species (0y, hydro-
carbons)

ionic species (or elec-

convenience, comfort
high quality

high function
safety

energy conservation

trolytes)

Automobile, humidity, dew, smog ets. comfort, high quality
etc. gas species (02, CO, NO, high function, safety

organic, air to fuel pollution control

ratio etc.) energy conservation
Chemical and solute components process control
Metallurgical (organic or inorganic) labor saving, automatic
industry pH, turbidity, ionic security system in

(including
petroleum ind.
fermentation ind.
food-stuff ind.
etc.)

species (or electorolytes) plants

solvent components
gas species (organic,
inorganic)

pollution control
resources saving
energy conservation

Labor environment
(underground,

oil field,

coal mine,

ship, gas stand
big building,
etc.)

volatile solvent

gas species (0p, CO,,
organic etc.)

hazzard substances (CHg,
st, etc.) others

security system
disaster prevention
fire prevention
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Living environ-
ment
Office environ.

humidity

gas species (town gas,
LP gas, Hz_etc.),
fire, smog, etc.

safety, comfort
offensive smell, com-
bustion control
energy saving, fire
prevention

gas poisoning
prevention

Health,
Medical care

blood components

(pH, 0,, Na*,K*, blood
sugar, etc.)

uric components

(ions species, bio-chemical
compounds)

health contrc!l
diagnosis inspection

medical engineering
remote diagnosis

other bio-related compounds medical treatment

microorganism artiricial organs
Agriculture humidity, water content facilitate agriculture
or horticulture
Forestry freshness cultivate fishery
Fishery gas species (CO,, Oz,etc) freshness inspection
moisture, pH, electrolytes, fresh storage
Meteorology humidity, salinity unmanned observation
station
Oceanography turbidity telemetry
environmental gas species
Energy gas species (COZ, hydro- steam power plant

Atomic power

Natural resources

carbons)
metal elements, metal ions
humidity, pH

combustion control
mineral resource searc
mines, energy concer-
vation

Community in
city

gas species (Hp, NO, etc.)
smog, electrolytes or
soluble substances
poisonous substances

pH, turbidity

pollution control
disaster prevention

safety control
automatic monitoring
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constantly going down following the technology improvements. At
the same time the sensors have distinct fields of applicaions and
can be used only to small extent in such important fields as
chemical sensing and pollution control. Great initial investments
are necessary. The personnel qualification and requirements to
equipment maintenance must be very high as it is wusual for
semiconductor industry.

Ceramic sensors based either on semiconductor oxide materials
or on solid electrolites are much easier to produce as it was
discussed in section 1.3. Technological probiems of reliability
and reproducibility exist and additionnal efforts to solve the
problems and to improve sensitivity and selectivity of the s2nsors
are necessary but for many applications the sensors’production can
be organized with much lower costs and lower manpower
qualification as compared with silicon-based technology. One must
keep in mind that size and weight of sensing elements thenmselves
are rather small. There are no serious resourse constraints for
this production and usual infrastructure requirements coucering
materials, energy, water and communication systems exist for the
production units.

But it is necessary to note that sensor production in any
country needs preliminary investigation of local and international
market because one can’t forecast in advance which kinds of
sensors will find a niche in existing industrial and consumer
production. In reality new sensor manufacturing is a high-risk
undertaking and may be the reasonable way to reduce the risk is to
use international cooperation and technology transfer. It refers
also obviously to new developments in sensors and sensor materials
which will be discussed in the following chapter.

2. New technologies of sensors and sensor materials.

Most important newly developed and emerging technologies to
be described here include sensors based on optoeiectronic and
piezoelectric materials, micromashining technology, search for
new materials and "smart” or intelligent sersors.
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2.1. Optoelectronic and piezoelectric sensors.

These new varieties of sensors have some advantages as
compared with usual sensors discussed in chapter 1. Optoelectronic
sensors include non-invasive detection, vision and pattern
recognition and fiber-optic sensors. The last kind of sensors is
developing very quickly. Fiber-optic sensor includes light source
(usually laser diode or laser), optical fiber line and optical
receiver (photodiode). The sensing element can use the fiber
itself (for instance, fiber with magne'ic coating) or, more often,
some additional substance or material, placed either between
two fibers, or on fiber tip or bare .'iber core. The material can
be in form of single crystals, thin films (including integrated
optics circuits), membranes, pastes, solution etc. The sensors
using optical fibers are insensitive to external electromagnetic
interference (EMI), have good resistance to corrosion and chemical
attack, high sensitivity; the sensing element can be situated very
far from the main processing device. At present the number of
fiber-optical sensors produced amounts to 5-10Z only of total
sensor quantity (2] but these sensors are usually most
sophisticated and most expensive. Some examples can be given. In
our laboratory fiber-optic sensor of electric field strength is
developed. The sensor can measure electric field strength from 30
V/mup to 200 kV/m at d.c. and at frenquences up to some hundreds
‘Hz at any given point and is insensitive to EMI on fiber line. It
can be used to control high-voltage equipment and high-power

electric stations. A number of optical sensors to control
hazardous gases (ammonia, organophosphonate, sulfur compounds) are
described in {[1Q3]. Fiber-optic sensors were developed for

continuous monitoring of pH, CO and penicillin [20]. Environment
investigations and detection of small quantities of ground water
contaminants such as trichlorethylene and chloroform are described
in [21]. Precise body temperéture monitoring during
hyperthermia cancer treatment by microwave and radio-frequency,
blood pressure measurements "in vivo"; blood glucose measurement,
cholesterol monitoring and so on ‘are  very important new
fiber-optic sensor applications in  healthcare (22]. Many other
technical applications of the sensors include thermometers for
measurements of very low and very high temperatures, "distributed"”
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temperature sensors, electric current sensors, optical gyroscopes
and fiber-optic hydrophones, 1liquid level sersors etc [23,24].
Barriers still existing in fiber-optic sensors’development include
probiems of reproducibility and rather high price vwhich is
connected with prices of optoelectronic components. But this
industry is developing quickly. Total optoelecironic
components’ market in Europe was estimated as 2187 Million US $§
with rise to 4147 Million $ by 1995. Fig.6 show European
optoelectronic component market by country, Germany helding the
biggest market. World optoelectronic component market was 5232
Million Dollars in 1990 and is expected to be 16120 Million
Dollars in 1995 with annual growth rate 22,27 in 1989-7J96 (25].
Component prices are going down with this rapid market growth.
Fiber-optic sensor market is estimated to be 164 Million Dollars
in 1990 and is estimated to reach $ 935 Million by 1996 [26].
Promising variety of sensors is connected with utilization of
piezoelectric resonators and surface acoustic waves (SAW) devices.
The resonance frequency of these devices depends on external
factors. For instance, temperature can be measured using this

thod with accuracy 10°°C [27). When a film or membrane is
applied to resonating quartz crystal plate or to SAW device the
frequency changes which can be measured with very high accuracy.
Using very thin, some tens of  Angstroms, polymer films (so
called Langmuir-Blodgett films) as a coating of pieroelectric
crystals one can obtain odor sensors which can detect ppm-ppb odor
levels in air or nanogram levels [28]. Some prototypes of drog
detecting sensors are developed using these principles.

2.2. Micro-machining technology.

Semiconductor technology widely used for IC production was
applied to prepare mechanical components of very small dimensions
(sometimes only a few microns). Deposition, lithography and
etching technique are used to produce three-dimensional mechanical
structures. The main material is silicon, which can be
anisotropically wet ectched to produce highly accurate almost
atomically smooth planes. As a semiconductor silicon offers the
opbortuniﬂy of integrating into one piece a mechanical sensor and
elgctroniq ﬁcircuitry (29,30).. The mosl. impressive example of
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Sensor produced by this technique vas integrated gas
chromatograph [31) where ali the mechanical parts of small sensing
cell were made of iocally etched silicon. The size of the elements
can be as small as 1-2 micrometers in one dimesion with up to 1 mm
in other dimensions. There 1is a huge variety of microm:zchanical
sensor device types but the commonest basic types are as fallows:

. - membrane devices, usually, pressure sensors, vhere a
thinner membrane is supported by a thicker frame;

- beam devices usually flow sensors or acceleromeisrs. 1in
which an unsupporied structure is deflected to act as a sensor.

- asurface machined devices where mainly passive parts of
sensing devices are produced.

One more material which can be subjected to this
mcro-mechanical treatment is piezoelectric quartz, and very
delicate sensing structures were made using these crystals.

The technological problems connected with this technique
inciude development and application of new technological methodsz,
combination of micro-mechnical structures with electrical and
ontical systems and improvement of packaging methods [30:.

2.3. New sensor materials.

Besides application of well-known materials already d:scussed
in Chapter 1 intensive researches of new materials are carried out.
The<e new materials include inorganic materials, peclymer materials,
ferments and some others.Only ceramic materials will be briefly
discussed here. The improvement of ceramic materials goes in some
directions [32). First, it is development of technology of thin
and thick films instead of sintered bulk materials to decrease
response time. Second, it is improvement of existing materials,
which can reside on choice of new catalyst,new dopant or dopant
combination in a known material, new electrode configuration on
material etc. For instance, in [33) V-Mo-Alp03 catalyst added to
doped ZnO ceramics enabled detection of halogenated hydrocarbons
at 500 ppm level. Now freon gas detector is proposed that senses
100-1000 ppm of freon -133, -22 and 1i. Third, it is search of new
materxalq For example, now a new ceramic material exists wvhich
enable freon gas sensitivity at 0,05 ppb level. Ag- PA12(33 solid
electrolyte was found to detect arsine AH 5, a dangerous
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compound used in semiconductor industry [34]. Fourth, 1t is
development of new multicomponent or multilayer structures or
reasonable combination of existing materials to go from single
substance detection to multicomponent analysis (for i1nstance,
(32,35-37}). Fifth, investigations are carried out o combine
ceramic sensors with IC to obtain so called "smart" or intelligent
sensors which will be discussed in the next section.

2.3. Intelligent sensors.

Usual sensor detects and measures some physical or chemical
quantity and converts it into an electrical signal. But nowdays
the electric signals are to be processed by some more complicated
device, for instance, by computer. The computer needs a singal
which would be free from unnecessary noise, corrected for some
additional or random declinations and mistakes and preferably
converted into digital form The computer can do all these
functions of signal transtformation itself but its action would be
slower in this case, so better to do all this preliminary signal
treatment in a special device connected with the sensing element
and such a combination is called "smart” or intelligent sensor. So
practically it is a sensing element combined with special IC or
microprocessor [38]1. Now only a few per cent of all sensors
produced can be regarded as intelligent sensors  but their
production is increased and they can be regarded as a main way of
future sensor industry. From the point of view of materials mainly
silicon is used now in electronic part of smart sensors. 5Some
problems of sensing element interaction with electronic circuitry
exist in case of elements made from different materials but they
do not practically depend on material properties and can be
overcome by sensor design. One can distinguish different kinds of
intelligent sensors: hybrid sensors, where sensing element and IC
or microprocessor are separated, then sensors on silicon and
sensors in silicon  (three-dimensional structures) (381.
Most smart sensors used in pollution control and chemical
monitoring belong to hybrid type.

Smart sensors can find very wide applications in many areas:
predictive maintenance :and process control 1n industry, in
robotics, expert systems, automotive industry, space and aircraft, |
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consumer products etc. Only two Impressing examples of future
possibilities of intelligent sensors will be given below.

The first one 1s smart sensor application in automotive
industry. Some possibilities were discussed in chapter 1. Now
consumer demznds exist for greater safety and performance as well
as goverment-mandated regulations concerning  auto safety and
emission control standards. As o result intelligent rerformance,
safety and security equipment, elements of navigat ional system,
active suspension control, communication equipment wil! grow very
fast in the future. The ultimate “smart" car will incorporate
sensing and control capability which will interact more directly
with driver"s environment and that integrates functions. The ideal
of system integration is so-called "networked car”, in which
distinct computer-controlled systems and subsystems cooperate with
each other to maximize vehicle performance and safety. Some new
steps in the industry include development of a system to change
pressure in tyres to deflate them on rough roads for a smoother
ride and to reinflate them again on smooth roads, then construc-
tion of "intelligent highways" which may enable autos to  steer
themselves in 100 miles per hour "convoys” with 2-3 times greater
density of traffic on each highway and high safety. The system can
use internal and external guidance methods: inertijal guidance,
radio signals and sensors for internal types, various combinations
of beacons, computer networks, buried copper strips and sensor
interrogator devices located along the highway. Some internat ional
projects in the field exist, for Instance, european "Prometheus"
program on smart cars (39]. Certainly this iz future but it is a
foreseeable future based con already =xisting sensor systems.

Another future Possibility iz a "smart house” concept. Fig. 7
shows future intelligent house wit, most important sensor and
actuator systems (401. In addition to fairly common sensing
applications - automatic lighting, air conditioning, energy supply
and distribution - there are important security arrangements.
Various sensors are involved including person-identification
sensors and body-heat sensors which restrict. access to private
houses or to offices after buziness hours, smoke and gas
delectors, "prescnce control” with smart. sensors ﬂhich mav  detect
wvhen a person enters an office during working hours and now long
he or she sta&s here. All sensor readings are trasmitted to




Fig.7. "Smart house” with sensor and actuator systens . 40].

1. watch signal; 2. solar energy concentrator; 3. solar battery;
4. antenna; 5. sun movement sensor; 6. outside temperature sensor;
7. security sensors (fire, gas, intrusion in broad zone, intrusion
through window); 8. comfort sensors (temperature, humidity, condi-
tioning); 9.caring sensors (blood pressure, pulse rate, height,
weight, fatiguability etc); 10. heating syste temperature sensor;
11. water level sensor; 12. boiler; 13.compu. .r system of internal
information; 14. ground temperature sensor; 15. heat accumulator;
16. battery; 17.battery charge sensor.




personal computer and for control also outside the house. Such
smart buildings and smaller prototype flats and ofrices ave
already starting to appear in United States, Japan, Gcotland and
also in newly industrialized countries like Republic of Kerea, tor
instance.

111. Conclusions and recommendations.

Sensor industry is considered by experts as one of  hev
technologies of present and future time. For instance, W.E.Morrow.
Jr., director of Lincoln Lab at MIT, USA, includes in eight "High
Leverage Technologies"™  passive  Sensors, sensitive radars,
photonics, machine intelligence and robotics, signature controil,
the second group "Core Technologies" includes data fusion and the
third group "Emerging Technologies"” includes  "Low-power,
high-speed electronics for  sensor signal processing and
recoghizers"”. All the mentioned technologies are parts of sensor
development industry and science and passive sensors and photonics
depend critically on materials and technologies’ development. 5o
all the countries must have their own policy in the field.

The problems of developing countries are connected with
choice of scientific and industrial directions 'in each coutrv. On
the market there are many sensors produced on industrial =cale.
Only in Europe more than 1500 companies are offering problem
solution in more than 50000 type of commercially available =ensors
for about 100 measurement parameters (39]. Following the
preceeding chapter it is possible to say that at least some rinds
of senzors are applicable in each country: chemical sensors tor
industrial application and pollution control, sensors for home and
industrial appliances such as humidity and temperature sensor: and
different medical sensors for health care. Most of these sensors
are based on inorganic sintered ceramics, thin and thick films and
some polymer materials. The technology of the materials s
relatively simple and although some technological barries exist no
serious resource or infrastructure constraints can be fcreseen at
the moment. |

The problems existing 'are connected to  manpower, to
development and production:oéganization and financing. Usually 1t
is necessary to have some scientific background and reseach
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facilities and teams which are engaged in sensor materials
problems and are able to support industrial developments. Not in
all developing countries such teams exist so international
cooperation, help in education and organization of internationally
recognized centres of excellence seem to be necessar Yy. The sensor
technology field is unique, 1n that many developments still come
from small companies and even one man company, the inventory basis
plays an important role and in many cases technology transfer
or joint ventures’ organization will facilitate the establishment
of new production line.

A big problem exists that the sensor markets in many cases
are invariably small niches vhich, even if successful, would
provide healthy but not outstanding profits [42]. As a result
sensor technology even 1n western countries has not enjoyed a high
level of enthusiasm from many possible investors. And the same
situation will probably take place in developing countries. The
probable solution may be administrative and financial programme of
industry development made with help of state planning
organizations.

One more problem is connected with the fact that end user
customer does want cost effective solutions to a range of
problems, albeit solutions that take account of the communication
and computing elements as well as sensor needs. The sensor must
remain but one component in system terms, and senscr materials
even more constitute only a part of the sensor. So sensor
materials development by itself is of small practical use, it must
be tightly connected with sensor production and companies that are
active in sSensor technology rust be prepared to either offer
customers a complete solution with all other elements included or
special ised applications consultancy services. And this
cooperation may be greatly facilitated by some joint state
program. It is necessary to hote that such state programmes exist

in western countries, for instance, "Advanced 5ensors Technology
Transfer Programme” in United Kingdom (43), as vell as some
internétional programmes, for instance, *"Prometheus"” mentioned

above. Certainly for developing countries better to establish such
progrémmes and projects using possibilities of international
organizations like UNIDO and the meet ing on new materials may help
to do this. ‘
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Annex 1.

Correspondence betweer  processes of signal perception,
processing and tranformation for biological system (a man) and
technical automatic system (5].

Biological system Technical automatic system
(man) .
Signal Senses Sensors
perception Sense of smell ———= Gas analizer
Taste pH-meter

Hearing
Sense of Touch

microphone
temperature

™ translati
\fii’fam
::::::::

roughness etc.

Vision emission sensor
position sensor
TV-camera ( image
recognition)
Signal Brain Computer
K
processing t memory l memory
Signal Organs Actuators
transformation hands ———» mechanics
feet
speech — = loud-speaker

gesticulation ———— indicaltion
writing — —« printer/plotter






