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Triboelectric effect
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If a small positive electric test charge q, is positioned in the
vicinity of a charged object, it will be subjected to a repelling
electric force. If we place a negative charge on the object, it
will attract the test charge. In a vector form, the repelling (or
attracting) force is shown as f. A fact that the test charge is
subjected to force without a physical contact between
charges means that the volume of space which is occupied
by the test charge may be characterized by a so-called
electric field.

Electrical field E =

The formula expresses an electric field as a force
divided by a property of a test charge. The test charge
must be very small not to disturb the electric field.
|deally, it should be infinitely small, however, since the
charge is quantized, we cannot contemplate a free test
charge whose magnitude is smaller than the electronic
charge: e=1.602x10-"° C.



Electrical Field and Potential
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Gauss’ law




Gauss’ law_

Spherically symmetrical charge distribution

inside

a r

Cause of the repelling forces
between charges of the same sign,
all charges try to move as far as
possible from one another. The only
way to do this is to move to the
foremost distant place in the
material, which is the outer surface.
Of all places on the outer surface
the most preferable places are the
areas with the highest curvatures.



Infinite charged line




Gauss’ law_

Infinite charged sheet
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Capacitance




Capacitors
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Water level
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Hans Christian @rsted
(1777-1851 DK)
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Stationary electric charges make no effect on a
magnetic compass (a compass needle is used as a tiny
test magnet). It is clear that the moving electric charges
were the cause of the magnetic field.

It can be shown that magnetic field lines around a wire are
circular and their direction depends on the direction of
electric current, i.e., moving electrons Above and below the
wire, magnetic field lines are pointed in the opposite
direction. That is why the compass needle turns around when
itis placed below the wire.
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A fundamental property of magnetism is that moving electric charges (electric current) essentially produce a magnetic
field. Knowing this, Albert Einstein came up with explanation of the nature of a permanent magnet. A simplified model
of a magnetic field origination process is shown in the figure. An electron continuously spins in an eddy motion around
the atom. The electron movement constitutes a circular electric current around the atomic nucleus. That current is a cause for a
small magnetic field. In other words, a spinning electron forms a permanent magnet of atomic dimensions.



Faraday law




Faraday law




Permanent magnets are useful components for fabricating magnetic sensors for detection of motion, displacement,
position, proximity, etc. To select the magnet for any particular application, the following characteristics should be
considered:

» Residual inductance (B) in gauss or millitesla (mT): how strong the magnet is ?

» Coercive force (H) in Oersteds (Oe) or kA/m: how well will the magnet resist external demagnetization
forces? (1 Oe = 0.08 KA/m).

« Maximum energy product, MEP, (BH~). A 10 gauss-oersted, indicated as MGOe (mega-gauss-oersted), is
7.96 kJ/m3 A strong magnet that is also very resistant to demagnetization forces has a high MEP. Magnets with
higher MEP are better, stronger, and more expensive.

» Temperature coefficient in %/ C shows how much B changes with temperature.

Magnets are produced from special alloys. Examples are rare earth (e.g., samarium)-cobalt alloys. These are the
best magnets, however, they are too hard for machining, and must be ground if shaping is required. Their maximum
MEP is about 16x10%0r 16MGOe. Another popular alloy is Alnico, which contains aluminium, nickel, cobalt, iron,
and some additives. These magnets can be cast, or sintered by pressing metal powders in a die and heating them.
Sintered Alnico is well suited to mass production.



Ceramic magnets contain barium or strontium ferrite (or another element from that group) in a matrix of a
ceramic material that is compacted and sintered. They are poor conductors of heat and electricity,
chemically inert, and have high value of H. Another alloy for the magnet fabrication is Cunife, which
contains copper, nickel, and iron. It can be stamped, swaged, drawn, or rolled into final shape. Its MEP is
about 1.4x10°. Iron-chromium magnets are soft enough to undergo machining before the final aging
treatment hardens them. Their maximum MEP 6

is 5.25 x10°. Plastic and rubber magnets consist of barium or strontium ferrite in a plastic matrix material.
They are very inexpensive and can be fabricated in many shapes. Their maximum MEP is about 1.2 x106.
A neodymium magnet (also known as NdFeB, NIB, or Neo magnet), a type of rare-earth magnet, is a
permanent magnet made from an alloy of neodymium, iron, and boron to form the Nd,Fe,B tetragonal
crystalline structure. This material is currently the strongest type of permanent magnet. In practice, the
magnetic properties of Neodymium magnets depend on the alloy composition, microstructure, and
manufacturing technique employed. Neodymium magnets have very much higher coercivity and energy
product, but lower Curie temperature than other types of magnets.

In the 1990s it was discovered that certain molecules containing paramagnetic metal ions are capable of
storing a magnetic moment at very low temperatures. In fact, these magnets are large molecules with
strong magnetic properties. Such magnets are called single molecule magnets (SMM). Most SMM’s
contain manganese, but can also be found with vanadium, iron, nickel, and cobalt clusters.

Advantages of SMMs include strong residual inductance, solubility in organic solvents, and sub-nanoscale
dimensions. More recently it has been found that some chain systems can also display a magnetization
which persists for long times at relatively higher temperatures. These systems have been called single-
chain maanets (SCM).



Coil and solenoid




Coil and solenoid
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Lenz law
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In any material, electrons move randomly like gas in a closed container. There is no preferred
direction and an average concentration of electrons in any part of material is uniform (assuming that
the material is homogeneous). Let us take a bar of an arbitrary material. The length of the bar is L.
When the ends of the bar are connected to the battery having voltage V electric field E will be setup

within the material. It is easy to determine strength of the electric field:

E_V
L
dq
1 = ——
dt

The Sl unit of current is ampere (A):
1 A= 1C / 1s. In Sl, ampere is
defined as electric current which is
maintained in two infinitely long
parallel wires separated by 1 m in
free space, which produce a force
between the two wires (due to their
magnetic field) of 2 - 107”N for each
meter of length. An ampere is quite
strong electric current. In sensor
technologies, generally much
smaller currents are used, therefore,
submultiples of A are often
employed.



i milliampere (mA) __|_______10°A

1 microampere (UA) 106 A

1 nanoampere (nA) 10° A

1 picoampere (pA) 10712 A 0
1 femtoampere (fA) 10 A

No matter what the cross-section of the material is, whether it is homogeneous or not, the electric current
through any cross-section is always the same for a given electric field. It is similar to a water flow through a
combination of serially connected pipes of different diameters, the rate of flow is the same throughout of the
pipe combination. The water flows faster in the narrow sections and slower in the wide section, but mount of
water passing through any cross-section per unit of time is constant. The reason for that is very simple, water
in the pipes is neither drained out, nor created. The same reason applies to electric current. One of the
fundamental laws of physics is the law of conservation of charge. Under steady-state conditions, charge in a
material is neither created nor destroyed. Whatever comes in must go out.

A conducting material, say a copper wire, can be modelled as a semirigid spring-like periodic lattice of
positive copper ions. They are coupled together by strong electromagnetic forces. Each copper atom has
one conduction electron, which is free to move about the lattice. When electric field E is established within
the conductor, force - eE acts on each electron. The electron accelerates under the force and moves.



However, the movement is very short as the electron collides with the neighbouring copper atoms, which
constantly vibrate with intensity that is determined by the material temperature. The electron transfers its
kinetic energy to the lattice and is often captured by the positive ion. When captured, it frees another
electron, which keeps moving in the electric field until, in turn, it collides with the next portion of the lattice.
The average time between collisions is designated as t. It depends on the material type, structure, and
impurities. For instance, at room temperature, a conduction electron in pure copper moves between
collisions for an average distance of 0.04 ym with t= 2.5 - 10"4s.
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If we fabricate two geometrically identical rods from different materials, say from copper and
glass, and apply to them the same voltage, the electric fields in the rods will be the same, but
the resulting currents will be quite different. A material may be characterized by its ability to
pass electric current. It is called resistivity and material is said to have electrical resistance
that is defined by Ohm’s law, meaning that a ratio of voltage to current is a constant:

electric  resistivity -
and therefore s 1 Kilohm (k) 10 Q

called a resistor. 1 Megaohm (kQ) 10° Q

Thg 3 _unlt o 1 Gigaohm (GQ) 10° Q
resistance is 1 ohm

(Q)=1V/1A.



If we again compare electric current with water flow, pressure across the pipe line (in pascal) is analogous of
voltage (V) across the resistor, electric current (C/s) is analogous of water flow (I/s), and electric resistance
(Q) corresponds to water flow resistance in the pipe (no special unit). It is clear that resistance to water flow
is smaller when the pipe is short, wide, and has no obstructions. When the pipe has, for instance, a filter
installed in it, resistance to water flow will be higher. Consider a human body where arterial blood flow may
be restricted by cholesterol deposits on the inner lining of arteries. These deposits increase the flow
resistance (called vascular resistance). The arterial blood pressure increases to compensate for rise in the
vascular resistance, so the heart pumps stronger. If arterial pressure cannot keep-up with increase in the
vascular resistance, the heart pumping force is no longer sufficient for providing a necessary blood flow to
vital organs, including the heart itself. This may result in a heart attack or other complications.

The basic laws that govern the
electric circuit designs are called
Kirchhoff’'s Laws, after the German
physicist Gustav Robert Kirchhoff
(1824-1887). These Ilaws were
originally conceived by considering a
similarity to the plumbing networks,
which as we have seen, are
analogous to the electric networks.

Gustav Robert Kirchhoff
(1824—1887 DE)

E[Q
p = Tlein
]
_m
p_nezr
R=p—
pa

As formulas establish the
fundamental relationship
between resistance and its
parameters. Thus, if one wants
to design a resistive sensor, she
should find ways of modulating
either the specific resistivity or
geometry factor, I/a.



Temperature sensitivity of resistor




Metals have positive temperature coefficients (PTC)
a, while many semiconductors and oxides have
negative temperature coefficients of resistance
(NTC). As a rule, the NTC resistors have high
temperature nonlinearity.
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Temperature sensitivity of resistor




| -
(o)
id
2
(7))
(¢))
-
-
(o)
>N
=
IW
‘»
c
Q
(7))
@
-
-
id
©
| .
Q
Q.
2
T

temperature in °C




Strain sensitivity of a resistor




By selecting material for a resistor, one can control its specific resistivity and its susceptibility to
environmental factors. One of the factors that may greatly affect p is the amount of moisture that can be
absorbed by the resistor. A moisture-dependent resistor can be fabricated of a hygroscopic material whose
specific resistivity is strongly influenced by concentration of the absorbed water molecules. This is a basis for
the resistive humidity sensors that are called hygristors.

A typical resistive hygristor is comprised of a ceramic substrate that has two silk-screen printed conductive
interdigitated electrodes. The electrodes are conductors where the space between them is covered by
hygroscopic semi-conductive gel that forms a matrix to suspend conductive particles. This structure forms a
resistor between two electrodes. The gel is typically fabricated of hydroxyethylcellulose, nonyl phenyl
polyethylene glycol ether, and other organic materials with addition of carbon powder. The gel is thoroughly
milled to produce a smooth mixture. Another type of a hygristor is fabricated of lithium chloride (LiCl) film and
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The Curie brothers
discovered the
piezoelectric effect in
qguartz in 1880, but
very little practical use
was made until 1917
when another
Frenchman, professor
P. Langevin used x-cut
plates of quartz to
generate and detect
sound waves in water.

’ = 2cx Oxygen (O,)
0 = Silicon

The piezoelectric effect is
generation of electric charge by a
crystalline material upon subjecting
it to stress, or more accurately a
redistribution of the electric charge.
The effect exists in natural crystals,
such as quartz (chemical formula
Si0,), and poled (artificially
polarized) man-made ceramics and
some polymers, such as PVDF.




To pickup an electric charge, at least two conductive
electrodes must be applied to the crystal at the
opposite sides of the cut. As a result, a piezoelectric
sensor becomes a capacitor with a dielectric material
in-between the metal plates, where the dielectric is a
piezoelectric crystalline material. The dielectric acts



P=P,, +P,,+P, Vector of polarization

O =0xy +0y,+ 0, Axial stress
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Ceramic piezoelectric material
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Ceramic piezoelectric material




Ceramic piezoelectric material




Ceramic piezoelectric material
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Ceramic piezoelectric material
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Ceramic piezoelectric material
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Ceramic piezoelectric material




Pyroelectric effect
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Pyroelectric effect
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Pyroelectric effect
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Pyroelectric effect
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Thermoelectric effect: Seebeck effect




Seebeck effect
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https://www.youtube.com/watch%3Fv=PccE4WcfnAw
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Characteristics of thermocouple types

Junction material Sensitivity (@ 25°C) Temperature range (°C) Applications Designation
[uV/°C]

Copper/constantan 40.9 -270 to 400 Oxidation, reducing, inert,
vacuum. Preferred below

0°C. Moisture resistant.

Iron/constantan 51.7 -210 to +760 Reducing and  inert J
atmosphere. Avoid
oxidation and moisture.
Cromel/alumel 40.6 -270 to +1372 Oxidation ~ and  inert K
atmospheres
Chromel/constantan 60.9 -270 to 1000 E
Pt(10%)/Rh-Pt 6.0 -50 to 1768 Oxidation ~ and inert S
atmospheres, avoid

reducing atmosphere and
metallic vapors

Pt(13%)/Rh-Pt 6.0 -50 to 1768 R
Silver/Paladium 10.0 200 to 600
Constantan/Tungsten 42 .1 0 to 800
Silicon/Aluminium 446 -40 to 150 Thermopiles and

micromachines sensors




Characteristics of thermocouple types
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Q = £(Il, — Mp)i

Jean Charles Athanase Peltier
(1785-1845 FR)

The Peltier effect concerns the
reversible absorption of heat, which
usually takes place when an electric
current crosses a junction between
two dissimilar metals.

i is the current and t is time.
The Peltier coefficients II; have
a dimension of voltage and
represents thermoelectric
properties of the material. It
should be noted that produced
and absorbed heat does not
depend on temperature at the
other sides of the material.

The Peltier effect is used for two purposes: it can produce heat or “produce” cold (remove heat),
depending on the direction of electric current through the junction. This makes it quite useful for the
devices where precision thermal control is required. Apparently, the Peltier effect is of the same nature as
the Seebeck effect. It should be well understood that the Peltier heat is different from that of the Joule.
The Peltier heat depends linearly on magnitude of the current flow as contrasted to Joule heat.

This effect is a basis for operation of thermoelectric coolers, which are used for cooling of the photon
detectors operating in the far-infrared spectral range and the chilled mirror hygrometers.
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Alternate physical compression and expansion of medium (solids, liquids, and gases) with certain frequencies
are called sound waves. The medium contents oscillate in the direction of wave propagation, hence these
waves are called longitudinal mechanical waves. The name sound is associated with the hearing range of a
human ear which is approximately from 20 to 20000 Hz. Longitudinal mechanical waves below 20 Hz are
called infrasound and above 20000 Hz (20 kHz) ultrasound. If the classification was made by other animals,
like dogs, the range of sound waves surely would be wider since dogs can hear up to 45 kHz.

Detection of infrasound is of interest with respect to analysis of building structures, earthquake prediction, and
other geometrically large sources. When infrasound is of a relatively strong magnitude it can be if not heard, at
least felt by humans, producing quite irritating psychological effects.

Audible waves are produced by vibrating strings (string music instruments), vibrating air columns (wind music
instruments), and vibrating plates (some percussion instruments, vocal cords, loudspeakers). Whenever
sound is produced, air is alternatively compressed and rarefied. These disturbances propagate outwardly. A
spectrum of waves may be quite different: from simple monochromatic sounds from a metronome or an organ
pipe, to a reach multiharmonic violin sound. Acoustic noise may have a very broad spectrum. It may be of a
uniform distribution of density or it may be colored with predominant harmonics at some of its portions.

When a medium is compressed, its volume changes from V to V + AV. The ratio of change in pressure, Ap, to
relative change in volume is called the bulk modulus of elasticity of medium:

po is the density outside the compression zone and v is the speed of sound in the medium



Hence, the speed of sound depends on the elastic (B) and inertia (py) properties of the medium. Since both
variables are functions of temperature, the speed of sound also depends on temperature. This feature forms
a basis for the acoustic thermometers.

If we consider propagation of a sound wave in an organ tube, each small volume element of air oscillates
about its equilibrium position. For a pure harmonic tone, the displacement of a particle from the equilibrium
position may be represented by:

2
y =ymcosi(x—vt)

Ym IS the displacement from the equilibrium position.



In practice, it is more convenient to deal with pressure variations in sound waves rather than with
displacements of the particles. It can be shown that the pressure exerted by the sound wave is:

p = kpov?y,, sin(kx — wt)

Therefore, a sound wave may be considered as a pressure wave.

Pressure at any given point in media is not constant and changes continuously, and the difference between
the instantaneous and the average pressure is called an acoustic pressure P. During the wave propagation,
vibrating particles oscillate near a stationary position with the instantaneous velocity ¢. The ratio of the
acoustic pressure and the instantaneous velocity is called an acoustic impedance:

which is a complex quantity that is characterized by an amplitude and a phase. For an idealized media (no
loss) the Z is real and is related to the wave velocity as:

Z = pov



We can define intensity | of a sound wave as the power transferred per unit area. Also, it can be expressed
through the acoustic impedance:
PZ
| =P¢§=—
d Z
It is common, however, to specify sound not by intensity but rather by a related parameter 3, called the
sound level and defined with respect to a reference intensity |, = 10-'> W/m?

p =10 log (é) h

The magnitude of |, was chosen because it is the lowest ability of a human ear. The unit of B is a decibel

(dB), named after Alexander Graham Bell. If If I=1,, B = 0.
Pressure levels also may be expressed in decibels as:

[1 =20 log (E)

Po
where py=2 x 10°N/m . Since sound is a propagating pressure wave, theoretically it can be measured
by pressure sensors adapted for the media where the wave propagates. Sound pressure in several
respects differs from other types of pressure (mostly by frequency and intensity ranges), thus a sound
(acoustic) sensor should have a special set of characteristics for the efficient conversion of the oscillating

pressure into useful electrical signals.



Temperature and Thermal Properties of Materials
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Temperature scales
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Temperature scales




Thermal expansion




Thermal expansion




Heat capacity
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Heat transfer
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