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Transducers

Electrical .quzmtlt.les, such as current, voltage, etc. themselves produce clectrical signals.
Hence Fhen‘ measurements involve proper conditioning of the signals and displaying them in
convemtléllt ways. Transducers are seldom necessary in such measurcments. Sometimes called
sensors” Or ‘detectov‘s, transducers more often than not constitute the first stage of an
iust.rument.atlonsgt up for the measurement of non-electrical quantities.

A transducer 1s a device which receives energy in one form or state and transfers it to a
convenient form or state. So, transduction is just not conversion of energy from one form to
another, although sometimes it may be so. For example, a diaphragm will produce a
displacement on the application of pressure. Now, pressure and displacement ave both
manifestations of mechanical energy, though from the measurement point of view the
displacement is more convenient. So, a diaphragm is a pressure transducer although it does
not convert energy from one form to another. Again, a junction of dissimilar
metals—thermocouple—produces an electrical output with the change of temperature. Here,
it is a case of conversion of heat energy to an electrical one, the latter being preferred from
the standpoint of convenience of measurement. A thermocouple is, therefore, a temperature
transducer.

The transducer, or the responding device can be mechanical, electrical, optical, acoustic,
magnetic, thermal, nuclear, chemical or any of their combinations. But, of course, devices
with electrical output are preferred for the following reasons:

1. The signal can be conditioned, i.e. modified, amplified, modulated, ete. as desired.

9. A remote operation as well as multiple readout is possible.

3. Devices, such as op-amps are available to ensure a wminimal loading of the system.

4. Observer-independent data acquisition and minute control of the process with the help

of microprocessors, or for that matter computers, are possible.

5.1 Classification of Transducers

Transducers can broadly be divided into the following categories:
1. Active and passive transducers
2. Analogue? and digital transducers
3. Primary and secondary transducers
4. Direct and inverse transducers

'Some authors prefer to reserve this word for passive transducers only.

A e b h instead of the American spelling Analog.




Active and Passive Transducers

Active transducers are self-generating devices, their functioning E)C?ngf }?asedlon conversjgy, of
energy from one form to another. And since they generate er;lel'g}}’ ,hemse ve;s, 10 extery,)
source of energy is necessary to excite them. FOI‘. examp_le, the tilermocoup €15 an actjy,
rransducer. Depending on their principles of operation, active transducers can be

1. Thermoelectric
2. Piezoelectric

3. Photovoltaic

4. Electromagnetic
5. Galvanic

Table 5.1 gives a rough idea of the use of different kinds of active transducers ip the
measurement of representative non-electrical properties.

Table 5.1 Active transducers

Property used Device Application in the
measurement of
Thermoelectricity generation Thermocouple Temperature
Thermopile Radiation pyrometry or

temperature of distant objects

Thermocouple gauge Low pressure

Piezoelectricity generation Piezoelectric transducer Pressure
Photoelectricity generation Photodiode in combination Pressure
with a diaphragm
Electricity generation by Electromagnetic pick-up Flow
moving a coil in a magnetic
field
\

Passtve transducers, on the other hand, do not generate any energy. Th 41 o
by the application of electrical energy from outside. The extracted ener. f il exa{ ed
produces a change in their electrical state which can be measured. For eg rolm s measu.rdn
can be excited by an emf from a cell and the voltage against the photoreg; Itnp ¢, a photoresistor

- When exposed to a light of certain intensity (measurand) its resistance clf L measurfxi
he voltage across it. anges, thus changing
Depending on their principles of operation, passive transducerg can be

1. Resistive

2. Inductive

3. Capacitive

4. Magnetoresistive
5. Photoconductive
6. Thermoresistive
7. Elastoresistive
8. Hall effect-based.




cos o rough iden of the wee af (it . oo teansducers in the
5.2 gives rough idea of the use of different kinds of passive transdi

A )l(‘ . A, at iy 1 N
[l ueit of representative non-cleetrieal propetties.
\']Sur(
e 5
Table 5.2 Passive transducers
e - . measurement of
/ﬁ:{——' Deviee Application mn (h(ﬂ*“ e e
n,w(‘z:‘( . . .
4,’,—3"{ nee yvariation Potentiometer Displacement )
Resis Strain gauge Small displacement usah'xl mn
the measurement of strait,
pressure, force, torque
Pirani gauge Low pressure
Hot-wire anemometer Flow
Platinum resistance Temperature
thermometer
Thermistor Temperature
Photoconductive cell or Pressure
light-dependent-resistor
(LDR) in combination with
a diaphragm
[nductance variation Linear variable differential Displacement
nauct

Capacitance variation

transformer (LVDT)
Synchro
Eddy-current gauge
Capacitor gauge
Dielectric gauge

Angular displacement
Displacement
Displacement, pressure
Liquid level, thickness

(which are basically
displacements)

/

s . 32 e s s 15 o
The lists are not exhaustive but representative. As discussed earlier, we are dealing
transducers only because of their adaptability to instrumentation.

with

electrical

Analogue and Digital Transducers

An analogue transducer, such as a CdS cell® might be wired int‘o a cirguit in (1) \\:1.‘\;; 21&8 1;1\&11;
have an output that ranges from 0 volt to 5 volt. The va.lue is c0}1t111111011s‘1. el..\l\‘e ey
volt. An analogue signal is one that can assume any v‘a.lue in a range. tr WOor isi ;1 g (t.u.ne .o
an older radio. We could turn it up or down in a continuous 1.not1(3n. \‘\ efC(‘)lol‘ s m: .‘m‘ﬂo.o‘u.e
turning the knob ever so slightly. Transducers that we have discussed so far generate analogue

outputs.
But digital trans
range of values that the

ducers generate output in the discrete form. This means that there is a
sensor can output, but the values increase in steps. Discrete signals
e i - : . . . T : " 1
typically have a stair step appearance when they are graphed onoc.hm i .((3101‘131(1911 1 ;‘11 11111)(::5(1) ;
isi S ¢ channels in steps. Or, consider a pus t
television set tuner. It allows us to change chau ! il buiton
switch. This is one of the simplest forms of sensors. It has two discrete values. Either it is

——————

3Cadmium Sulphide cells measure light intensity.
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ON, or it is OFF. Other discrete transducers might provide u ¥ value, l”"."nl
displacement encoders? belong to this category.

Primary and Secondary Transducers

A transducer is said to be a primary transducer when the applicd signal 18 direetly popye
by it. A transducer producing output in the electrical format may he 'l.lw firstclement, jyy ),
mstrumentation system. Generally, such sensing clements are called primary trangduceyy

Sometimes, as for example in pressure measurement, a mechanical HCHSON ST Lhe inpg
and then another device converts the output of that sensor to an electrical Tormat. There, )y,
latter sensors are called secondary transducers.

Direct and Inverse Transducer

A direct transducer is a device which receives energy in one form or state and transfers it to
clectrical signal. The sensing device can be mechanical, optical, acoustic, magnetic, thermal,
nuclear, chemical or any of their combinations.

Inverse transducer is the transducer which converts clectrical quantity into a non-clectyjcen)
quantity. A current carrying coil moving in a magnetic ficld may be called an inverse trangdiee
because the current carried by it is converted to a force which canses translational or rotational
displacement. Many data indicating and recording devices are practically inverse trangducers,
For example, an analogue ammeter or voltmeter converts current, Lo the mechanical rotation
of a pointer, or a speaker in a public address system converts voltage Lo vibration of air which
produces sound.

5.2 A Few Phenomena

Now we will consider a few not so well-known phenomena based on whic}, transducers are
constructed. They are:

1. Magnetic effects

2. Piezoelectricity

3. Piezoresistivity

4. Surface acoustic wave
5. Optical effects

he magnetic effects that are of importance for production of transducery gy, given in

5.3, : T ly, Joule effect, Villari effoe ;

f these effects, magnetoelastic effects—namely, . e Wicdemann

and Matteucci effect—and Hall effect are finding more and more use in g,
ba : i Ny

‘allod gy

W il her A smart,
rs. So we discuss these effects in a little more detail here.
() . . v




Transducers

Table 5.3 Magnetic effects used in transducers

. ,“U}w‘t Year of
E discovery
"iéﬁ-ﬂ v effeet 1831
Joule effect 1842
(1\|np_m‘l.oslxricl,iml)
AF effect 1846
A-I:\t.t.eucci effect 1847
Thomson effect 1856
Wiedemann effect 1858
Villari effect 1865
Hall effect 1879
Skin effect 1903
Josephson effect 1962

What it 1

Application

1 .

Goeneration of ecleetricity in a
coil with the change in the
ambient magnetic field

~ .

Change in shape of a ferro-
magnetic body with magnetis-
ation

Change in Young's modulus
with magnetisation

Torsion of a ferromagnetic rod
in a longitudinal field changes
magnetisation
Change in
magnetic field

resistance with
A torsion is produced in a
current carrying ferromagnetic
rod when subjected to a
longitudinal field

Effect on magnetisation by
tensile or compressive stress

A current carrying crystal
produces a transverse voltage
when subjected to a magnetic
field vertical to its surface
Displacement of current from
the interior of material to
surface layer due to eddy
currents

Quantum tunnelling between
two superconducting materials
with an extremely thin
separating layer

Reluctance based transducers

piezo-
agneto-

In combination with

clectric elements for m
meters and potentiometers

Acoustic delay line components
for magnetic field measurement

Magnetoelastic Sensors
Magnetoresistive sensors

Torque and force measurement
Displacement measurement
Level measurement

Magnetoelastic sensors
Magnetogalvanic sensors

Distance and proximity sensors

SQUID magnetometers

Magnetoelastic effects

-

Various aspects of the coupling between the magnetisation of the ferromagnetic materials and

their elasticity can be employed to sense param

application for sensing are

eters of interest. Several effects which have

Direct effect

Inverse effect

Joule effect
Wiedemann effect

Villari effect

Matteucci effect
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Table 5.6 Applications of magnetoresistive effect
. . \
Principle Application
Magnetic audio recording

irect measurement of magnetic fields ' o
e " Reading machines for credit cards,
magnetically coded price tags

Measurement ~ of  linear and  angulay

displacement

Proximity switches

Position measurement

Angular velocity of ferrous gear wheels

object with a metallic coating or an
lement to be detected must incorpo-

. R e ve g
Measuring magnetic field variation

@ To accomplish this, it must be either a metallic object or an
identifier placed in a constant magnetic field, or the moving €
rate a permanent magnet.

Piezoelectricity

Certain materials, especially the crystalline ones, produce an emf when deformed by an
application of pressure along the specific axes. The phenomenon is known as  piezo-
electricity’® or piezoelectric effect and is widely used for the construction of many
transducers that involve the measurement of dynamic pressure.

Origin of piezoelectricity

In most crystals, the unit cell (the basic repeating unit) is symmetrical; in piezoelectric crystals,
it is not. Normally, piezoelectric crystals are electrically neutral—the atoms inside them may
not be symmetrically arranged, but their electrical ¢harges, are perfectly balanced. A quartz
(SiO2) tetrahedron is shown in Fig. 5.9. When a pressure is applied to the tetrahedron (or
a macroscopic crystal element) a displacement of the positive ion charge towards the centre
of the negative ion charges occurs. Hence, the outer faces of such a piezoelectric element get

charged under this pressure.

s
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Conversel.y ) .When an electric field is applied to a piezoelectric crystal, a mechanical Str?in
js produced in it. This is sometimes called the inperse piezoelectric effect. If an alternating
field is applied to such a crystal, the strain also varies periodically—but generally there 15 2
phase lag between the applied field and the resulting strain, depending on the frequency o
the applied field. At the natural frequency of vibration of the crystal, called the resonance
frequency, the two are exactly in phase. This effect is utilised to construct resonant transducers
and also to stabilise frequency in electronic clocks.

piezoelectric materials

Generally, piezoelectric materials are classified into the following four categories:

Ca tegOT?{ ] Ezamples
Quartz
. - Tourmaline
Naturally occurring single crystals Topaz
Cane Sugar

Rochelle salt (potassium sodium tartrate
tetrahydrate, KNaC4H4Og, 4H20)

Man-made crystals Gallium Orthophosphate (GaPO4)
Langasite (LazGasSiO14)—
both quartz analogous crystals

Barium Titanate (BaTiO3)

Lead Zirconate Titanate (Pb[Zr;Ti1—z]O3

where 0 < z < 1)—more commonly known as
Man-made polycrystalline ceramic materials RZE

Lead Titanate (PbTiO3)

Potassium Niobate (KNbO3)

Lithium Niobate (LiNbOs3)

Lithium Tantalate (LiTaO3)

Sodium Tungstate (NaWO3)

Man-made polymers PolyVinyliDene Fluoride (PVDF)

PZT is the most common piezoelectric ceramic in use today. Among the naturally occurring
crystals, quartz is inexpensive. Tourmaline, a naturally occurring semi-precious form of quartz,
has sub-microsecond response time and, therefore, very useful in the measurement of rapid
transients.

PVDF exhibits piezoelectricity several times greater than quartz. Unlike ceramics, where
the crystal structure of the material creates the piezoelectric effect, in polymers the intertwined
long-chain molecules attract and repel each other when an electric field is applied.

The so-called natural crystals are already polarised and the piezoelectric element is usually
a cut from the crystal in the direction of any of the electrical axes (called X-axes) or mechanical
aves (called Y-axes)[Fig. 5.10(a)]. Figures 5.10(b) and (c) show how an X-cut piece of the
hexagonal quartz crystal can be obtained.

Synthetic polycrystalline ceramic materials have to be baked under a strong dec electric
field to provide polarisation. Thus, they have the advantage of being moulded into any shape
or size.
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(a) (b)
Fig. 5.22 Bimorphs: (a) serial and (b) parallel.

Parallel bimorph produces twice the capacitance as that of a series connection and in
type transducer admits the full excitation voltage across each plate.

In either cage the device relies on the ds1 piezoelectric constant and that the strain is
proportional to the square of the applied voltage.

Multimorph. Instead of two plates
multimorphs, are available too.
operating voltage (60 to 100 V).

Bender type actuators provide lar
force and speed.

a sender.

» monolithic, multi-layer type piezo benders, knowp as
Similar to multilayer stack actuators, they run on a oy

ge motion in a small package at the expense of stiffness,

Advantages and disadvantages

From its discovery by the Curies in 1880, it took about 70 years before
was used for industrial sensing applications. Since then

constant growth and can nowadays be regarded as a mat
inherent reliability. 1t has been successfully used in variou
aerospace and nuclear instrumentation.

the piezoelectric effect
» 1ts utilisation hag experienced a
ure technology with an outstanding
s critical applications like in medical,

Advantages. The high modulus of elasticity of man
to that of many metals and the maximum stress tha
105 x 10° N/m*. Even though piczoelectric Sensors
on compression, the sensing elements show almost ze
are

Y piezoelectric materials is comparable
t they can withstanq can be as high as
are electromechanicg] Systems that react
ro deformation. The Piezoelectric Sensors

Rugged
Have an extremely high natural frequency

An excellent linearity over a wide amplitude range

i okl S o

Insensitive to electromagnetic fields and radiation, enabling measure

ments under harsh
conditions

0. Materials like gallium phosphate or tourmaline have an extreme S
temperature enabling sensors to have a working range of 1000°C

tability oyer

Table 0.10 gives an idea about the relative standing of piezoelectric transducers v

d-vis the
strain sensitivity of other transducers.
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Piezoresistivity

The piczoresistive effect is the change C
applied mechanical stress. Many materl

of electric resistivity of the materia] caused },
als change their resistance when Stressed, bng :}iln
Ue

i i rs. Semicondu : R
piezoresistive effect is the most pronounced 1n semlcondu?ts()s ey Sctor PIezoresjgt;,
sensing elements, or piezoresistors, are typically used as pre CTISOLS, Where yy,

applied mechanical load is converted into a proportional electric signal.

Origin of piezoresistivity
It is apparent that piezoresistivity has nothing to do with piezoelectricity, though some

piezoresistors are piezoelectric as well for reasons different alto.gether.. .

When a semiconducting material is stressed, the interatomic spacings within the materig|
change. This eventually changes the bandgaps in each atom making it easier (or hardg
depending on the material and strain) for electrons to be raised into the conduction band
higher or lower electron population in the conduction band results in a change in resistivity of

the semiconductor.
We know that the resistance R of a conductor is given by

l

where  p is the resistivity of the material of the conductor

l is the length of the conductor
A is the area of cross-section of the conductor.

For metals, p is more or less a constant at a given temperature because their conduction bands
are already sufficiently populated with electrons. But the conduction bands of semiconductors
are not so populated normally and as already discussed. at g, given temperature p varies fr
| semiconductors when they are stressed. For them the piézoresistivity po is defined by

d
pazﬂ
€

here  dp is the change in resistivity
p is the original resistivity
€ is the strain

Now, when a semiconduct

B3 Or is strained. ; , . tually
nge with a consequent chy, d, its length and area of cross-section will ever

gl

2ha .

b Nnge in its regj . ver
Tesistance. But jtg piezoresistive change can be %
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1, Basic mapsrind, now socmhy sibicon

2, Majority carriers, ie. por n

3. Crystal orientation given by Miller indios like (106} or (111}

4. Angle ?)‘,4.‘//‘7‘533 the curremt apd stress; the stress may be wensile. shesr or wolume

SRPIesss]

5, Degper: of fiuping indicated by the room-temmperature resistivity go

6. Sint and shape of the resistor

Inn pemeral, both the stress and the current are alomg the length of the plezoresistor. Then.
the relation for the longitudinal pleoresistance codficient i given by

\Yow L. ¢ 4 2
wy o= wyy 2(’5’11 Rl ¥ 7*’44]5(1151 “"C"} '1 L UL
where  yy, my, may  are the fundamental piezoresistive coefficients, the subseripts referring
to the current and stress directions
are the direction oosines of the current with respect to the
crystallographic axes

oy, SH g4



