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3. Sensors
The term sensor is used for an element which produces a signal to the quantity being
measured.
They represent the essential link between the process and the information-processing
part, i.e. microprocessors
Sensors that measure mechanical or thermal quantities and transform them into an
electrical signal are of special importance for mechatronic systems.

Transducers are defined as elements that when subject to some physical change,
experience a related change.
The sensors are transducers, however, measurement systems can use transducer in
addition to the sensor ase  shown in the block diagram below.

3.1 Performance characteristics
(1) Range and Span.
Range: Defines the limits of the input.
Span: Maximum input – Minimum Input
Eg. A thermometer which measure from -20 C to 60 C has a range of -20 -60 C
and a span of 80 C

(2) Error
Error = measured value – True value
E.g. Measurement reading: 25 C and Actual Temperature 24 C, the error is +1C

(3) Accuracy
Accuracy: The extent to which a measured value might be wrong. Obtained by the
collection of all possible errors. It can be expressed:
 In terms of the measured quantity, e.g.  2 C
 As a percentage of the full range output or full-scale deflection

E.g. If the range of the sensor is 0 – 200 C. Accuracy of 5% of full range
output  10 C of full scale deflection.

(a) (b) (c)
Fig. 3.1 Accuracy vs Precision: (a) Precision without accuracy

(b) Accuracy without precision (c) Precision and accuracy

Accuracy is also related to precision, as shown in Fig.3.1 above.
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(4) Sensitivity
Sensitivity: The relationship showing how much output you get per unit input, i.e.
output/ input. For example a thermocouple may have a sensitivity of  2 mV/C.

(5) Hysteresis error
Transducers can give different value for the same quantity if obtained by increasing or
decreasing the quantity. The maximum Hysteresis error can be obtained as shown in
Fig.3.2

Fig.3.2 Hysteresis error

(6) Non-linearity error
For non-linear relationship between input and output a straight line is assumed for the
working range and can be plotted in three ways, to estimate the error, as shown in
Fig.3.3.

(a) (b) (c)
Fig. 3.3 Non-linearity error using: (a) end-range values

(b) best straight line of all values (c) test straight line through zero

The error is defined as maximum difference from the straight line and expressed as a
percentage of the full scale output.

(7) Repeadability/ Reproducibility
The ability of the sensor/transducer to give the same output, for repeated applications
of the same input.
It is expressed as a percentage of the full range as:

100*.min.maxRe
rangefull

valuesypeatabilit 


(8) Stability
The ability to give the same output when measuring a constant input over a period of
time.
The term drift is often used to describe the change in output occurring over time.
(expressed as % of full scale)
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The term zero drift is used for changes in the output when there is zero input.

(9) Dead band/time
It is a region of the input close to zero at which the output remains zero. Outside the
dead band the output varies with input as shown in Fig.3.4

Fig.3.4 Dead band

The dead time is the length of time from the application of the input, until the output
begins to responds and change

(10) Resolution
When the input varies continuously, the output of a sensor may vary in small steps.
The resolution is the smallest change of the input that will produce an observable
change in the output.
Eg. for a sensor giving digital output the smallest change of the output is 1 bit.
Therefore, for a sensor giving a data word of 2N bits, the resolution is expressed as
1/2N

.

(11) Input / Output Impedance
For a sensor giving electrical signal and interfaced with an electronic circuit, it is
useful to know the input / output impedance.
Input Impedance is a measure of how much current must be drawn to power a sensor
and it is desirable to be high (to draw less current.
Output Impedance is a measure of the ability of a sensor to provide current for the
next stage. The values depends whether the output impedance is considered to be in
series or in parallel.

3.2 Static and dynamic characteristics
The static characteristics are the values given when steady-state conditions occur, i.e.
the values given when the transducer settles down after receiving an input. The
terminology mention in the previous section refers to such a state.

Fig.3.5 Response of a system to a unit step input
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The dynamic characteristics refer to the behaviour between the time that the input
value changes and the time that the value settles to a steady state.
By considering the response of a system to a unit step input (sudden change from 0 to
a constant value), as shown in Fig.3.5, the following terms may be found.

(1) Response time.
The time elapsing after a constant input (step input) is applied to a transducer until the
output reaches 95% of the value of the input, as shown in Fig. 3.6

Fig.3.6 Response to a step input

(2) Time Constant
This is the 63,2% response time. It is a measure of the sensor of how fast it will react
to changes of its input.

(3) Rise time
The time taken for the output to rise between 10% - 90% of the steady state value
(normally referred as the linear region of the response.

(4) Settling time
The time taken for the output, to settle within some percentage (e.g. 2%) of the steady
state output.

Example 3.1
Consider the date shown below for a thermometer plunged into liquid at time t=0.

Time(s) 0 30 60 90 120 150 180 210 240 270 300 330 360

Temperature(C) 20 28 34 39 43 46 49 51 53 54 55 55 55

The graph of the Temperature with time is presented in Fig.3.7, where the reference
lines for the different percentage levels with respect to the steady state value (Tmax)
are also presented, which is fount to be 55 C.

The dynamic response characteristics of the above plot can be obtained as follows:
 The response time (time required to reach 95% of the output) is found to be

about 268 sec
 The time constant (time to reach 63.2%) is found to be about 62.4 sec
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Fig.3.7 Dynamic response

 The rise time (measured between 10% and 90%) is estimated to be
219 - 12 =209 sec

 The settling time (to be within 2% of steady state) can be found to be about
285 sec.

3.3 Categorization of Sensors
• Classification based on measuring mechanism

– Resistance sensing, capacitance sensing, inductance sensing,
piezoelectricity, etc.

• Classification based on physical phenomena
– Mechanical: strain gage, displacement (LVDT), velocity (laser

vibrometer), accelerometer, tilt meter, viscometer, pressure, etc.
– Thermal: thermal couple
– Optical: camera, infrared sensor
– Others …

• Materials capable of converting of one form of energy to another are at the
heart of many sensors.

– Invention of new materials, e.g., “smart” materials, would permit the
design of new types of sensors.

A sensor is a device that when exposed to physical phenomena (temperature,
displacement, force, etc) produces a proportional output signal (electrical,
mechanical, magnetic etc., as shown in the block diagram above.

A transducer converts one form of energy to another form.
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3.4 Displacement elements
Displacement Sensors are concerned with the measurement of the amount by which
some object has been moved.
Position sensors are concerned with the determination of the position of some object
with reference to some reference point

3.4.1 Resistive element Transducers
The resistive principle is shown in the block diagram below

 Converts measuring parameter such as displacement, strain, temperature into
change in resistance of the material

 Measure of change is resistance can be done using wheat-stone bridge
e. g. R.T.D, Strain gauges etc.

3.4.1.1 Potentiometer Sensor
A potentiometer consists of a resistance element with a sliding contact which can be
moved over the length of the element, as shown in fig.
Such elements can be used for linear or rotary displacement.

Fig.3.8 Linear potentiometer

The measured voltage across slider, Vo, is proportional to the resistance across the
slider, Rx (and the corresponding length, x) with respect to the total Resistance RT
(and the corresponding total length of the element. L) as follows:

L
xV

R
RVV

T

x
o  (3.1)

Example 3.2
Consider the slider movement from position x1 to x2, as shown in the figure below.

L

0 x1 x2
X (mm)

V

By assuming that at the initial position, x1, the output voltage obtained is 3V and the
corresponding voltage at x2 is 9 V, estimate the displacement of the slider, given that
the source Voltage, V, is 12 V and the total length of the resistance L is 10 mm.
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Solution

By considering V
VLx

L
xVV o

o 

For position x1: mm
V
Vmm

V
VLx o 5.2

12
3101 

For position x2: mm
V
Vmm

V
VLx o 5.7

12
9101 

Therefore the total displacement: mmxxx 55.25.712 

Similarly, the Rotary Displacement with the use of a resistive element can be
measured, as shown in Fig.3.9

ΘΤ

Θ0

Vo

V slider

Fig.3.9 Potentiometer for Rotary displacement

In the above case equation 3.1 becomes
T

o
o VV




 (3.2)

where T in this case is 180

3.4.1.2 Strain gauged element
The electrical resistance strain gauge is a metal wire, or metal foil strip, as shown in
Fig.3.10, which is wafer like and can be stuck on surfaces like a postage stamp.

Fig.3.10 Strain Gauge with (a) metal wire and (b) metal foil

When subject to strain, its resistance, R, changes, the fractional change in resistance
R/R, being proportional to the strain , i.e.

G
R
R



(3.3)

Where G, the constant of proportionality, is termed the gauge factor
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Strain, , is considered as the ratio:

L
L

 (3.4)

where L is the change in length and L is the original length.

The gauge factor, G, with metal wire or foil strain gauges generally used, is about 2.0
This type of sensot is typically used for linear displacements, of about 1 – 30 mm

A problem that has to be overcome with strain gauges is that the resistance of the
gauge changes when the temperature changes.
Methods have to be used to compensate for such changes

As can be seen in Fig.3.11,
 When the strain gauge is stretched, its resistance increases,
 When the strain gauge is compressed its resistance decreases
 Lateral forces do not change the resistance

Fig.3.11 Variation of the resistance of a Strain gauge

The Calibration of the Strain gauge can be performed as shown in Fig.3.12

Fig.3.12 Calibration of a strain gauge using a cantilever beam

The strain gauge is place on the cantilever beam where a weight is attached.
The displacement is measured with respect to the resistance change and the two
variables are correlated.

Strain gauges are used within a Wheatstone bridge shown in Fig.3.13.



AMEM413- 3 Sensors A
Dr C. Themistos

9

 Typically, the rheostat arm of the bridge (R2 in the diagram) is set at a value
equal to the strain gauge resistance with no force applied.

 The two ratio arms of the bridge (R1 and R3) are set equal to each other.
 Thus, with no force applied to the strain gauge, the bridge will be

symmetrically balanced and
 The voltmeter will indicate zero volts, representing zero force on the strain

gauge.

Fig.3.13 Wheatstone Bridge

By changing the resistance R4 (the strain gauge Resistance) due to strain applied, the
voltage of the voltmeter is changing.
To restore the balance of the voltmeter the variable resistor R2 is varied and the
change in the resistance R is recorded, to estimate the strain.

Note that the ratio of the resistances in the Wheatstone bridge is defined as:

3

2

4

1

R
R

R
R
 (3.5)

Example 3.3
Consider an electrical resistance strain gauge with a resistance R=200  and a gauge
factor G=2.0
The above strain gauge is attached to a cantilever beam and connected to a
Wheatstone bridge arrangement, as shown in Fig.3.13.
A strain is applied to the cantilever beam which causes a deflection on the voltmeter.
The variable resistor R2, was increased by 15, until balance on the voltmeter is
restored.

Determine the elongation of the beam, by assuming the strain gauge length is 100 mm

Solution:

mmmm
R
R

G
LL

L
LG

R
R 75.3

200
15*

2
100* 









3.3.2 Capacitive
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The capacitance of a parallel plate capacitor is given by:

d
AC r0 (3.6)

where
r is the relative permittivity of the dielectric between the plates
0 is the permittivity of free space, 0=8.85*10-12

.
A is the area of overlap between the two plates and
d is the separation

Capacitive sensors for the monitoring of linear displacement might take the forms
shown in Fig.3.14.

(a) (b) (c)
Fig.3.14 Forms of monitoring displacement by capacitive sensing element

In the above arrangements, shown, displacement can be measured from the movement
of one of the plates as shown in Fig.3.14 (b), which causes the change of the
separation, d.
If the separation is increased by a displacement x, then the capacitance becomes.

xd
ACC r



0

Therefore, the change in capacitance C as a fraction of the initial capacitance is
given by:

 d
x
d

x

xd
A

C
C r







 1
10

As can be seen from the above equation, there is a non-linear relationship between the
change in Capacitance and the displacement, x
To overcome this problem, a push-pull displacement sensor is used as shown in
Fig.3.15

Fig.3.15 Push-Pull Sensor

The displacement moves the central plate between the two other plates and the
separation of the upper capacitor increases, while the separation of the lower one
decreases.
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The capacitance of the two Capacitors then becomes:

xd
AC r



0

1 xd
AC r



0

2

C1 and C2 can be used as the two arms of a Wheatstone bridge and the resulting out of
balance Voltage would be proportional to the displacement, x

3.3.3 Inductive elements – Differential Transformers
The Linear Variable Differential Transformer (LVDT) consists of three coils
symmetrically spaced along an insulated tube, as shown in Fig.3.16

Fig.3.16 The Linear Variable Differential Transformer (LVDT)

 The central coil is a primary coil and the other two are identical secondary
coils.

 The secondary coils are connected in series in such a way that their outputs
oppose each other.

 A magnetic core is moved through as a result of a displacement which is
monitored.

 When ac voltage is applied at the primary coil e.m.f are induced in the
secondary coils.

 The emfs induced are the same but opposite, therefore the net result is zero
output.

 When the core is displaced a greater emf is induced in one coil than the other
 Depending on the position of the core (left or right), the amplitude of the

output voltage varies, as shown in Fig.3.17.
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 Depending on the position of the core (left or right), the amplitude of the

output voltage varies, as shown in Fig.3.17.
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Fig.3.17 Output voltage of LVDT with Core displacement

From the linear range of the variation of the output voltage, the position of the core
can be calculated.

3.3.4 Tachogenerator / Tachometer
An electromechanical generator is a device capable of producing electrical power
from mechanical energy, usually the turning of a shaft.

With precise construction and design, generators can be built to produce very precise
voltages for certain ranges of shaft speeds, thus making them well-suited as
measurement devices for shaft speed in mechanical equipment.

A generator specially designed and constructed for this use is called a tachometer or
tachogenerator., as shown in Fig.3.18

Fig.3.18 Tachogenerator arrangement

By measuring the voltage produced by a tachogenerator, you can easily determine the
rotational speed of whatever its mechanically attached to.

Tachogenerators can also indicate the direction of rotation by the polarity of the
output voltage.

Tachogenerators are frequently used to measure the speeds of electric motors, engines,
and the equipment they power: conveyor belts, machine tools, mixers, fans, etc.

3.4 Optical Encoders
An encoder is a device that provides a digital output, as a result of linear or angular
displacement.

They can be grouped in two categories:
 Incremental encoders that detect changes in rotation from some initial

position.
 Absolute encodes that give exact angular position
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The basic arrangement of an Incremental encoder is shown in Fig.3.19.

Fig.3.19 Incremental Encoder

A beam of light passes through slots in a disc and is detected by a suitable light
sensor.
When the disc is rotated a pulsed output is produced by the sensor with the number of
pulses being proportional to the angle through which the disc rotates. Thus the angular
position of the disc can be determined, by the number of pulses produced.

The resolution is determined by the number of slots around the disc. For example, if
60 slots are placed the resolution is 360/60=6.

The absolute encoder, shown in Fig. 3.20, gives an output in the form of a binary
number of several digits, each such number representing a particular angular position

Fig.3.20 The Absolute encoder arrangement.

A 3-bit absolute encoder can be seen in Fig.3.21, where the rotating disc has three
concentric circles of slots and three sensors to detect light pulses.

Fig.3.21 A 3-bit absolute encoder

The slots are arranged in such a way that the sequential output from the sensors is a
number in the binary code, where the most significant bit is the output produced by
the outermost ring.
By using normal binary code the sequence of the numbers is as shown in Table 3.1
For a 3-bit absolute encoder, the resolution, i.e. the minimum angle measurement,
min, is:

min= 360/ N
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where N is the number of sectors defined as, N=2n=23= 8
and n is the number of bits used.

Therefore, the resolution for a 3-bit absolute encoder is: min= 360/ 23 = 45

The binary number 000 is assigned to the first Sector (Sector 0), where the origin of
the wheel is assumed at 0.
The corresponding angle for each sector can then be assigned as shown in Table 3.1

Sector 0 1 2 3 4 5 6 7
Binary Code 000 001 010 011 100 101 110 111

Angle () 0 45 90 135 180 225 270 315

The output digital signals of the three sensors as the wheel rotates, starting from 0,
where each pulse corresponds to a hole on each ring of the wheel, is shown in
Fig.3.22

Example 3.4
Consider a 3-bit absolute encoder rotating between two positions (without performing
a complete cycle) and the binary sequence recorded at the starting and ending point to
be 010 and 110, respectively.
Determine the total angular displacement of the wheel, .

Solution
The numbers 010 and 110, correspond to the angles 1=90 and 2=270
The total displacement can then be calculated as:  = 2 – 1 =270 – 90 =180

Example 3.2
Determine the resolution of a 10-bit absolute encoder.

Solution
Number of Sectors, N = 210 = 1024
min= 360/ N = 360 / 1024 = 0.35
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