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Outline

u Module 1: Foundation of AI Sensors

u Module 2: Sensors for Electrical Systems

u Module 3: Sensors for Mechanical Systems

u Module 4: Sensors for All Environments

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

undergraduates é

uYou 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?
u 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

Userôs 

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?
u To put yourselves into the 

mindset of designers of 

networked sensors as 

products:

u Who are the users?

u What are the needs of users?

u What are your Internet of 

Sensors, which could meet 

the needs of your users or 

buyers?

u 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



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

Nanyang Technological University

SensingMeasurement

Decision Action
Physical

World

Conceptual

World

What are you going to study in 

this course?

RandomnessFuzziness

Module 1: Foundation of AI Sensors

Å Basics of Physical World

Å Randomness of Physical World

Å Basics of Conceptual Worlds

Å Fuzziness of Conceptual Worlds

Module 2: For Electrical Systems

Å Measurement of Voltage

Å Measurement of Current

Å Measurement of Resistance

Å Measurement of Capacitance

Å Measurement of Inductance

Module 3: For Mechanical Systems

Å Measurement of Position

Å Measurement of Velocity

Å Measurement of Acceleration

Å Measurement of Force

Å Measurement of Torque

Module 4: For All Environments

Å Measurement of Pressure

Å Measurement of Temperature

Å Measurement of Humidity

Å Measurement of Vibration

Å Measurement of Air Quality

Module 5: For All Industries

Å Measurement of Fluid Level

Å Measurement of Flow Rate

Å Measurement of Sound/Voice

Å Measurement of Photometry

Å 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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True Foundation of Machine Intelligence

Physical World

Human Languages

Conceptual Worlds

Properties Constraints

Knowledge

Natural Sciences Social Sciences

Human Intelligence

Computer-Aided Intelligence
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Å One Tool

Å Two Worlds

Å Three Intelligences

Å Four Pillars

Å Signal to Knowledge

Å Knowledge to Knowledge

Å Knowledge to Signal
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Todayõs Lectures é

u Module 1: Foundation of AI Sensors

u Module 2: Sensors for Electrical Systems

u Module 3: Sensors for Mechanical Systems

u Module 4: Sensors for All Environments

u Module 5: Sensors for All Industries
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Outline of Module 5

u Lecture 1:

uMeasurement of Fluid Level

u Lecture 2:

uMeasurement of Flow Rate

u Lecture 3:

uMeasurement of Sound/Voice

u Lecture 4:

uMeasurement of Photometry

u Lecture 5:

uMeasurement of Geometry
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Outline of Module 5

u Lecture 1:

uMeasurement of Fluid Level

u Lecture 2:

uMeasurement of Flow Rate

u Lecture 3:

uMeasurement of Sound/Voice

u Lecture 4:

uMeasurement of Photometry

u Lecture 5:

uMeasurement of Geometry
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Outline

uUnderstanding of Fluid Level

uComputation of Fluid Level

uMeasurement of Fluid Level
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Outline

uUnderstanding of Fluid Level

uComputation of Fluid Level

uMeasurement of Fluid Level
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What is fluid?

u Fluid refers to any substance which could undergo continuous movements 

in the form of flow.

u Fluid includes substances in liquid state and gas state.
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About Shear Stress, Shear Strain and 

Shear Rate
u Shear stress is the co-planar force per unit area.

A

F||
=t

It

I 1
³

D

D
=g#

Side view: from cube to parallelogram  

Shear Strain Rate or 

Rotational speed
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What is Newtonian fluid?
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Example of Newtonian Fluids
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Example of Non-Newtonian Fluids

Cream of Milk Ketchup
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Example of Non-Newtonian Fluids

u Using just cornflour and water, you can make a non -Newtonian liquid.
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Example of Non-Newtonian Fluids
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Water Storage in Our Daily Life
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Fluid Storage in Industry
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Understanding Fluid Levels (1)

u Within a same fluid system, the pressure at a same level remains the 

same.
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Understanding Fluid Levels (2)

u The flow levels of two different fluid systems can be different.
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Understanding Fluid Levels (3)

u Fluids flow from places of higher pressure to places of lower pressure until 

the pressures or fluid levels are equals.
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Understanding Fluid Levels (4)

u It is important to know that fluid in a tank could produce Buoyant 

Force. Buoyant force is equal to the weight of displaced liquid. 

Weight Loss = Weight of Displaced Liquid

Before After
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Outline

uUnderstanding of Fluid Level

uComputation of Fluid Level

uMeasurement of Fluid Level
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One important parameter of storage 

tank is liquid level é
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Inlet

Outlet

h

Equations of Computation
u Fluid level is a function of net change of fluidõs volumein a tank.
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Example
Inlet

Outlet

h

u As shown in the figure, the section 

area of the tank is 100.0 m². The 

flow at the inlet is 20.0 m³/h while 

the flow at the outlet is 18.0 m³/h. 

What is the change of the level h 

within 10.0 minutes?

u Answer:

minute/m
30

1

0.60

0.180.20 3=
-

=-=D outin QQQ

ɝὬ
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ρ

σπ
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Example
u As shown in the figure, the section 

area of tank A is 50.0 m² while the 

section area of tank C is 45.0 m². 

The initial level of tank A is 5.0 m 

while the initial level of tank C is 1.0 

m. If the flowrate is 0.5 m³/h, how 

long will it take for the levels of 

tanks A and C to be equal?

u Answer: fCAfCCfAAiCCiAA hAAhAhAhAhA )(,,,, +=+=+
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Example

u As shown in the figure, what is the flow change in tank C2 if the fluid 

levels remain constant?

u Answer:

ή ή ή
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Example
u The areas of tanks 1, 2 and 3 are the same and are equal to 25.0 m². If 

Q12=0.2 m³/h and Q23 = 0.15 m³/h, what are the level changes of tanks 

1, 2 and 3 within 30.0 minutes?

u Answer:
hmm

A

Q
h /8

25

2.00 12
1 -=

-
=

-
=D

hmm
A

QQ
h /2

25

15.02.02312
2 =

-
=

-
=D

hmm
A

Q
h /6

25

015.0023
3 =

-
=

-
=D

Level change in tank 1 is -4 mm

Level change in tank 2 is 1 mm

Level change in tank 3 is 3 mm
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Outline

uUnderstanding of Fluid Level

uComputation of Fluid Level

uMeasurement of Fluid Level
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Measuring fluid levels é
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Controlling fluid levels é
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Hydroponic 

Garden

Controlling fluid levels é

Water Treatment Plant
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Resistance/Capacitance

Principles of Measurement
u Principle 1: Liquid level is converted 

into pressure, which could be converted 
into DC voltage. DC voltage could be 
automatically measured.

u Principle 2:  Liquid level is converted 
into capacitance, which could be 
converted into DC voltage. DC voltage 
could be automatically measured.

u Principle 3:  Liquid level is converted 
into resistance, which could be 
converted into DC voltage. DC voltage 
could be automatically measured.

u Principle 4: Liquid level is converted 
into buoyant force , which could be 
converted into DC voltage. DC voltage 
could be automatically measured.
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How to apply principle 1  to design digital 

measurement and sensing systems for fluid 

level?
u Fluid level is converted to pressure 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

Pressure/

Voltage

Conversion

Pressure
Voltage

Voltage

S
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n
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Fluid Level/

Pressure

Conversion

Fluid Level
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How to convert fluid 

level to differential 

pressure 

u We use a diaphragm.

u One side of the diaphragm is exposed to low 

pressure above the fluid inside a tank.

u The other side of the diaphragm is exposed to high 

pressure at the bottom of a tank.

ɝὖ ὖ ὖ ”ὫὬ
g

P
h
r

D
=

Diaphragm
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How to convert fluid level to gauge 

pressure? 

u A tank is open to atmosphere. We use a diaphragm. One side of the 

diaphragm is open to atmosphere. The other side of the diaphragm is 

exposed to high pressure at the bottom of the tank.

Diaphragm

ὖ ὖ

Gauge 

Pressure 

Sensor
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How to apply principle 2 to design digital 

measurement and sensing systems for fluid 

level?
u Fluid level 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
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Fluid Level/

Capacitance

Conversion

Fluid Level
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How to convert fluid  level to 

capacitance?

u Two parallel plates are placed inside 

the fluid of a tank.

u Each plate is covered by a layer of 

thin -film of polymer (i.e. insulting 

materials).

u The level changes of the fluid will 

cause the changes of the 

capacitance.

Covered by polymer film
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Example of Implementation

Capacitor in Cylindrical Shape
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How to apply principle 3  to design digital 

measurement and sensing systems for fluid 

level?
u Fluid level 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
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Fluid Level/

Resistance

Conversion

Fluid Level
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How to convert fluid level to resistance?
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How to apply principle 4  to design digital 

measurement and sensing systems for fluid 

level?
u Fluid level is converted to force 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

Force/

Voltage

Conversion

Force
Voltage

Voltage

S
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Fluid Level/

Force

Conversion

Fluid Level
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How to convert fluid level to 

buoyant force?
u A floating object is placed inside a tank with 

fluid.

u The floating object is acting on a piezoelectric 

material.

u When the fluidõs level changes, the floating 

objectõs buoyant force changes. 

u Such changes are converted into voltage 

changes by the piezoelectric material.
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There are many other principles é
Å Measurement of discrete levels

Å Measurement of continuous levels
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Example of Using Vibrating Fork é
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Illustration é
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One more example é
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Remember to Do Calibration

u Curve fitting for calibration:

u Yi is produced by Xi

u Zi is computed from Yi

u Zi must be equal to Xi

True Values ὢ

Measured Values 9

*

*

*

Sensing

Calibration

Measurement

ὢ

ὣ

ὤCalibrated Values ὤ
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Remember to Do Error Analysis

u Systematic error = mean value ð true value

u Repeatability error = value with maximum error 

ð mean value 

u Accuracy = value with minimum error ð mean 

value

u Hysteresis error = |measured value in increasing 

ð measured value in decreasing|

Input voltage
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Summary

uUnderstanding of Fluid Level

uComputation of Fluid Level

uMeasurement of Fluid Level
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Outline of Module 5

u Lecture 1:

uMeasurement of Fluid Level

u Lecture 2:

uMeasurement of Flow Rate

u Lecture 3:

uMeasurement of Sound/Voice

u Lecture 4:

uMeasurement of Photometry

u Lecture 5:

uMeasurement of Geometry
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Outline

uUnderstanding of Flow Rate

uComputation of Flow Rate

uMeasurement of Flow Rate



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

Nanyang Technological University

Outline

uUnderstanding of Flow Rate

uComputation of Flow Rate

uMeasurement of Flow Rate
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Phenomenon of Fluidõs Flow
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Phenomenon of Drag Force in Flow

2

2

1
AvCF DD r=

Flow of Substance in Gas State
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Phenomenon of Drag Pressure in Flow

2

2

1
vC

A

F
P D

D
D r==

Flow of Substance in Liquid State
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Phenomenon of Continuity in Flow

Constant
2

1 2 =++ vhgP rr

Bernoulliôs Equation

(Conservation Equation)
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Definition of Volumetric Flowrate

u It refers to the displacement of fluidõs volume per unit of time. 

Av
t

DA
Q =

³
=

ὸ

ὸ

ὺ
Ὀ

ὸ

Fluid Velocity
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Definition of Mass Flowrate

u It refers to the displacement of fluidõs mass per unit of time. 

Av
t

DA

dt

dm
m r

r
=

³
==# ὸ

ὸ

ὺ
Ὀ

ὸ

mass = density x volume

Fluid Velocity
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Exercise
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Exercise
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Outline

uUnderstanding of Flow Rate

uComputation of Flow Rate

uMeasurement of Flow Rate
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Example

u As shown in the figure, the tankõs section area is 15.0 mĮ. If the 

water level increases 10.0 cm per minute, what is the volumetric 

flowrate of the inlet pipe?

u Answer: 

t

V
Q

D

D
=

s
t

hA
Q /m 025.0

0.60

1.00.15 3=
³

=
D

D
=

Change of volume
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Example

u As shown in the figure, the density of water is 1000 kg/m³. æz 

decreases 5mm/s. If the tankõs section area is 25.0 mĮ, what is 

the mass flowrate at the exit of the outlet pipe?

u Answer:

dt

dm
m=#

dt

dh
A

dt

dm
m r==#

ά ρπππςυπȢππυρςυ ËÇȾÓ

Change of mass
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Example

u As shown in the figure, the pressures at points 1 and 2 are P1 and 
P2, respectively. The section areas at points 1 and 2 are A1 and A2, 
respectively. What is the volumetric flowrate inside the pipe?

u Answer: (next slide)
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Answer

u 1. Application of continuity equation:

u 2. Application of Bernoulli Equation:

2211 vAvA =
1212 )/( vAAv =

2

22

2

11
2

1

2

1
vpvp rr +=+

r

)(2 212
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AAvAQ

-

-
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r

Volumetric Flowrate = Constant

Fluid Velocity
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Example

u As shown in the figure, vegetable oil flows inside the pipe. The density 

of the oil is 910 kg/m³. Assume that the section area A is 25 cm² while 

the section area A1 is 9 cm². If the pressure difference is 0.1 atm, what 

is the volumetric flowrate inside the pipe?

u Answer: )(
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ὗ πȢππςυπȢπππω
ς πȢρ ρπρσςυὯὫȾάȢί

ωρππȢππςυ πȢπππω

ὗ πȢππτυυÍ ȾÓ



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

Nanyang Technological University

Outline

uUnderstanding of Flow Rate

uComputation of Flow Rate

uMeasurement of Flow Rate
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Is fluidõs flow rate important?

u Without flow rate, there will be no supply systems of fluids.
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Applications of Fluid 

Supply Systems in 

Industry

Chemical Plant

Hydro Power Plant
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Applications of 

Water Supply 

Systems in Home

ÅWater Storage

ÅWater Distribution



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

Nanyang Technological University

Example of Water Supply Systems to Homes é
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When there is a supply of fluid, we need 

to monitor or charge the consumption?

u The consumption of fluids could be charged by the amounts of volumes.

u The consumption of fluid could also be charged by the amounts of masses.
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Example of Measuring Flowrates in Petrol 

Stations é
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Example of Measuring Water Consumption at 

Home é
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Example of Measuring 

Flowrates in Rivers é
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Principles of Measurement
u Principle 1: Fluids are normally electrically 

conductive. When such fluids flow under magnetic 

field, electrons could escape and travel toward the 

direction which is perpendicular to the fluidõs flow. 

The escaped electrons will build up voltage which 

can be measured.

u Principle 2:  The difference of fluid velocities inside a 

pipe will cause the pressure difference , which can be 

measured.  

u Principle 3: Heat could be injected into a pipe. The 

profile of temperature distribution inside the pipe is 

a function of flowrate. The values of temperature  

help to determine the flowrate inside the pipe.
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How to apply principle 1  to design digital 

measurement and sensing systems for fluid 

flowrate?
u Fluid flowrate is converted to voltage which is measured by digital voltmeter 

(e.g. microcontrollers).

All microcontrollers are programmable digital sensors of voltage! 

Digital

Counter

Voltage 

Synthesizer

Analogue 

Comparator

Digital

Display

Flowrate/

Voltage

Conversion

Voltage

Voltage
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Fluid Flowrate
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u A magnetic field is perpendicularly applied 
to a pipe.

u When an electrically -conductive fluid 
flows, magnetic force will be act on the 
electrons of the electrically -conductive 
fluid.

u Magnetic force will push electrons to move 
toward another direction which is 
perpendicular to both the magnetic field 
and the flow.

u The voltage built -up by these electrons 
can be measured. kdBvu=

How to convert flowrate into voltage?
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How to convert flowrate into voltage?
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How to apply principle 2  to design digital 

measurement and sensing systems for fluid 

flowrate?
u Fluid is passing through a section of special tube which creates variable 

pressures along the flow. In this way, fluid flowrate is converted to 

differential pressure 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
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How to convert flowrate into differential 

pressure (or pressure drop)?
u A Venturi  pipe is added to piping system.

u The throat of the Venturi pipe will cause a pressure difference 

which could be converted into voltage.
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Resistance to fluidôs flow

Pressure Drop
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How to convert flowrate into differential 

pressures (or pressure drop)?
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Other solutions for 

taping differential 

pressures é
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How to apply principle 3  to design digital 

measurement and sensing systems for fluid 

flowrate?
u Fluid flowrate is converted to temperature 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
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Voltage 
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How to convert flowrate into 

temperature?

u A heating element is placed 

onto a pipe together with 

two temperature sensors: 

one at upstream and the 

other at downstream.

u The profile of temperature 

distribution is a function of 

fluidõs flowrate.

Ὢὰέύ ὶὥὸὩὪЎὝ Ὕ Ὕ
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Example of Implementation é

u Heater is outside the pipe é

ὪὰέύὶὥὸὩὪЎὝ Ὕ Ὕ
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Example of Implementation é

u Heater is inside the pipe é

ὪὰέύὶὥὸὩὪЎὝ Ὕ Ὕ



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

Nanyang Technological University

Example of Implementation é

u Heater is inside the pipe é
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How to convert flowrate into temperature?
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Inlet

Outlet

h

Remember to Do 

Calibration
u Curve fitting for calibration:

u Yi is produced by Xi

u Zi is computed from Yi

u Zi must be equal to Xi

True Values ὢ

Measured Values 9

*

*

*

Sensing

Calibration

Measurement

ὢ

ὣ

ὤ

Calibrated Values ὤ

Reference

Flowrate
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Remember to Do Error Analysis

u Systematic error = mean value ð true value

u Repeatability error = value with maximum error 

ð mean value 

u Accuracy = value with minimum error ð mean 

value

u Hysteresis error = |measured value in increasing 

ð measured value in decreasing|

Input voltage
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Discussion: What is the primary purpose 

of Blood Flow Systems in Human Body?
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Discussion
u Can we consider the pulsed 

wave of human bodyõs blood 

as discrete flow?

u Can we determine the 

average of flowrate from the 

number of pulses per second? 

1. Hemoglobin absorbs lights.

2. Contracted vessel produces more reflected lights.

3. Expanded vessel produces less reflected lights.
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Summary

uUnderstanding of Flow Rate

uComputation of Flow Rate

uMeasurement of Flow Rate
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Outline of Module 5

u Lecture 1:

uMeasurement of Fluid Level

u Lecture 2:

uMeasurement of Flow Rate

u Lecture 3:

uMeasurement of Sound/Voice

u Lecture 4:

uMeasurement of Photometry

u Lecture 5:

uMeasurement of Geometry
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Outline

Processing of Acoustic Signals

u Understanding of Acoustic Signals

u Computation of Acoustic Signals

u Measurement of Acoustic Signals
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Outline

Processing of Acoustic Signals

u Understanding of Acoustic Signals

u Computation of Acoustic Signals

u Measurement of Acoustic Signals
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What is sound or voice?

uAudible acoustic signals are called sounds 

or voices.
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How to understand sound or voice?

u Sound/Voice Source

u Sound/Voice Path

u Sound/Voice Receiver

Focus on:

Sound

Production

Sound

Cognition 

and

Recognition
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Understanding Sound Sources (1)

u Mechanical vibrations cause vibrations of air. And, periodic 

vibrations of air, in return, produce sounds.



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

Nanyang Technological University

Understanding Sound Sources (2)
u Mechanical vibrations cause vibrations of air. And, periodic 

vibrations of air in return produce sounds.

Sound Sources
Sound Sources
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Understanding Sound Sources (3) 

u Sound source emits energy, which manifests in the 

form of pressure waves.

ÅCondensation

ÅRarefaction
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Understanding Sound Sources (3) 

u Sound waves are P Waves.
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Example of P Waves é

Low

Peak
High

Peak
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Understanding Sound Paths (1)

u Sound waves can come from everywhere.
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Understanding Sound Paths (2)
u Sound waves propagate in straight lines from sound 

sources, and change directions due to reflections.
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Understanding Sound Paths (3)
u When sound waves meet in space, interferences occur. Two 

basic modes of interference are 

u a) constructive interference and 

u b) destructive interference.
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Example of Sound Interferences é






































































































































































































































































































