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Outline

 Module 1: Foundation of AI Sensors

 Module 2: Sensors for Electrical Systems

 Module 3: Sensors for Mechanical Systems

 Module 4: Sensors for All Environments

 Module 5: Sensors for All Industries
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Remember your mission as MAE 

undergraduates …

You are here to grow your knowledge 

and skills so as to be able to design 

machines with controllable behaviors 

and hopefully in some intelligent 

ways.
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How to fulfill your mission?
 To apply learnt knowledge and skills into the implementation of the following 

universal blueprint underlying all the intelligent machines or systems.

Systems

Under 

Control

Actual

Workspace

Control

Modules

Sensory

Modules

Planning

Modules
Digital

Workspace

User’s 

Instructions

+
-

Perception

Modules

Automation

Autonomy
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Why to study this course?

We are living inside an ocean of signals
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How to study this 

course?
 To put yourselves into the 

mindset of designers of 

networked sensors as 

products:

 Who are the users?

 What are the needs of users?

 What are your Internet of 

Sensors, which could meet 

the needs of your users or 

buyers?

 What are the solutions 

behind the design of your 

Internet of Sensors?

Market Demands or Needs

Product Specifications

Design Specifications

Conceptual Design

Selection of Materials/Components/Devices

Embodiment Design

Prototyping

Optimizing

Production

MarketingPractice with MATLAB
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SensingMeasurement

Decision Action
Physical

World

Conceptual

World

What are you going to study in 

this course?

RandomnessFuzziness

Module 1: Foundation of AI Sensors

• Basics of Physical World

• Randomness of Physical World

• Basics of Conceptual Worlds

• Fuzziness of Conceptual Worlds

Module 2: For Electrical Systems

• Measurement of Voltage

• Measurement of Current

• Measurement of Resistance

• Measurement of Capacitance

• Measurement of Inductance

Module 3: For Mechanical Systems

• Measurement of Position

• Measurement of Velocity

• Measurement of Acceleration

• Measurement of Force

• Measurement of Torque

Module 4: For All Environments

• Measurement of Pressure

• Measurement of Temperature

• Measurement of Humidity

• Measurement of Vibration

• Measurement of Air Quality

Module 5: For All Industries

• Measurement of Fluid Level

• Measurement of Flow Rate

• Measurement of Sound/Voice

• Measurement of Photometry

• Measurement of Geometry

AI Loop
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How to apply?

Front-end 

Sensor

Front-end 

Sensor

Back-end 

Sensor

Directly-detectable

Quantities

Not-Directly-detectable

Quantities

Readable Values

Readable Values
Directly-detectable

Quantities

Sensing

Calibration

Measurement
Sensory Data with 

Unbounded Error

Sensory Data with

Bounded Error

Physical Quantities

Under Measurement

Fuzzification
{Beliefs}

{Texts}

AI Sensors

Languages
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Today’s Lectures …

 Module 1: Foundation of AI Sensors

 Module 2: Sensors for Electrical Systems

 Module 3: Sensors for Mechanical Systems

 Module 4: Sensors for All Environments

 Module 5: Sensors for All Industries
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Outline of Module 4

 Lecture 1:

 Measurement of Pressure

 Lecture 2:

 Measurement of Temperature

 Lecture 3:

 Measurement of Humidity

 Lecture 4:

 Measurement of Vibration

 Lecture 5:

 Measurement of Air Quality
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Outline of Module 4

 Lecture 1:

 Measurement of Pressure

 Lecture 2:

 Measurement of Temperature

 Lecture 3:

 Measurement of Humidity

 Lecture 4:

 Measurement of Vibration

 Lecture 5:

 Measurement of Air Quality
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Outline

 Understanding of Pressure

 Computation of Pressure

 Measurement of Pressure
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Outline

 Understanding of Pressure

 Computation of Pressure

 Measurement of Pressure
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Definition of Pressure

 Pressure is the force per unit area applied 

perpendicularly to the surface of an object (e.g. 

sensing elements), over which the force is 

distributed.
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Unit of Measurement of Pressure

Basic Unit of Measurement

1 atm = 101.3 kPa

Conversion Table
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Illustration of Atmospheric Pressure
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There Are Three Different Types of Pressures

 Absolute pressures

 Gauge pressures (including vacuum 

pressures also known as negative 

pressures)

 Differential pressures

Pr =0
P0

P1 P2

𝐴
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Illustration of Difference between 

Absolute Pressure and Gauge Pressure 
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Concept of Vacuum Pressure (i.e. 

Negative Pressure Relative to 1 atm)

The pressure inside the 

pipe is lower than atm.
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Comparison between Gauge Pressure 

and Vacuum Pressure

Also called as

Vacuum Pressure
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Applied Forces in Pressure Can Come 

From:

 Objects in solid state

 Objects in liquid state

 Objects in gas state
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Hence, pressure could 

be produced by …

 Solid

 Liquid

 Gas

Dalton’s Law
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Case 1：Pressure is produced by 

particles (State of Gas)

V

nRT
P =Equation of Ideal Gas:

K L/Mol atm 2108.0=R K L/Mol kPa 8.31=R

Column of Air

Closed  Space Open  Space
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Example of Constant Volume

V

nRT
P =

Volume is constant
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Example of Constant Temperature

V

nRT
P =
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Example of Dalton’s Law

Dalton’s Law
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Case 2：Pressure is produced by 

fluids (State of Liquid)

Column of Fluid

hg
A

Vg

A

mg



====

Area

Weight
Pressure

𝑉 = 𝐴ℎ

Depth here refers to vertical depth
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Example Showing Pressure Equality 

at Same Vertical Depth
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Example Showing Pressure Equality 

at Same Vertical Depth
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Bernoulli’s Equation:

Constant
2

1 2 =++ vhgP 
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Case 3：Pressure is produced by 

rigid objects (State of Solid)

Solid

A

mg
P =
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Outline

 Understanding of Pressure

 Computation of Pressure

 Measurement of Pressure
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Example of Computing Gauge Pressure 

𝑃1 = 𝑃 + 𝜌𝑔∆ℎ

Vacuum 

Pressure

𝑃1 𝑃1
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Example of Computing Differential 

Pressure

𝑃1 = 𝑃2 + 𝜌𝑔∆ℎ

1P 2P

∆ℎ
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Example of Computing Pressure of Liquid

 As shown in the figure, a u-tube contains mercury with the density 

of 13.5 g/cm³. The value of h is 10.0mm. The atmospheric 

pressure is 1.0 atm. What is the unknown pressure P?

 Answer:

PPP += 0

ghPP += 0

𝑃 = 101.3 × 103𝑃𝑎 + (13.5 ×
10−3

0.013
) × 9.81 × 0.01

𝑃 = 101.3 × 103𝑃𝑎 + 1.2 × 103𝑃𝑎
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Example of Computing Pressure of Liquid

 As shown in the figure, the u-tube contains mercury with the density of 

13.5 g/cm³. The values of h1 and h2 are 23.0cm and 20.0cm, respectively. 

What is the pressure difference between point A and point B?

 Answer: A B

Δ𝑃 = 𝜌𝑔∆ℎ

Δ𝑃 = 3.973𝑘𝑃𝑎

∆𝑃 = 13.5 × 10−3 × 106 × 9.8 × (23.0 − 20.0) × 10−2



39(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)

Nanyang Technological University

Example of Computing Pressure of Gas 

 A tire contains 5.0 litres of air. The mole number is 0.225 mol. If 

the temperature of the air inside is 30.0 Celsius, what is the 

pressure of the air inside the tire?

 Answer:

V

nRT
P =

0.5

)30273(0821.0225.0 +
=P

atmP 119.1=

K L/Mol atm 2108.0=R
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Example of Computing Pressure of Solid

 What is the pressure applied to the table by the book?

 Answer of Case 1:

 Answer of Case 2:

𝑃 =
11.1 × 103

0.2 × 0.5
= 111𝑘𝑃𝑎

𝑃 =
11.1 × 103

1.0 × 0.5
= 22.2𝑘𝑃𝑎
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Example of Computing Pressure of Solid

 The mass of an elephant is 500.0 kg. And, the elephant’s foot surface is 

100.0 cm². If the elephant stands up with two legs as shown in the 

figure. What is the pressure exerted by the two standing feet on the 

ground?

 Answer:

A

mg

A

W
P ==

𝑃 =
500 × 9.81

2 × 100.0 × (0.01)2
= 245.25𝑘𝑃𝑎
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Outline

 Understanding of Pressure

 Computation of Pressure

 Measurement of Pressure
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Applications in Industry
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Applications in Daily Life
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Interesting applications in medical 

field (e.g. smart shoes)
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Other Applications 

Smart Carpet
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Other Applications (continued)



48(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)

Nanyang Technological University

Other Applications (continued)
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Principles of Measurement

 Principle 1: Pressure (or pressure variation at a diaphragm) is 

converted into voltage which could be measured automatically.

 Principle 2: Pressure (or pressure variation at a diaphragm) is 

converted into resistance, which is then converted into voltage. 

Voltage could be measured automatically. 

𝑃1 𝑃2

Measurement of Pressure from Gas or Liquid
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How to apply principle 1 to design digital 

measurement and sensing systems for 

pressure?
 Pressure is converted to voltage which is measured by digital voltmeter 

(e.g. microcontrollers).

Digital

Counter

Voltage 

Synthesizer

Analogue 

Comparator

Digital

Display

Pressure/

Voltage

Conversion

Pressure

Voltage

Voltage

S
to

p
 s

ig
n

a
l

All microcontrollers are programmable digital sensors of voltage! 
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How to convert pressure into voltage?

 Pressure acting on piezo-electrical materials will produce voltage.
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How to convert pressure into voltage?

 Pressure acting on piezo-electrical materials will produce voltage.
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Comparison of Using Piezo-

electric Materials for 

Sensing Force, Pressure and 

Acceleration

𝑃

Piezoelectric Material

Applied Fore

Converted Fore

Inertial Fore
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How to apply principle 2 to design digital 

measurement and sensing systems for 

pressure?
 Pressure is converted to resistance which is then converted to voltage. 

Finally, the voltage is measured by digital voltmeter (e.g. microcontrollers).

All microcontrollers are programmable digital sensors of voltage! 

Digital

Counter

Voltage 

Synthesizer

Analogue 

Comparator

Digital

Display

Resistance/

Voltage

Conversion

Resistance
Voltage

Voltage

S
to

p
 s

ig
n

a
l

Pressure/

Resistance

Conversion

Pressure
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Solution 1 of 

Converting 

Pressure into 

Resistance
𝑅1

𝑅3

𝑅2

𝑅4

When pressure increases, radial 

stress is larger than tangential 

stress. Hence, the changes of 

resistance in R1 and R3 will be 

larger than the changes of 

resistance in R2 and R4. 

Such changes in resistance 

could be converted into changes 

in voltage with the use of a 

bridge-circuit. 
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Solution 2 of Converting Pressure 

to Resistance
 When pressure changes, the wiper will change its position. Hence, the 

resistance value changes. Resistance could then be converted into voltage.
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Solution 3 of Converting Pressure 

to Resistance
 Strain gauges are placed on a 

deformable beam.

 Pressure difference produces 

force which acts on the 

deformable beam.

 The compression or expansion 

of strain gauges will make their 

resistance values to change.

 Such changes of resistance 

could be converted into voltage 

changes. 

R1

R4

R2

R3
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Other Solution …

• A matrix of sensing cells.

• Each cell has four strain gauges.

• Pressure is converted into a matrix 

of resistances.
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Other Design Principles …

 A plate or diaphragm is placed 

inside the space of pressure to 

be measured.

 Pressure will produce a force on 

the surface of the plate or 

diaphragm.

 The force will make the plate 

or diaphragm to undertake a 

displacement. 

 The displacement can be 

sensed and measured. 

X

Y

Z

Atmospheric 

Pressure

or

𝐴
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Remember to Do Calibration

 Curve fitting for calibration:

 Yi is produced by Xi

 Zi is computed from Yi

 Zi must be equal to Xi

True Values 𝑋𝑖

Measured Values Y𝑖

*

*

*

Sensing

Calibration

Measurement

𝑋𝑖

𝑌𝑖

𝑍𝑖Calibrated Values 𝑍𝑖



61(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)

Nanyang Technological University

Remember to Do Error Analysis

 Systematic error = mean value – true value

 Repeatability error = value with maximum error 

– mean value 

 Accuracy = value with minimum error – mean 

value

 Hysteresis error = |measured value in increasing 

– measured value in decreasing|

Input voltage
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Summary

 Understanding of Pressure

 Computation of Pressure

 Measurement of Pressure
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Outline of Module 4

 Lecture 1:

 Measurement of Pressure

 Lecture 2:

 Measurement of Temperature

 Lecture 3:

 Measurement of Humidity

 Lecture 4:

 Measurement of Vibration

 Lecture 5:

 Measurement of Air Quality
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Outline

 Understanding of Temperature

 Computation of Temperature

 Measurement of Temperature
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Outline

 Understanding of Temperature

 Computation of Temperature

 Measurement of Temperature
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Three Types of Popular Energies

 Electrical Energy

 Voltage

 Current

 Mechanical Energy

 Force

 Velocity

 Thermal Energy (or Heat)

 Temperature

 Flowrate of heat
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Understanding Thermal Energy (1)

 Heat is something which may be transferred from one body to another.

 Heat is a measurable quantity, and can be described mathematically.
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Understanding Thermal Energy (2)

 Heat cannot be treated as a material substance, because it may be 

transformed into something that is not a material substance, e.g., 

mechanical work.
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Understanding Thermal Energy (3)

 Heat is a layman term which refers to thermal energy.
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Equation of Heat Transfer

Q: heat transferred 

to the system W: Work done

by the system

Energy Internal

 of Change :U

WQU −=

When internal energy increases, 

temperature increases. What is 

temperature?
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Applications of Thermal Energy
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Understanding Temperature (1)

 Temperature creates the sensation of hotness or coldness.

 There are two natural references for zero temperature.

SI Scale: Celsius

Kelvin Scale: K

 US Scale: Fahrenheit

329/5CF 00 +=

 273.15CK 0 +=
0 Kelvin

273 Kelvin
0 Celsius

Temperature
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Units of Measurement of Temperature

Basic Unit of Measurement
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Understanding Temperature (2)

 Temperature is the manifestation of kinetic energy at atomic level.

TKE BxK
2

1
, =

TKE ByK
2

1
, =

TKE BzK
2

1
, =

TKE BK
2

3
=
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Understanding Temperature (3)

 Temperature represents the potential of heat.
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Understanding Temperature (4)

 The difference of temperature will cause the transfer of heat or 

flow of heat.
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There Are Three  

Types of Heat 

Transfer

 Conduction

 Convection

 Radiation
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Example of Heat Transfer Within and 

Outside Rigid Body
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Example of Heat Transfer Caused by 

Temperature Difference
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Understanding Temperature (5)

 The change of temperature can cause linear expansion of materials.

TLL = 0
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Understanding Temperature (6)

 The change pf temperature can cause volume expansion of materials.

TVV = 0

What are the useful equations related to temperature?
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Outline

 Understanding of Temperature

 Computation of Temperature

 Measurement of Temperature
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Useful Equation of Temperature (1)

 Equation of Ideal Gas, which is a function of temperature.
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Example

 As shown in the figure, what is 

the temperature of the gas when 

the volume is 44.8 litres?

 Answer: 

nR

PV
T =

KT 838.272
0821.02

8.440.1
=




= CT 0312.0−=
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Useful Equation of Temperature (2)

 Equation of Internal Thermal Energy, which is the amount of heat in order 

to  cause intended change in temperature.

Q



87(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)

Nanyang Technological University

Example

 A pan contains 1.5 kg of water at 20.0 degrees Celsius. It is placed 

on a stove. The specific heat capacity of water is 4190 J/kg.K. 

During the process of boiling the water, the water absorbs the 

heat at the rate of 500 J/s. What is the temperature of the water 

1.0 minute later?

 Answer:

)0.20( −= TmcQ

0.20
41905.1

60500
0.20 +




=+=

mc

Q
T

CT 077.24=
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Useful Equation of Temperature (3)

 Equation of Conduction, which describes heat transfer inside or 

among interfaced solids

2T

1T

Thermal conductivity coefficient

dt

dQ
q =
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Example

 A room’s temperature is held at 26.0 degrees Celsius. Assume that the 

thickness of the wall is 20.0 cm. And, its thermal conductivity is 

0.19W/m.K. If the energy consumption of the wall is 50.0 W/m², what 

is the temperature outside the wall?

 Answer:
CT 0

1 0.26= ?2T

0.2m

L

TT
kmW

dt

dQ

A

)(
/0.50

1 212 −
==

19.0

2.00.50
0.26

0.50
12


−=


−=

k

L
TT

CT 0

2 63.26−=
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Example
 A steel bar of 20.0 cm long is welded end-to-end to a copper bar 

of 20.0 cm long. The cross-section’s areas of the two bars are the 

same. The thermal conductivity of steel is 50.2x10³W/m.K while 

the thermal conductivity of copper is 385.0x10³W/m.K. Assume 

that the free end of the steel bar is maintained at 100.0 ºC while 

the free end of the copper bar is maintained at 0.0 ºC. What is 

the temperature at the junction of the two bars?

 Answer:

copper

copper

steel

steel
L

T
Ak

L

T
Ak

0.00.100 −
=

−

100ºC 0.0ºC

Perfect Insulation

Perfect Insulation

coppersteel

steel

kk

k
T

+


=

0.100

CT 0535.11=
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Useful Equation of Temperature (4)

 Equation of Convection, which describes heat transfer between 

solid and gas

2T

1T

dt

dQ
q =
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Useful Equation of Temperature (5)

CT
T

4Te
A

P


 Equation of Radiation, which describes heat transfer by electromagnetic 

waves (e.g. infrared waves).
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Useful Equation of Temperature (6)

 Equation of Linear Expansion, which is proportional to temperature 

variation.

TLL = 0
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Useful Equation of Temperature (7)

 Equation of Volume Expansion, which is proportional to temperature 

variation.

TVV = 0
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Example

 A glass tube contains mercury. Its volume is 200 cm³ at 20 degrees 

Celsius. The volume expansion of glass is negligible. And, the 

coefficient of volume expansion of mercury is 18÷(10⁵K). If we 

observe that the volume of the mercury has increased by 3.0 cm³, 

what is the value of the temperature?

 Answer:

)( 00 TTVV −= 

C
V

V
TT 0

5

0

0 33.103
2001018

0.3
0.20 =


+=


+=

−
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Outline

 Understanding of Temperature

 Computation of Temperature

 Measurement of Temperature
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Temperature Control in Industry
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Temperature Control in Buildings
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Temperature Control 

in Agriculture
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Principles of Measurement

 Principle 1: Temperature is converted 

to DC voltage which could be 

measured automatically.

 Principle 2: Temperature is converted 

to resistance, which is then converted 

to DC voltage. DC voltage could be 

measured automatically.

Copper

Iron

Resistance Temperature Detector (RTD)Thermistor Thermocouple

Reference Junction

Reference Junction
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How to apply principle 1 to design digital 

measurement and sensing systems for 

temperature?
 Temperature is converted to DC voltage which is measured by digital 

voltmeter (e.g. microcontrollers).

Digital

Counter

Voltage 

Synthesizer

Analogue 

Comparator

Digital

Display

Temperature/

Voltage

Conversion

Temperature

Voltage

Voltage

S
to

p
 s

ig
n

a
l

All microcontrollers are programmable digital sensors of voltage! 
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How to convert temperature into DC 

voltage?

 Two conductors of different types 

are connected at the two ends.

 When the temperatures at the two 

ends are different, there is a flow 

of electrons inside the loop.

 Hence, the temperature could be 

measured through the 

measurement of DC voltage.

𝑉 = 𝑘Δ𝑇 = 𝑘(𝑇ℎ𝑜𝑡 − 𝑇𝑐𝑜𝑙𝑑)

Reference Junction

Reference Junction
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Example of Thermocouple’s Body Design 

(measurement range: < 2000 𝑜𝐶)

𝑉 = 𝑘Δ𝑇 = 𝑘(𝑇ℎ𝑜𝑡 − 𝑇𝑐𝑜𝑙𝑑)

Reference Junction
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Example of Thermocouple’s Circuit Design

𝑇1

𝑣1
𝑉0

𝑣𝑐

Sensing Junction
Reference temperature is 0 degree Celsius

Reference Junction 𝑉𝑖𝑛

How?
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Cold Junction Compensation

𝑇1

𝑣1
𝑉0

𝑣𝑐

Sensing Junction

Reference Junction 𝑉𝑖𝑛

𝑉𝑖𝑛 = 𝑣𝑐 + 𝑣1

When 𝑇2 = 0, output voltage is: 𝑣1 = 𝑣0

Then, compensation voltage will be: 𝑣𝑐 = −𝑣0

𝑉0 = 𝑉𝑖𝑛 −
𝑉𝑖𝑛

𝑅1
𝑅2

𝑉0 =
𝑅1 − 𝑅2

𝑅1
𝑉𝑖𝑛
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How to apply principle 2 to design digital 

measurement and sensing systems for 

temperature?
 Temperature is converted to resistance, which is then converted into DC 

voltage. DC voltage is measured by digital voltmeter (e.g. 

microcontrollers).

Digital

Counter

Voltage 

Synthesizer

Analogue 

Comparator

Digital

Display

Resistance/

Voltage

Conversion

Temperature

Voltage

Voltage

S
to

p
 s

ig
n

a
l

All microcontrollers are programmable digital sensors of voltage! 

Temperature/

Resistance

Conversion

Resistance
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How to convert temperature into resistance?
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Use of Thermistor (< 100 𝑜𝐶)
 Temperature sensitive materials are 

wound on a rod so as to produce 

temperature sensitive resistors, which 

are called thermistors.

 The resistance values of the thermistors 

can be measured by a bridge circuit.

NTC

• Less expensive

• Fast response

Positive Temperature CoefficientNegative Temperature Coefficient
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Example of Thermistors
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Use of RTD (< 400 𝑜𝐶)

 Other than thermistors, there are 
other temperature sensitive 
materials such as thin-film 
elements, wire-wound elements, 
coiled elements.

 These materials (e.g. platinum, 
nickel, or copper) are called 
resistance temperature detectors, 
or RTD in short.

 Temperature could be converted to 
resistance values with the use of 
RTD.

RTD=Resistance Temperature Detector

coils

• Better accuracies

• Wider measurement ranges
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How to convert resistance to DC voltage?
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Other Principles …

Infrared Image



113(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)

Nanyang Technological University

Remember to Do Calibration

 Curve fitting for calibration:

 Yi is produced by Xi

 Zi is computed from Yi

 Zi must be equal to Xi

True Values 𝑋𝑖

Measured Values Y𝑖

*

*

*

Sensing

Calibration

Measurement

𝑋𝑖

𝑌𝑖

𝑍𝑖Calibrated Values 𝑍𝑖
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Remember to Do Error Analysis

 Systematic error = mean value – true value

 Repeatability error = value with maximum error 

– mean value 

 Accuracy = value with minimum error – mean 

value

 Hysteresis error = |measured value in increasing 

– measured value in decreasing|

Input voltage
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Summary

 Understanding of Temperature

 Computation of Temperature

 Measurement of Temperature
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Outline of Module 4

 Lecture 1:

 Measurement of Pressure

 Lecture 2:

 Measurement of Temperature

 Lecture 3:

 Measurement of Humidity

 Lecture 4:

 Measurement of Vibration

 Lecture 5:

 Measurement of Air Quality
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Outline

 Understanding of Humidity

 Computation of Humidity

 Measurement of Humidity

Humid 

Air
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Outline

 Understanding of Humidity

 Computation of Humidity

 Measurement of Humidity

Humid 

Air
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Understanding Humidity (1)

 Humidity is related to water vapour in air.
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Understanding Humidity (2)

 Water can exist in three states which can make transitions among 

them.
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What is condensation?

 It is a process which makes vapor to 

become liquid.

Dew Point: It is the surface’s temperature

below which Vapour becomes Liquid.
Dew Point Depends on Humidity

S
u
rf

a
c
e
’s

 T
e

m
p
e
ra

tu
re
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Example of 

Condensation

Have

Condensation

No

Condensation

No

Condensation
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Temperature must be below

dew point.

Example of Using 

Condensation to 

Get Pure Water ...
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Application of Condensation to Recycle the Use of 

Cooling Water …

Cooling

Primary

Secondary

Steam becomes water through condensation process

Output

of

Electricity
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What is deposition?

 Deposition is the transition of a substance directly from the gas state to 

the solid state without passing through the intermediate liquid state.

Frost Point: Vapour to Ice
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Example of Deposition in Cold Winter
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What is evaporation?

 It is a process of making 

liquid to become gas.
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Example of Evaporation by Animal’s Body …
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Understanding Humidity (3)

 Humidity reduces visibility.

Foggy weather
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Understanding Humidity (4)

 Water has electrical conductivity. 

 Hence, humidity increases conductivity or reduces electricity 

resistance.

Humidity Sensitive Resistors
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Understanding Humidity (5)

 Water has electrical conductivity. 

 Hence, humidity increases the capacity of electricity storage of a 

conductive plate.

Humidity Sensitive Capacitors
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Capacitive Humidity 

Sensor Outputs

Example
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Definition of Absolute Humidity

 Absolute humidity is the amount of mass of water vapour per unit 

volume at a specific temperature.

Absolute Humidity = 
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑊𝑎𝑡𝑒𝑟 𝑉𝑎𝑝𝑜𝑢𝑟

𝑉𝑜𝑙𝑢𝑚𝑒
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Equation of Absolute Humidity

 Absolute humidity is the amount of mass of water vapour per unit volume at 

a specific temperature.

nRTPV =

RT
M

m
PV

water

vapour
=

T

P

R

M

V

m
H watervapour

==

kg/mol 018.0=waterM J/mol.K 31.8=R KL.atm/mol. 0821.0=R

Molar mass of water Gas constantGas constant
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Definition of Relative Humidity
 The ratio between the partial pressure of the water vapour and the 

maximum pressure of the water vapour under the same conditions 

of volume and temperature is called the relative humidity.

Same Volume

Same Temperature 

maxmax n

n

P

P
RH ==

𝑃𝑚𝑎𝑥𝑉 = 𝑛𝑚𝑎𝑥𝑅𝑇𝑃𝑉 = 𝑛𝑅𝑇
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Equation of Relative Humidity

Same Volume

Same Temperature 

nRTPV = RTnVP maxmax =

maxmax n

n

P

P
RH ==



138(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)

Nanyang Technological University

Example Showing Different RH

𝑃1𝑉 = 𝑛1𝑅𝑇 𝑃2𝑉 = 𝑛2𝑅𝑇



139(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)

Nanyang Technological University

Exercise

 Explain the phenomenon indicated by the figure below.

 Answer:

RTnVP maxmax =

When temperature rises, the maximum pressure 

increases under the condition of the same maximum 

mole number. Hence, relative humidity reduces.
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What is the difference between 

humidity and moisture?

 Humidity refers to:

 The amount of water in the state of gas 

(i.e. vapor).

 The presence of water vapor inside a 

space.

 Moisture refers to:

 The amount of water in the state of liquid.

 The presence of liquid water inside objects 

in solid state.

Could we change its moisture level?

Could we change its moisture level?
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Outline

 Understanding of Humidity

 Computation of Humidity

 Measurement of Humidity

Humid 

Air
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Example

 As shown in the figure, there is initially 300 g of liquid water and dry air inside 

a bottle at 0 ºC. When the temperature rises to t1 = 20.0 ºC, the mass of liquid 

water reduces to 295.0 g while the pressure rises to 1.1 atm. When the 

temperature further rises to t2 = 30.0 ºC, the mass of liquid water reduces to 

288.0 g while the pressure rises to 1.3 atm. What are the humidity inside the 

bottle when the temperatures are at 20.0 ºC and 30.0 ºC, respectively?

 Answer:

T

P

R

M
P

nRT

m

V

m
H watervapourvapour

===

𝐻(200𝐶) =
0.018

0.0821
×

1.1

273.15 + 20
= 8.23 × 10−4𝑘𝑔/𝐿

𝐻(300𝐶) =
0.018

0.0821
×

1.3

273.15 + 30
= 9.40 × 10−4𝑘𝑔/𝐿

Molar mass of water
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Example

T

P

R

M

V

m
H watervapour

==

T

P

R

M
H water 

=

Δ𝐻 =
0.018

0.0821
×

0.2

273.15 + 25
= 1.47 × 10−4𝑘𝑔/𝐿

Low Pressure High Pressure

 As shown in the figure, the temperature is 25 ºC which is kept constant. If 

the increase of pressure is 0.2 atm, what is the increase of absolute 

humidity?

 Answer: Molar mass of water
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Example

 Assume that the air in a room could contain 30.0g/m³ of water vapour. If 

the air in the room actually contains 10.0 g/m³ of water vapour, what is 

the relative humidity of the air?

 Answer:

maxmax n

n

P

P
RH ==

%33.33
30

10
==RH

𝑛

𝑛𝑚𝑎𝑥
=

𝑚

𝑚𝑚𝑎𝑥
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Example
 Refer to the figure which is the plot of experimental data with humidity in 

a room. If the room’s temperature now is at 30 ºC, what is the percentage 

of water in the air if the relative humidity is 70%?

 Answer:

 3.0%
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Outline

 Understanding of Humidity

 Computation of Humidity

 Measurement of Humidity

Humid 

Air
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Humidity Control in Agriculture …
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Humidity Control 

in Agriculture …
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Humidity Control at Home …
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Humidity Control 

in Industry …
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Principles of Measurement

 Principle 1: Humidity could change 

the moisture level of conductive 

materials, which will change their 

resistance level. Resistance could be 

converted into DC voltage which could 

be automatically measured.

 Principle 2: Humidity could change 

the moisture level of the dielectric 

materials inside capacitors, which will 

change their capacitances. 

Capacitance could be converted into 

DC voltage which could be measured.
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How to apply principle 1 to design digital 

measurement and sensing systems for 

humidity?
 Humidity is converted to resistance which is then converted to voltage. 

Finally, the voltage is measured by digital voltmeter (e.g. microcontrollers).

All microcontrollers are programmable digital sensors of voltage! 

Digital

Counter

Voltage 

Synthesizer

Analogue 

Comparator

Digital

Display

Resistance/

Voltage

Conversion

Resistance
Voltage

Voltage

S
to

p
 s

ig
n

a
l

Humidity/

Resistance

Conversion

Humidity
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How to convert humidity to resistance?

• Humidity to moisture

• Moisture to resistance
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Example of Sensor Design …
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Example of Implementation …
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Example of Application
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How to apply principle 2 to design digital 

measurement and sensing systems for 

humidity?
 Humidity is converted to capacitance which is then converted to voltage. 

Finally, the voltage is measured by digital voltmeter (e.g. microcontrollers).

All microcontrollers are programmable digital sensors of voltage! 

Digital

Counter

Voltage 

Synthesizer

Analogue 

Comparator

Digital

Display

Capacitance/

Voltage

Conversion

Capacitance
Voltage

Voltage

S
to

p
 s

ig
n

a
l

Humidity/

Capacitance

Conversion

Humidity
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How to convert humidity to capacitance?

• Humidity to moisture

• Moisture to capacitance
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Example of Application
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Other Principles …

• Humidity to moisture

• Moisture to expansion

• Expansion to resistance

or

• Expansion to capacitance
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Remember to Do Calibration

 Curve fitting for calibration:

 Yi is produced by Xi

 Zi is computed from Yi

 Zi must be equal to Xi

True Values 𝑋𝑖

Measured Values Y𝑖

*

*

*

Sensing

Calibration

Measurement

𝑋𝑖

𝑌𝑖

𝑍𝑖Calibrated Values 𝑍𝑖
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Example of Calibration Setup
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Remember to Do Error Analysis

 Systematic error = mean value – true value

 Repeatability error = value with maximum error 

– mean value 

 Accuracy = value with minimum error – mean 

value

 Hysteresis error = |measured value in increasing 

– measured value in decreasing|

Input voltage
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Summary

 Understanding of Humidity

 Computation of Humidity

 Measurement of Humidity

Humid 

Air
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Outline of Module 4

 Lecture 1:

 Measurement of Pressure

 Lecture 2:

 Measurement of Temperature

 Lecture 3:

 Measurement of Humidity

 Lecture 4:

 Measurement of Vibration

 Lecture 5:

 Measurement of Air Quality
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Outline

Bus

 Understanding of Vibration

 Computation of Vibration

 Measurement of Vibration



169(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)

Nanyang Technological University

Outline

Bus

 Understanding of Vibration

 Computation of Vibration

 Measurement of Vibration
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Importance of Vibration …
 In mechanical engineering, we 

talk about vibrations.

 In electrical engineering, we 

talk about oscillations

 In mathematics, we talk about 

sine waves.

 They share the same meanings.

 All signals are the sums of sine 

waves.
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Illustration of Sin Waves …
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Illustration of Sin Waves (continued)
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Definition of Vibration

Vibration of Solid

+

Vibration of Air

 Vibration refers to periodic movement 

of gas, liquid or solid. And, vibration is 

a phenomenon of dynamic response.

xo 𝑥0

m
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Example of Vibration by Rigid Objects
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Example of Axial Vibration of Solid
 Vibration is alternating acceleration
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Example of Radial Vibration of Solid
 Vibration is alternating acceleration
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Example of Vibration in Air
 Vibration is alternating pressure
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Example of Vibration in Liquid
 Vibration is alternating displacement
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There are three types of vibrations by 

solids:

 a) free/natural vibrations, 

 b) forced vibrations, and 

 c) damped vibrations …
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Illustration of Dynamics of Vibration …
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Vibration may cause resonance …
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Systems of vibration may be either 

SISO systems or MIMO systems …

 SISO: Single Input, Single Output

 MIMO: Multiple Input, Multiple Output
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How to analyze MIMO systems?
 Any signal is the sum of sine waves

 MIMO = Sum of SISOs
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Quantities of Ideal Vibration Signal

)sin( 0 += tAy

 Angular Speed

 Period or Wavelength

 Frequency

 Amplitude (Peak)

 Average

 Root Mean Square
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Angular Speed

)sin( 0 += tAy

Time (seconds)

Amplitude

𝜔 = 2𝜋𝑓
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Period or Wavelength

 2=T

Time (seconds)

Amplitude



2
=T

𝜔 = 2𝜋𝑓
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Frequency

T
f

1
=

Time (seconds)

Amplitude





2
=f

𝜔 = 2𝜋𝑓
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Amplitude

)sin( 0 += tAy

Time (seconds)

Amplitude

𝜔 = 2𝜋𝑓
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Outline

Bus

 Understanding of Vibration

 Computation of Vibration

 Measurement of Vibration
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There Are Two 

Scenarios of Doing 

Computation

 Scenario 1: We know the individual sine functions of all the vibration sources. 

Then, we can compute the combined vibration signal.

 Scenario 2: We know a vibration signal. Then, we could compute its individual 

sine functions. This is because vibration is a combination of a finite number of 

sources.

(Fourier Transform)

𝑓 𝑡 = ෍

𝑖=0

𝑛

𝐴𝑖sin(𝜔𝑖𝑡 + 𝜑𝑖)
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Forward Fourier Transform 

F 𝑗𝜔 = න

−∞

+∞
𝑓(𝑡)

cos 𝜔𝑡 + 𝑗 sin(𝜔𝑡)
𝑑𝑡F(𝑗ω) = න

−∞

+∞

𝑓(𝑡)𝑒−𝑗𝜔𝑡𝑑𝑡

𝜔 = 2𝜋𝑓

𝑠 = 𝜎 + 𝑗𝜔
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Example of Doing Forward Fourier Transform

A

B

C

D

Computing Vibration Signal’s Quantities F 𝑗𝜔 = න

−∞

+∞
𝑓(𝑡)

cos 𝜔𝑡 + 𝑗 sin(𝜔𝑡)
𝑑𝑡
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Inverse Fourier Transform

𝑓 𝑡 =
1

2𝜋
න

−∞

∞

𝐹(𝑗𝜔)𝑒𝑗𝜔𝑡𝑑𝜔

𝑓 𝑡 = ෍

𝑖=0

𝑛

𝐴𝑖sin(𝜔𝑖𝑡 + 𝜑𝑖)
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Exercise

 What is the equation which describes the following output from a 

measurement of vibration due to multiple sources?

𝑓 𝑡 = ෍

𝑖=0

𝑘

𝐴𝑖sin(𝜔𝑖𝑡 + 𝜑𝑖)
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Another Way to Do Fourier 

Transform (1)

Vibration = Wave of Pressure Vibration = Wave of Acceleration

𝑡𝑘 =
𝜃𝑘

2𝜋𝑓𝑗
, 𝑘 = 0,1,2, … , 359

𝐶𝑥(𝑓𝑗) = 𝐶𝑒𝑛𝑡𝑒𝑟{𝑔 𝑡𝑘 cos 𝜃𝑘 }

g 𝑡 = 𝑔0 + σ𝑖=0
𝑛 𝐴𝑖sin(2𝜋𝑓𝑖𝑡)

𝑥𝑘
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Another Way to Do Fourier 

Transform (2)

Vibration = Wave of Pressure Vibration = Wave of Acceleration

𝑡𝑘 =
𝜃𝑘

2𝜋𝑓𝑗
, 𝑘 = 0,1,2, … , 359

𝐶𝑥(𝑓𝑗) = 𝐶𝑒𝑛𝑡𝑒𝑟{𝑔 𝑡𝑘 cos 𝜃𝑘 }

g 𝑡 = 𝑔0 + σ𝑖=0
𝑛 𝐴𝑖sin(2𝜋𝑓𝑖𝑡)

𝑥𝑘
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Outline

Bus

 Understanding of Vibration

 Computation of Vibration

 Measurement of Vibration
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Applications in 

Motion Machines
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Applications in Dynamic Condition 

Monitoring of Rotary Machines
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Applications in Dynamic 

Condition Monitoring
• Axial misalignment in transmission

• Radial uneven distribution of masses
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Principles of Measurement

 Principle 1: Vibration of rigid body could be 

converted into periodic signal of DC voltage, 

which could be automatically measured.

 Principle 2: Vibration of rigid body could be 

converted into periodic change in magnitude 

of AC voltage, which could then be converted 

into periodic signal of DC voltage. DC voltage 

could be automatically measured.

 Principle 3: Vibration of rigid body could be 

converted into periodic change in resistance, 

which could then be converted into periodic 

signal of DC voltage. DC voltage could be 

automatically measured.

Transformer = Sending Coil + Receiving Coil

Piezoelectric 

Material
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How to apply principle 1 to design digital 

measurement and sensing systems for 

vibration?
 Vibration is converted to periodic signal of DC voltage which is measured 

by digital voltmeter (e.g. microcontrollers).

Digital

Counter

Voltage 

Synthesizer

Analogue 

Comparator

Digital

Display

Vibration/

Voltage

Conversion

Vibration

Voltage

Voltage

S
to

p
 s

ig
n

a
l

All microcontrollers are programmable digital sensors of voltage! 
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Vibration Vibration

How to convert vibration into periodic signal 

of DC voltage?

 To use Piezoelectric Effect

 Applied mechanical vibrations produce voltages.

 Applied voltages produce mechanical vibrations.

𝑣𝑜𝑢𝑡(𝑡) = 𝐴 sin( 𝜔𝑣𝑡 + 𝜙0)

Synthesis of VibrationSensing of Vibration
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More illustration …

Vibration

Periodic voltage produced by vibration

𝑉 𝑡 = 𝑉0 + ∆𝑉(𝑡)

∆𝑉 𝑡 > 0

∆𝑉 𝑡 < 0
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Example of Implementation 

Crystal Microcontroller

Fourier

Transform

CBIT: Continuous Built-In Test

𝑉 𝑡 = 𝑉0 + ∆𝑉(𝑡)
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How to apply principle 2 to design digital 

measurement and sensing systems for 

vibration?
 Vibration is converted to periodic change of AC voltage’s magnitude, which 

is then converted into periodic signal of DC voltage. DC voltage is 

measured by digital voltmeter (e.g. microcontrollers).

Digital

Counter

Voltage 

Synthesizer

Analogue 

Comparator

Digital

Display

AC Voltage/

DC Voltage

Conversion

Vibration

Voltage

Voltage

S
to

p
 s

ig
n

a
l

All microcontrollers are programmable digital sensors of voltage! 

Vibration/

AC Voltage

Conversion

AC Voltage
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What is Eddy Current?
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Application of Eddy Current
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SendingHow to convert vibration 

into AC voltage?

 Alternating current in a sending 

coil could produce alternating 

magnetic field.

 Alternating magnetic field could 

produce alternating Eddy current 

on conductive materials.

 Alternating Eddy current could 

produce alternating magnetic 

field.

 Alternating magnetic produced by 

Eddy current could be converted 

into alternating volage or current 

on a receiving coil.

𝑣𝑜𝑢𝑡(𝑡) = 𝐴 sin( 𝜔𝑣𝑡 + 𝜙0)

To use Eddy Current Effect

Discovery by Leon Foucault

Output

Sending 

Coil

Receiving 

Coil
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Axial Vibration

Microcontroller

Module

Vibration Sensor

Example of Vibration 

Sensor Using Eddy 

Current Effect

Vibration

Fourier

Transform
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How to convert AC voltages into DC 

voltages?

AC Voltages

DC Voltages

Input

Output
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How to apply principle 3 to design digital 

measurement and sensing systems for 

vibration?
 Vibration is converted to periodic change in resistance, which is then 

converted into periodic signal of DC voltage. DC voltage is measured by 

digital voltmeter (e.g. microcontrollers).

Digital

Counter

Voltage 

Synthesizer

Analogue 

Comparator

Digital

Display

Resistance/

Voltage

Conversion

Vibration

Voltage

Voltage

S
to

p
 s

ig
n

a
l

All microcontrollers are programmable digital sensors of voltage! 

Vibration/

Resistance

Conversion

Resistance
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How to convert vibration into periodic 

change in resistance?
 Strain gauges are placed on cantilever beam, which is fixed at one end and 

carries a seismic mass at the other end. The seismic mass vibrates 

together with a vibration source. Then, vibration is converted into periodic 

change of resistance of strain gauges.

Vibrating 

Body
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Other design principles …
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Remember to Do Calibration

 Curve fitting for calibration:

 Yi is produced by Xi

 Zi is computed from Yi

 Zi must be equal to Xi

True Values 𝑋𝑖

Measured Values Y𝑖

*

*

*

Sensing

Calibration

Measurement

𝑋𝑖

𝑌𝑖

𝑍𝑖Calibrated Values 𝑍𝑖

𝑓 𝑡 = 𝐴(𝑡) sin( 𝜔𝑣𝑡 + 𝜙0)

𝐴 𝑡 = 𝑍(𝑡)

(𝑋𝑖 , 𝜔𝑣)

(𝑍𝑖 , 𝜔𝑣)

𝐴 𝑡 = 𝑋(𝑡) at input

at output
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Remember to Do Error Analysis

 Systematic error = mean value – true value

 Repeatability error = value with maximum error 

– mean value 

 Accuracy = value with minimum error – mean 

value

 Hysteresis error = |measured value in increasing 

– measured value in decreasing|

Input voltage
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Summary

Bus

 Understanding of Vibration

 Computation of Vibration

 Measurement of Vibration
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Outline of Module 4

 Lecture 1:

 Measurement of Pressure

 Lecture 2:

 Measurement of Temperature

 Lecture 3:

 Measurement of Humidity

 Lecture 4:

 Measurement of Vibration

 Lecture 5:

 Measurement of Air Quality
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Outline

 Concept of Active Sensing

 Understanding of Air Pollutants

 Parameter(s) of Dust in Air

 Measurement of Dust in Air

Carbon Monoxide

Carbon Dioxide

Nitrogen Oxide

Sulphur Dioxide

Volatile Organic Compounds

Particulate Matters
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Outline

 Concept of Active Sensing

 Understanding of Air Pollutants

 Parameter(s) of Dust in Air

 Measurement of Dust in Air

Carbon Monoxide

Carbon Dioxide

Nitrogen Oxide

Sulphur Dioxide

Volatile Organic Compounds

Particulate Matters
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Definition of Active Sensing
 The use of external signals (e.g. waves) to capture the values of a 

physical quantity under measurement is called active sensing.

Pyroelectric materials

Pyroelectric materials
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Typical External Signals …

Acoustic Waves

Electrocmagnetic Waves
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Outline

 Concept of Active Sensing

 Understanding of Air Pollutants

 Parameter(s) of Dust in Air

 Measurement of Dust in Air

Carbon Monoxide

Carbon Dioxide

Nitrogen Oxide

Sulphur Dioxide

Volatile Organic Compounds

Particulate Matters



225(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)

Nanyang Technological University

Air Pollutants …



226(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)

Nanyang Technological University

Classification of Air Pollutants

Tiny Solid

Biological 

Species
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Source of Pollutants
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Examples of Sources of Air Pollutants …
• Industrial Activities

• Agricultural Activities

• City activities

• Others

A
m

m
o
n
ia
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Scale of Air 

Pollutants

Micro-meters

T
in

y
 S

o
lid

B
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lo
g
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a
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S

p
e
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Gaseous Contaminants
Dioxins/ Furans, Hydrogen Sulphide, Hydrogen Chloride, …
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Gaseous Contaminants



233(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)

Nanyang Technological University

Soot

SO4
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Smog
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Oil Smoke
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Fly Ash
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Cement
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Settling Dust
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Heavy Dust
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Viruses
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Pollen
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Outline

 Concept of Active Sensing

 Understanding of Air Pollutants

 Parameter(s) of Dust in Air

 Measurement of Dust in Air

Carbon Monoxide

Carbon Dioxide

Nitrogen Oxide

Sulphur Dioxide

Volatile Organic Compounds

Particulate Matters
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Understanding Particulate Matters

 Particulate matter is a tiny solid which floats in air.

 Particulate matter has mass.

 Particulate matter has size.

 Particulate matter has velocity.

 Particulate matter could reflect light beams.

 Particulate matter has other properties and constraints.
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Parameters of Particulate Matters

 Size: micro-meters

 Density: micro-gram / m³
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Example of Monitoring PM2.5 in Country …
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Example of Monitoring PM2.5 in Cities …
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Example of Monitoring PMs in Operations …
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Outline

 Concept of Active Sensing

 Understanding of Air Pollutants

 Parameter(s) of Dust in Air

 Measurement of Dust in Air

Carbon Monoxide

Carbon Dioxide

Nitrogen Oxide

Sulphur Dioxide

Volatile Organic Compounds

Particulate Matters
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Pollution Effects on Health …
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Pollution Effects on Health …
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More Details …

Nasal

Bronchi
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 The common principle is to convert 
density of particulate matters into 
light intensity which could be further 
converted into time function of 
voltage. The time function of voltage 
could be automatically measured. 
The implementation of this principle 
involves:

 Step 1: Filtering of Inflow Air under 
Measurement.

 Step 2: Conversion of Density of 
Particulate Matters into Light 
Intensity.

 Step 3: Conversion of Light Intensity 
into Time Function of Voltage.

 Step 4: Post-processing of Voltage 
Signals (i.e. counting of peaks).

Principle of Measurement

Peaks of Signals
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How to apply the principle to design digital 

measurement and sensing systems for dust  

in air?  Inflow air is passing through filtering area and then 

enters the space between light-emitter and light 

detector. Density of particulate matters is converted 

into intensity of reflected lights, which is further 

converted into voltage. Voltage is measured by 

digital voltmeter (e.g. microcontrollers).

All microcontrollers are programmable digital sensors of voltage! 

Digital

Counter

Voltage 

Synthesizer

Analogue 

Comparator

Digital

Display

Light 

Intensity/

Voltage

Conversion

Light Intensity
Voltage

Voltage

S
to

p
 s

ig
n

a
l

PM Density/

Light Intensity

Conversion

Inflow Air Air 

Filtering

Air under Measurement
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How to filter out 

larger particulate 

matters from 

inflow air?
• L-shape pathway

• U-shape pathway
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How to filter out 

water vapors from 

inflow air?
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How to convert density of particulate 

matters in air into intensity of light?
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More examples …
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Example of Intensity of Echo Signals …
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How to convert 

light intensity into 

time signal of 

voltage?
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A Person to Remember: Albert Einstein

 He has discovered the photoelectric effect which is 

the emission of electrons from a material caused by 

electromagnetic radiation such as ultraviolet light. 

Electrons emitted in this manner are called 

photoelectrons.

Nobel Prize in Physics 1921
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Photodiode

Cathode (-)

Anode (+)

How to convert light intensity into time 

signal of voltage?
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More example …
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Example of 

Voltage Signals

PM1.0

PM2.5

PM10

-

-

-
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Example of Implementation …
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Example of Prototype …
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Example of Prototype (continued ) …
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Example of Results …
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Remember to Do Calibration

 Curve fitting for calibration:

 Yi is produced by Xi

 Zi is computed from Yi

 Zi must be equal to Xi

True Values 𝑋𝑖

Measured Values Y𝑖

*

*

*

Sensing

Calibration

Measurement

𝑋𝑖

𝑌𝑖

𝑍𝑖

Calibrated Values 𝑍𝑖

How to prepare calibration samples?
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Example of Calibration Setup ..
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More example of Calibration Setup …

Inflow

Outflow
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Example of Calibration Results …
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Remember to Do Error Analysis

 Systematic error = mean value – true value

 Repeatability error = value with maximum error 

– mean value 

 Accuracy = value with minimum error – mean 

value

 Hysteresis error = |measured value in increasing 

– measured value in decreasing|

Input voltage
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How to Measure Gaseous Pollutants in Air?
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General Principle 1 of Measurement
Energize Gas → Increase Vibration of Gas’s Molecules → Emit Pressure Waves → Voltages
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Example of Design …
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General Principle 2 of Measurement
Energize Gas → Absorption of IR Lights → Thermal Energy Decrease → Voltages

Pyroelectric Materials

The pyroelectric effect is the ability of 

certain materials to generate a temporary 

voltage when heated or cooled.

Thermal Energy Loss
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Example of Design …

Chamber

Pyroelectric materials
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More Example of Design …

Pyroelectric materials
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Summary

 Concept of Active Sensing

 Understanding of Air Pollutants

 Parameter(s) of Dust in Air

 Measurement of Dust in Air

Carbon Monoxide

Carbon Dioxide

Nitrogen Oxide

Sulphur Dioxide

Volatile Organic Compounds

Particulate Matters
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Summary of Module 4

 Lecture 1:

 Measurement of Pressure

 Lecture 2:

 Measurement of Temperature

 Lecture 3:

 Measurement of Humidity

 Lecture 4:

 Measurement of Vibration

 Lecture 5:

 Measurement of Air Quality
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Design, Machine, Control, Intelligence

Thank You for Listening!

“Ask not what your country can do for you – ask what you can do for 
your country,” - John F. Kennedy

“Do not think that you are needy – think that you are needed in the 
world”, - Manis Friedman

“Study will make you knowledgeable, resourceful, and hence more 
needed”, - Xie Ming


	Slide 1: Measurement and Sensing Systems  
	Slide 2: Outline
	Slide 3: Remember your mission as MAE undergraduates …
	Slide 4: How to fulfill your mission?
	Slide 5: Why to study this course?
	Slide 6: How to study this course?
	Slide 7: What are you going to study in this course?
	Slide 8: How to apply?
	Slide 9: Today’s Lectures …
	Slide 10: Sensors for All Environments    
	Slide 11: Outline of Module 4
	Slide 12: Outline of Module 4
	Slide 13:  Measurement of Pressure   
	Slide 14: Outline
	Slide 15: Outline
	Slide 16: Definition of Pressure
	Slide 17: Unit of Measurement of Pressure
	Slide 18: Illustration of Atmospheric Pressure
	Slide 19: There Are Three Different Types of Pressures
	Slide 20: Illustration of Difference between Absolute Pressure and Gauge Pressure 
	Slide 21: Concept of Vacuum Pressure (i.e. Negative Pressure Relative to 1 atm)
	Slide 22: Comparison between Gauge Pressure and Vacuum Pressure
	Slide 23: Applied Forces in Pressure Can Come From:
	Slide 24: Hence, pressure could be produced by …
	Slide 25: Case 1：Pressure is produced by particles (State of Gas)
	Slide 26: Example of Constant Volume
	Slide 27: Example of Constant Temperature
	Slide 28: Example of Dalton’s Law
	Slide 29: Case 2：Pressure is produced by fluids (State of Liquid)
	Slide 30: Example Showing Pressure Equality at Same Vertical Depth
	Slide 31: Example Showing Pressure Equality at Same Vertical Depth
	Slide 32: Bernoulli’s Equation:
	Slide 33: Case 3：Pressure is produced by rigid objects (State of Solid)
	Slide 34: Outline
	Slide 35: Example of Computing Gauge Pressure 
	Slide 36: Example of Computing Differential Pressure
	Slide 37: Example of Computing Pressure of Liquid
	Slide 38: Example of Computing Pressure of Liquid
	Slide 39: Example of Computing Pressure of Gas 
	Slide 40: Example of Computing Pressure of Solid
	Slide 41: Example of Computing Pressure of Solid
	Slide 42: Outline
	Slide 43: Applications in Industry
	Slide 44: Applications in Daily Life
	Slide 45: Interesting applications in medical field (e.g. smart shoes)
	Slide 46: Other Applications 
	Slide 47: Other Applications (continued)
	Slide 48: Other Applications (continued)
	Slide 49: Principles of Measurement
	Slide 50: How to apply principle 1 to design digital measurement and sensing systems for pressure?
	Slide 51: How to convert pressure into voltage?
	Slide 52: How to convert pressure into voltage?
	Slide 53: Comparison of Using Piezo-electric Materials for Sensing Force, Pressure and Acceleration
	Slide 54: How to apply principle 2 to design digital measurement and sensing systems for pressure?
	Slide 55: Solution 1 of Converting Pressure into Resistance
	Slide 56: Solution 2 of Converting Pressure to Resistance
	Slide 57: Solution 3 of Converting Pressure to Resistance
	Slide 58: Other Solution …
	Slide 59: Other Design Principles …
	Slide 60: Remember to Do Calibration
	Slide 61: Remember to Do Error Analysis
	Slide 62: Summary
	Slide 63: Outline of Module 4
	Slide 64:  Measurement of Temperature   
	Slide 65: Outline
	Slide 66: Outline
	Slide 67: Three Types of Popular Energies
	Slide 68: Understanding Thermal Energy (1)
	Slide 69: Understanding Thermal Energy (2)
	Slide 70: Understanding Thermal Energy (3)
	Slide 71: Equation of Heat Transfer
	Slide 72: Applications of Thermal Energy
	Slide 73: Understanding Temperature (1)
	Slide 74: Units of Measurement of Temperature
	Slide 75: Understanding Temperature (2)
	Slide 76: Understanding Temperature (3)
	Slide 77: Understanding Temperature (4)
	Slide 78: There Are Three  Types of Heat Transfer  
	Slide 79: Example of Heat Transfer Within and Outside Rigid Body
	Slide 80: Example of Heat Transfer Caused by Temperature Difference
	Slide 81: Understanding Temperature (5)
	Slide 82: Understanding Temperature (6)
	Slide 83: Outline
	Slide 84: Useful Equation of Temperature (1)
	Slide 85: Example
	Slide 86: Useful Equation of Temperature (2)
	Slide 87: Example
	Slide 88: Useful Equation of Temperature (3)
	Slide 89: Example
	Slide 90: Example
	Slide 91: Useful Equation of Temperature (4)
	Slide 92: Useful Equation of Temperature (5)
	Slide 93: Useful Equation of Temperature (6)
	Slide 94: Useful Equation of Temperature (7)
	Slide 95: Example
	Slide 96: Outline
	Slide 97: Temperature Control in Industry
	Slide 98: Temperature Control in Buildings
	Slide 99: Temperature Control in Agriculture
	Slide 100: Principles of Measurement
	Slide 101: How to apply principle 1 to design digital measurement and sensing systems for temperature?
	Slide 102: How to convert temperature into DC voltage?
	Slide 103: Example of Thermocouple’s Body Design  (measurement range: < 2000 open paren sub to the o close paren cap C )
	Slide 104: Example of Thermocouple’s Circuit Design
	Slide 105: Cold Junction Compensation
	Slide 106: How to apply principle 2 to design digital measurement and sensing systems for temperature?
	Slide 107: How to convert temperature into resistance?
	Slide 108: Use of Thermistor (< 100 open paren sub to the o close paren cap C )
	Slide 109: Example of Thermistors
	Slide 110: Use of RTD (< 400 open paren sub to the o close paren cap C )
	Slide 111: How to convert resistance to DC voltage?
	Slide 112: Other Principles …
	Slide 113: Remember to Do Calibration
	Slide 114: Remember to Do Error Analysis
	Slide 115: Summary
	Slide 116: Outline of Module 4
	Slide 117:  Measurement of Humidity   
	Slide 118: Outline
	Slide 119: Outline
	Slide 120: Understanding Humidity (1)
	Slide 121: Understanding Humidity (2)
	Slide 122: What is condensation?
	Slide 123: Example of Condensation
	Slide 124: Example of Using Condensation to Get Pure Water ...
	Slide 125: Application of Condensation to Recycle the Use of Cooling Water …
	Slide 126: What is deposition?
	Slide 127: Example of Deposition in Cold Winter
	Slide 128: What is evaporation?
	Slide 129: Example of Evaporation by Animal’s Body …
	Slide 130: Understanding Humidity (3)
	Slide 131: Understanding Humidity (4)
	Slide 132: Understanding Humidity (5)
	Slide 133: Example
	Slide 134: Definition of Absolute Humidity
	Slide 135: Equation of Absolute Humidity
	Slide 136: Definition of Relative Humidity
	Slide 137: Equation of Relative Humidity
	Slide 138: Example Showing Different RH
	Slide 139: Exercise
	Slide 140: What is the difference between humidity and moisture?
	Slide 141: Outline
	Slide 142: Example
	Slide 143: Example
	Slide 144: Example
	Slide 145: Example
	Slide 146: Outline
	Slide 147: Humidity Control in Agriculture …
	Slide 148: Humidity Control in Agriculture …
	Slide 149: Humidity Control at Home …
	Slide 150: Humidity Control in Industry …
	Slide 151: Principles of Measurement
	Slide 152: How to apply principle 1 to design digital measurement and sensing systems for humidity?
	Slide 153: How to convert humidity to resistance?
	Slide 154: Example of Sensor Design …
	Slide 155: Example of Implementation …
	Slide 156: Example of Application
	Slide 157: How to apply principle 2 to design digital measurement and sensing systems for humidity?
	Slide 158: How to convert humidity to capacitance?
	Slide 159: Example of Application
	Slide 160: Other Principles …
	Slide 161: Remember to Do Calibration
	Slide 162: Example of Calibration Setup
	Slide 163
	Slide 164: Remember to Do Error Analysis
	Slide 165: Summary
	Slide 166: Outline of Module 4
	Slide 167:  Measurement of Vibration   
	Slide 168: Outline
	Slide 169: Outline
	Slide 170: Importance of Vibration …
	Slide 171: Illustration of Sin Waves …
	Slide 172: Illustration of Sin Waves (continued)
	Slide 173: Definition of Vibration
	Slide 174: Example of Vibration by Rigid Objects
	Slide 175: Example of Axial Vibration of Solid
	Slide 176: Example of Radial Vibration of Solid
	Slide 177: Example of Vibration in Air
	Slide 178: Example of Vibration in Liquid
	Slide 179: There are three types of vibrations by solids:
	Slide 180: Illustration of Dynamics of Vibration …
	Slide 181: Vibration may cause resonance …
	Slide 182: Systems of vibration may be either SISO systems or MIMO systems …
	Slide 183: How to analyze MIMO systems?
	Slide 184: Quantities of Ideal Vibration Signal
	Slide 185: Angular Speed
	Slide 186: Period or Wavelength
	Slide 187: Frequency
	Slide 188: Amplitude
	Slide 189: Outline
	Slide 190: There Are Two Scenarios of Doing Computation
	Slide 191: Forward Fourier Transform 
	Slide 192: Example of Doing Forward Fourier Transform
	Slide 193: Inverse Fourier Transform
	Slide 194: Exercise
	Slide 195: Another Way to Do Fourier Transform (1)
	Slide 196: Another Way to Do Fourier Transform (2)
	Slide 197: Outline
	Slide 198: Applications in Motion Machines
	Slide 199: Applications in Dynamic Condition Monitoring of Rotary Machines
	Slide 200: Applications in Dynamic Condition Monitoring
	Slide 201: Principles of Measurement
	Slide 202: How to apply principle 1 to design digital measurement and sensing systems for vibration?
	Slide 203: How to convert vibration into periodic signal of DC voltage?
	Slide 204: More illustration …
	Slide 205: Example of Implementation 
	Slide 206: How to apply principle 2 to design digital measurement and sensing systems for vibration?
	Slide 207: What is Eddy Current?
	Slide 208: Application of Eddy Current
	Slide 209: How to convert vibration into AC voltage?
	Slide 210: Example of Vibration Sensor Using Eddy Current Effect
	Slide 211: How to convert AC voltages into DC voltages?
	Slide 212: How to apply principle 3 to design digital measurement and sensing systems for vibration?
	Slide 213: How to convert vibration into periodic change in resistance?
	Slide 214: Other design principles …
	Slide 215: Remember to Do Calibration
	Slide 216: Remember to Do Error Analysis
	Slide 217: Summary
	Slide 218: Outline of Module 4
	Slide 219:  Measurement of Air Quality   
	Slide 220: Outline
	Slide 221: Outline
	Slide 222: Definition of Active Sensing
	Slide 223: Typical External Signals …
	Slide 224: Outline
	Slide 225: Air Pollutants …
	Slide 226: Classification of Air Pollutants
	Slide 227
	Slide 228: Source of Pollutants
	Slide 229: Examples of Sources of Air Pollutants …
	Slide 230: Scale of Air Pollutants
	Slide 231: Gaseous Contaminants
	Slide 232: Gaseous Contaminants
	Slide 233: Soot
	Slide 234: Smog
	Slide 235: Oil Smoke
	Slide 236
	Slide 237: Fly Ash
	Slide 238
	Slide 239: Cement
	Slide 240: Settling Dust
	Slide 241: Heavy Dust
	Slide 242: Viruses
	Slide 243: Pollen
	Slide 244: Outline
	Slide 245: Understanding Particulate Matters
	Slide 246: Parameters of Particulate Matters
	Slide 247: Example of Monitoring PM2.5 in Country …
	Slide 248: Example of Monitoring PM2.5 in Cities …
	Slide 249: Example of Monitoring PMs in Operations …
	Slide 250: Outline
	Slide 251: Pollution Effects on Health …
	Slide 252: Pollution Effects on Health …
	Slide 253: More Details …
	Slide 254: Principle of Measurement
	Slide 255: How to apply the principle to design digital measurement and sensing systems for dust  in air?
	Slide 256: How to filter out larger particulate matters from inflow air?
	Slide 257: How to filter out water vapors from inflow air?
	Slide 258: How to convert density of particulate matters in air into intensity of light?
	Slide 259: More examples …
	Slide 260: Example of Intensity of Echo Signals …
	Slide 261: How to convert light intensity into time signal of voltage?
	Slide 262: A Person to Remember: Albert Einstein
	Slide 263: How to convert light intensity into time signal of voltage?
	Slide 264: More example …
	Slide 265: Example of  Voltage Signals
	Slide 266: Example of Implementation …
	Slide 267: Example of Prototype …
	Slide 268: Example of Prototype (continued ) …
	Slide 269: Example of Results …
	Slide 270: Remember to Do Calibration
	Slide 271: Example of Calibration Setup ..
	Slide 272: More example of Calibration Setup …
	Slide 273: Example of Calibration Results …
	Slide 274: Remember to Do Error Analysis
	Slide 275: How to Measure Gaseous Pollutants in Air?
	Slide 276: General Principle 1 of Measurement
	Slide 277: Example of Design …
	Slide 278: General Principle 2 of Measurement
	Slide 279: Example of Design …
	Slide 280: More Example of Design …
	Slide 281: Summary
	Slide 282: Summary of Module 4
	Slide 283: Thank You for Listening!

