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Outline

 Module 1: Robot’s Advanced Body

 Module 2: Robot’s Advanced Perception

 Module 3: Robot’s Advanced Planning

 Module 4: Robot’s Advanced Control
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Remember NTU’s Vision …

House of Talent

Hub of Global Impact
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Remember NTU’s Mission …

House of Talent

Builder

Hub of Global Impact
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Education is to help citizens to fulfill their missions on 

Earth, which include: to understand the world and to 

improve the world …
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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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About Course
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Why to study this course?
 Toward Using Robot Power to Create Wealth …
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How to study this 

course?
 To put yourselves into the 

mindset of designers of robots 

as products:

 Who are the users?

 What are the needs of users?

 What are your robots which 

could meet the needs of your 

users or buyers?

 What are the solutions 

behind the design of your 

robots?

Market Demands or Needs

Product Specifications

Design Specifications

Conceptual Design

Selection of Materials/Components/Devices

Embodiment Design

Prototyping

Optimizing

Production

Marketing
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What to 

Learn?

Robotics
Intelligence

&

Motion

Robot’s

Advanced 

Perception

Perception of Photometry

Perception of 2D Geometry

Perception of 3D Geometry

Robot’s

Advanced 

Body 

Mechanical Systems

Control Systems

Programming Systems

Robot’s

Advanced

Control

Dynamics under Control

Control in Joint Space

Control in Task Space

Robot’s

Advanced

Planning

Task Planning

Action Planning

Motion Planning

Roadmap of Learning:

Q1: What is the energy 

flow?

Q2: What is the signal 

flow?

Q3: What is the 

knowledge flow?

Q4: What is the 

relationship between 

energy flow and signal 

flow?

Q5: What is the 

relationship between 

signal flow and 

knowledge flow?

1. One Machine

2. Two Capabilities

3. Three Benefits

4. Four Pillars

Key Take-aways

Key Take-aways

Key Take-aways

Key Take-aways

1

4

2

3
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Robot Control
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Desired

Motions

How to Apply?

Robot Intelligence

• Talking

• Seeing

• Reading

• Thinking

• Learning

Robot Body

How to program motions?

How to perform motions?

How to control motions?

How to simulate motions?

How to simulate motions?

Application

Domains
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Terminology Alert

 Advanced Robotics is about the study of advanced 

robots which could perform tasks in some intelligent 

ways.

 Advanced Robot is a machine which has 

 two capabilities (automatic control and autonomous 

control), 

 three benefits and 

 four pillars.
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Today’s Lectures …

 Module 1: Robot’s Advanced Body

 Module 2: Robot’s Advanced Perception

 Module 3: Robot’s Advanced Planning

 Module 4: Robot’s Advanced Control
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Robot’s Advanced Body

MA4825 Robotics

Xie Ming, PhD (France)

http://personal.ntu.edu.sg/mmxie

Module 1
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Outline of Module 1

 Robot Systems

 Robot’s Mechanical Systems

 Robot’s Control Systems

 Controllers

 Actuators

 Sensors

 Robot’s Programming Systems

What to design?
• The best systems in the universe 

are static systems

• Most systems in the universe are 

dynamic systems

• Our goal is to make dynamic 

systems to be closer to static 

systems
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Outline of Module 1

 Robot Systems

 Robot’s Mechanical Systems

 Robot’s Control Systems

 Controllers

 Actuators

 Sensors

 Robot’s Programming Systems

What to design?
• The best systems in the universe 

are static systems

• Most systems in the universe are 

dynamic systems

• Our goal is to make dynamic 

systems to be closer to static 

systems
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Design, Machine, Control, Intelligence

Robot Systems

MA4825 Robotics

Xie Ming, PhD (France)

http://personal.ntu.edu.sg/mmxie

Module 1

Lecture 1
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Outline of Lecture 1

Systems

Robot Systems

Performance of Robot Systems

Design of Robot Systems
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Outline of Lecture 1

Systems

Robot Systems

Performance of Robot Systems

Design of Robot Systems
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Definition of System

 A system is a set of entities which are 

interconnected and act together for 

achieving common goals or outcome.
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Name five systems that you know

 1

 2

 3

 4

 5
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Characteristics of Systems

A system has input.

A system has responses.

A system has transfer function.
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Illustration of Systems without Error 

Control (i.e. Open-loop Systems)

Transfer FunctionInput Response
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Illustration of Systems with Error Control 

(i.e. Closed-loop Control Systems)

SystemController

Sensor

+
-

Input ResponseError

This is a system which responds to error
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Characteristics of Systems’ Responses

 Transient Responses:

 Transition from one steady-state response to 

another steady-state response.

 Steady-state Responses:

 Output which stabilizes at steady states.

Static systems only have steady-state responses
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Illustration of Systems’ Responses
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Performance of Dynamic Systems

 Stability

 Response Time

 Response Accuracy

Static Systems:

• 100% stable

• Zero response time

• 100% accurate

Dynamic Systems:

• 100% stable: Possible

• Zero response time: Not possible

• 100% accurate: Possible
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Illustration of Stability

In time domain, stability means bounded-input bounded output
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Illustration of Response Times

 Rise Time

 Peak Time

 Settling Time

𝑡𝑟

𝑡𝑝
𝑡𝑠

𝑦(𝑡)

𝑡

5%

2%

Error Bands



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

School of Mechanical & Aerospace Engineering

Illustration of Response Accuracy
 Error Band: 2%

 Error Band: 5%

 etc
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Outline of Lecture 1

Systems

Robot Systems

Performance of Robot Systems

Design of Robot Systems
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Definition of Robot System

 A robot system is a set of modules which are 

interconnected and act together for achieving 

common goals such as:

 Imitating the skills of human beings

 Imitating the intelligence of human beings
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Example: Robot Systems for Welding
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Example: Robot Systems for Handling 
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Example: Robot Systems for Palletizing
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Example: Robot Systems for Welding
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Inputs to a Robot’s System

Robot

System

Task

Action

Motion

Signal

Energy
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Responses from a Robot’s System

Robot

System

Task

Description

Action

Description

Motion

Signal

Energy Energy

Signal

Motion

Action

Task
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The inside of a robot’s system consists 

of a set of subsystems such as

 Mechanical system

 Control system

 Programming system

 Power system

 Communication system

 Vision system

 Speech system

 etc
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1. Mechanical System of Robot

 It consists of links and joints. A joint could be a pivoting joint, 

axial joint, or prismatic joint.

Prismatic JointPivoting Joint

Pivoting Joint

Pivoting Joint



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

School of Mechanical & Aerospace Engineering

Example of Robot Arm with Revolute Joints
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Example of Robot Arm with Revolute Joints
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Application of Quaternion for Motion Analysis

 Euler Equation:

 Unit Vector of Rotation Axis:

 Angle of Rotation:

 Hamilton Equation:

 Equation of Rotation:

𝑒𝑗𝜔 = cos 𝜔 + 𝑗 𝑠𝑖𝑛(𝜔)

𝑞 = 𝑒𝜃 Ԧ𝑟 = cos 𝜃 + sin(𝜃) Ԧ𝑟

Ԧ𝑟 = 𝑟𝑥𝑖 + 𝑟𝑦𝑗 + 𝑟𝑧𝑘

𝜃

Ԧ𝑣𝑎𝑓𝑡𝑒𝑟 = 𝑞 Ԧ𝑣𝑏𝑒𝑓𝑜𝑟𝑒 = [cos 𝜃 + sin 𝜃 Ԧ𝑟] Ԧ𝑣𝑏𝑒𝑓𝑜𝑟𝑒

𝑖

𝑗

𝑘
𝑖2 = −1

𝑗2 = −1

k2 = −1

ijk = −1

Ԧ𝑟

Ԧ𝑣

Unit Vector of 

Rotation Axis

Generalized Euler Equation: Equation of Unit Quaternion

Any vector
𝑗 = −1



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

School of Mechanical & Aerospace Engineering

Example of SCARA Robot

Prismatic Joint

Pivoting Joint

Pivoting Joint

Axial Joint
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2. Control System of Robot

 It consists of actuators, sensors, and controllers.

Motor Motor Motor Motor Motor
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3. Programming System of Robot

 It consists of programmable brain, software tools and teachable 

mind.
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Outline of Lecture 1

Systems

Robot Systems

Performance of Robot Systems

Design of Robot Systems
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Three Criteria for Judging Performance

 Stability

 Response Time

 Response Accuracy



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

School of Mechanical & Aerospace Engineering

1. Stability of Robot Systems

 A robot is stable as long as it maintains its 

position and orientation in the presence of 

external forces or induced forces.
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Example of Robots with Weak Stability
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Example

 A humanoid robot kicks off a 
ball and stands with the 
support of a single leg. What 
is the condition of stability in 
this case?

 Answer:

 The robot is stable if the 
projection of its centre of 
gravity (CG) onto the ground 
is within the area of the 
supporting leg’s foot.
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Example
 A mobile robot’s mass is 20.0 kg. Its centre of gravity is located at 

the centre of the robot’s body and is 0.3 meters above the 

ground. The distance between its left wheels and right wheels is 

0.5 meters. The robot moves along a circular path. And, the 

radius of the circle followed by the outer wheel is 1.5meters. 

What is the maximum circular speed that the robot could reach 

before it becomes unstable?

 Answer:

25.03.0
5.1

3.0
2

= mg
v

mFc

m/s 
3.0

8.95.125.0 
v

R=1.5m
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2. Response Time of Robot System

 It is the time for a robot to complete a motion.
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Example

 A single axis robot has the maximum acceleration of +/- 5.0 cm/s2. 

Before it moves, the robot is at rest. What is the shortest response 

time for it to travel 20.0 cm and stop?

Z
X

O
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Solution
 Analysis:

 Place X axis at the position before motion: z(0) = 0.0cm

 Maximum acceleration: (+/-) 5.0 cm/s2

 Travelled distance:  z(T) = 20.0cm

 To determine the shortest response time: T

Z
X

O

z(0)

z(T)
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Solution
 Step 1: Design of Trajectory of Shortest Response Time

 Speed-up Motion: from 0.0 to T/2 (seconds)

 Slow-down Motion: from T/2 to T (seconds)

Time

T
T/2

amax -amax

)(tz
dt

d
Z

X

O

z(0)

z(T)



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

School of Mechanical & Aerospace Engineering

Solution (continued)
 Step 2: Trajectory for speed-up motion: [0, T/2]

2

max
2

1
)0.0()( taztz =−

tatavtv maxmax)0.0()( =+=

Time

T
T/2

amax -amax

)(tz
dt

d
Z

X

O

z(0)

z(T)



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

School of Mechanical & Aerospace Engineering

Solution (continued)
 Step 3: Trajectory for slow-down motion: [T/2, T]

2

max )2/(
2

1
)2/)(2/()2/()( TtaTtTvTztz −−−=−

2

8

5
)2/( TTz =

TTaTv
2

5
2/)2/( max ==

TimeT
T/2

amax -amax

)(tz
dt

d
Z

X

O

z(0)

z(T)



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

School of Mechanical & Aerospace Engineering

2

max )2/(
2

1
)2/)(2/()2/()( TtaTtTvTztz −−−=−

2

8

5
)2/( TTz =

TTaTv
2

5
2/)2/( max ==

222 )2/(
2

5

4

5

2

5

8

5
)( TtTt

T
Ttz −−−=−

Z
X

O

z(0)

z(T)
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Solution
 Step 4:  Shortest Response Time

2222 )2/(
2

5

4

5

2

5

8

5
)( TTTTTTz −−−=−

20 −
5

8
𝑇2 =

5

4
𝑇2 −

5

8
𝑇220 −

5

8
𝑇2 =

5

4
𝑇2 −

5

8
𝑇2

𝑇2 = 16

𝑇 = 4 s

222 )2/(
2

5

4

5

2

5

8

5
)( TtTt

T
Ttz −−−=−

Z
X

O

z(0)

z(T)
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3. Response Accuracy of Robot System

 It is the maximum error when a robot 

repeatedly performs a same motion.
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Example

 A SCARA robot has the following geometrical parameters: L1 = 30.0 (cm) 

and L2 = 25.0 (cm). The angular accuracy of joint 1 is ± 0.01 degrees, and 

the accuracy of joint 2 is ± 0.02 degrees. What is the accuracy of Y 

coordinate of joint 4 with respect to the robot’s base?

Y

Z

X L1 L2

1x

1z

1y

2y

2x

2z

4,3y

4,3x

4,3z

Y

Z

X

Link L1

Link L2

o

Joint 4
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Solution

 Analysis

 The error of joint 4’s Y coordinate will be the largest one when joint 

1’s angle is 90 degrees while joint 2’s angle is zero degree.

 The error of joint 4’s Y coordinate is a function of angles of joint 1 

and joint 2.

Y

Z

O

L1
L2

1 2

X
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Solution (continued)
 Step 1: Illustration

Y

X

O
L1

L2
1

1

𝑌4

Y

X

O
L1

L2
1

21  +

𝑌4

Orientation of Link 1

Orientation of Link 2
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Solution (continued)

 Step 2: Equation of Coordinate

𝑦4 = 𝐿1 cos( 𝜃1) + 𝐿2 cos( 𝜃1 + 𝜃2)

Y

X

O
L1 L21

21  +

𝑌4

Orientation of Link 1

Orientation of Link 2

𝑑𝑦4

𝑑𝑡
= −𝐿1 sin( 𝜃1)

𝑑𝜃1

𝑑𝑡
− 𝐿2 sin( 𝜃1 + 𝜃2)(

𝑑𝜃1

𝑑𝑡
+

𝑑𝜃2

𝑑𝑡
)
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Solution (continued)

 Step 3: Equation of Errors

Y

X

O
L1

L2
1

2
21  +

4y

Δ𝑦4 = −𝐿1 sin( 𝜃1)Δ𝜃1 − 𝐿2 sin( 𝜃1 + 𝜃2)(Δ𝜃1 + Δ𝜃2)

𝑑𝑦4

𝑑𝑡
= −𝐿1 sin( 𝜃1)

𝑑𝜃1

𝑑𝑡
− 𝐿2 sin( 𝜃1 + 𝜃2)(

𝑑𝜃1

𝑑𝑡
+

𝑑𝜃2

𝑑𝑡
)
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Solution

 Step 2: Accuracy or Maximum Error of Joint 4’s Y Coordinate

Δ𝑦4 = −𝐿1 sin( 𝜃1)Δ𝜃1 − 𝐿2 sin( 𝜃1 + 𝜃2)(Δ𝜃1 + Δ𝜃2)

Worse Case: joint 1’s angle is ±90 degrees while joint 2’s angle is zero degree

Δ𝑦4 = ±𝐿1Δ𝜃1 ± 𝐿2 (Δ𝜃1 + Δ𝜃2)

Δ𝑦4 = ±30.0 × 0.01
𝜋

180
± 25.0 × 0.03

𝜋

180

Δ𝑦4 = ±0.0018 (𝑐𝑚)
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Outline of Lecture 1

Systems

Robot Systems

Performance of Robot Systems

Design of Robot Systems
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Design Procedure Users or Needs

Product Functionalities

Design Specifications

Conceptual Design

Selection of Materials/Components/Devices

Embodiment Design

Prototyping

Optimizing

Production

Marketing
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Design of Robot’s 

Mechanical System

 Design of Appearance

 Design of Mechanism

 Design of Structure
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Design of Robot’s 

Control System

 Design of Input Devices

 Design of Output Devices

 Design of Control Devices
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Design of Robot’s 

Programming System

 Design of Programmable Brain

 Design of Software Tools

 Design of Teachable Mind
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Summary of Lecture 1

Systems

Robot Systems

Performance of Robot Systems

Design of Robot Systems
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Outline of Module 1

 Robot Systems

 Robot’s Mechanical Systems

 Robot’s Control Systems

 Controllers

 Actuators

 Sensors

 Robot’s Programming Systems

What to design?
• The best systems in the universe 

are static systems

• Most systems in the universe are 

dynamic systems

• Our goal is to make dynamic 

systems to be closer to static 

systems
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Design, Machine, Control, Intelligence

Robot’s Mechanical Systems

MA4825 Robotics

Xie Ming, PhD (France)

http://personal.ntu.edu.sg/mmxie

Module 1

Lecture 2
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Outline of Lecture 2

Design of Link

Design of Joint

Design of Mechanism
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Outline of Lecture 2

Design of Link

Design of Joint

Design of Mechanism
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Definition of Links

 A link is a rigid body which has two extremities 

and is for the purpose of:

 Connecting to other link at each extremity.

 Housing components such as actuators, 

sensors, speed-reducers, motion transmission 

devices, cables, and appearance panels, etc.

 Connecting to tools or end-effectors.

 Performing motions such as translational 

motions or rotational motions.
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Design Example of Links

 There is no specific guideline. 
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Design Example of Rotational Links

Supporter Link

Follower Link

Link 1

RP: Rocker Phalanx
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Design Example of Translational Links
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Link’s Components: Extremities

 A link has two extremities. 

 The one which is to be connected to a supporter 

link is called the proximal extremity. 

 The one which is to be connected to a follower 

link is call the distal extremity. 

Follower Link

Supporter Link

Proximal 

extremity
Current Link

Distal 

extremity
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Link’s Length

 The length of a link is the distance between its two extremities.

L2

L1

L3
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Link’s Motion Axis

 A link is a rigid body which is able to undergo either translational 

motion or rotational motion. 

 The axis, which constraints a link’s motion, is called the motion 

axis of a link.

Link 1

Link 2
Link 3

Motion Axis of Link 1
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Example of Link’s Motion Axes

Link 1

Motion Axis of Link 1

Link 2

Motion Axis of Link 2

Link 3

Motion Axis of Link 3
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Link’s Coordinate System

 A link is a rigid body which must be assigned with 

a coordinate system in order to represent the 

link’s position and orientation. Such a coordinate 

system is called the coordinate system of a link. 

 In robotics, a link’s coordinate system is placed 

at the link’s distal extremity, instead of proximal 

extremity. 

0X

0Y

0Z
0O

1
X

1
Y

1
Z 1

O
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Example of Links’ Coordinate Systems

Link 1

Link 2
Link 3

Motion Axis of Link 1

1x

1y

1z

2y

2x

2z

3y

3x

3z
Joint 1

Joint 2 Joint 3

Hand
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Example of Links’ Coordinate Systems

Base

1

2

i

n

Base

1

2

i

n

0x 0z

0y

1z 1y
1x

2x

2z

2y

ix

iz

iy

nx

nz

ny

What are the transformations between two adjacent coordinate systems?
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Link’s Kinematic Parameters

Table of Denavit-Hartenburg Parameters

Four Motions to Align Two 

Coordinate Systems Together

• Rotation about Z axis

• Translation along Z axis

• Rotation about X axis

• Translation along X axis

𝜃𝑖

𝑑𝑖

𝛼𝑖

𝑎𝑖
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Link’s Transformation Matrix

Table of Denavit-Hartenburg Parameters

𝐿𝑖−1,𝑖(𝜃𝑖) = 𝑇𝑖−1(𝑥, 𝑎𝑖)𝑅𝑖−1(𝑥, 𝛼𝑖)𝑇𝑖−1(𝑧, 𝑑𝑖)𝑅𝑖−1(𝑧, 𝜃𝑖)

(Note: All are 4x4 homogeneous transformation matrices)

Pose of Link i with respect to Link i - 1

• Rotation about Z axis

• Translation along Z axis

• Rotation about X axis

• Translation along X axis

𝜃𝑖

𝑑𝑖

𝛼𝑖

𝑎𝑖
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Outline of Lecture 2

Design of Link

Design of Joint

Design of Mechanism
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Definition of Joints
 A joint consists of two rigid bodies 

which can undergo relative motions 

such as translational motions or 

rotational motions.

Supporter Link

Follower Link

Three types of joints:

• Link Joints

• Torque Joints

• Power Joints
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Classification of Joints According to 

Motion Types

 Prismatic Joints

 The two rigid bodies undergo relative linear 

motions.

 Revolute Joints

 The two rigid bodies undergo relative angular 

motions.
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What are the output from Joints?

Answer:

 All motions involve mechanical energy.

 The output from a joint is mechanical energy, which can be described by 

mechanical power. Such power is called the power of a joint.

vFPlinear •=

 •=rotationP
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Classification of Joints According 

to Energy Flow

 Power Joints

 Joint devices which are the sources of mechanical 
power.

 Torque Joints

 Joint devices which amplify the output torques.

 Link Joints

 Joint devices which constrain the motion between two 
adjacent links.
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Design Example of Link Joint (1)

Rigid Body 1

Rigid Body 2
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Design Example of Link Joint (2)

Link 1

Link 2
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Design Example of Link Joint (3)

Rigid Body 1

Rigid Body 2

Ball Screw

Ball Screw
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Design Example of Link Joint (4)
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Design Example of Torque Joint (1)
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Design Example of Torque Joint (2)
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Design Example of Torque Joint (3)
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Design Example of Torque Joint (4)
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Design Example of Torque Joint (5)
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Example of Torque Joint: Harmonic Drive

Rigid Body 1

Rigid Body 2

Rigid Body 1’

The difference between the teeth of circular spline and

 the teeth of flexible spline is two.

One full rotation of Rigid Body 1 will make Rigid Body 1’ to rorate 2 teeth.

What is the speed reduction ratio?

Input Shaft

Output Shaft
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Working Principle of Harmonic Drive

k
k in

ininin


 = inout k =
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Design Example of Power Joint (Lecture 4)

Rigid Body 1

Rigid Body 2

=P
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Design Schemes of Robotic Joints

 Scheme 1: 

 Power Joint + Link Joint

 Scheme 2: 

 Power Joint + Torque Joint +  Link Joint

 Scheme 3: 

 Power Joint + Transmission + Torque Joint +  

Link Joint
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Design Example of Robotic Joint (1)

Link

Torque Joint

Link Joint of Ankle Roll

Link Joint of Ankle Pitch

Power Joint 
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Design Example of Robotic Joint (2)
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Design Example of Robotic Joint (3)
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Example of Motor Sizing

 A prismatic link joint carries a payload of 3.0 kg in a vertical 

direction. The kinetic frictional force of the joint is 0.5 N. If the 

payload moves up at a speed of 3.5 cm/s, what is the output 

power from the power joint?

 Answer:

M=3.0kg

NNmgFF k 9.298.90.35.0 =+=+=

 W029.1035.09.29 === vFPlinear
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Outline of Lecture 2

Design of Link

Design of Joint

Design of Mechanism
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Definition of Mechanism

 A mechanism is a set of links which are 

interconnected by joints, and could 

undergo relative motions.

Base

1

2

i

n

Link

Joint

Tool
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Example of Designing Robot Mechanism
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Mechanism

Robot arm’s mechanism is also called as 

kinematic chain which has input and output

What are the input motions?

What are the output motions?
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Input Motion of Robot Mechanism

 The motions of the joints inside a mechanism are 

the input motion of the mechanism. 
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Example of Mobile Base

 What are the input motions which drive the mobile robot below? 

1 2

43

),,,(    

:istor motion vecinput  The

4321 

1 2

3 4



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

School of Mechanical & Aerospace Engineering

Output Motion of Robot Mechanism

 The motions of a tool attached to the mechanism 

are the output motions.

Output

Motion
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What is Kinematics of Robot Mechanism?

 It is the study of mechanisms’ motions without 

consideration of force and torque.

 The study of output motion as functions of input 

motion in a mechanism is called forward kinematics.

 The study of input motion as functions of output 

motion in a mechanism is called inverse kinematics.
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Robot’s Forward Kinematics

Base

1

2

i

n

Base

1

2

i

n

0x 0z

0y

1z 1y
1x

2x

2z

2y

ix

iz

iy

nx

nz

ny

𝐿0,𝑛 q = 𝐿0,1 𝜃1 𝐿1,2 𝜃2 … 𝐿𝑛−1,𝑛(𝜃𝑛)

Pose of Link n with respect to Link 0 or Base Link

𝑞 =

𝜃1

𝜃2…
𝜃𝑛−1

𝜃𝑛

Vector of

Generalized

Coordinates
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Example of Forward Kinematics

 A planar arm manipulator has three joints and three links. The 

first joint angle is between axes X0 and X1. The second joint angle 

is between axes X1 and X2. The third joint angle is between axes 

X2 and X3. If the three joint angles are (110.0, -80.0, -45.0) 

degrees, what are the X and Y coordinate of O3?

 Answer:

0x

0y

1y

1x

2x
2y 3y

3x

1l

2l 3l

0o

1o

2o
3o)cos()cos()cos( 3213212113  +++++= lllxo

)sin()sin()sin( 3213212113  +++++= lllyo

)15cos()30cos()110cos( 0

3

0

2

0

13 −++= lllxo

)15sin()30sin()110sin( 0

3

0

2

0

13 −++= lllyo
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Robot’s Jacobian Matrix

𝐿0,𝑛 q = 𝐿0,1 𝜃1 𝐿1,2 𝜃2 … 𝐿𝑛−1,𝑛(𝜃𝑛)

Pose of Link n with respect to Link 0 or Base Link

Velocity of Link n’s Pose = J x Velocity of Generalized Coordinates
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What is Dynamics of Robot Mechanism?

 It is the study of mechanisms’ motions in relationship 
with force and torque.

 The study of output motion as functions of applied 
force and torque in a mechanism is called direct 
dynamics.

 The study of force and torque as functions of output 
motion in a mechanism is called inverse dynamics.
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Example of Forward Dynamics

 A prismatic link joint carries a payload of 3.0 kg in a vertical direction. 

The kinetic frictional force of the joint is 0.5 N. If the acting force from 

the link joint is 35.0 N, what is the acceleration of the payload?

 Answer:

M=3.0kg

𝐹 = 𝐹𝑎𝑐𝑡𝑖𝑛𝑔 − 𝐹𝑘 − 𝑚𝑔 = 35.0𝑁 − 0.5𝑁 − 3.0 × 9.8 = 5.1𝑁

𝑎 =
𝐹

𝑚
=

5.1

3.0
= 1.7 𝑚/𝑠2
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Summary of Lecture 2

Design of Link

Design of Joint

Design of Mechanism
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Outline of Module 1

 Robot Systems

 Robot’s Mechanical Systems

 Robot’s Control Systems

 Controllers

 Actuators

 Sensors

 Robot’s Programming Systems

What to design?
• The best systems in the universe 

are static systems

• Most systems in the universe are 

dynamic systems

• Our goal is to make dynamic 

systems to be closer to static 

systems



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

School of Mechanical & Aerospace Engineering

Design, Machine, Control, Intelligence

Robot Controllers

MA4825 Robotics

Xie Ming, PhD (France)

http://personal.ntu.edu.sg/mmxie

Module 1

Lecture 3
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Outline of Lecture 3

Basics of Controller

Design of Memory

Design of ALU

Design of Digital IO
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Outline of Lecture 3

Basics of Controller

Design of Memory

Design of ALU

Design of Digital IO
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Example of Use of Human Brain/Mind

 Person A tells person B: “Please read this question carefully and 

give me the answer: what is the sum of 6 + 9?”. Explain the 

mental activities of person B when she or he reads the question 

and produce the answer.

 Answer:

Person B Person A

What is the sum 

of 6 + 9?

1. Read and store the question

2. Interpret the meaning of instruction “+”

3. Read the operand 6

4. Read the operand 9

5. Do arithmetic operation of “add”

6. Store the result “15”

7. Synthesize the answer “The sum is 15”

8. Pronounce the answer

9. Wait and listen to the reply from person A
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Blueprint of Human Brain

Cerebrum

Cerebellum

(Control Unit)
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Characteristics of Human Brain and Mind

 Is able to memorize past, present and future

 Is able to capture input data 

 Is able to undertake operations with numbers

 Is able to undertake operations with numbers/symbols

 Is able to produce output data

 Is able to control mental operations

 Is able to control physical actions

 Is able to communicate

 Is able to learn human languages

 Is able to learn machine languages

 Is able to learn new knowledge and new skills, etc. 
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Does a robot need to have a brain/Mind?
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Example of Use of Robot Brain and Mind

 Person A asks robot B the following question: “Is it lunch time 

now?”. Explain the mental activities of robot B when it prepares 

the reply.

 Answer: 

1. Read the current time T

2. Compare it with 12h00

3. If T > 12h00, compare it with 14h00

4. If 14h00 > T > 12h00, reply “yes”

5. Otherwise, reply “not yet” 
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Blueprint of Robot Brain

Control Unit
Memory 

Unit
ALU

Instruction 

Set

Bank of 

Registers

Bank of 

Timers

RAM

ROM

EPROM

Instructions

Data

Addresses

Arithmetic 

Operations

Logic 

Operations

Input Unit

Output Unit

Data

Instructions

Signals

Interrupts

Data

Instructions

Signals

Interrupts

Data BusAddress Bus Signal Lines



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

School of Mechanical & Aerospace Engineering

Characteristics of Robot Brain and Mind

 Is able to memorize data (to use) and instructions (to do)

 Is able to capture input data 

 Is able to undertake arithmetic operations with numbers

 Is able to undertake logic operations with numbers/symbols

 Is able to produce output data

 Is able to control mental operations

 Is able to control physical actions

 Is able to communicate

 Is able to learn human languages (future)

 Is able to learn machine languages (future)

 Is able to learn new knowledge and new skills, etc. (future)
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Key Modules 

of Robot 

Controller

Robot

Controller

Input Unit
1. Digital Device Interface

2. Analogue Device Interface

3. Asynchronous Communication

4. Synchronous Communication

5. Digital Motion Sensor Interface

Central Unit

1. CPU/Architecture

2. Registers/Memories

3. Instructions

4. Programming

Output Unit
1. Digital Device Interface

2. Asynchronous Communication

3. Synchronous Communication

4. Digital Actuator Interface

5. Digital Motor Interface

Outflow of DataInflow of Data

1. Computation

2. Memorization
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Extended Version of Robot Controller

Brain 1 Brain 2
Sensor

MotorOutputInput

Digital 

Data

Analogue 

Data
Digital 

Data

Analogue 

Data
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How to use robot

controller?
 Configure Control Registers

 Clear/Monitor Status Registers

 Read/Write Data Registers

 Instructions:

 MOV <address of destination>, <source of value>

 LDR <address of destination>, <source of value>

 STR <source of value>，<address of destination>

Word = 2 Bytes
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Standard Devices to Serve as Robot 

Controller: Cortex M Series



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

School of Mechanical & Aerospace Engineering

Outline of Lecture 3

Basics of Controller

Design of Memory

Design of ALU

Design of Digital IO
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Binary Number Systems

Binary Values

 1 (Logic High)

 0 (Logic Low)

Implementation

 +5 V (Logic High)

 0 V (Logic Low)

Time

Value

0

1
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Binary Logic Operations
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Binary Logic Devices
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Example: NOT

AOUT =
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Example: AND
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Example: OR
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Example: XOR
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Example: XNOR
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Register: Single Bit Device

Clock
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Register: 8-Bit Shift Register

Right Shift

Left Shift

MSBLSB
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Register: 8-Bit Register (One Byte)
0D 0Q

1D 1Q

2D 2Q

3D 3Q

4D 4Q

5D 5Q

6D 6Q

8D 7Q

Clock

(Address)
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Example of 8-Bit Register (One Byte)
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RAM: Single Bit Static RAM

 Write Operation

 “Write” line is in logic high.

 Transistor Tr1 is on.

 Q = D 

 Read Operation

 “Read” line is in logic high.

 Transistor Tr5 is on.

 B = 1 - Q

Q Q
D B

(Address)

Write Read

1-Bit

RAM

Write Read

D B
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RAM: Single Bit Dynamic RAM

 Write Operation

 “Write” line is in logic high.

 Transistor Tr1 is on.

 Q = D 

 Read Operation

 “Read” line is in logic high.

 Transistor Tr3 is on.

 B = 1 - Q

D

Q

Q

B

1-Bit

RAM

Write Read

D B
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RAM: 8-Bit RAM (One Byte)

1-Bit

RAM

Write Read

7D 7B 1-Bit

RAM

Write Read

6D 6B 1-Bit

RAM

Write Read

0D 0B

……
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Blueprint of Memory Unit
 A memory unit consists of a set of bytes. Each byte has eight bits. 

Each bit has one memory cell for read and write operations.

……

……
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Input to Memory Unit
 Input of memory unit includes: a) address of a byte, and b) data 

of one or more bytes. 

……

……

Na
Address Bus

Nd
Data Bus
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Example

 A memory unit’s address bus has 64 bits. Hence, Na = 64. What is 

the maximum number of bytes that the memory unit could have?

 Answer:

 The maximum number of bytes is: ……

……

Na
Address Bus

1010103464 22222 =

37095516161844674407264 =
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Output from Memory Unit
 The output from memory unit is data of one or more bytes.

……

……

Na
Address Bus

Nd
Data Bus
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Example
 A memory unit’s address bus has 64 lines. And, its data bus has 32 

lines. Hence, Na = 64 and Nd = 32. At one time, how many bytes 

could the memory unit read or write?

 Answer:

 At one time, 32/8 = 4 bytes could be read or written.

……

……

Na
Address Bus

Nd
Data Bus
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Activities of Writing Programs Include 

“Management of Memory?

Values of Data

 int x, y, z ;

 x = 10.0 ;

 y = 5.0 ;

 z = x + y ;

Values of Addresses

 int  *x,  *y,  *z, a, b, c ;

 x = &a;   *x = a;

 y = &b;   *y =  b;

 z = &c ;   *z = c;

An ampersand is a logogram "&" representing the conjunction word "and“. 

In C, it means the address of a variable. 
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Activities of Writing Programs Include 

“Management of Computation?
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Outline of Lecture 3

Basics of Controller

Design of Memory

Design of ALU

Design of Digital IO
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Blueprint of ALU

Arithmetic

Module

Logic

Module

MUX

Operand 1

Operand 2

Result

Result

Result
Opcode Status

Status

Status Register
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Design Example of 8-Bit ALU

Opcode Sum
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Working Principle of ALU

Status Register
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Input of ALU

 Operand A

 Operand B

 Opcode

 Add

 Subtraction

 Multiplication

 Division

 Pass, Not, And, Or, Xor

 Status (e.g. carry bit)
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Output of ALU

 Result Y

 Status flag bits

 Overflow

 Carry

 Negative

 Zero

Arithmetic Operations + Logic Operations
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Example of Arithmetic Operation: 

1-bit Half Adder

Sum
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Design of Arithmetic Operation:

1-bit Full Adder
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Example of 

Arithmetic 

Operation:

8-bit Full Adder
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Examples of Logic Operations
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Outline of Lecture 3

Basics of Controller

Design of Memory

Design of ALU

Design of Digital IO
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Input to Robots

Tasks

Instructions

Commands

Symbols

Signals

Data

Visual Audio Others
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Output from Robots

Tasks

Instructions

Commands

Symbols

Signals

Data

Visual Audio Others

Symbols

Signals

Data

Visual Audio Others

Motions

Input and Output (IO) Unit

Robots are machines which perform tasks through motion execution
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Representation of Digital Signals

 Time Series of 1s and 0s

 Time Series of Squared Waves

Time

Value

0

1



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

School of Mechanical & Aerospace Engineering

Events of Digital Signals

 Rising Edge

 Falling Edge

 Level of Logic High

 Level of Logic Low

Time

Value

0

1 Logic High

Logic low

Rising Edge Falling Edge
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Signal Lines of 

Digital Signals

 They are physical wires which 

transmit digital signals from 

one end to another end.

Device 1 Device 2

7

6

5

4

3

2

1

0



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

School of Mechanical & Aerospace Engineering

Definition of 

Digital Output
 When a device sends out a series of 

digital signals through signal lines, 

such operation is called Digital 

Output. 

Device 1 Device 2

7

6

5

4

3

2

1

0
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Definition of 

Digital Input
 When a device receives a 

series of digital signals from 

signal lines, such operation 

is called Digital Output. 

Device 1 Device 2

7

6

5

4

3

2

1

0
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Tristate Devices

Device 1 Device n

7

6

5

4

3

2

1

0

Device 2 ……

 A signal line is only at one voltage at any 

given time.

 If more than two devices are sharing a same 

signal line, these devices must have a third 

state which is the state of high impedance.

 A device, which can output 1, 0 or high 

impedance to signal lines, is called a tristate 

device.
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Schmitt Filters or 

Triggers
 Digital signals can be contaminated 

by noises due to various reasons.

 The input of digital signals at the 

receiver must have the ability to 

filter out the noises. One type of 

devices for such purpose is called 

Schmitt Filter or Trigger.

Device 1 Device 2

7

6

5

4

3

2

1

0
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Principle of Schmitt Filter

high. logic isoutput   then the, If maxvvin 

maxv

minv

inv

outv

low. logic isoutput   then the, If minvvin 
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Design Solutions of Digital IO Unit
 Input or output of series of bits with synchronization clock

 Synchronous Serial Input or Output

 Input or Output of series of bits without synchronization clock

 Asynchronous Serial Input or Output

 Input or output of series of bytes with synchronization Pulse

 Synchronous Parallel Input or Output

 Input or output of series of bytes without synchronization Pulse

 Asynchronous Parallel Input or Output
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Working Principle of Synchronous 

Serial Input (or Output)

 The input unit consists of 

 Shift Register

 Data Register

 Control Registers

 Status Registers

 Data Line

 Clock Line

 Frame sync signal sends start-pulse which tells the clock line to produce eight 

clock pulses.

 Each clock pulse causes one bit to be shifted into the receiver (e.g. Robot B).

 Frame sync signal sends stop-pulse, the content of the shift register is copied 

to data register.

Input

Unit

Output

Unit

Robot A Robot B

Frame Sync Signal
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Application of SPI 

and I2C 

Robot A

Robot A

Robot B

Robot B

The Serial Peripheral Interface (SPI) is a synchronous serial communication interface specification used for 

short-distance communication, primarily in embedded systems.
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Working Principle of Asynchronous 

Serial Input (or Output)

 The input unit consists of 

 Shift Register

 Data Register

 Control Registers

 Status Registers

 Data Line

 One byte is formatted with additional bits such as start bit, stop bits and 
parity bit.

 Transmitter and receiver are configured to be running at a same frequency 
of clock.

 The communication is initiated by transmitter and is triggered by the start 
bit.

 The start bit wakes up the receiver which will receive the series of bits 
until the last stop bit. The data is then copied into the data register.

Robot A Robot B

startbstopb

parityb
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Example of 

Using ASCII 

Code
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Application for Long-distance Communication

A serial communications interface (SCI) is a device that enables the serial (one bit at a time) exchange of 

data between a microprocessor and remote peripherals such as printers, external drives, scanners, or mice.

https://whatis.techtarget.com/definition/serial
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Comparison between SCI and SPI

SCI

SPI
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Working Principle of Synchronous Parallel 

Input (or Output)
 The input unit consists of 

 Data Register

 Control Registers

 Status Registers

 Input Port (8 pins, 1 byte)

 Strobe Lines

 If Receiver initiates the communication, it first indicates that Receiver 
is ready to input one byte. Transmitter then sends one byte to data 
bus and indicates that one byte is ready to be read. Receiver inputs 
one byte from data bus. (Suitable for reading sensory input)

 If Transmitter initiates the communication, it sends one byte to data 
bus and indicates that one byte is ready to be read. Receiver inputs 
one byte from the data bus. (Suitable for sending commands to 
motors)

Robot A

(transmitter)

Robot B

(receiver)

Data

Strobe Line

Strobe Line
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Working Principle of Asynchronous Parallel Input 

(or Output)
 The input unit consists of 

 Data Register

 Control Registers

 Status Registers

 Input Port (8 pins, 1 byte)

 CPU uses the control registers to configure the input port.

 TRIS (i.e. tristate register) controls the directions of pins in the input 

or output port.

 CPU reads one byte from input port.

 CPU decodes the content.

 CPU acts according to the content.
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Example of Interfacing with Dot Matrix of LED
 CPU outputs $BF to port A and $02 to port B.

 Which LED will light up?

 Answer: the one at row 1 and column 6

7  6   5   4   3   2   1   07  6   5   4   3   2   1   0

0  0   0   0   0    0   1   01  0   1   1   1    1   1   1



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

School of Mechanical & Aerospace Engineering

Example of Interfacing with Keypad

 CPU sequentially outputs 1110, 1101, 1011, 0111 to port A

 CPU inputs data from port B

 By default, all the keys are not pressed.

 When a key is pressed, the corresponding column line will be in logic low (i.e. “0”).

P
o
rt

 A

Port B

Row 0

Row 1

Row 2

Row 3

Col 0 Col 1 Col 2 Col 3

Port A = 1101

Port B = 1101

Which key?

Answer: 5
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Summary of Lecture 3

Basics of Controller

Design of Memory

Design of ALU

Design of Digital IO
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Outline of Module 1

 Robot Systems

 Robot’s Mechanical Systems

 Robot’s Control Systems

 Controllers

 Actuators

 Sensors

 Robot’s Programming Systems

What to design?
• The best systems in the universe 

are static systems

• Most systems in the universe are 

dynamic systems

• Our goal is to make dynamic 

systems to be closer to static 

systems
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Design, Machine, Control, Intelligence

Robot Actuators

MA4825 Robotics

Xie Ming, PhD (France)

http://personal.ntu.edu.sg/mmxie

Module 1

Lecture 4
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Outline of Lecture 4

 Actuation of Robot Mechanism

 Design Principle of Power Joints

 Design of Stepper Motor

 Design of Brushed DC Motor

 Design of Brushless DC Motor
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Outline of Lecture 4

 Actuation of Robot Mechanism

 Design Principle of Power Joints

 Design of Stepper Motor

 Design of Brushed DC Motor

 Design of Brushless DC Motor
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Examples of robots’ mechanisms
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How to actuate a robot’s mechanism?
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Conventional Method of Actuation

Body (i-1)
Link

Joint

Actuator

Body (i) Body (i+1)
Link

Joint

Speed Reducer

Actuator

Speed Reducer

Link Joint

Torque Joint

Power Joint

Link Joint

Torque Joint

Power Joint
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Example of actuating a robot mechanism
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What can we learn from this example?
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Innovation Done by Our Team in Year 2000

 One joint will be actuated by multiple actuators.

 One actuator will actuate multiple joints.

Body (i-1) P.E.J. Body (i) Body (i+1)P.E.J.

Actuator
Compliant 

Shaft
Speed Reducer

Speed Reducer Speed Reducer Speed Reducer

Link Joint Link Joint

Torque JointPower Joint

Torque Joint

Link

Joint
Link

Joint

Torque Joint

Torque Joint

clutch clutch clutch
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Example of Single-Motor-Driven Robots
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Outline of Lecture 4

 Actuation of Robot Mechanism

 Design Principle of Power Joints

 Design of Stepper Motor

 Design of Brushed DC Motor

 Design of Brushless DC Motor
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The design principle of a power joint is 

to make two rigid bodies to have 

controllable interacting forces

Rigid Body 1

Rigid Body 2
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How to have controllable forces? There 

are several types of controllable forces:

 Controllable Contact Force:

 Forces produced by compressed airs

 Forces produced by compressed oil

 Forces produced by compressed water

 Controllable Field Force

 Magnetic forces

 Electromagnetic forces
Electric Actuators

Hydraulic Actuators

Pneumatic Actuators
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Example of Magnetic Forces
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Example of Electromagnetic Forces
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Ways of Producing Interactive Forces

 Magnetic Field + Magnetic Field

 Magnetic Field + Electromagnetic Field

 Electromagnetic Field + Magnetic Field

 Electromagnetic Field + Electromagnetic Field 

Not controllable
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Examples

Magnetic Field + Magnetic Field

Electromagnetic Field + 

Magnetic Field
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Understanding of Magnetic Force (1)

F (force)
I (current)

IBlF ••=
Length of conductor Density of 

Magnetic field

Current

l
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Understanding of Magnetic Force (2)

BILF

BILF

••−=

••=

33

11

                

:L3on  force neticElectromag

                

:L1on  force neticElectromag

L1

L3

L2

L4

The distances from F2 and F4 

to XY plane are always zero.

The distances from F1 and F3 

to XY plane are not zero in general.
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Understanding of Magnetic Force (2)

L1

L3

L2

L4

BIa
b

F
b

BIa
b

F
b

•••=•−=

•••=•=

))sin(
2

())sin(
2

(                

::axis Yabout  Fby  produced Torque

))sin(
2

())sin(
2

(                

:axis Yabout  Fby  produced Torque

33

3

11

1





)sin(
2

                

:is plane XY  toF from Distance

)sin(
2

                

:is plane XY  toF from Distance

3

3

1

1




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Outline of Lecture 4

 Actuation of Robot Mechanism

 Design Principle of Power Joints

 Design of Stepper Motor

 Design of Brushed DC Motor

 Design of Brushless DC Motor
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Video Showing Design and Working Principle

How to achieve the angular step of 1.8º ?
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Summary of Design and Working Principle

 The rotating body is called 

rotor.

 The outer body is called stator.

 The rotor is made of permanent 

magnet.

 The stator has a set of 

electromagnets.

 When one pair of electromagnet 

is on, the rotor will make one 

step motion order to align with 

the stator’s magnetic field.

 By changing the sequence of 

energizing the stator’s 

electromagnet, we can make 

the rotator to make stepwise 

motions.

• Pitch-angle of rotor’s teeth: 360/6

• Pitch-angle of stator’s teeth: 360/8
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Example

 A general stepper motor consists of rotor and stator. The number of 

teeth on the rotor is 16 while the number of teeth on the stator is 

18. What is the rotated angle of each step by the motor?

 Answer:

Pitch angle of the rotor is:

Pitch angle of the stator is:

Rotated angle per step is:

360

16
= 22.5

360

18
= 20.0

22.5 – 20.0 = 2.5 degrees

What is drawback?

(too many phases)
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Design Example of 2-Phase Stepper Motor

2-Phase Motor

1.8𝑜 =
360

50
×

1

4

• The pitch-angles of rotor and stator are the same: 360/50

• The teeth of stator are divided into four groups after taking out two teeth.

• The angular displacement of two adjacent groups is: pitch-angle/4 
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Design Example of 2-Phase Stepper Motor
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Design Example of Power Supply

2-Phase Stator
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Design Example of 

Output Control

Coils 1A-1B: 

1. South-North: s1=on, s4=on

2. North-South: s2=on, s3=on 

s1 s2

s3 s4

s5 s6

s7 s8

Coils 2A-2B: 

1. South-North: s5=on, s8=on

2. North-South: s6=on, s7=on 
Clockwise: 1A->2A->1B->2B

Counterclockwise: 1A->2B->1B->2A

2-Phase Stator
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Example of Interfacing with Robot Brain

2-Phase Stator
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Outline of Lecture 4

 Actuation of Robot Mechanism

 Design Principle of Power Joints

 Design of Stepper Motor

 Design of Brushed DC Motor

 Design of Brushless DC Motor
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Video Showing Design and Working Principle
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http://m.eet.com/media/1175235/altera%20fpga%20figure%202%20300.jpg

Summary of Design and Working Principle

 The stator is made of 
permanent magnet.

 The rotor has a set of 
rectangular coils.

 When the rectangular coils 
are parallel to the magnetic 
field, current will pass 
through the coils. And, the 
edges perpendicular to the 
magnetic flux will produce 
magnetic forces, which make 
the coils to rotate in one 
direction. 

 The motion of rotor will bring 
another rectangular coils to 
be parallel to the magnetic 
field. The process repeats. 

http://www.google.com.sg/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCKeE4r7e68YCFUuOlAodwv0C1g&url=http://www.embedded.com/design/configurable-systems/4402474/Achieving-maximum-motor-efficiency-using-dual-core-ARM-SoC-FPGAs&ei=u_mtVee6C8uc0gTC-4uwDQ&bvm=bv.98197061,d.dGo&psig=AFQjCNGAOVuTG5k4FZaFGNMhlyUGfsOrcQ&ust=1437551327910705
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Design Example of Brushed DC Motor
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Design Example of Brushed DC Motor
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Design Example of Power Supply (1)
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Design Example of Power Supply (2)

Signal In Power Out
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Design Example of Output Control

PWM

 Direction Control:

 Clockwise (CW) Rotation: QA is in logic high, QD supplies modulated pulses.

 Counter-clockwise (CCW) Rotation: QC is in logic high, QB supplies modulated pulses.

 Energy Control: Use of PWM with variable duty cycles.

Terminal 1 Terminal 2
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Example of 

Interfacing with 

Robot Brain

• Direction Control

• Energy Control
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Outline of Lecture 4

 Actuation of Robot Mechanism

 Design Principle of Power Joints

 Design of Stepper Motor

 Design of Brushed DC Motor

 Design of Brushless DC Motor
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Video Showing Design and Working Principle
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Summary of Design and Working Principle

 The rotor is made of 
permanent magnet.

 The stator has a set of 
electromagnets.

 The stator’s electromagnets 
are sequentially excited in 
order to create a rotating 
magnetic field.

 The stator’s rotating magnetic 
field will cause the rotator to 
follow the rotation.

 The hall sensors are employed 
to provide the position 
feedback so as to synchronize 
the commutation of 
excitations.

http://m.eet.com/media/1175237/altera%20fpga%20figure%204%20500.jpg
1

2

3

4

5

6

Single-Coil Mode

http://www.google.com.sg/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCN_0-dWs78YCFeTnpgodSqICxg&url=http://www.embedded.com/design/configurable-systems/4402474/Achieving-maximum-motor-efficiency-using-dual-core-ARM-SoC-FPGAs&ei=XN6vVd_WPOTPmwXKxIqwDA&bvm=bv.98197061,d.dGo&psig=AFQjCNEA8XXqBAd36rEkQZ74-JdzNnpZIw&ust=1437674925294044
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Design Example of BLDC Motor
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Design Example of BLDC Motor
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Working Principle of Hall Sensor

 When magnetic flux passes 

through the sensor, a voltage 

is produced as output.

Hall Effect Sensor

0 180 360 540
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Design Example 

of Power Supply
+V

0V

Controlling entry gate

Controlling exit gate

Terminal A Terminal B

Terminal C
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Design Example of Output Control

Each phase has a Hall-effect sensor

One Phase

One Phase One Phase One Phase
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Example of Controlling Direction

 Draw the flow of current when the switches 1 and 6 are on.

 Answer:
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Example of Interfacing with Robot Brain
+V

0V
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Application of BLDC Motors to Electric Cars
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Summary of Lecture 4

 Actuation of Robot Mechanism

 Design Principle of Power Joints

 Design of Stepper Motor

 Design of Brushed DC Motor

 Design of Brushless DC Motor
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Outline of Module 1

 Robot Systems

 Robot’s Mechanical Systems

 Robot’s Control Systems

 Controllers

 Actuators

 Sensors

 Robot’s Programming Systems

What to design?
• The best systems in the universe 

are static systems

• Most systems in the universe are 

dynamic systems

• Our goal is to make dynamic 

systems to be closer to static 

systems
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Design, Machine, Control, Intelligence

Robot Sensors

MA4825 Robotics

Xie Ming, PhD (France)

http://personal.ntu.edu.sg/mmxie

Module 1

Lecture 5
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Outline of Lecture 5

 Sensory-Motor Interaction

 Design of Position Sensor

 Design of Velocity Sensor

 Design of Acceleration Sensor

 Design of Force/Torque Sensor
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Outline of Lecture 5

 Sensory-Motor Interaction

 Design of Position Sensor

 Design of Velocity Sensor

 Design of Acceleration Sensor

 Design of Force/Torque Sensor
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How to precisely control a robot?
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How to precisely control each joint?
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Why are sensors so important?
 Answer: Provide sensory feedback to controllers.

Without sensors, there will be no error control!

How to 

determine 

desired output 

motion?
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Why is error control so important?

 The best systems in the universe are static systems.

 Error control is the only way to make dynamic systems to be 

closer to static systems. 

 Attention: Errors from sensors will 100% appear in the output of 

any system with error control.

𝜃𝑒 = 𝜃𝑖 − 𝐻 × 𝜃𝑜 = 0

𝜃𝑜 =
𝜃𝑖

𝐻

𝜃𝑜 =
𝜃𝑖

𝐻 + ∆𝐻

(without sensory error)

(with sensory error)
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Sensors enable robots to perform controllable motions. 
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Sensors enable robots to perform constrained motions.
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Outline of Lecture 5

 Sensory-Motor Interaction

 Design of Position Sensor

 Design of Velocity Sensor

 Design of Acceleration Sensor

 Design of Force/Torque Sensor
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Video Showing Design and Working Principle
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Summary of Design and Working Principle 

 A code disk has a set of slots 

or tracks.

 Each slot or track represents 

one bit.

 Each slot or track has a 

number of segments of holes 

(1) and solid zones (0).

 The combination of holes and 

solid zones in the radial 

direction is a unique pattern, 

which represents one angular 

or linear position.

 The pattern of holes and solid 

zones are read by a set of 

photo cells or photo diodes.
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Design Example: 3-bit Sensor
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Design Example: 4-bit Sensor
shaft

Motor
 Bit 0 is controlled by the outer 

slot or track.

 There are four slots or tracks.

 Each slot or track has sixteen 
segments.

 Each segment is either a hole 
(1) or a solid zone (0).

 Lights can only pass through 
holes in order to reach the 
photo cells which produce 
pulses as readings.
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Design Example: 5-bit Sensor
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Design Example: 8-bit Sensor
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Exercise

 An absolute position sensor has 8 
output bits to represent the 
discrete positions. 

 What is the total number of 
measurable positions?

 Answer:  

 The reading of zero position is 
0000 0000. 

 The reading of 45 degrees is 
0010 0000 (=32=45*256/360 ). 

 The reading of 135 degrees is 
0110 0000 (=96=135*256/360). 

7b 6b 5b

4b
3b

2b
1b

0b

00

090

0180

0270

0315

045

0135

0225

25628 =
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More Design Example of Position Sensor
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Other Type of Position Sensor

Potentiometer

Vin

Vout

R

r

Wiper
O

C

A

C

B







•=•=

•=

2
)(

2
      inin

in
out

V
L

L

V

r
R

V
V
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Outline of Lecture 5

 Sensory-Motor Interaction

 Design of Position Sensor

 Design of Velocity Sensor

 Design of Acceleration Sensor

 Design of Force/Torque Sensor
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Video Showing Design and Working Principle
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Summary of Design and Working Principle

 A code disk has a ring of holes. 

 A pair of light and photo cell is 

to convert a displacement into a 

pulse of logic 1 and 0.

 The pitch angle between two 

adjacent holes is equal to an 

angular displacement.

 The counting of the pulses within 

a time interval allows to 

determine the speed. 

p
t

C p




=



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Design Requirements

 Measurement of velocity

 Measurement of direction of 

motion

 Measurement of position with 

respect to a reference (i.e. 

zero position)

Output 

(Bit A)

+5v +5v

Output 

(Bit B)

+5v +5v

A

B Output 

(Bit z)

+5v +5v

z
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One more illustration
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Detecting Counterclockwise Rotation (CCW)

time

Output 

(Bit A)

+5v +5v

Output 

(Bit B)

+5v +5v

A

B Output 

(Bit z)

+5v +5v

z

Active signal of A leads 

active signal of B

channel A

channel B
Time
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Detecting Clockwise Rotation (CW)

time

Output 

(Bit A)

+5v +5v

Output 

(Bit B)

+5v +5v

A

B Output 

(Bit z)

+5v +5v

z

Active signal of A lags 

active signal of B

channel A

channel B Time
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Detecting Linear Motion’s Directions

Motion of Disk

Time

AB

Motion       Motion           

Backward 

Motion
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Rule 1: Direction of Motion

 If pulse B leads pulse A by 90 degrees, the direction is 

clockwise.

 If pulse A leads pulse B by 90 degrees, the direction is 

counter-clockwise.

CW CW CW CW CWCCW CCW
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Rule 2: Change of Direction 

of Motion
 When pulse B makes two transitions while pulse A 

remains unchanged, CW is changed to CCW.

 When pulse A makes two transitions while pulse B 

remains unchanged, CCW is changed to CW.

CW CW CW CW CWCCW CCW
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Exercise

 A velocity sensor can produce 200 pulses when the code disk of 

the sensor makes a full rotation. 

 What is the angular displacement corresponding to one pulse?

 Answer: 

t

Output 

(Bit A)

+5v +5v

A

t
…………

Motor shaft

Light Emitter Light Detector

Counter

0
0

8.1
200

360
==p
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Exercise

 A velocity sensor’s angular displacement is 1.8 degrees. It outputs 

500 pulses within 10.0 milliseconds. 

 What is the average angular velocity of the motor’s shaft?

 Answer: 

t

Output 

(Bit A)

+5v +5v

A

t
…………

Motor shaft

Light Emitter Light Detector

Counter

rad/s 0.1570
18001.0

8.1500
0

0

=


=



=




t

C p
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Exercise
 In a linear incremental encoder, the distance between two 

adjacent empty grids is 0.1mm. If the counted number of pulses is 

7000counts/s, what is the linear speed?

 Answer: 

Motion of Disk

smv /7.07000101.0 3 == −

Backward 

Motion
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Discussion:

  How to use incremental encoders to 

  measure positions?
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How to get the 

measurement of 

positions from 

velocity sensor?

 The solution is to include an 

additional track which is 

called I track or Z track. I 

stands for index of zero 

point.
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Equations of Measuring Positions

 Equations for determining the angular position from the readings 

of velocity sensor.

t

C p




=




t

i



−
=




t

C

t

pi




=



− 

pi C  +=

prir C  +=prr CC  −=− )(

when I signal appears
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Exercise

 A velocity sensor’s pitch angle is 1.8 degrees. When the velocity sensor is 

powered on, we rotate the motor’s shaft until the pulse from the photo 

cell of the reference (i.e. Signal I) appears. And, the reading of channel A 

is +650 counts. Now, we let the motor to make a movement. If the reading 

from channel A is -1190 counts, what is the angular position of the motor’s 

shaft?

 Answer:

00 33128.1)6501190()( −=−−=−=− prr CC 
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Outline of Lecture 5

 Sensory-Motor Interaction

 Design of Position Sensor

 Design of Velocity Sensor

 Design of Acceleration Sensor

 Design of Force/Torque Sensor
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Illustration
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Video Showing Design and Working Principle
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Summary of Design and Working Principle

 Inertial mass is connected to 

sensor body by springs.

 When acceleration occurs, the 

inertial moves in the opposite 

direction due to inertial 

force.

 The displacement of inertial 

mass can be converted to: a) 

resistance, b) capacitance, c) 

temperature, etc.

 These quantities are related 

to accelerations.

 The measurements of these 

quantities result in the 

measurements of 

accelerations.

Inertial

Mass

Inertial

Acceleration

Sensing Axis
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Design Example (1)

 Inertial Mass + Springs + Sensor Body + Electronic Circuits
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Design Example (2)
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Exercise

 An inertial mass of 0.1 g is 

connected to sensor body by 

springs which have the spring 

constant of 1.5 N/m. If the 

sensor body undergoes an 

acceleration of 9.8 m/s2, 

what is the displacement of 

the inertial mass?

 Answer:

x
o

y

Inertial

Mass

Spring

Spring

8.9101.05.1 3 = −y

mmy 65.0=

ymayk =
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Example of Experiment
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Example of Application
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Outline of Lecture 5

 Sensory-Motor Interaction

 Design of Position Sensor

 Design of Velocity Sensor

 Design of Acceleration Sensor

 Design of Force/Torque Sensor
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Illustration
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Video Showing Design and Working Principle
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Summary of Design and Working 

Principle
 Outer body is connected to 

inner body by a set of 
deformable beams.

 Each beam has two pairs of 
strain gage sensors.

 The acting forces and torques 
between outer body and inner 
body will cause the strain 
gages to be stretched or 
compressed.

 Tension and compression will 
cause the changes of 
resistances.

 The measurements of changes 
of resistances allow to 
determine the three forces 
and three torques.

Outer body Inner body
Beam
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Properties of 

Strain Gage
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Measurement of A Single Strain Gage

Input/Output Relation: 

“Wheatstone Bridge Circuit”

V
RRR

RR

RR

R

outV •
++

+
−

+
= )

443

44

21

2(

R1

R2

R3

R4

V

Vout

Case 1: The applied force or torque

causes the contraction of the strain

gage. This reduces its resistance.

Case 2: The applied force or torque

causes the expansion of the strain

gage. This increases its resistance.

RR +4

RR −4
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Measurement of Six Strain Gages

 Outer Ring + 3 Beams + Inner Ring + Wheatstone Bridge Circuits
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Example of Doing Sensor Calibration
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2. Four beams have eight pairs of

 strain gage sensors. So, eight 

values of resistances can be

measured.

1. Each beam has two pairs of 

strain gage sensors which are

 placed at two adjacent facets.
3. The eight values of measurements

can be mapped to the output of three

forces and three torques by a matrix:
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Example of Testing and Application
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Summary of Lecture 5

 Sensory-Motor Interaction

 Design of Position Sensor

 Design of Velocity Sensor

 Design of Acceleration Sensor

 Design of Force/Torque Sensor
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Outline of Module 1

 Robot Systems

 Robot’s Mechanical Systems

 Robot’s Control Systems

 Controllers

 Actuators

 Sensors

 Robot’s Programming Systems

What to design?
• The best systems in the universe 

are static systems

• Most systems in the universe are 

dynamic systems

• Our goal is to make dynamic 

systems to be closer to static 

systems
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Design, Machine, Control, Intelligence

Robot’s Programming Systems

MA4825 Robotics

Xie Ming, PhD (France)

http://personal.ntu.edu.sg/mmxie

Module 1

Lecture 6
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Outline

 Nature of Programming

 Planning of Computations in Programming

 Allocation of Memory in Programming

 ARM Programming Tools

You = Director of Program

Program = {Instructions} 

Bit

Address

Two-dimensional Space

1. Memory Content

2. Memory Address

3. Memory Label
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Outline

 Nature of Programming

 Planning of Computations in Programming

 Allocation of Memory in Programming

 ARM Programming Tools

You = Director of Program

Program = {Instructions} 

Bit

Address

Two-dimensional Space

1. Memory Content

2. Memory Address

3. Memory Label
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Programming versus Writing

Programming

 You have a solution in mind

 You organize your solution

 You compose your program

 You test your program

 You deploy your program

Writing

 You have a story in mind

 You organize your story

 You compose your texts

 You proof-read your texts

 You publish your texts

Use of Programming Languages         Use of Natural Languages

Use of Keil                            Use of LaTeX, Word
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How to organize your solution?

 Step 1: To plan arithmetic 

and/or logical 

computations underlying 

your solution

 Step 2: To allocate 

memory resources which 

are indispensable for the 

implementation of the 

planned computations.

FPU: Floating-Point Unit

MPU: Multi-core Processing Unit
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Example of doing x = (a + b) - c

Allocation of 

Memory

Planning of

Computations

ADR loads address to a register
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Opcode

Problems

to be solved

Algorithms

or Solutions

• Data = {Values, Symbols, Addresses, Instructions}

• Instructions = {Op Code + Addresses + Value/Symbol}

Memory = {Address + Data/Instruction}

You = Director of Program

Program = {Instructions} 

Role of Programmers: 

Planning and Allocation
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Opcode

Problems

to be solved

Algorithms

or Solutions

• Data = {Values, Symbols, Addresses, Instructions}

• Instructions = {Op Code + Addresses + Value/Symbol}

You = Director of Program

Program = {Instructions} 

Role of Microprocessors: 

Do Cycle-by-Cycle Executions

Memory = {Address + Data/Instruction}
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Outline

 Nature of Programming

 Planning of Computations in Programming

 Allocation of Memory in Programming

 ARM Programming Tools

You = Director of Program

Program = {Instructions} 

Bit

Address

Two-dimensional Space

1. Memory Content

2. Memory Address

3. Memory Label
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Procedure of Planning Computations

 Step 1: Describe your solution in the form of mathematics or logics.

 Step 2: Transform your solution into algorithms which consist of series of 

arithmetic and/or logical computations.

 Step 3: Draw flowcharts which interconnect arithmetic and/or logical 

computations in terms of their inputs and outputs.

 Step 4: Describe flowcharts with the use of a programming language.
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Example of Transforming Solution 

into Algorithm

𝑎𝑥2 + 𝑏𝑥 + 𝑐 = 0

𝑥1 =
−𝑏 + 𝑏2 − 4𝑎𝑐

2𝑎

𝑥2 =
−𝑏 − 𝑏2 − 4𝑎𝑐

2𝑎

𝑧 = 𝑦

𝑦 = 𝑏2 − 4𝑎𝑐

𝑥1 =
−𝑏 + 𝑧

2𝑎

𝑥2 =
−𝑏 − 𝑧

2𝑎

First do:

Then do:

Then do:

Then do:

Solution:                               Algorithm:
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Example of Flowchart 

Corresponding to Algorithm 

𝑦 = 𝑏2 − 4𝑎𝑐

If y < 0
YesNo

𝑥1 =
−𝑏 + 𝑧

2𝑎

𝑥2 =
−𝑏 − 𝑧

2𝑎

Results No Results

𝑦 = 𝑏2 − 4𝑎𝑐

𝑧 = 𝑦
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Example of Flowchart 

Corresponding to Algorithm 
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Outline

 Nature of Programming

 Planning of Computations in Programming

 Allocation of Memory in Programming

 ARM Programming Tools

You = Director of Program

Program = {Instructions} 

Bit

Address

Two-dimensional Space

1. Memory Content

2. Memory Address

3. Memory Label
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Motivation
 The hardware could support the concurrent running 

of multiple application programs.

 The ALU is being shared among these programs. This 

means that an application program has the full 

access to the ALU during the time when ALU is 

allocated to it.

 However, memory units are not shared in general.

 Hence, each application program must take care of 

memory allocation explicitly.

ALU is shared while memory is to be reserved

Bit

Address

Two-dimensional Space

1. Memory Content

2. Memory Address

3. Memory Label
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 Scenario 1: Allocation of memory for 

housing a program itself.

 Scenario 2: Allocation of memory for 

housing constants, parameters and 

variables of a program.

Scenario of Memory Allocation

GiB = Giga Byte

Bit

Address

Two-dimensional Space

1. Memory Content

2. Memory Address

3. Memory Label
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Example of Memory Allocation

r0 = (a<<2)

r1 = (b & 152)

r1 = (a<<2) | (b & 152)
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Outline

 Nature of Programming

 Planning of Computations in Programming

 Allocation of Memory in Programming

 ARM Programming Tools

You = Director of Program

Program = {Instructions} 

Bit

Address

Two-dimensional Space

1. Memory Content

2. Memory Address

3. Memory Label
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Overview

 Compiler:

 From .c files to .s files

 Assembler:

 From .s files to .o files

 Linker:

 From .o files to .exe files

 May be linked with .a files

IDE

You Are Here
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Assembler Directives for Memory 

Destination

SRAM: Data Only

CODE: Instructions/Data

• Short-term memory

• Working memory
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Examples .space reserves a block of bytes

M
a

c
h

in
e

 R
e

a
d

a
b

le

H
u

m
a

n
 R

e
a

d
a

b
le
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Assembler Directives for Data’s 

Memory Allocation
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Example

; Reserve 128 bytes for pointer PAGE

; Reserve 4 bytes for pointer SYMPTR
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Assembler Directives for Controlling 

Conditional Computations
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Example

Memory for Data

Memory for Code
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Directive for Creating Reusable 

Block of Codes (i.e. MACRO)
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Example: x = a + b + c

Create a macro

Invoke or call a macro

Equivalent instructions
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Good News: Integrated 

Development Environment (Keil)
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Keil Directives for Allocating Memory 

to House Instructions/Data

 Format:

 Example: Allocating Memory for Code
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Keil Directive for Reusable 

Instructions (i.e. MACRO and MEND)

 The MACRO directive marks the start of the definition of a macro. Macro expansion 
terminates at the MEND directive.

 Format:

 MACRO

 {$label}  macroname{$cond} {$parameter{,$parameter}...}

      ; code

       MEND

 Example:
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Invocation of MACRO
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More 

Example
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Allocation of Constants or Parameters 

in Keil

 Format with SETS Directive: 

 {name} SETS value

 Example:

 mytext SETS “This is my text” ;

 Format with EQU Directive:

 {name} EQU value {, type}

 Example:

 temperature  EQU   25.6 ; 
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Formats of Numbers in Keil
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Frequently Used Keil’s Directives
Assembler User Guide: Directives Reference (keil.com)

The END directive informs the assembler that it has reached the end of a source file.

https://www.keil.com/support/man/docs/armasm/armasm_dom1361290000455.htm
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AREA
 The AREA directive instructs the assembler to assemble a new code or data 

section. 

• A memory has a physical address

• A memory has a conceptual label
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RN

 The RN directive defines a name for a specified register.

 Format:

 Example:

• A memory has a physical address

• A memory has a conceptual label



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

School of Mechanical & Aerospace Engineering

EQU

 The EQU directive gives a symbolic name to a numeric constant, a 

register-relative value or a PC-relative value. 

 Format:

 Example:

• A memory has a physical address

• A memory has a conceptual label
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ENTRY

 The ENTRY directive declares an entry point to a program.

 Example:

A program must have an entry point. You can specify an entry point in the following ways:
•Using the ENTRY directive in assembly language source code.

•Providing a main() function in C or C++ source code.

• A memory has a physical address

• A memory has a conceptual label
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DCB (i.e.  Declare 8-bit bytes)
 The DCB directive allocates one or more bytes of memory, and 

defines the initial runtime contents of the memory. 

 Format:

 {label} DCB expression {, expression} …

 Example: Address  Value

Last Byte



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

School of Mechanical & Aerospace Engineering

DCW (i.e. Declare 16-bit words)
 The DCW directive allocates one or more halfwords of memory, aligned on 

two-byte boundaries, and defines the initial runtime contents of the 
memory. DCWU is the same, except that the memory alignment is arbitrary.

 Format:

 {label} DCW{U} expression {, expression} …

 Example:
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DCD (i.e. Declare 32-bit words)
 The DCD directive allocates one or more words of memory, aligned on four-

byte boundaries, and defines the initial runtime contents of the 
memory. DCDU is the same, except that the memory alignment is arbitrary.

 Format:

 {label} DCD{U} expression {, expression} …

 Example:
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ALIGN (i.e. Change offset of alignment)

 The ALIGN directive aligns the current location to a specified 

boundary .

 Format:

 Example

First DCB

Second DCB

ALIGN 4, 3 means: data size = 4 bytes, offset between two consecutive data = 3 bytes
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SPACE and FILL (i.e. allocate bytes)

 The SPACE directive reserves a zeroed block of memory. The FILL directive 

reserves a block of memory to fill with a given value. 

 Format:

 {label} SPACE expression

 {label} FILL expression {, value {, value-size in terms of byte}}

 Example:
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LTORG (i.e. Lookup-Table Organized)

 The LTORG directive instructs the assembler to assemble the current 
literal pool immediately. The assembler assembles the current literal pool 
at the end of every code section. The end of a code section is determined 
by the AREA directive at the beginning of the following section, or the 
end of the assembly.

 Example:

In computer science, and 

specifically in compiler and 

assembler design, a literal 

pool is a lookup table 

used to hold literals during 

assembly and execution.

The assembler uses literal 

pools to store some 

constant data in code 

sections.

Working memory of a function

(Literals mean “fixed and unchanging values”)
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Other Operations Offered by Keil
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Summary

 Nature of Programming

 Planning of Computations in Programming

 Allocation of Memory in Programming

 ARM Programming Tools

You = Director of Program

Program = {Instructions} 

Bit

Address

Two-dimensional Space

1. Memory Content

2. Memory Address

3. Memory Label
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Summary of Module 1

 Robot Systems

 Robot’s Mechanical Systems

 Robot’s Control Systems

 Controllers

 Actuators

 Sensors

 Robot’s Programming Systems

What to design?
• The best systems in the universe 

are static systems

• Most systems in the universe are 

dynamic systems

• Our goal is to make dynamic 

systems to be closer to static 

systems
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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
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