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INTRODUCTION

The National Council for Curriculum and Assessment (NaCCA) has developed a new Senior High
School (SHS) curriculum which aims to ensure that all learners achieve their potential by equipping
them with 21st Century skills, competencies, character qualities and shared Ghanaian values. This will
prepare learners to live a responsible adult life, further their education and enter the world of work.

This is the first time that Ghana has developed an SHS Curriculum which focuses on national values,
attempting to educate a generation of Ghanaian youth who are proud of our country and can contribute
effectively to its development.

This Teacher Manual for Robotics is a single reference document which covers all aspects of the
content, pedagogy, teaching and learning resources and assessment required to effectively teach Year
Two of the new curriculum. It contains information for all 24 weeks of Year Two including the nine
key assessments required for the Student Transcript Portal (STP).

Thank you for your continued efforts in teaching our children to become responsible citizens.

It is our belief that, if implemented effectively, this new curriculum will go a long way to transforming
our Senior High Schools and developing Ghana so that we become a proud, prosperous and values-
driven nation where our people are our greatest national asset.
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SECTION 1: ROBOTS AND SOCIETY 2

Strand: Principles of Robotic Systems
Sub-Strand: Robots & Society

Learning Outcomes

1. Justify the need for integrating robots in human-centred environments for positive impact and
outline ethical/safety considerations for successful coexistence.

2. Identify possible career paths in the area of robotics.

Content Standards

1. Apply the understanding of robots as socio-technical systems in making 21st-
century environments better, safer, and easier.

2. Explore possible career opportunities in the area of robotics.

R Assign learners their Portfolios by Week 2. Refer to Appendix B for details of the structure of
the portfolio.

INTRODUCTION AND SECTION SUMMARY

This section introduces learners to the far-reaching effects of robots in society, encompassing
both positive and negative aspects. Learners will also explore various career paths within the
robotics field, gaining an understanding of the educational requirements and skills needed to
pursue these exciting opportunities.

The weeks covered by the section are

Week 1
1. Exploring the societal implications of robotics integration.

2. Building a foundation for ethical robotics integration in society.
Week 2
1. Exploring the intersection of robotics, ethics, and society - article writing.

2. Navigating career paths in Robotics.

SUMMARY OF PEDAGOGICAL EXEMPLARS

This section uses a variety of engaging activities to achieve its learning objectives in two key
areas: Societal Impact of Robots and Robotics Careers. The lesson on societal impact analysis
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of robots delves into the complexities of robots’ societal impact through a collaborative process.
Learners analyse scenarios using a step-by-step approach, fostering critical thinking and
communication skills. Discussions and presentations encourage learners to consider both
positive and negative impacts, along with ethical considerations. The lesson on career exploration
in robotics ignites learners’ interest in robotics careers through a brainstorming activity and
exploration of various job titles. Research projects give learners a deeper understanding of
specific career paths, including required skills and educational requirements. Simulating a job
search allows learners to apply their knowledge and showcase their writing skills through cover
letter and resume creation. Both lessons cater for diverse learning styles through kinaesthetic
activities (brainstorming) and auditory presentations. Learners actively engage through
collaborative learning tasks, research projects, and presentations. Differentiation is achieved by
providing tiered research prompts and scaffolding for struggling learners.

ASSESSMENT SUMMARY

A variety of assessment modes should be implemented to evaluate learners’ understanding and
performance in the concepts covered in this section. It is essential for teachers to conduct these
assessments regularly to track students’ progress effectively. You are encouraged to administer
the recommended assessments each week, carefully record the results, and submit them to
the Student Transcript Portal (STP) for documentation. The assessments are;

Week 1: Group Presentation
Week 2: Research Work
Refer to the “Hint” at the key assessment for each week for additional information on how to

effectively administer these assessment modes. Always remember to score learners’ work with
rubric/marking scheme and provide prompt feedback to learners on their performance.
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Learning Indicators

1. Analyse and enumerate both the positive and negative impacts of robots on society.

2. Explain the need for robot coexistence with humans, taking into consideration safety and
roboethics.

3. Write publishable articles on topics related to ethics, safety, and robot coexistence in society.

FOCAL AREA 1: EXPLORING THE BROADER SOCIETAL IMPACT
OF ROBOTS

Introduction

In the previous year, learners were introduced to the fascinating capabilities of robots and their
economic and social benefits. They were also introduced to the concept of roboethics, where
they became familiar with some key ethical considerations and guidelines which are crucial
when integrating robots in 21st-century environments. Building on that understanding, in this
section, learners will be made to explore and analyse the broader societal impacts of robots in
society, both the good and the bad.

Analysing the Societal Impact of Robots: A Step-by-Step Approach

In previous lessons, learners have actively engaged in the design and implementation of robots
to address various challenges. The focus has primarily been on the positive outcomes and
functionalities these robots offer. However, critical consideration of a robot’s broader societal
impact is equally important.

Often overlooked, the impact analysis process allows for a comprehensive understanding of the
potential consequences, both positive and negative, that robots may introduce into society. By
engaging in this analysis, unforeseen benefits can be identified alongside potential drawbacks.
This foresight empowers designers to create robots that are not only effective but also responsible,
minimising negative impacts and maximising positive contributions to society.

The following steps are helpful in conducting a comprehensive societal impact analysis:

1. Define the Scenario and Robot’s Function: The analysis commences with establishing
a clear picture of the robot’s intended purpose and the environment in which it will operate.
For instance, is the robot designed to assist in elder care, perform specific agricultural
practices, or provide companionship? A well-defined scenario allows for a more targeted
analysis.

2. Identify Potential Impacts: Here, the focus shifts to exploring the potential ripple effects
of the robot’s introduction. This requires considering the perspectives and concerns of
various stakeholders on whom the robot’s presence will impact. It may require one to get
answers to questions such as: Will the robot create or eliminate jobs? What retraining
programs might be necessary? Will the robot contribute to improved healthcare,
environmental sustainability, or educational opportunities? Does the robot raise concerns
about privacy, safety, or bias in decision-making? Are there established ethical frameworks,
standards, and regulations that should be considered in the design process?
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3. Mitigate Negative Impacts and Maximise Positive Outcomes: Once potential drawbacks
are identified, the analysis should explore strategies to mitigate them. This might involve
incorporating safety features, implementing robust data security protocols, or developing
clear guidelines for robot use. Similarly, the analysis should explore ways to maximise the
robot’s positive societal contributions.

4. Consider the Long-Term: A responsible impact analysis does not stop at the immediate
effects. It is crucial to consider the robot’s potential long-term impact on society. For
instance, will the robot become obsolete quickly, creating electronic waste? Can the robot’s
design be adapted for future needs?

In the next section, these steps are applied to an example.

Example of Societal Impact Analysis: Robot Companions for
Elderly Care

Imagine a robot named “Elli Q” that is to be designed to provide companionship and basic care
assistance for elderly individuals living independently at home.

1. Scenario and Robot Function: The following is a detailed description of Eli Q’s detailed
scope of function:

a. Enhanced communication: Elli Q can hold natural conversations, adapting to the
user’s tone, facial expressions, and individual preferences. It can also connect with
family and friends through video calls, facilitating social interaction.

b. Daily living assistance: Elli Q can be a reminder system for medication adherence,
appointments, and daily activities. It can also assist with basic tasks like adjusting
thermostats or turning on lights through voice commands or a user-friendly interface.

¢. Health monitoring: Elli Q can be equipped with basic health sensors to monitor vital
signs like heart rate, blood pressure, and sleep patterns. It can then prompt users to
seek medical attention if abnormalities are detected (with clear disclaimers that it is
not a medical device).

d. Emotional support: Elli Q can be programmed to recognise and respond to the user’s
emotional state. It can offer words of encouragement, play calming music, or suggest
relaxation techniques.

e. Cognitive stimulation: Elli Q can provide a variety of cognitive games and activities
to keep the user’s mind engaged. These could include memory games, trivia quizzes,
or even personalised learning modules based on the user’s interests.

2. Identify Potential Impacts: By expanding Elli Q’s functionalities, the potential societal
impacts include the following:

a. Positive Impacts:

1. Increased independence and autonomy for elderly users through daily living
assistance.

ii. Improved health outcomes due to medication adherence, health monitoring, and
reminders for medical attention.

iii. Enhanced cognitive function and reduced risk of dementia through mental
stimulation features.
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iv. Reduced feelings of loneliness and isolation due to improved communication and
emotional support.

v. Potential for early detection of health issues through basic health monitoring.
Possible Negative Impacts:

1. Overreliance on Elli Q potentially leads to decreased physical activity and social
interaction.

ii. Increased dependence on technology creates challenges for users with limited
technological skills.

iii.  Privacy concerns regarding extensive data collection from conversations, health
sensors, and user activity.

iv. Potential for emotional manipulation if Elli Q’s responses are not carefully
programmed.

v. Bias in health monitoring or cognitive stimulation activities if not designed
inclusively.

3. Mitigate Negative Impacts and Maximise Positive Qutcomes: The following points are
worth considering in minimising the possible negative impacts and maximising the
identified positive outcomes:

a. Balanced Support: Elli Q should be programmed to encourage physical activity and
social interaction alongside its assistance features.

b. Digital Accessibility: Provide user-friendly interfaces with clear instructions and offer
training programs to bridge the digital divide.

¢. Data Transparency and Control: Implement robust data security protocols and allow
users to control the type of data collected and how it is used.

d. Ethical Programming: Emphasise emotional well-being and avoid manipulative
responses in Elli Q’s interactions.

e. Inclusive Design: Ensure all health monitoring features and cognitive stimulation
activities are culturally sensitive and avoid reinforcing biases.

4. Consider the Long-Term: The following are some possible long-term impacts and
suggested approaches to dealing with them:

a. Obsolescence: Elli Q’s design should be modular and upgradable to extend its lifespan
and incorporate future technological advancements.

b. E-waste: Develop sustainable recycling or refurbishment programs for decommissioned
Elli Q robots to minimise electronic waste.

¢. Social Impact on Caregivers: Ensure Elli Q complements human care, not replaces it.
Caregivers need to be involved in the setup and use of Elli Q to maintain a human
connection with the elderly user.

The Necessity of Human-Robot Coexistence: A Mutually Beneficial
Partnership

It was previously demonstrated that robots significantly impact various organisational
performance indicators. However, it is crucial to emphasise that a symbiotic (mutually beneficial)
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relationship between humans and robots is essential for achieving optimal outcomes. While
robots boast impressive capabilities, human strengths are equally important in this equation for
the following reasons:

1. Creativity and Problem-Solving: Robots are fantastic at following instructions, but they
lack human ingenuity. Humans can tackle unforeseen challenges, adapt to changing
circumstances, and devise innovative solutions. This creative spark is vital for continuous
improvement and navigating unforeseen issues.

2. Social Intelligence and Empathy: Human interaction skills are irreplaceable. Humans
can build rapport with customers, colleagues, and patients, fostering trust and understanding.
This is crucial in areas like healthcare, customer service, and education, where robots can
benefit from human guidance and emotional intelligence.

3. Ethical Decision-Making: As outlined earlier, ethical dilemmas are a growing concern
in the age of robotics. While robots can be programmed with ethical frameworks, complex
situations may arise. Human judgement and ethical considerations are paramount in
ensuring responsible robot behaviour that aligns with societal values.

-
LEARNING TASKW

Depending on the available time or resources, administer one or more of the following
learning tasks to help learners reinforce understanding and acquire new knowledge
or skills.

1. Analyse the potential societal impacts of at least one of the following described
robot-based solutions that are to be designed to solve specific problems. For each
scenario, learners can clearly state any assumptions they make and add to the list
of functions stated.

a. Scenario A: AgriBot - The Agricultural Assistant Robot

AgriBot is a versatile robot designed to assist farmers in various agricultural
tasks. It can be equipped with different attachments to perform functions like:

i. Planting and Seeding: AgriBot can precisely plant seeds at optimal depths and
distances, reducing waste and maximising yield.

ii. Weed Control: Equipped with cameras and Al-powered weed identification,
AgriBot can target and eliminate weeds with minimal herbicide use.

iii. Crop Monitoring and Irrigation: Sensors on AgriBot can monitor soil moisture,
nutrient levels, and crop health, enabling precise irrigation and targeted
fertiliser application.

iv. Harvesting: For specific crops, AgriBot can be adapted for automated
harvesting, reducing manual labour, and ensuring efficient collection.

b. Scenario B: ReNurse - The Robotic Nursing Assistant

ReNurse is a mobile robot designed to assist nurses in hospitals and care facilities.
It can perform various tasks to support patient care, including:

i. Patient Monitoring: ReNurse can monitor vital signs, medication schedules,
and patient activity levels, providing real-time data to nurses.

ii. Basic Care Tasks: ReNurse can assist with tasks like delivering meals,
transporting patients, and helping with mobility exercises.
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ili. Communication and Companionship: ReNurse can engage with patients
through conversation, games, or entertainment, providing social interaction
and emotional support.

iv. Data Collection and Analysis: ReNurse can gather patient data and trends,
assisting nurses in making informed care decisions.

2. Write a well-constructed, narrative-style article which explores the societal
impact of the chosen robot in the previous task. Key elements to be incorporated
into the narrative include:

a. A clear description of the robot’s functionalities and its intended field of
assistance (agriculture or healthcare) is required.

b. An analysis of the robot’s potential positive and negative societal impacts.
This analysis should consider potential effects on jobs, the environment, user
privacy, and overall well-being.

c. Ethical considerations surrounding the use of this robot are to be discussed.
Safety, data security, and potential biases in design or operation are key areas
for exploration.

d. The crucial role humans play alongside the robots is to be emphasised
throughout the article.

The target audience for each article is a school journal or local newspaper. Language
and approach should be tailored to be engaging and informative for a general
readership.

PEDAGOGICAL EXEMPLARS

Building on previous lessons about robots and roboethics, learners will dive deeper into the
broader societal impacts of robots, both positive and negative. Learners will comprehensively
understand this complex issue through a collaborative learning activity and an introduction to
robot-human coexistence. Consider the following keynotes when administering the suggested
pedagogical approaches in the curriculum:

1. Begin by facilitating a brainstorming session. Ask learners to share their existing thoughts
on the societal impact of robots. Capture their ideas on a board or collaborative document.
This activates prior knowledge and caters to diverse learning styles (kinaesthetic, auditory).

2. Introduce learners to the step-by-step approach to conducting a societal impact analysis of
a robot-based design. Explain the relevance of each step and what it entails.

3. Follow the explanation with a demonstration, using the example provided in the content:
Elli Q the robot companion for elderly care. After providing a description of its
functionalities, allow learners to contribute to what they think each step may entail. Provide
additional support or scaffolding for learners who may struggle with the task. Provide
clarification to learners who may need it.

4. Collaborative and Experiential Learning: Learners work in mixed-ability groups to do
a comprehensive societal impact analysis of at least one of the scenarios described in the
learning tasks (AgriBot or ReNurse). Using the step-by-step approach initially introduced
to them in class, groups analyse their chosen scenarios and present their analysis for the
class to comment on. The facilitator then summarises learners’ presentations.
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Using this approach, consider creating groups with members of similar interests, with
a mix of research, communication, and presentation skills. This fosters collaboration
and uses each learner’s strengths.

In addition to the example initially presented in class, provide learners with access to
various resources like articles, infographics, and short videos on the societal impact
of robots in general (online or offline).

Depending on learner proficiency, offer tiered research prompts (basic vs. in-depth) to
cater to different learning paces.

Each group discusses their findings, considering both the positive and negative impacts
from their research on robots in general. Encourage learners to connect their findings
to their selected robot scenarios (AgriBot, ReNurse). This promotes collaboration,
critical thinking and allows learners to learn from each other.

Provide each group with a large chart or collaborative document.

The chart should have sections for: Robot Scenario (e.g., AgriBot), Positive Impacts,
Negative Impacts, Ethical Considerations and long-term impact.

Learners collaboratively fill out the chart based on their research and discussions.

Scaffolding can be provided for struggling learners by offering sentence starters or
prompts within the chart.

Each group shares their completed chart with the class, highlighting key points and
sparking a class discussion. This allows learners to learn from each other’s perspectives
and reinforces key concepts.

Facilitate a class reflection to solidify learning by asking questions such as: What
surprised you about the potential impacts of robots in your scenario? Why is it
important to analyse both positive and negative impacts? How can we ensure
responsible robot development and use?

5. Briefly present a case study highlighting a successful human-robot collaboration in a
specific field (e.g., robotic surgery, automated factories). This provides a concrete example
of coexistence and caters to auditory learners.

6. Lead a discussion about the strengths that robots and humans bring to the table when
working together. Encourage learners to consider creativity, problem-solving, empathy,
and ethical decision-making. This reinforces the importance of human involvement
alongside robots.

7. Encourage learner groups to put all their presented findings for their selected scenario into
a publishable article targeted for the school’s journal or a local newspaper. Detailed
descriptions for this assignment are provided in the learning task above.

KEY ASSESSMENT

Assessment Level 1
1. List three general benefits of using robots in society.

Assessment Level 2

2. For a given robot-based design scenario, identify two potential negative impacts of its use
on society. Explain each impact in not more than two sentences.
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3. Briefly explain why it is important to consider both positive and negative impacts when
designing robots.

Assessment Level 3

4. Prepare arguments for and against the statement: “Robots will create more jobs than they
eliminate.” Consider the impact on different sectors (e.g., agriculture, healthcare)

5. Research a real-world example of a robot used in society (e.g., robotic surgery, self-driving
cars). Analyse the robot’s impact on society, considering both positive and negative aspects.

6. For a specific presented scenario, where a robot makes a mistake that harms a human.
Who is responsible (the robot designer, the programmer, or the user)? Explain your
reasoning.

Assessment Level 4

7. Choose a specific robot being developed and research its potential long-term societal
impact. Consider economic, environmental, and social factors. Create a presentation or
report summarising your findings.

8. Design a robot for a specific social purpose (e.g., education, disaster relief). Consider the
robot’s functionalities, potential positive impacts, and how it would ethically coexist with
humans.

9. Design and simulate a robot system with three sensors (S1, S2, S3) where the output (O) is
true if at least two sensors detect an obstacle. The project will involve:

i. Formulating the truth table for the system.
ii. Converting the truth table into a Karnaugh Map (K-Map).
iii. Simplifying the Boolean expression using the K-Map.

iv. Designing and drawing the optimized circuit diagram based on the simplified Boolean
expression.

R The recommended mode of assessment for Week 1 is Group Presentation. Ensure to use a blend
of items of different DoK levels from the key assessment.

Conclusion

This section explored the importance of analysing the societal impact of robots, both positive
and negative. A step-by-step process for conducting such an analysis was introduced, highlighting
key considerations like the robot’s purpose, potential effects on stakeholders, and long-term
implications. The example of Elli Q, a robot companion for elderly care, demonstrated the
application of this process. Finally, the necessity of human-robot coexistence was emphasised,
acknowledging the unique strengths humans bring to the table in areas like creativity, social
intelligence, and ethical decision-making.
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Learning Indicator: Identify related job postings (online, newspapers, radio, etc.) and prepare
sample responses.

FOCAL AREA 1: EXPLORING CAREER OPPORTUNITIES IN
ROBOTICS

Introduction

Instilling passion for the future of technology is ignited in this captivating lesson, where learners
explore the dynamic world of robotics careers. By unveiling the diverse opportunities behind
the robots, they learn about, design and build, learners are empowered to envision themselves
as key players in shaping this ever-evolving field. This section ignites their curiosity and fuels
their desire to explore further, fostering a new generation of robotics innovators.

Common Career Opportunities in Robotics

Up to this point, learners have gained a strong foundation in the capabilities of robots and
familiarised themselves with the design and development process. However, the world of
robotics extends far beyond the role of designers and programmers. The following table unveils
the diverse career paths that contribute to creating and using robots, showcasing the breadth of
opportunities within this exciting field of robotics For each of the ten (10) robotic-related jobs
mentioned below, a description of the sectors they are usually found in together with their
responsibilities, educational requirements and required skills are provided.

Table 2.1: Common Jobs in the field of robotics

Job Title Description and Requirements

Robotics Engineer Sectors of Operation: Manufacturing, Healthcare, Logistics, etc.
Job Description/Responsibilities: Designs, develops, tests, and
implements robotic systems. Responsibilities include defining robot
requirements, selecting components, overseeing construction, and
integrating robots into existing workflows.

Educational Requirements: Bachelor’s degree in Engineering (Me-
chanical Engineering, Electrical Engineering, Computer Engineering,
Robotics Engineering, etc.)

Required Skills, Technical Competencies and Experiences: Strong
analytical, problem-solving, and design skills.

Robot Programmer Sectors of Operation: Manufacturing, Healthcare, Agriculture, Logis-
tics, etc.

Job Description/Responsibilities: Writes, tests, and maintains robot
control software. Responsibilities involve translating engineering de-
signs into robot actions, debugging code, and optimising robot perfor-
mance.

Educational Requirements: Bachelor’s degree in Computer Science,
Robotics, or a related field

Required Skills, Technical Competencies and Experiences: Strong
programming skills (C++, Python, ROS)
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Robotics Technician Sectors of Operation: Manufacturing, Mining, Research, Education,
etc.

Job Description/Responsibilities: Operates, maintains, and trou-
bleshoots robots. Responsibilities include performing routine main-
tenance tasks, diagnosing and repairing malfunctions, and ensuring
robots function safely and efficiently.

Educational Requirements: Diploma or an associate’s degree or tech-
nical training in robotics.

Required Skills, Technical Competencies and Experiences: Mechan-
ical aptitude and strong attention to detail.

Al Specialist Sectors of Operation: Various sectors

Job Description/Responsibilities: Develops and implements artificial
intelligence algorithms for robots. Responsibilities involve machine
learning, data analysis, and integrating Al functionalities into robotic
systems.

Educational Requirements: Requires a bachelor's degree in computer
science, computer engineering, artificial intelligence, or a related field.
Required Skills, Technical Competencies and Experiences: Strong
analytical and problem-solving skills.

Human-Computer Sectors of Operation: Various sectors

Interaction Designer | Job Description/Responsibilities: Designs user interfaces and inter-
action methods for robots. Responsibilities involve understanding user
needs, designing intuitive interfaces, and ensuring seamless interac-
tion between humans and robots.

Educational Requirements: Requires a bachelor’s degree in design,
human-computer interaction, computer science, computer engineer-
ing, or a related field.

Required Skills, Technical Competencies and Experiences: Strong
user experience (UX) design skills.

Robotics Systems Sectors of Operation: Manufacturing, Aerospace, Defence, Research,
Engineer etc.

Job Description/Responsibilities: Integrates various robotic compo-
nents into complex systems. Responsibilities involve designing robot
systems architecture, managing communication protocols, and ensur-
ing smooth interaction between different robotic subsystems.
Educational Requirements: Requires a bachelor’s degree in engineer-
ing (electrical, computer, robotics).

Required Skills, Technical Competencies and Experiences: Strong
systems engineering and project management skills.

Field Service Robotics | Sectors of Operation: Manufacturing, Construction, Agriculture, etc.
Engineer Job Description/Responsibilities: Provides on-site support and
maintenance for deployed robots. Responsibilities include trouble-
shooting technical issues, performing repairs, and optimising robot
performance in real-world environments.

Educational Requirements: Requires a bachelor’s degree in engineer-
ing or robotics.

Required Skills, Technical Competencies and Experiences: Strong
problem-solving and field service experience.
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Biomechanics Engi- Sectors of Operation: Healthcare, Research, etc.

neer Job Description/Responsibilities: Applies engineering principles to
design robots for medical applications. Responsibilities involve de-
signing robotic prosthetics, surgical robots, or robots for rehabilitation
purposes.

Educational Requirements: Requires a bachelor’s degree in mechani-
cal, biomechanical or biomedical engineering

Required Skills, Technical Competencies and Experiences: Strong
understanding of human anatomy and physiology

Robotics Software Sectors of Operation: Manufacturing, Logistics, etc.

Architect Job Description/Responsibilities: Designs the software architecture
for complex robotic systems. Responsibilities involve defining soft-
ware components, ensuring system scalability, and optimising soft-
ware performance for real-time applications.

Educational Requirements: Requires a bachelor’s degree in computer
science or computer engineering

Required Skills, Technical Competencies and Experiences: Strong
software engineering and architecture design skills

Robotics Patent At- Sectors of Operation: Law Firms

torney Job Description/Responsibilities: Specialises in intellectual property
law related to robotics inventions. Responsibilities involve drafting
and securing patents for robotic technologies, advising clients on in-
tellectual property rights, and ensuring legal compliance in the robot-
ics domain.

Educational Requirements: Requires a Juris Doctor (JD) degree with a
specialisation in intellectual property law.

Required Skills, Technical Competencies and Experiences: Strong
understanding of robotics technology.

After Acquiring Robotics Skills and Competencies

Having honed the necessary skills and competencies for a robotics career path, several steps
can be taken to secure employment in this dynamic field.

1. Job Search Resources: The following are common sources for job postings, opportunities,
or vacancies.

a. Online Job Boards: Numerous online job boards specialise in robotics positions.
These platforms allow candidates to filter jobs based on specific criteria, such as
location, industry, and job title. (e.g., Indeed, LinkedIn, Glassdoor)

b. Company Websites: Many robotics companies advertise open positions on their
career pages. These websites often provide detailed information about the company
culture and the specific needs of the role.

c¢. Industry Associations and Networking Events: Robotics associations and related
organisations sometimes host career fairs and networking events. Attending these
events allows individuals to connect with professionals in the field and learn about
potential job opportunities.

d. Recruitment Agencies: Some recruitment agencies specialise in robotics openings
and can connect skilled candidates with relevant job openings.
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e. Social Media Platforms: Professional networking sites like LinkedIn can be a
valuable tool for connecting with recruiters and companies in the robotics field. By
building a strong profile that showcases skills and experience, candidates can increase
their visibility to potential employers.

f. Local Resources: Depending on the location, local newspapers, job fairs, and
community colleges may offer job postings or career development resources relevant
to robotics.

2. What to Look For: When reviewing job postings, it is important to pay close attention to
the following details:

a. Required Skills and Qualifications: Do not merely look at the job title but analyse
thoroughly the required skills and qualifications. Ensure your skillset aligns with the
specific requirements mentioned in the job description. It is important to remember
that robotics skills are valuable beyond jobs with “robotics’ in the title. Many positions
in automation and manufacturing use skill sets directly applicable to robotics. These
opportunities can be equally fulfilling for those with a robotics background.

b. Job Responsibilities: Understand the day-to-day tasks and expectations associated
with the position.

¢. Company Culture and Values: Research the company’s culture and values to
determine if they align with your own work preferences.

3. Application Process: Once a suitable job opening is identified, candidates are typically
required to submit the following application materials:

a. Cover Letter: A well-crafted cover letter tailored to the specific job description should
express the candidate’s interest in the position and highlight their relevant skills and
experiences.

b. CV or Resume: A clear and concise CV or resume outlining the candidate’s educational
background, work experience, technical skills, and accomplishments is crucial.

Sample Cover Letter for A Robotics-Related Job Position

As mentioned earlier, most job applications require the candidate to submit a cover letter. The
cover letter briefly showcases the candidate’s passion for robotics and highlights the candidate’s
understanding of the company’s work. Its content is tailored to address specific requirements
and challenges mentioned in the advertised job description. It also emphasises relevant skills
and experiences, demonstrating the candidate’s suitability for the role. A sample is provided
below:




[Candidate’s Name and Address]
[Candidate’s Phone Number]
[Candidate’s Email]

[Date]

The Head of Human Resource,
XYZ Technologies
P. O. Box 998877

Kumasi, Ghana

Dear Sir,
APPLICATION FOR ROBOTICS ENGINEER POSITION

I am writing to express my keen interest in the Robotics Engineer position
advertised in the Daily Graphic on March 7, 2024. As a highly motivated and
results-oriented Robotics Engineer with [Number] years of experience in
designing, developing, and implementing robotic solutions, I am confident that
my skills and experience align perfectly with the requirements outlined in the
job advertisement.

In my previous role at [Previous Company Name], I played a key role in [ Briefly
describe a relevant project or achievement that showcases your robotics
engineering skills. Quantify your impact whenever possible]. My expertise lies
in [List 2-3 of your most relevant technical skills, e.g., robot design, automation
systems, programming languages (specify which ones)]. I am also proficient in
[List any relevant software programs you use, e.g., CAD software, simulation
software].

I am particularly drawn to XYZ Technologies’ innovative approach to utilising
robotics in warehouse management. My strong understanding of [Mention
specific areas of robotics relevant to the job posting, e.g., warehouse automation,
material handling systems, path planning] would allow me to contribute
significantly to your team’s efforts in optimising efficiency and productivity
within your facilities.

My resume, attached herewith, provides further details regarding my
qualifications and experience. I am eager to learn more about this exciting
opportunity and discuss how my skills and experience can benefit XYZ
Technologies. Thank you for your time and consideration.

Sincerely,

[ Your Name]
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Sample Curriculum Vitae (CV) or Resume for A Robotics-Related
Job Position

Following the above-written cover letter, the candidate is expected to attach a proofread CV or
Resume. The CV must clearly outline the candidate’s educational background, including
relevant coursework and any robotics-related certifications. It should also include the candidate’s
work experience, highlighting past projects or achievements related to robotics and showcasing
their technical skills and accomplishments. The following is an example of what could have
been attached.

[Candidate’s Name and Address]

[Candidate’s Phone Number]
[Candidate’s Email]

Summary

A highly motivated and results-oriented Robotics Engineer with [Number] years of
experience in designing, developing, and implementing robotic solutions for various
applications. Proven ability to optimise warehouse operations through automation and
proficient in robot design, automation systems, and programming languages like [List
languages]. Skilled in utilising [List relevant software programs] to enhance efficiency
and productivity.

Skills
Robotics Design « Path Planning « Teamwork
Automation Systems - CAD Software (e.g., - Adaptability
Solidworks)

« Programming Languages | -+ Simulation Software + Material Handling
(e.g., C++, Python, ROS) (e.g., Gazebo) Systems
Warehouse Automation |+ Communication + Problem-Solving

Experience

® Robotics Engineer | [Previous Company Name] | [Start Date] - Present

Designed and implemented a robotic arm solution for automated product picking in a
warehouse, resulting in a [Quantifiable improvement] increase in picking efficiency.

Developed and maintained control software for a fleet of warehouse robots, ensuring
smooth operation and minimal downtime.

Collaborated with cross-functional teams (engineering, operations) to identify automation
opportunities and implement effective robotic solutions.

Performed regular maintenance and troubleshooting of robotic systems, ensuring optimal
performance and reliability.

Stayed up to date with the latest advancements in robotics technology and participated in
relevant training programs.




e [Previous Job Title] (if applicable) | [Previous Company Name] | [Start Date] - [End
Date]

[ Briefly describe your responsibilities and achievements in this role, highlighting relevant
skills]

Education
[Degree Name] in [Field of Study] | [University Name] | [Graduation Year]

[List any relevant coursework or certifications related to robotics]

Projects (Optional)

[Include any personal projects or contributions to open-source robotics projects that
showcase your skills and interests.]

Note: Replace the bracketed information with your specific details and tailor the content
of the “Experience” and “Projects” sections to best reflect your background and the
requirements mentioned in the job advertisement.

-
LEARNING TASKW

Depending on the available time or resources, administer one or more of the following
learning tasks to help learners reinforce understanding and acquire new knowledge
or skills.

1. Learners choose at least two career options from the list presented below and
research the following aspects:

a. Sectors: Typical areas or sectors this job position may be applicable or available

b. Job Description: Responsibilities and typical tasks involved in the chosen
career.

c. Educational Requirements: Necessary qualifications and academic
background.

d. Skills and Knowledge: Technical skills, programming languages, or specific
knowledge required for the job.

Career path options include Robotics Sales Engineer, Robotics Safety Engineer,
Robotics Quality Control Inspector and Robotics Research Scientist.

2. Based on theresources available, learners are to conduct research for job postings
that is/are either current or past their deadline, which is/are quite similar to
the career path(s) they selected in the previous learning task. They are to draft
a sample cover letter and resume based on the requirements advertised for the
researched job posting. Learners should highlight relevant skills and experiences
(even if fictional) to showcase their suitability for the job.

PEDAGOGICAL EXEMPLAR

The main objective of this lesson is for learners to identify and research various career paths
within the field of robotics, exploring job descriptions, required skills, and educational pathways.
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Consider the following keynotes when administering the suggested pedagogical approaches in
the curriculum:

1. Briefly introduce the application of robotics across various industries.

2. Pose the question: “Imagine a world filled with robots. What kind of jobs do you think
exist to create, maintain, and use these robots?”’.

3. Using a think-pair-share approach, learners think individually for a minute, then pair up
to share their ideas.

Encourage pairs to discuss and build upon each other’s thoughts.

5. Have several pairs share their ideas with the whole class, creating a mind map on the board
to capture the diverse career possibilities.

6. Present an engaging table showcasing ten (10) common robotics-related job titles.

For each job title, provide three sections with varying levels of detail:

a. Job Title: This is clear and visible for all learners.

b. Brief Description: A concise summary of the job’s responsibilities and educational
requirements. (Approaching proficiency)

c¢. Detailed Description (Optional): More in-depth explanation of the role, including
technical or professional certification requirements. (Highly Proficient)

8. Learners choose at least two careers from the table or from a list that pique their interest.
They will research each career path from different available sources of media, focusing on
the following aspects:

a. Sectors: Industries where this job is typically found.
b. Job Description: Responsibilities and tasks involved in the chosen career.
¢. Educational Requirements: Necessary qualifications and academic background.

d. Skills and Knowledge: Technical skills, programming languages, or specific knowledge
required for the job.

9. Learners form mixed-ability groups with others who picked at least one similar career.

a. Using this approach, consider creating groups with similar interests, with members
having a mix of research skills, communication, and presentation skills. This fosters
collaboration and uses each learner’s strengths.

b. Learners will simulate a job search for their chosen career within their groups. This
involves:

i. Finding a relevant job posting (online or simulated example provided).

ii. Drafting a sample cover letter highlighting relevant skills and experiences (even if
fictional) to showcase their suitability for the job.

iii. Creating a sample resume outlining their qualifications and accomplishments related
to robotics.

¢. Provide a template or scaffolding for the cover letter and resume to support learners
who may struggle with writing.
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d. Offer optional challenges for highly proficient learners, such as tailoring their cover
letter and resume to address specific aspects of the job posting.

e. Each group will present their chosen career path, job search simulation findings, and
cover letter/resume samples to the class.

f. Encourage classmates to provide constructive feedback on the presentations, focusing
on the clarity and effectiveness of the cover letter and resume.

KEY ASSESSMENT

Assessment Level 1

1. From a list of job titles related to robotics (e.g., Robotics Engineer, Robot Programmer,
Robotics Technician) and a separate list of brief descriptions for each job title (ensuring the
descriptions avoid mentioning the job title itself), correctly match the job titles to the
corresponding descriptions.

Assessment Level 2

2. Compare and contrast any two career paths from the list provided in the lesson (e.g.,
Robotics Sales Engineer vs Robotics Safety Engineer).

3. Create a fictional job advertisement for a specific robotics-related position (e.g., Robotics
Technician for a Medical Robotics Company). The job advertisement should include details
like required skills, experience, and responsibilities.

Assessment Level 3

4. Participate in a mock interview role-play activity. One learner will function as the job
interviewer based on the created job advertisement, while the other learner will act as the
candidate using a cover letter and summary they have prepared. The class observes the
role-play and provides constructive feedback on the interview skills demonstrated.

5. Conduct research for job postings that is/are either current or past their deadline, which is/
are quite similar to the career path(s) you selected in the previous lesson. Draft a sample
cover letter and resume based on the requirements advertised for the researched job posting.
Highlight relevant skills and experiences (even if fictional) to showcase their suitability for
the job.

6. Research current trends and advancements within the robotics field from available online
articles, industry reports, or technology news websites. Based on this research, identify a
specific trend, and analyse its potential impact on future job opportunities in robotics.

R - The recommended mode of assessment for Week 2 is Research Work. Refer to question 6 in
the Assessments for sample task for research work..

« Remember to ask learners to start building their Portfolios in Week 2. Refer to Appendix B
detailing the structure of the portfolio.
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Conclusion

This captivating lesson equips learners with the knowledge and tools to navigate the exciting
world of robotics careers. By exploring the diverse job opportunities presented, learners gain a
comprehensive understanding of the educational pathways and skillsets required to become key
players in this ever-evolving field. Having ignited their curiosity and fostered their passion for
innovation, this curriculum empowers learners to confidently take the first steps towards a
fulfilling future in robotics.

SECTION REVIEW

In this section, which covers a two-week period, special emphasis is made on the importance
of understanding the impact of robots on society. Learners are introduced to practical steps
for analysing these impacts and fostering a future of human-robot coexistence. Additionally,
this section highlights the exploration of diverse career paths within robotics, equipping
learners with the knowledge and motivation to pursue a fulfilling future in this dynamic field.

ADDITIONAL READING

Resource QR Code to Accessing
Resource

1. Ethical Dilemma in Robotics (Video Resource)

2. |IEEE standard review—Ethically aligned design: A vision for prior-
itising human wellbeing with artificial intelligence and autonomous
systems. (Paper Publication)

3. Ethically aligned design for assistive robotics. (Paper Publication)

4. SciTrends - Robotics Careers (Video Resource)

5. Cool Careers - Episode 4: Robotics and Automation (Video Re-
source)
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6. How to write a cover letter (Video Resource)

7. Resume Writing: 4 Tips on How to Write a Standout Resume | In-
deed Career Tips (Video Resource)




APPENDIX A: PORTFOLIO ASSESSMENT

Example of learners’ works to be included in the Portfolio Assessment

i.

BN

Assignments

Projects

Quizzes and Tests

Reflective Pieces

Mid semester and end of semester papers
Sports certificates

Testimonials

Awards

Other relevant documents.

Sample Portfolio Assessment Marking scheme

Learner’s works Score
Assignments/Exercises 10 marks
Projects/Case studies 10 marks
Quizzes and Tests 10 marks
Reflective Pieces 5 marks
Mid-semester and End-of-semester Pa- 5 marks
pers

Total marks 40 marks

Example of structure and organisation of the Portfolio Assessment

As part of the structure of the portfolio assessment, make sure the following information has
been provided:

a.
b.

c‘

Cover Page which entails the learner’s name, class, subject and period (date).
Table of Contents which has the list of items included with page numbers.

Brief description/background of items such as short description of the significance of
sports certificates and awards, background information for each included artefact etc.

Mode of Administration

a.

Explain the purpose and components of the portfolio to the learners and provide
examples and templates for each section.

Schedule periodic reviews (e.g., every 3-4 weeks) to ensure learners are keeping up
with their portfolios and provide feedback and guidance during these checkpoints.

Provide learners with the scoring rubrics and provide detailed explanation on the

rubrics.




d. Final portfolios are due in week 20 of the academic calendar. Allow a grace period for
revisions based on final feedback.

Mode of Submission

a. Communicate the final deadline for portfolio submission to all students to ensure
timely and complete submissions.

b. Learners will submit their completed portfolios either as a physical or through the
school’s online submission system.

¢. Ensure the portfolio includes all required elements: assignments, projects, quizzes,
tests, reflective pieces, class participation records, and a final reflection.

d. Learners should organise their portfolios clearly and logically, with each component
clearly labelled and easy to access.

e. For digital submissions, learners should upload their portfolios as a single file or in
clearly marked folders within the online portal.

Feedback

a. Schedule periodic check-ins to discuss progress, set goals, and adjust strategies as
needed.

b. Utilise both formative and summative feedback to guide students’ development and
ensure they understand how to enhance their work continuously.
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Strand: Principles of Robotic Systems
Sub-Strand: Robot Control Principles

Learning Outcomes

1. Convert an automated solution narrative into combinational circuit-controlled feedback and
non-feedback design components.

2. Formulate arithmetic and logical models for continuous time and finite state machines.

Content Standards
1. Show design skills in the implementation of controls for automation and robotics.

2. Demonstrate mathematical and logical modelling skills in the implementation of
controls for automation and robotics.

R Assign Group Project Work in Week 3. See Appendix B which has been provided at the end of
this section detailing the structure of the group project. The group project will be submitted in
Week 11.

INTRODUCTION AND SECTION SUMMARY

This section focuses on Robot Control Principles, emphasising the translation of automated
solution narratives into practical combinational circuit designs and the formulation of arithmetic
and logical models for continuous time and finite state machines.

By the end of this section, learners will be able to convert automated solution narratives into
combinational circuit designs with feedback and non-feedback mechanisms. They will also
develop skills to formulate and apply arithmetic and logical models for continuous time and
finite state machines. Learners will demonstrate their understanding and design skills in the
implementation of controls for automation and robotics, preparing them for more advanced
challenges in the field.

The weeks covered by the section are:

Week 3

1. Make use of component diagrams and systems diagrams to design non-feedback systems
for implementing controls in given scenarios.

2. Utilise component and system diagrams to design feedback systems for implementing
controls in given scenarios.
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Week 4: Analyse scenarios and derive mathematical models for the implementation of
continuous time machines.

Week 5: Analyse and derive logical models for the implementation of finite state machines

SUMMARY OF PEDAGOGICAL EXEMPLARS

This section employs a mix of engaging teaching strategies to equip learners with a foundational
understanding of Robot Control Principles. It leads discussions to walk learners through design
methodologies using component and system diagrams for non-feedback-controlled systems.
This approach ensures that learners grasp the fundamental principles of robotic control design.
During these discussions, teachers should engage all learners, using questions to encourage
critical thinking and providing extra support for those who need it.

The Think-Pair-Share method will be used to foster collaborative learning. Learners will work
in diverse groups to understand the problem, brainstorm, discuss and sketch design ideas, select
the best design, and represent it using standard diagrams. This process encourages peer learning
and active participation, with assessments focusing on their ability to collaboratively develop
and represent design solutions. Gifted and talented learners can be challenged with additional
tasks, such as optimising designs or exploring advanced control principles.

ASSESSMENT SUMMARY

A variety of assessment modes should be implemented to evaluate learners’ understanding and
performance in the concepts covered in this section. It is essential for teachers to conduct these
assessments regularly to track students’ progress effectively. You are encouraged to administer
the recommended assessments each week, carefully record the results, and submit them to
the Student Transcript Portal (STP) for documentation. The assessments are;

Week 3: Class Discussion
Week 4: Class Exercise
Week 5: Case Study

Refer to the “Hint” at the key assessment for each week for additional information on how to
effectively administer these assessment modes. Always remember to score learners’ work with
rubric/marking scheme and provide prompt feedback to learners on their performance.
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Learning Indicators

1. Make use of component diagrams and systems diagrams to design non-feedback systems for
implementing controls in given scenarios.

2. Utilise component and system diagrams to design feedback systems for implementing controls
in given scenarios.

FOCAL AREA 1: SYSTEMATIC DESIGN METHODOLOGY FOR
NON-FEEDBACK CONTROL SYSTEMS

INTRODUCTION

In this section, we delve into the crucial methodology for designing non-feedback systems in
robotics and automation. Non-feedback systems play a pivotal role in controlling processes
where direct input-output relationships are sufficient to achieve desired outcomes without the
need for continuous adjustment based on feedback signals. Understanding this methodology
equips learners with essential skills to translate conceptual designs into practical implementations
using component and system diagrams effectively.

SCENARIOS USING NON-FEEDBACK SYSTEMS

Non-feedback systems find application in scenarios where precise, deterministic control is
paramount and where external feedback may not be necessary or feasible. Examples include:

1. Simple Timers and Sequencers
Irrigation systems: Sprinkler systems often use timers to activate based on pre-programmed
schedules, regardless of real-time soil moisture levels (non-feedback).

Holiday lights: Decorative lights with timed on/off cycles operate without feedback on
surrounding light conditions.

2. Open-Loop Automation Tasks

Factory assembly lines: Robots on assembly lines may perform pre-programmed tasks with
fixed movements and durations, not adjusting based on real-time variations in materials or
positioning (non-feedback).

Car washes: The conveyor system in a car wash uses a predefined sequence of stages (wash,
rinse, wax) without feedback on the cleanliness of the car at each stage.

Simple Remote-Controlled Devices:

Toy cars: Remote-controlled cars are steered and accelerated based on user input without
feedback on the car’s position or speed (non-feedback).

Drones: Basic drone flight controls often involve pre-programmed manoeuvres or manual
control without real-time feedback on altitude, direction, or wind conditions.
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3. One-Way Communication Systems

Fire alarms: Fire alarm systems activate based on smoke or heat detection, sending an alert
but not receiving feedback on whether the fire is extinguished, or the occupants have evacuated
(non-feedback).

Traffic light timers: Traffic lights may use fixed timing sequences to control traffic flow
without real-time feedback on traffic volume or congestion.

4. Pre-Programmed Tasks with Limited Environmental Interaction

Vacuum cleaners: Many robotic vacuum cleaners use pre-programmed patterns for cleaning
a room, not dynamically adjusting based on obstacles or dust detection (non-feedback).

Lawn mowing robots: Some robotic lawn mowers operate within a pre-defined boundary
using perimeter sensors but may not adjust their path based on grass height or terrain variations
(limited feedback).

For this discussion, we will focus on the Fire Alarm Systems.

UNDERSTANDING KEY ELEMENTS

To effectively design a non-feedback fire alarm system, it is crucial to thoroughly understand
the key elements that translate to control actions. Here is a detailed explanation of how this
understanding is achieved:

1. Identify the Inputs

First determine the inputs required for the system to run. In the case of our chosen scenario,
which is a fire alarm system, the identified inputs are signals from smoke detectors with heat
detectors and emergency switches. Smoke detectors detect the presence of smoke particles
while heat detectors sense a rise in temperature indicating a fire. Emergency switches are held
down by a glass panel and are activated when a person breaks the glass. These are essential in
sending activation signals into the system.

2. Define the Outputs

The next step is to determine the final output(s) of the system. The identified outputs of a fire
alarm system are activation of alarm bells, sirens, and flashing lights. Sprinklers are also
activated, and security doors released.

3. Determine the Trigger Conditions

Next is to figure out the trigger conditions needed to activate the outputs. In the case of a fire
alarm system, the above outputs are only activated if a certain threshold of smoke or heat is
detected by the sensors of a switch that is activated when the glass is broken. The heat and
smoke thresholds and manual signal conditions all need to be programmed into the fire alarm
control panel in order for the outputs to be triggered when the conditions are met.

STEPS TO CREATE DIAGRAMS

1. Drafting Component Diagrams

a. List all components: Smoke detectors, heat detectors manually activated switches,
control unit, alarm bell, siren, and flashing lights, sprinklers.

b. Represent each component with standardised symbols.

c. Connect sensors to the control unit and the control unit to the alarms.
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LED Flasher

Water Sprinkler

Door Release

Figure 3.1: Component Diagram of a Fire Alarm system

The diagram above demonstrates the roles of the individual components of a fire alarm system
and the flow of signals from the inputs (smoke detector, heat detector or emergency break glass
which is used to manually trigger the conditions if fire or smoke is detected) to the fire alarm
control panel which serves as the controller in the system. Signals then flow from the controller
to the actuators ( LED flashers, water sprinklers, alarms/buzzers, or door release) which
actuates different kinds of outputs.

Creating System Diagrams

1. Map out the physical and logical connections.

2. Indicate the signal flow from detection (input) through the control unit to the alarm systems

(output).

3. Ensure clarity in depicting how each component interacts within the system.

Smoke
Detectors

Manua
Activation

(Glazs Breakl

Fire
Detectors

Actuators
— | LED
i nt_rnl Flashers
LInit
Input
Signals Fire Alarm I Alarm
—.}
Control Actuation
panel Signals
——————— | Water
Sprinkler
Dioor
Felease

Figure 3.2: System diagram of a fire alarm system
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-
LEARNING TASKW

NON-FEEDBACK SYSTEM DESIGN

Depending on the available time or resources, administer one or more of the following
learning tasks to help learners reinforce understanding and acquire new knowledge
or skills.

1. Scenario 1 - Electric Iron (Beginner): Design a non-feedback control system for
an electric iron.

Requirements

a. Identify core components: (Heating element, temperature dial, power switch,
thermostat, indicator light).

b. Create a component diagram: Illustrate the structure of the electric iron
system, showing the key components and their connections.

c. Define inputs: (Power, temperature setting).
d. Determine outputs: (Heat generation, indicator light activation).

e. Establish trigger conditions: (Power switch on, temperature dial reaching set
point).

f. Create a system diagram: Show the signal flow from input (temperature
setting, power) to output (heat generation, indicator light) and the component
interactions within the electric iron.

2. Scenario 2 - Open-Ended Design (Intermediate/Advanced): Choose a non-
feedback control system from the following list or suggest your own:

a. Automatic coffee maker

b. Traffic light system (without sensors)

c. Simple vending machine

d. Car wash system

Requirements

a. Identify core components of the chosen system.
Create a detailed component diagram.

b
c. Define inputs, outputs, and trigger conditions.
d. Develop a comprehensive system diagram.

For the open-ended option, teachers can provide additional guidance and support as
needed based on learners’ chosen systems. Encourage creativity and critical thinking
while maintaining focus on the core concepts of non-feedback control.
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PEDAGOGICAL EXEMPLARS

Consider the following keynotes when administering the suggested pedagogical approaches in
the curriculum:

1. Recognise and capitalise on the shared characteristics among learners while also addressing
their individual differences, including interests, readiness levels, and learning styles.

2. Offer multiple pathways for learners to engage with the content. This could involve
providing varying levels of detail, from basic concepts to in-depth explorations, to
accommodate different learning needs. The key thing is that the learning outcomes set for
the lesson are achieved among all learners.

Initiating Talk for Learning
a. Begin with an engaging question or scenario related to fire alarm systems.

b. Use a mix of verbal explanations and visual aids. Use clear, concise language and
explain concepts verbally. Use visual aids such as diagrams, flowcharts, and slides.
Allow learners to handle and interact with these materials during the discussion.

c¢. Encourage learners to take notes and draw initial sketches.

Think-Pair-Share Activity

a. For social learners, foster group discussions and collaborative problem-solving.
Encourage peer teaching and learning within groups. Allow time for individual
reflection before group work.

b. Provide opportunities for self-assessment and individual contributions.

c¢. ForKinaesthetic Learners, encourage movement and the use of hands-on brainstorming
tools (e.g., sticky notes, whiteboards).to help visual learners, use graphic organisers to
map out ideas.

d. During presentation of ideas, have each group present their diagrams to the class. Use
a rubric to provide structured feedback and encourage peer feedback and create a
supportive learning environment.

KEY ASSESSMENT

Assessment Level 3
1. Design a non-feedback system for implementing controls in two given scenarios

2. Discuss the use of design methodologies using component diagrams and system diagrams
for designing non-feedback-controlled systems.

R The recommended mode of assessment for Week 3 is Class Discussion. [You may begin with
small group discussions (10-15 mins), where learners brainstorm ideas, and then transition
into a full-class discussion (15-20 mins) where groups present their key points). See Appendix
C for a sample rubric to score the Class Discussion.
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CONCLUSION

In this section, learners have learned to design non-feedback control systems using component
and system diagrams, focusing on a fire alarm system. They identified key elements, translated
these into control actions, and matched control requirements to appropriate components. This
practical experience enhances their understanding of non-feedback systems, crucial for many
automated applications. These foundational skills are essential for more advanced topics in
robotics and automation, preparing learners for real-world challenges in designing and
implementing effective control systems.

FOCAL AREA 2: SYSTEMATIC DESIGN METHODOLOGY FOR
FEEDBACK CONTROL SYSTEMS

INTRODUCTION

In this section, we will explore the design of feedback control systems using component and
system diagrams. Feedback systems use sensor inputs to adjust their actions based on the
output, ensuring a more adaptive and precise control mechanism. By understanding how to
design these systems, you will enhance your ability to create responsive and efficient control
mechanisms in various automation scenarios.

Scenarios of Feedback Loop Systems
Feedback loop systems are integral in numerous applications, including:

1. Thermostats: Regulate temperature by turning heating or cooling devices on and off
based on temperature readings.it adjusts itself continuously to maintain a set temperature.

2. Speed control in motors: Adjust motor speed by comparing the actual speed with the
desired speed and making necessary corrections. Used in applications like electric cars
and industrial machinery.

3. Automated lighting systems: Adjust lighting levels based on ambient light conditions.
Provide consistent lighting by dimming or brightening lights as needed.

4. Robotic arms: Adjust position and movement based on feedback from sensors. Ensure
precision in tasks like assembly and manufacturing.

For this discussion, we will focus on the Automated Lighting Systems scenario.

Understanding Key Elements

To effectively design a feedback automated Lighting Systems, it is crucial to thoroughly
understand the key elements that translate to control actions. Here is a detailed explanation of
how this understanding is achieved:

1. Identify the inputs: First determine the inputs required for the system to run. In the case
of our chosen scenario, which is an automated Lighting System, the identified inputs are
signals from the light sensor indicating the ambient light level. This light sensor which
contains a photocell measures the ambient light level in the environment and sends it into
the system for further processing. These are essential in sending activation and control
signals into the system.
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2. Define the outputs: The next step is to determine the final output(s) of the system. The
identified output of an automated Lighting System is getting the desired brightness level
that the lighting system should achieve.

3. Determine the control mechanism: Next is to determine what kind of control mechanisms
are needed to constantly adjust the lighting based on inputs from light sensors.

a. The controller (e.g., microcontroller) processes the difference between the actual light
level and the desired light level to generate a control signal. This is key for calculating
the necessary adjustments based on feedback.

b. The light dimmer/driver receives this control signal and adjusts the lighting system’s
brightness accordingly. Adjustments are implemented by controlling the power
supplied to the lighting system.

Steps to Create Component and System Diagrams
1. Drafting component diagrams

a. List all components: Light sensor, microcontroller, light dimmer/driver, and lighting
system.

b. Represent each component with standardised symbols.

¢. Connect the light sensor to the controller, the controller to the light dimmer/driver, and
the light dimmer/driver to the lighting system.

Set point for
light intensity
. Bulb
Arduino (Controller)

T

AC light Dimmer

Light intensity in
ronm with Tux

@.

Light Intensity Sensor

Figure 3.3: Component diagram for automated Lighting System

In an automated lighting system with feedback control demonstrated in Figure 3.3 above, the
controller (Arduino) initialises by setting up input and output pins for the light sensor and AC
light dimmer. The light sensor continuously monitors ambient light, converting it to an electrical
signal read by the controller. The controller processes this data using a control algorithm to
compare actual and desired light levels (set point for light intensity). Based on this comparison,
the controller adjusts the control signal sent to the AC light dimmer, which regulates the lighting
system’s brightness. This creates a feedback loop where the system adapts to maintain the
desired lighting level based on real-time sensor feedback.
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Creating System Diagrams
a. Map out the physical and logical connections.

b. Indicate the feedback loop from the light sensor (input) through the controller (Arduino)
(processing) to the relay (Actuator) and lighting system (output).

Reference _
Input Manipulated Controlled
Controller variable AC light variable |
(Arduino) > dimrrgller ————»i{lighting system (bulb)
Feedback Signal light ’

sensor

Figure 3.4: Diagram of an automated Lighting System(feedback loop system)

-
LEARNING TASKW

FEEDBACK SYSTEM DESIGN

1. Task 1: Analyse a Feedback System (Beginner)
Scenario: Analyse the temperature control system below

Effector
— —
)
Desired E RRRE
Comparator e =TT, >
Output P signal Effector » Output
o M -
Sensor

ﬂ Feedback signal

Requirements

Identify the main components of the system (e.g., sensor, controller, actuator).
Explain the function of each component and how they interact.

Analyse the feedback loop:

What is the system’s input ?

What is the desired output ?

How does the controller compare these values?

O
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g. How does the controller adjust the system’s output based on the feedback?
h. Draw a simplified block diagram of the feedback loop.
2. Task 2: Design a Simple Feedback System (Intermediate)

Scenario: Design a feedback control system for a room temperature regulator
using a fan.

Requirements

a. Identify the necessary components (e.g., temperature sensor, controller, fan).
b. Create a component diagram representing the system.

c. Define the system’s inputs (temperature reading) and output (fan speed).

d. Explain the control mechanism:
e

How does the controller compare the desired temperature (set point) with the
actual temperature (sensor reading)?

f. How does the controller adjust the fan speed based on the difference?
g. Create a system diagram showcasing the feedback loop and information flow.
3. Task 3: Challenge: Design a More Complex Feedback System (Advanced)

Scenario: Design a feedback control system for an automated watering system
for plants.

Requirements

a. Identify the necessary components (e.g., soil moisture sensor, controller,
water pump).

b. Create a detailed component diagram.
Define the system’s inputs (soil moisture level) and output (water flow).
Design a control algorithm considering factors like:
Watering frequency based on plant type.
Adjustment for varying soil types and weather conditions.
e. Create a system diagram highlighting the feedback loop and control logic.

Discuss potential challenges and limitations of the system.

Extension Activities

1. Research and compare different non-feedback control systems in real-world
applications.

2. Investigate the advantages and disadvantages of non-feedback control compared
to feedback control.

3. Explore opportunities for incorporating feedback mechanisms to improve system
performance.

PEDAGOGICAL EXEMPLARS

Consider the following keynotes when administering the suggested pedagogical approaches in
the curriculum:
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1. Begin with a brief review and use relatable examples to illustrate concepts. Use a mix of
verbal explanation and visual aids to cater to different learning styles.

2. Prompt learners to think about the components and interactions in a feedback-controlled
lighting system by using questions like :

a. What are the key components of a feedback-controlled lighting system?
b. How does the light sensor interact with the controller?

¢. What role does the light dimmer/driver play in the system?

d. How does the system adjust the lighting based on feedback?

3. Prompt learners with guiding questions. For verbal learners, engage through discussion
and verbal interaction. For visual learners, use diagrams and charts during the discussion.
Also try to leverage group dynamics to stimulate conversation. Ensure all learners have
the opportunity to contribute.

4. During group activity, monitor group progress, providing guidance and support as needed.
Encourage collaboration and critical thinking within groups.

5. Facilitate a supportive environment for presentations and provide specific feedback to help
learners refine their designs.

KEY ASSESSMENT

Assessment Level 3
1. Design a feedback system for implementing controls in two given scenarios

2. Discuss the use of design methodologies using component diagrams and system diagrams
for designing non-feedback-controlled systems.

% + The recommended mode of assessment for Week 3 is Class Discussion. [You may refer to

question 2 in the Key Assessment for an example of a discussion question).

+ Remind learners about their Group Project Work and offer them the opportunity to seek for
clarification and support if they have any.

- Give the group project this week and prompt learners of the date of submission which will
be in the 11th week. Refer to Appendix B below this section for sample project work and
rubrics for this project work. Refer to question g for an example of a task for group project

CONCLUSION

In this section, learners have learned to design feedback control systems using component and
system diagrams, focusing on an automated lighting system. They identified key elements, such
as light sensors and controllers, and translated these into control actions to create adaptive
lighting solutions. By matching control requirements with appropriate components and utilising
diagrams to represent the system clearly, learners gained practical skills in designing efficient
feedback systems. This knowledge is essential for developing advanced automated systems,
preparing learners to tackle real-world challenges in robotics and automation.
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Learning Indicator: Analyse scenarios and derive mathematical models for the implementation of
continuous-time machines.

FOCAL AREA 1: LOGICAL AND MATHEMATICAL MODELLING
OF CONTINUOUS-TIME MACHINES

INTRODUCTION

This session will focus on analysing scenarios and deriving mathematical models for continuous-
time machines. Continuous-time machines, unlike their discrete counterparts, operate in a
world of constant change. From the smooth movements of a robotic arm to the continuous flow
of temperature in a control system, understanding these systems requires a powerful tool:
mathematical modelling. The following are some importance of mathematical modelling:

1. Design and Control: Mathematical models become the blueprint for designing and
controlling continuous-time machines. They capture the dynamics of the system, allowing
us to predict behaviour and develop effective control strategies.

2. Optimization: Models enable us to simulate different scenarios and fine-tune parameters
to optimise performance. We can test control algorithms virtually before real-world
implementation, saving time and resources.

3. Analysis and Understanding: Models provide a deeper understanding of the underlying
principles governing the machine’s behaviour. It allows us to analyse stability, response
times, and identify potential issues.

KEY MATHEMATICAL TOOLS

1. Differential Equations
These equations describe the relationship between variables and their rates of change over time.
They are fundamental for capturing the continuous nature of these machines.

Example: Modelling the motion of a robot arm involves a differential equation relating the
position, velocity, and acceleration of the arm to the applied torque.

2. Laplace Transforms

This mathematical technique transforms differential equations from the time domain (t) to the
frequency domain (s). This transformation simplifies analysis by allowing us to study the
system’s response to various input signals (frequencies). Benefits of using Laplace transforms
include:

a. [Easier analysis of system behaviour in the frequency domain.
Simplifies control system design by focusing on frequency response.

¢. Allows manipulation of transfer functions (mathematical representations derived from
Laplace transforms) to design control strategies.
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COMMON REAL-LIFE SCENARIOS OF CONTINUOUS-REAL TIME
MACHINES

Continuous-time machines are ubiquitous in our world, constantly operating in the background.
Here, we will explore some real-world scenarios and delve into detailed case studies:

1. Robotics
a. Robot arms in automation: Precise movement requires continuous control of joint
angles and velocities through motor control systems modelled by differential equations.

b. Mobile robots: Path planning and navigation involve continuous control of speed and
direction based on sensor feedback and environmental conditions.

2. Process Control

a. Temperature control systems in buildings and industrial processes: Maintaining
a desired temperature range necessitates continuous monitoring and adjustments based
on heat loss/gain, modelled by differential equations.

b. Chemical reaction control: Regulating reaction rates and product quality in chemical
processes often involve continuous monitoring and adjustments of temperature,
pressure, and flow rates using models.

I Case Study: Temperature Control System

Scenario: Chick Breeding Coop Temperature Control

In a chick breeding coop, maintaining an optimal temperature is critical for the
survival and healthy growth of chicks, particularly during their early developmental
stages. To ensure optimal conditions, there is a permissible temperature range within
which fluctuations are acceptable without adverse effects on chick health.

STEPS IN DEVELOPING LOGICAL AND MATHEMATICAL MODELS

1. Determine Key Objective of the Model

The primary objective is to maintain the temperature inside the chick breeding coop within a
specified range around the optimal temperature, ensuring conditions are conducive for chick
rearing and growth.

2. Key Variables Required to Achieve the Objective
a. Current temperature (Tcurrent): The temperature inside the coop at any given time.

b. Optimal temperature (7): The ideal temperature for optimal chick growth.

c¢. Permissible temperature range (Threshold, +7): Defines the acceptable deviation
from T where temperature fluctuations are considered tolerable.

d. Heating/Cooling system: Controls the temperature inside the coop by adjusting
heating or cooling power.

3. Roles of Variables in Achieving the Objective:
a. (Tcurrent): Monitored to ensure it remains within T and +t.

b. T: Targeted to maintain optimal conditions for chick health and growth.
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c. =+t: Defines the acceptable range around T to allow for natural temperature fluctuations
without impacting chick health.

d. Heating/Cooling System: Adjusts temperature to counter deviations from T within =+t.

e. Environmental Factors: Considered in heat exchange calculations to maintain stable
internal temperature.

4. Develop Logical Models

a. Threshold Management: Implementing thresholds to trigger heating or cooling
actions only when Tcurrent exceeds T + ¢ or falls below T — z. This can be achieved
by using the following logical model:

If Touren: < T — t,increase heating.
If T.yren: > T + t,activate cooling.
If T—t< Toypren: < T+ t,no action required.

Figure 4.1: Logical Model of Threshold Management

In Figure 4.1, a control system adjusts heating or cooling devices based on the deviation
of from T. If falls outside the range T — t to T + t, appropriate heating or cooling
actions are initiated to bring the temperature back within the acceptable range. The
model shows the condition if no action is required, as long as the current temperature
is close enough to the target temperature, there is no need to change anything.

b. Temperature Monitoring and Control: The temperature control in the above logical
model (Figure 4.1) is made up of two parts: increasing heat and activating cooling.

For the cooling element, if exceeds T + t, indicating an overheated condition, heat
extractors are initiated. These extractors function to remove excess heat until the
temperature returns within the acceptable range T —tto T + t.

In designing the heating system for the chick breeding coop, the goal is to regulate the
temperature effectively around the optimal temperature(T) while accommodating
fluctuations within the permissible range defined by the threshold +t.

When the current temperature (7,,,,,.,,,) inside the coop falls below T—t, the heating
system is activated to increase the temperature. The heating system operates based on
the principle that the number of kilowatts of power applied directly influences the
temperature increase inside the coop. In developing a model to determine the amount
of power (in kilowatts) needed to be applied to regulate the heating in different
situations, the following assumptions are made so the mathematical model is derived
from it:

Assumptions:

o T.,renss Current temperature inside the coop.

e T: Optimal temperature that we want to achieve.

e (C: Thermal capacity of the coop (a constant based on its physical properties).
e P: Power in kilowatts (kW) applied to heat the coop.

_ (T — Tcurrent) * C

P N,
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where:
e P is the power in kW needed to increase the temperature.

o (T-T,, ., represents the temperature deficit (the difference between the optimal
temperature (7)) and the current temperature (7.,,,,¢,,)-

e C is the thermal capacity of the coop, which accounts for how much heat is
required to raise the temperature of the coop by one degree Celsius.

e A ris is the time interval over which the power P is applied.

The equation calculates the power (P) needed to achieve the desired temperature
increase over a specific time interval . This ensures that the heating process is
controlled and efficient, preventing overheating and ensuring the well-being of the
chicks.

Let us use some actual figures to demonstrate how to calculate the power needed to
raise the temperature inside the chick breeding coop to the optimal value.

Given the values: Current temperature inside the coop as 20°C, Optimal temperature
as 35° Thermal capacity of the coop (C) as 1000 J/°C (This is a hypothetical value
representing the amount of energy needed to raise the temperature of the coop by 1°C.
In practice, this would depend on the specific characteristics of the coop.) and Time
interval: 1 hour (3600 seconds)

Substitute Values

J

(35°C — 20°C) * 100055

b= 3600s
( 15°C) * 1000

3600s
1500 J

3600s

P = 4.17‘I
S

I
°C

Since 1 watt (W) = 1 joule/second (J/s), we have:
P=417W
Convert watts to kilowatts (1 kW = 1000 W):

4.17

~ 1000
P =~ 0.00417kW

Conclusion: To raise the temperature inside the chick breeding coop from 20°C to
35°C over a period of 1 hour, you would need to apply approximately 0.00417 kilowatts
(kW) of power.

This simple calculation demonstrates the process of determining the required heating
power for maintaining optimal conditions in the chick breeding coop.
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5. Testing and Refining Models

After developing models, it needs to be put through real world testing refining until there
1s minimal error.

Logic and Mathematical models are the language for understanding and controlling
continuous-time machines. By mastering these tools, we unlock the potential for designing
and implementing sophisticated robots and automated systems that operate seamlessly in
the ever-changing world.

-
LEARNING TASKW

Depending on the available time or resources, administer one or more of the following
learning tasks to help learners reinforce understanding and acquire new knowledge
or skills.

Scenario 1

You are tasked with designing a temperature control system for a small office room.
The goal is to maintain a comfortable temperature inside the room despite varying
external temperatures. You will use a heater to control the temperature and need to
derive the mathematical model for this system.

Follow the following to guide the development of the models:
Identify and write the key components involved in the temperature control system
Identify and write the main goal of the temperature control system

a
b

c. Formulate solution

d. Develop logical models for solution
e

Develop mathematical models for heat control

Scenario 2: Chemical Reaction Control : A chemical reaction requires a precise and
constant flow rate of a specific liquid reactant. You have a sensor measuring the
current flow rate and a control valve to adjust the flow.

Your Tasks (requirements)

1. Analyse the Requirements: Identify the key aspects of the flow rate control
system, including the desired flow rate, sensor data points, and potential error
scenarios (e.g., sensor malfunction, unexpected pressure fluctuations).

2. Develop error detection and correction equations: Based on the sensor data and
desired flow rate, write mathematical equations to detect errors (e.g., exceeding
a flow rate threshold). These equations might involve setting limits or comparing
readings to setpoints.

3. Design error avoidance strategies: Propose methods to prevent errors from
happening in the first place. This could involve incorporating a pressure relief
valve to prevent overpressure or implementing redundancy in critical sensors.

4. Present your solution: Explain your error detection and correction equations,
along with your proposed error avoidance strategies. Discuss the benefits of your
approach for ensuring a safe and reliable chemical reaction flow rate system
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PEDAGOGICAL EXEMPLARS

Depending on available time and resources, select one or both scenarios for the learning tasks.

Clearly outline the tasks and expectations for each scenario, ensuring learners understand the
steps they need to follow. Consider the following keynotes when administering the suggested
pedagogical approaches in the curriculum:

1. Initiating Talk for Learning

a. Begin by introducing the key principles of continuous-time machine automation,
emphasising the concepts of “error detection and correction” and “error avoidance”.
Make sure to stress how “error detection and correction” and “error avoidance” is
achieved in the provided example.

b. Provide real-world examples to illustrate these concepts, ensuring learners understand
their importance in automation systems.

c. Engage learners in a discussion about the challenges and requirements of automation
systems, encouraging them to think critically about how errors can be detected,
corrected, and avoided.

d. In administering tasks to learners, make sure to spell out the exact requirements or
what they are expected to deliver as a guide

e. To effectively reach all learners in the classroom, including those with different
achievement levels it is important to provide appropriate levels of support and guidance
based on learner proficiency and gradually reduce support as learners become more
confident and skilled.

KEY ASSESSMENT

Assessment Level 1
1. What is a continuous-time machine?

2. What is the main goal of a temperature control system in a room?

3. Assessment Level 3: Predict how the temperature control system would behave if the
temperature sensor malfunctioned and always read a lower temperature than actual.

4. Assessment Level 4: Evaluate the importance of feedback in a temperature control system?

CONCLUSION

In this lesson, learners explored the principles and applications of continuous-time machine
automation, focusing on error detection, correction, and avoidance. Through real-world
scenarios, such as temperature control in a room, learners developed and analysed mathematical
and logical models. This comprehensive approach equips learners with the necessary tools to
design and implement robust automation systems, preparing them for advanced studies and
real-world applications in robotics and automation.
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Learning Indicator: Analyse and derive logical models for the implementation of finite-state
machines

FOCAL AREA 1: BUILDING LOGIC WITH FINITE STATE
MACHINES

INTRODUCTION

FSMs are a powerful tool for modelling a system that can only be in a specific condition at any
given time. Building upon prior knowledge of finite-state machines (FSMs) with their core
elements of states, transitions, and inputs/outputs, this session will focus on their application in
designing control systems for automation and robotics. It will explore how FSMs can be used
to model the desired behaviour of such systems, translating real-world requirements into state
diagrams with transitions triggered by sensor inputs. The section will delve into defining control
outputs for each state and introduce the concept of incorporating basic arithmetic operations
within FSM models for enhanced control strategies in complex scenarios.

Finite State Machines (FSMs)

FSMs model systems that can be in a specific state at any given time. These states represent
different operational modes or conditions of the system. The transitions between states occur
based on inputs, conditions, or events, and each state dictates what actions or outputs are
produced by the system.

Translating System Requirements into State Diagrams

The process of creating an FSM starts with defining the states and transitions based on system
Requirements

1. Identify States: Determine the distinct operational states the system can be in. For example,
in a vending machine, states could include “Idle,” “Selecting Item,” “Dispensing Item,” and
“Out of Stock.”

2. Define Transitions: Specify the conditions or events that cause the system to move from
one state to another. Transitions are often triggered by inputs such as user actions (button
presses), sensor readings (object detection), or timers (elapsed time).

3. Capture Requirements: Ensure each state captures a specific behaviour or condition of the
system, and transitions accurately reflect how the system behaves in response to inputs or
events.

State Transitions Triggered by Sensor Inputs
Sensor inputs play a crucial role in determining when and how transitions between states occur:

Example: In a traffic light controller, transitions between “Green,” “Yellow,” and “Red” states
are triggered by timers (elapsed time) and sensor inputs (vehicle detection).

Implementation: Sensors detect vehicle presence and trigger the transition from “Green” to
“Yellow” and eventually to “Red.” Timers control the duration of each state.
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Control Outputs Defined for Each State

Outputs from an FSM correspond to actions or commands that affect the system’s behaviour:
Example: In a vending machine:
Idle State: Display a message indicating available options.

a
b. Selecting Item State: Activate buttons for item selection.

e

Dispensing Item State: Release the selected item and update inventory.

=

Out of Stock State: Display an “Out of Stock” message and deactivate item selection
buttons.

Implementation: Each state defines specific outputs such as displaying information, enabling,
or disabling inputs, or performing mechanical actions like dispensing items.

EXAMPLES FROM REAL-WORLD CONTROL SYSTEMS
Example 1: Traffic Light Controller
1. States

a. Green: Allows traffic from one direction to proceed.

b. Yellow: Warns of an impending change from green to red.

¢. Red: Stops traffic in one direction and allows it in another.

2. Transitions
a. Green to Yellow: Timer-based transition after a fixed duration.
b. Yellow to Red: Timer-based transition after a short duration.
¢. Red to Green: Triggered by sensors detecting absence of vehicles (i.e. no vehicle is

approaching from either side).

3. Control Outputs
a. Green State: Output signals to illuminate green lights for specific directions.

b. Yellow State: Output signals to illuminate yellow lights as a warning.

c. Red State: Output signals to illuminate red lights and control traffic flow.

ACTION :
GREEN TIMER
EXFIRES
. ACTION:
ACTION:RED 4 - fimer
i wpires | EXpires
timer expires >
STATE : RED STATE : YELLOW STATE : GREEN

Figure 5.1: Finite state diagram of a traffic light controller
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Example 2: Vending Machine
1. States
a. Idle: Waiting for user input.
b. Selecting Item: User selects an item.
c. Dispensing Item: Item is dispensed to the user.

d. Out of Stock: No items available for selection.

2. Transitions
a. Idle to Selecting Item: Triggered by user pressing a selection button.

b. Selecting Item to Dispensing Item: Triggered when the user confirms the selection
and payment is verified.

c¢. Dispensing Item to Idle: After the item is dispensed.

d. Out of Stock: Transition from any state when inventory levels reach zero.

3. Control Outputs
a. Idle State: Display available options.

b. Selecting Item State: Activate selection buttons.
c. Dispensing Item State: Release the selected item and update inventory.
d. Out of Stock State: Display “Out of Stock” message and disable selection buttons.

Pridd the Insert cais Bution

Ingert codns
Accepting |”
Idle State :
Ry Cancd]l Fequist I::Q:I.I'"I state‘ /
=
t\_
Y Cancel request
Collect produck xh"'\. ﬂ:_::._:::?L:':}E::
H‘x
H‘x
: : Product
DlSpEHElng 5-':‘-'.:'::': product Selection

State | =

State

Figure 5.2: Finite state machine diagram of a vending machine

USING ARITHMETIC EXPRESSIONS TO GIVE ENHANCED CONTROL IN
FSMs

While FSMs excel at modelling logical control systems, purely logic-based models can have
limitations in certain scenarios. Using basic arithmetic expressions can significantly enhance
control strategies.
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Limitations of Purely Logical FSMs

1. Fixed Thresholds: Logical FSMs often rely on fixed thresholds for state transitions (e.g.,
sensor reading “high” or “low”). This might not be ideal for situations requiring dynamic
adjustments based on sensor data.

2. Limited Control Outputs: Control outputs in purely logical models are typically on/off
or simple selections.

Benefits of Arithmetic in FSMs

1. Dynamic Control: By using arithmetic expressions, we can define conditions for state
transitions based on calculations using sensor data. This allows for more dynamic control
based on actual sensor readings.

2. Enhanced Outputs: Control outputs can also be determined by calculations, enabling
precise adjustments like motor speeds or movement distances based on sensor values.

Using Arithmetic Expressions

We can use simple mathematical operators (+, -, *, /) in arithmetic expressions within FSM
models. These expressions can involve sensor readings, constants, or even previous calculations.

1. Conditional Transitions with Arithmetic expressions; Imagine a temperature control
system. A purely logical model might have a transition from ‘“heating on” to “heating off™
when the temperature is “high.” However, by creating an arithmetic expression, we can
define a transition based on the actual temperature exceeding a specific threshold (e.g.,
temperature > 35°C). This allows for a more precise control loop.

2. Calculating Control Outputs: Consider a robot arm picking up an object. A logical
model might have an output of “move arm” when the “object detected” sensor is activated.
But, using an arithmetic expression, we can calculate the distance the arm needs to move
based on sensor readings

e.g., Distance to be moved to object = Object position - Current_arm_position

This allows for a more accurate movement.

Real-World Example: Robot Arm with Calculations

Let us revisit the robot arm picking up an object scenario. This example shows that when
controlling the movement of robotic arms or manipulators, Euclidean distance is used to calculate
the distance between the current position and the target position, ensuring precise movements.
Euclidean distance is the straight-line distance between two points in dimensional space.

Robot Arm with Calculations

States

1. Idle: The robot arm is inactive, awaiting instructions.

2. Move to Object: The robot arm calculates the necessary movement and executes it.
3. Grip Object: The robot arm activates its gripper to grasp the object.
4

Return to Idle: The robot arm returns to its original position and enters the idle state.
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Transitions
1. Idle TO Move to Object: Triggered by an “object detected” signal from the sensor.

Calculation: For a three dimensional space using precise geometrical coordinates the distance
between the robot arm’s current position and the object’s position (x2, y2, z2) can be calculated
using the Euclidean distance formula:

d= \/ (X2 — x1)* + (2 — y1)* + (22 — z1)°

Given the values

(x1,y1,z1) =(2,3,1) and (x2,y2,22) =(5,7,4)

Substitute these coordinates into the formula:

d=\/(5—2)2+(7—3)2+(4—1)2
d=~/G + @)+

d=1v/9+16+9
d=1/34
d =583

Output Command: Send a command to the motor to move the arm a distance of approximately
5.83 units in the direction of the object.

2. Move to Object TO Grip Object: Triggered by reaching the object’s position. No specific
distance calculation, but the arm should stop and initiate the gripping mechanism.

3. Grip Object TO Return to Idle: Triggered by a timer or a signal indicating successful
grip. Calculate the return path (similar to the “Move to Object” calculation but in reverse).

Calculation: The distance d’ between the object’s position and the idle position is given
by:

d = \/ (x1 — x2)* + (y1 — y2)* + (21 — z2)?

If all conditions remain the same, the motor will have to move back the same distance (5.83
units) to return to its idle state. In the situation where the idle state coordinates change, the
values would have to be substituted into

By incorporating arithmetic expressions within the FSM model, we can achieve a more
sophisticated control strategy for the robot arm, ensuring it accurately reaches and retrieves
the object

-
LEARNING TASKW

Depending on the available time or resources, administer one or more of the following
learning tasks to help learners reinforce understanding and acquire new knowledge
or skills.
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Task 1: Automated Watering System

Scenario: Design an FSM model for an automated watering system for a potted plant.
The system uses a moisture sensor to determine the soil moisture level. Based on the
sensor readings, the system activates a water pump to maintain optimal moisture
conditions.

Requirements
1. Define states for the system

2. Use transitions triggered by sensor readings (moisture level) to move between
states.

3. Incorporate arithmetic expressions to define conditions for transitions. (e.g.,
moisture level < threshold).

Specify control outputs for each state. (e.g., activate/deactivate pump).

5. Include calculations within control outputs. (e.g., watering duration based on
moisture deficit).

Task 2: Light-Following Robot

Scenario: Design an FSM model for a light-following robot. The robot uses a light
sensor to detect the direction of a light source. Based on the sensor readings, the
robot adjusts its movement (forward, turn left, turn right) to follow the light.

Requirements
1. Define states for the robot

2. Use transitions triggered by sensor readings (light intensity) to move between
states.

3. Incorporate arithmetic expressions to define conditions for transitions. (e.g., left
sensor reading > right sensor reading + threshold).

4. Specify control outputs for each state. (e.g., activate motors for specific
movement).
Challenge

1. Include an additional state for the robot to handle situations where the light
source is not detected.

2. Modify the control outputs to incorporate calculations for adjusting motor speed
based on the difference in light sensor readings (proportional control).

PEDAGOGICAL EXEMPLAR

Experiential learning
1. Pose thought-provoking questions to guide learners in analysing the scenarios and
determining appropriate states, transitions, and control strategies.

2. Encourage class discussions to share ideas, troubleshoot challenges, and compare different
approaches to FSM design with arithmetic.
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3. Offer constructive feedback on learner deliverables (state diagrams and tables) to ensure
clarity, correctness, and effective use of arithmetic in transitions and control outputs.

4. Ensure the scenarios are practical, making the learning relevant and engaging. If the
scenarios provided do not apply to the local setting, try to innovate, and search for relatable
scenarios for learners to deliberate on.

KEY ASSESSMENT

Assessment Level 1
1. Define a Finite-State Machine (FSM). What are the main components of an FSM?
2. What are the main components of an FSM?

3. Identify and describe the states and transitions in a simple traffic light controller FSM.

Assessment Level 2

4. Given a vending machine FSM with states “Idle,” “Selecting Item,” “Dispensing Item,” and
“Out of Stock,” outline the transitions and control outputs for each state.

5. Analyse the limitations of a purely logical FSM in a temperature control system and explain
how incorporating arithmetic expressions can enhance its functionality.

Assessment Level 3

6. Evaluate the effectiveness of an FSM model for an automated watering system with states
“Idle,” “Watering,” and “Moisture Sufficient.” Include the role of sensor inputs and
transitions in your evaluation.

7. Synthesise a comprehensive FSM model for a robotic arm that includes arithmetic
expressions for precise control. The states should include “Idle,” “Move to Object,” “Grip
Object,” and “Return to Idle.” Define the transitions and control outputs.

8. Design an FSM model for an automated watering system for a potted plant. The system
uses a moisture sensor to determine the soil moisture level. Based on the sensor readings,
the system activates a water pump to maintain optimal moisture conditions.

Requirements

a. Define states for the system
b. Use transitions triggered by sensor readings (moisture level) to move between states.

¢. Incorporate arithmetic expressions to define conditions for transitions. (e.g., moisture
level < threshold).

d. Specify control outputs for each state. (e.g., activate/deactivate pump).

e. Include calculations within control outputs. (e.g., watering duration based on moisture
deficit).
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Key Assessment for an example of a Case study question. See Appendix D for a sample rubric
to score the Case Study.

% + The recommended mode of assessment for Week 5 is Case Study. Refer to question 8 in the

+ Prepare for mid-semester examination.

CONCLUSION

In this section, we explored Finite-State Machines (FSMs), covering their core components—
states, transitions, and inputs/outputs—and their applications in control systems like traffic
lights and vending machines. We also discussed the benefits of incorporating arithmetic
expressions in FSM models, enhancing control precision in systems such as in automated
watering systems and robotic arms. These concepts equip learners with the skills to design and
implement FSMs effectively in real-world scenarios. The understanding gained here provides
a solid foundation for addressing complex control system challenges, bridging theoretical
knowledge with practical application in the ever-evolving field of automation and robotics.

SECTION REVIEW

This section delves into the intricacies of non-feedback and feedback control systems,
emphasising their design and practical applications. Learners gain foundational skills
through designing non-feedback control systems like fire alarm setups, understanding
key elements, and matching control requirements to appropriate components. The section
transitions into feedback control systems, where learners learn to create adaptive and precise
mechanisms, illustrated by examples such as automated lighting systems. The curriculum
also introduces Finite-State Machines (FSMs), covering their core components and
applications in control systems. This comprehensive approach equips learners with essential
skills for advanced robotics and automation, preparing them for real-world challenges and
complex system designs.




APPENDIX B: ROBOTICS GROUP PROJECT WORK

1. Sample Group Project Work

Task

Design and simulate a robot system with three sensors (S1, S2, S3) where the output (O) is true
if at least two sensors detect an obstacle. The project will involve:

R SO~

Formulating the truth table for the system.
Converting the truth table into a Karnaugh Map (K-Map).
Simplifying the Boolean expression using the K-Map.

Designing and drawing the optimized circuit diagram based on the simplified Boolean
expression.

2. Sample Mode of Administration

a)

b)

©

d)

Grouping: Organise learners into small, convenient groups based on ability or gender,
ensuring diversity and collaboration.

Research and Report: Each group is tasked with conducting thorough research on
the project topic. They will make a written report and present their findings, with
marks awarded for accuracy and creativity.

Length of Project: The project should be between 3-5 pages long, including diagrams
and explanations.

Content Guidelines: The project must contain the following sections:

1. A clear introduction to the concepts of logic gates, Boolean expressions, and truth
tables.

ii. Formulation of a truth table for the robot sensor system.

iii. Karnaugh Map (K-Map) creation from the truth table, with detailed explanations
of the steps taken.

1v. Simplification of the Boolean expression derived from the K-Map.

v. Design and drawing of the optimised circuit diagram based on the simplified
Boolean expression.

vi. Conclusion summarizing key findings and the circuit’s functionality.

Deadlines and Monitoring: Set interim deadlines for various stages of the project to
monitor progress:

1. Week 3: Submission of project proposal.
ii. Week 5: Formulation and submission of the truth table.
iii. Week 7: Karnaugh Map (K-Map) and simplification.

iv. Week 11: Final circuit design and project report submission.




3. Sample Detailed Guidelines for Project Work

Guideline Description

Project Topic Focus on designing and optimizing a robot sensor system
based on logic gates and Boolean algebra.

Research & Planning Conduct thorough research on logic gates, Boolean expres-
sions, truth tables, and Karnaugh Maps.

Objectives Clearly state the goal of designing a system that outputs
true if at least two sensors detect an obstacle.

Methodology Describe how truth tables, Karnaugh Maps, and circuit dia-
grams will be used to optimize the system.

Resources List all necessary tools, textbooks, articles, and software
(e.g., logic simulation software).

Time Management Create a timeline with deadlines for each stage (truth table,
K-Map, Boolean expression, circuit diagram).

Collaboration Assign clear roles to each group member, ensuring effective
communication and collaboration.

Documentation Keep detailed records of each step in the process, including
truth tables, K-Maps, and circuit designs.

Presentation Plan an engaging and clear presentation of the entire pro-
cess, using visual aids such as diagrams and slides.

Review & Feedback Seek feedback from peers and teachers at each stage, mak-
ing adjustments where necessary.

Reflection Reflect on what worked well, what challenges were faced,
and how the process could be improved.

4. Sample Presentation Guide
a) Each group will have 10-15 minutes to present their project.

b) Groups must clearly explain:

1. The truth table formulation and how it represents the sensor system.
ii. The process of simplifying the Boolean expression using the Karnaugh Map.
iii. The design and drawing of the optimised circuit based on the simplified
expression.

¢) Groups should use visual aids such as diagrams, slides, or logic simulations to
illustrate their points.

d) An interactive element such as a short Q&A session or a quiz should be included to
engage peers.

5. Sample Feedback Strategy

During and After Presentations

i.  Provide learners with the scoring rubrics ahead of time so they understand how their
work will be assessed.
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ii. Distribute the results and facilitate a discussion on their performance.

iii. Provide immediate feedback, highlighting strengths, areas for improvement, and
commend creativity or insight.

iv. Encourage peer feedback after the presentations to foster a collaborative learning
environment.

Written Reports

i. Provide detailed comments on the written reports, focusing on the clarity of the truth
table, Karnaugh Map, and circuit design.

il. Suggest additional resources or exercises to help reinforce difficult concepts if
necessary.

6. Sample Scoring Guide for Project Work

Criteria
Truth Table

Formulation (6
Marks)

Excellent (6
Marks)

Includes all 8 input
combinations and
correct output val-
ues, with evidence
of reasoning or ex-
planation. Example:
Truth table correctly
displays outputs for
combinations like
S1=1,S2=0, 53-1,
0-=1.

Good (4-5
Marks)

Includes 7 or 6
input combina-
tions, with mostly
correct outputs.
Minor errors in

a few values or
missing a step of
reasoning. Exam-
ple: One output
value such as S1=o,
S2=0,53=1,0=0is
incorrect.

Fair (3 Marks)

Includes 5 to 4 in-
put combinations
or has significant
errors in outputs.
Example: Missing
or misinterpreted
key combinations
like S1=1, S2=1,
S3=0, O=1.

Refer to Section 4 of Learner Material (Answers to Review Question 4.3) for Answers
to this task

Poor ( Needs Im-
provement)-o-2

marks

Fewer than 4 input
combinations or
outputs are mostly
incorrect.

Example: Truth
table does not
reflect the logic

of “at least two
sensors detect an
obstacle.”

Karnaugh
Map (K-Map)
Conversion (6
Marks)

Correctly transfers
the truth table to
the K-Map and
identifies all possi-
ble groupings of 1s
for simplification.

Mostly correct
transfer to K-Map
with 1 minor error
in placement or
grouping. Exam-
ple: Overlapping
grouping for 1s
misses optimi-
zation for fewer
groups.

Partial transfer to
K-Map with 2 or
more errors, af-
fecting grouping
accuracy. Exam-
ple: Missing or
incorrect place-
ment of values
from truth table.

Incorrect or incom-
plete K-Map with
little to no group-
ing of 1s. Example:
K-Map does not
correlate with the
truth table values.




Boolean Sim-
plification (5
Marks)

Simplifies the
Boolean expression
to its minimum
number of terms.
Uses Boolean alge-
bra rules accurately.
Example: Expres-
sion is fully opti-
mized:

Simplifies the
Boolean expres-
sion with 1 or 2
errors or missed
optimizations.

Simplifies par-
tially but retains
significant (3-4)
redundancies or
has errors.

Fails to simplify the
Boolean expression
or produces an
incorrect one.

Circuit Design
and Diagram (5
Marks)

Accurate circuit
design fully match-
es the optimized
Boolean expres-
sion. All Logic gates
are efficient and
correctly placed.

Circuit match-
es the Boolean
expression but
includes minor
(1) inefficiencies
or extra gates.
Example: Uses
redundant gates
that do not sim-
plify the circuit
further.

Circuit is func-
tional but has
significant (2-3)
inefficiencies

or errors in gate
usage.

Circuit is incom-
plete, inaccurate,
or does not func-
tion according

to the Boolean
expression.

Visual Aids and
Presentation (4
Marks)

Includes clear
visuals (e.g., di-
agrams, simula-
tions), effectively
explaining steps.
Engages audience
with interaction
(e.g., Q&A). Exam-
ple: Slide showing
K-Map alongside
its groupings and
simplified Boolean
expression.

Visuals are good
but may lack full
clarity or engage-
ment. Example:
Diagrams are
included but not
fully integrated
into the explana-
tion.

Limited or unclear
visuals. Presenta-
tion lacks struc-
ture or engage-
ment. Example:
Missing diagrams
for K-Map or
circuit.

Little to no vis-

uals. Presentation
is disorganized or
difficult to follow.

Written Report
(4 Marks)

Comprehensive
report covering
truth table, K-Map,
Boolean expression,
and circuit, with
clear explanations.
Example: Explains
how groupings were
derived from K-Map
and simplified.

Good report
covering most
components with
minor omissions
or unclear expla-
nations. Example:
Includes truth
table and Boolean
expression but
lacks detailed
analysis.

Incomplete report
missing 1 or more
major com-
ponents, with
limited clarity.
Example: Only
covers the truth
table or Boolean
expression.

Incomplete or
poorly written
report. Example:
Misses key ele-
ments like K-Map
or circuit design.

Total: 40 marks
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APPENDIX C: RUBRIC FOR CLASS DISCUSSION

Rubric (Total: 20 Marks)
Participation (5 Marks)

Learners demonstrate participation by exhibiting specific behaviours. Marks are awarded
based on the number of features shown:

CRITERIA MARKS

Demonstrates 5 participation features, such as: actively asking questions, responding to 5
peers’ ideas, staying on-topic, referring to learning resources, and leading portions of the
discussion.

Demonstrates 4 participation features. 4
Demonstrates 3 participation features. 3
Demonstrates 2 participation features. 2
Demonstrates 1 or no participation features. 1

Understanding of Concepts (7 Marks)

Marks are based on the number of accurate and relevant points made during the discussion:

CRITERIA MARKS

Explains the use of both component diagrams and system diagrams; compares non-feed- 7
back and feedback systems with depth and accuracy. Includes 5 accurate points, e.g., identi-
fying key features, advantages, and use cases.

Explains concepts with 4 accurate points, but lacks depth or a minor gap. 6
Explains concepts with 3 accurate points, showing moderate understanding. 5
Explains concepts with 2 accurate points, showing basic understanding. 3
Provides little or no understanding of concepts with fewer than 2 accurate points. 1

Quality of Contributions (5 Marks)

Marks reflect relevance, insight, and value added to the discussion:

CRITERIA MARKS

Contributions are highly relevant, insightful, and supported by examples or evidence. Demon- | 5
strates 4 or more thoughtful contributions.

Contributions are relevant and demonstrate some thought. Demonstrates 3 thoughtful con- | 4
tributions.

Contributions are somewhat relevant but lack clarity or depth. Demonstrates 2 contributions. | 3

Contributions are superficial or off-topic. Demonstrates 1 contribution. 1

Collaboration and Interaction (3 Marks)

Learners engage with peers through interaction and feedback:
CRITERIA MARKS

6

|
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Demonstrates 3 features: asking insightful questions, providing constructive feedback, and
encouraging discussion.

Demonstrates 2 features: asking questions or offering feedback.

Demonstrates 1 or no features.




APPENDIX D: RUBRIC FOR CASE STUDY

TASK: Design an FSM model for an automated watering system for a potted plant. The system
uses a moisture sensor to determine the soil moisture level. Based on the sensor readings, the
system activates a water pump to maintain optimal moisture conditions.

Requirements

1. Define states for the system
2. Use transitions triggered by sensor readings (moisture level) to move between states.

3. Incorporate arithmetic expressions to define conditions for transitions. (e.g., moisture
level < threshold).

Specify control outputs for each state. (e.g., activate/deactivate pump).
Include calculations within control outputs. (e.g., watering duration based on moisture

deficit).

RUBRIC [20 marks]
Teachers can allocate a total of 20 marks for this task, divided into the following categories:

1. Define States for the System (5 Marks)

a. 5 Marks: The student correctly identifies and defines all relevant states in the
automated watering system (e.g., “Dry”, “Wet”, “Watering”).

States are clearly described with a specific purpose tied to the system’s operation
(e.g., “Dry” state when moisture level is below threshold, “Watering” state when
pump is activated).

b. 4 Marks: Most states are defined, but some may be missing or incomplete.
States are described but lack clarity or detail.
¢. 3 Marks: States are defined but with significant gaps or misunderstandings.

For example, missing essential states like “Watering” or not addressing specific
conditions like moisture levels.

d. 2 Marks: States are poorly defined or do not address the system’s core functionality.
The answer is vague or confusing.

e. 0-1 Marks: No relevant states identified or entirely incorrect states.
2. Transitions Triggered by Sensor Readings (5 Marks)

a. 5 Marks: The student correctly defines the conditions for each state transition based
on sensor readings (e.g., “If moisture level < threshold, transition to Watering state”).
The transitions are logically sequenced and clearly show how sensor data influences
state changes.

b. 4 Marks: The transitions are mostly correct but may have minor omissions (e.g.,
missing one condition or minor error in sensor reading logic).

¢. Marks: Transitions are mostly correct but have significant issues (e.g., transitions do
not account for all states or incorrect sensor reading conditions).




d. 2 Marks: Transitions are unclear or fail to follow the logical flow of the system (e.g.,
missed key transitions).

e. 0-1 Marks: No correct transitions or logic for transitions provided.
3. Incorporate Arithmetic Expressions for Transitions (4 Marks)

a. 4 Marks: The student correctly incorporates arithmetic expressions that define the
conditions for state transitions (e.g., moisture level < threshold, watering duration
calculated from moisture deficit).

The expressions are mathematically sound and directly relate to system behaviour.

b. 3 Marks: Minor errors or omissions in the arithmetic expressions, but the main logic
is correct.

¢. 2 Marks: Some arithmetic expressions are present but are incomplete, overly
simplistic, or incorrect.

d. [ Mark: Arithmetic expressions are poorly defined or do not apply to the system
properly.
e. 0 Marks: No arithmetic expressions or incorrect use.
Specify Control Outputs for Each State (4 Marks)
5. Include Calculations within Control Outputs (2 Marks)

Overall Presentation and Neatness (2 Marks)

a. 5 Marks: The student correctly identifies and defines all relevant states in the
automated watering system (e.g., “Dry”, “Wet”, “Watering”).

States are clearly described with a specific purpose tied to the system’s operation
(e.g., “Dry” state when moisture level is below threshold, “Watering” state when
pump is activated).

b. 4 Marks: Most states are defined, but some may be missing or incomplete.
States are described but lack clarity or detail.
¢. 3 Marks: States are defined but with significant gaps or misunderstandings.

For example, missing essential states like “Watering” or not addressing specific
conditions like moisture levels.

d. 2 Marks: States are poorly defined or do not address the system’s core functionality.
The answer is vague or confusing.
e. 0-1 Marks: No relevant states identified or entirely incorrect states.

b. Transitions Triggered by Sensor Readings (5 Marks)
a. 5 Marks: The student correctly defines the conditions for each state transition based
on sensor readings (e.g., “If moisture level < threshold, transition to Watering state”).

The transitions are logically sequenced and clearly show how sensor data influences
state changes.

b. 4 Marks: The transitions are mostly correct but may have minor omissions (e.g.,
missing one condition or minor error in sensor reading logic).

¢. 3 Marks: Transitions are mostly correct but have significant issues (e.g., transitions
do not account for all states or incorrect sensor reading conditions).




d. 2 Marks: Transitions are unclear or fail to follow the logical flow of the system (e.g.,
missed key transitions).

e. 0-1 Marks: No correct transitions or logic for transitions provided.

c. Incorporate Arithmetic Expressions for Transitions (4 Marks)

a. 4 Marks: The student correctly incorporates arithmetic expressions that define the
conditions for state transitions (e.g., moisture level < threshold, watering duration
calculated from moisture deficit).

b. The expressions are mathematically sound and directly relate to system behaviour.

3 Marks: Minor errors or omissions in the arithmetic expressions, but the main logic
Is correct.

d. 2 Marks: Some arithmetic expressions are present but are incomplete, overly
simplistic, or incorrect.

e. Mark: Arithmetic expressions are poorly defined or do not apply to the system
properly.
f. 0 Marks: No arithmetic expressions or incorrect use.

d. Specify Control Outputs for Each State (4 Marks)

a. 4 Marks: The student clearly specifies control outputs for each state (e.g., activate
pump, deactivate pump, calculate watering duration based on moisture deficit).

e The outputs are logically linked to state transitions and include clear details on
what actions the system performs.

b. 3 Marks: Most control outputs are specified correctly but may lack some detail or
clarity.

¢. 2 Marks: Control outputs are mentioned but are incomplete or inaccurate.
d. 1 Mark: Control outputs are poorly specified or not connected to states logically.
e. 0 Marks: No control outputs or incorrect outputs specified.

e. Include Calculations within Control Outputs (2 Marks)

a. 2 Marks: The student includes correct calculations within the control outputs (e.g.,
computes watering duration based on moisture deficit using appropriate formulas).

Calculations are accurate, and the reasoning is clear.
b. 1 Mark: Includes calculations but with minor errors or insufficient explanation.
¢. 0 Mark: No calculations provided or calculations are incorrect.

f. Overall Presentation and Neatness (2 Marks)

a. 2 Marks: The FSM model and logical derivations are well-organized and easy to
follow. Proper labelling of states and transitions with clear formatting.

e Diagrams or flowcharts are used effectively.

b. [ Mark: The work is generally neat, but there are minor issues with layout, labels, or
clarity.

¢. 0 Mark: The presentation is disorganized, making it difficult to understand the FSM
model.
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Strand: Principles of Robotic Systems

Sub-Strand: Sensors & Actuators

Learning Outcomes

1. Examine sensor power source, input and output using appropriate measuring instruments and
properly classify them as either active-analogue, passive-analogue, active-digital or passive-
digital

2. Leverage mathematical knowledge for sensor data manipulation and application for digital
control of actuators.

Content Standards
1. Show understanding of sensor classifications.

2. Show the application of equations in the programmatic implementation of Analogue
to Digital Conversion and control of actuators.

R Mid-Semester Examination for the first semester is in Week 6. Refer to Appendix E for a Table
of Specification to guide you to set the questions. Set questions to cover all the indicators
covered for at least weeks 1 to 5.

INTRODUCTION AND SECTION SUMMARY

In this section, learners delve into the foundational principles of sensors and actuators, focusing
on their classifications and applications in digital control systems. Spanning three weeks, the
section covers the distinction and classification of sensors as analogue or digital, and active or
passive, the conversion of analogue sensor data to digital output using mathematical methods
and plotting Rotation-Distance graphs for wheeled robots to relate these graphs to robotic
dimensions. This comprehensive exploration includes understanding sensor classifications,
applying mathematical methods for data manipulation, and implementing sensor data in digital
control systems, equipping learners with the essential skills and knowledge needed for advanced
robotics applications.

The weeks covered by the section are

Week 6

1. Explain the striking features that categorise sensors as analogue or digital (based on output
type) and as active or passive (based on power source).
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2. Classify sensors as either active-analogue, passive-analogue, active-digital or passive-
digital.

Week 7: Apply mathematical methods to programmatically convert continuous-time sensor
output to discrete-time digital output

Week 8: Plot a Rotation-Distance graph for different scenarios of wheeled robots and observe
how the resultant graph relates to the geometric dimensions of a robot’s wheel.

SUMMARY OF PEDAGOGICAL EXEMPLARS

The pedagogical exemplars in this section emphasise commencing with engaging activities to
connect new information to existing knowledge, enhancing comprehension. Content is presented
at varying levels of complexity to accommodate diverse learners, ensuring all learners are
challenged appropriately. Learners work together in mixed-ability groups to foster peer learning,
problem-solving, and communication skills. Hands-on activities and simulations are leveraged
to provide opportunities for learners to explore concepts concretely and make connections
between theory and practice. Ongoing assessment through observation, questioning, and
feedback are used to inform teaching and support learner progress. These pedagogical strategies
collectively create a dynamic and inclusive learning environment where learners are actively
engaged in constructing their knowledge of robotics and its underlying principles.

ASSESSMENT SUMMARY

A variety of assessment modes should be carried for the three weeks under this section to
ascertain learners’ levels of performance in the concepts to be covered. It is essential for
teachers to conduct these assessments promptly to track learners’ progress effectively. You are
encouraged to administer these recommended assessments for each week, carefully record the
results, and submit them to the Student Transcript Portal (STP) for documentation. The
assessments are;

Week 6: Mid-semester examination
Week 7: Homework
Week 8: Experiment

Refer to the “Hint” at the key assessment for each week for additional information on how to
effectively administer these assessment modes.
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Learning Indicators

1. Explain the striking features that categorise sensors as analogue or digital (based on output
type) and as active or passive (based on power source).

2. Classify sensors as either active-analogue, passive-analogue, active-digital or passive-digital.

FOCAL AREA 1: UNDERSTANDING ANALOGUE AND DIGITAL
SENSORS

Introduction

Sensors play a critical role in our modern world, constantly capturing the physical world around
us and converting it into data for various applications. This data can take two main forms:
analogue and digital. Understanding the distinction between these sensor types empowers us
to choose the most suitable option for a particular need.

Analogue vs. Digital Signals

Before understanding the differences between analogue and digital sensors, it is important to
rehash the differences between analogue and digital signals, as discussed in the previous year.

A Signal can be described as a function that represents the variation of a physical quantity (such
as mass, temperature, pressure, etc.) with respect to any independent parameter (such as time
or distance). Signals can be generally categorised as Analogue and Digital Signals. The words
analogue and digital are very common, especially when describing everyday items such as
clocks and watches.

Figure 6.1: Analogue and Digital Clocks
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Analogue signals

From Figure 6.1, the clock to the left is the analogue clock. The main mode of operation of the
analogue clock, or any analogue signal for that matter, is that it provides a continuous range of
values between any two points on the clock. For example, the minute hand, which lies between
the two extremes of 59 minutes and 60 minutes, can take one of several values, be them whole
or fractional. So, one could say the time currently displayed is 6:59, or another can say it 6:59:12
or 6:59:12:28 and so on. We can thus say that for analogue signals, there are an infinite number
of possible values between any two points on the signal. In other words, the underlying concept
of analogue signals is that the variation in the numerical value of the physical quantity is
continuous and could have any of the infinite theoretically possible values between any two
extremes. Some analogue signals are represented in Figure 6.2.
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Figure 6.2: Examples of Analogue Signals represented on a graph.

From the graphs in Figure 6.2, we realise that the dependent quantity is placed on the y-axis,
and the independent quantity (time) is placed on the x-axis. Between the maximum and
minimum time values represented, there is an infinite range of time values that exist theoretically.
For each of these values, there is a corresponding voltage/temperature reading on the y-axis.
There is no specific/discrete range of values that are accepted; all values between the two
extremes on each axis are acceptable/possible. All signals in their original states exist as
analogue signals. This characteristic is why it is often said we live in an analogue world.
Temperature, sound, colours, humidity, luminosity, and other phenomena are all inherently
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analogue. The number of colours to paint an object, the tones we can hear, and the smells we
can detect are limitless, representing an infinite spectrum of possibilities. Given this vast array
of analogue data, a question arises: how do digital signals emerge?

Digital signals

From Figure 6.1, the clock to the right is a digital clock. Digital Signals are the exact opposite
of analogue Signals; they are not represented using continuous values but rather discrete values.
The word Discrete in Electronics and Robotics simply means discontinuous or definite. So, a
Digital Signal is simply the representation of a physical quantity over time (or distance) where
the value of the physical quantity has definite values and is recorded at only definite (time/
distance) intervals.

So, considering the last Temperature signal in Figure 6.2 above, discretising the values on each
axis would mean only taking definite temperature readings at specific time intervals of the day,
not continuously — say every hour. This new digital signal is presented in Figure 6.3 below.
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Figure 6.3 Digital Signal represented on a graph.

In Figure 6.3, it is obvious that there are no temperature readings between the hours. This has
reduced the temperature readings from an infinite number of possible readings to just about 24
specific hourly readings. Also, it can be inferred that the temperature readings are very definite,
using a range of values which are within a domain of integer values divisible by 5 (e.g. 70°C,
75°C, 80°C, 85°C .... up to 100°C), having an interval of 5°C.

This is obviously similar to the behaviour of the digital clock seen in Figure 6.1. It only displays
time in hours and minutes; in that example, there is no display of time in seconds, milliseconds,
microseconds or all the other segments of time. When the time is seven in the morning, it
displays exactly “7:00” and nothing more. The minute value takes a discrete value in the range
of 00, 01, 02, .... 59. At no point does it display 00.50 or any other fractional value.

Analogue sensors

Analogue sensors measure a physical quantity and produce an output signal that directly
corresponds to the measured value. In simpler terms, analogue sensors generate continuous
output signals that precisely reflect the value of the measured parameter without any conversion
into discrete values. The following are the key characteristics of analogue sensors:
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1. Continuous Output: Analogue sensors provide an output signal that varies continuously
along with changes in the measured parameter. For instance, an analogue temperature
sensor outputs a signal that gradually varies as temperature changes are measured over a
period of time, just as seen in Figure 6.4.
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Figure 6.4: The output of an analogue temperature sensor

2. Voltage or Current Output: Analogue sensors typically produce output signals in the
form of voltage or current signals. The magnitude of the signal directly corresponds to the
magnitude of the measured parameter.
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Figure 6.5: The output signal of an analogue sensor measured as a voltage

3. Precision Considerations: Analogue sensors have limitations in precision and accuracy
compared to their digital counterparts. Environmental conditions and noise can influence
the accuracy of analogue sensors.

4. Direct Connection: Analogue sensors are often directly connected to analogue
measurement devices. If digital data is required, an analogue-to-digital converter (ADC)
is used to convert the analogue signal into a digital format for further processing and
analysis.

S. Applications: Analogue sensors are commonly used in applications where continuous and
real-time monitoring of physical quantities is essential. Examples include thermocouples
(temperature), strain gauges (force), and pressure transducers (pressure).
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Digital sensors

Digital sensors are usually used in the area of data acquisition. They excel at transforming
physical quantities, like temperature, pressure, or light, into a digital format. This digital format
typically consists of binary code, a series of Os and 1s, perfectly suited for processing by digital
systems, microcontrollers, and computers. The following are the key characteristics of digital
Sensors:

1. Discrete Output: Digital sensors provide distinct, quantifiable output values. These values
are often represented in binary code, making them ideal for seamless integration with
digital circuits.
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Figure 6.6: The output of a digital temperature sensor

2. Accuracy and Precision: Digital sensors boast high accuracy and precision, offering
reliable and consistent measurements. This is crucial in applications where data integrity
is paramount.

3. Digital Signal Processing Power: Many digital sensors come equipped with built-in
capabilities for digital signal processing. This empowers them to perform tasks like
calibration, filtering, and data compression, making them adaptable to various applications.

4. Communication Versatility and Microcontroller Compatibility: Digital sensors
frequently feature communication interfaces or protocols like Inter-Integrated Circuit
(I2C), serial peripheral interface (SPI), or universal asynchronous receiver/transmitter
(UART). These interfaces enable them to connect effortlessly with other digital devices or
microcontrollers, facilitating data transfer and system integration.

5. Enhanced Features: Digital sensors often boast additional features like data logging, real-
time clock functionality, and compatibility with graphical user interfaces. These features
make them well-suited for complex applications.

Analogue vs. Digital sensors

For certain physical quantities, both analogue and digital sensors may be readily available for
measurement or detection. For example, quantities such as acceleration could either be measured
using a digital accelerometer or an analogue accelerometer, the same as temperature, where the
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thermocouple produces an analogue output, and the digital temperature sensor produces a
digital output.

The choice between an analogue and a digital sensor hinges on the specific application
requirements. Here is a comparison to guide one’s decision:

1. Need for Precision and Accuracy: If high precision and accuracy are paramount, digital
sensors are the preferred choice.

2. Data Processing Capabilities: If the application requires complex data processing or
analysis, digital sensors with built-in processing capabilities might be advantageous.

3. Nature of Data Required: Analogue sensors might be suitable for continuous, real-time
data. However, if discrete data points are sufficient, digital sensors are sufficient.

4. High-Fidelity, Continuous Data Acquisition: When capturing real-time, fine-grained
data with high fidelity is crucial, analogue sensors excel. They provide a continuous stream
of values that precisely reflects the measured parameter, allowing for a deeper understanding
of the phenomenon. This is valuable in applications like audio recording, vibration analysis,
scientific research, etc.

5. Simplicity and Cost-Effectiveness: In some applications, simplicity and cost are
paramount. Analogue sensors can be less complex to manufacture and implement than
digital sensors. This makes them a viable choice for situations where basic measurement
is sufficient, and budget constraints exist.

6. Ease of Integration: Digital sensors often offer easier integration with digital systems due
to their direct compatibility with microcontrollers.

Passive vs. Active Sensors

Understanding the distinction between active and passive sensors is helpful when selecting a
suitable sensor for a specific task. Either of them may get the work done; however, in cases
where power constraints are worth considering in the design of the robot, knowing the difference
may be helpful.

Passive sensors

Passive sensors function by detecting and responding to existing forms of energy in the
environment. They act as perceptive listeners, gathering information without actively emitting
any energy of their own. Passive sensors do not require an external power source for basic
operation, making them energy-efficient. Here are some key characteristics of passive sensors:

1. No external power needed: Passive sensors operate by responding to ambient energy,
eliminating the need for a dedicated power source for basic functionality.

2. Respond to existing stimuli: These sensors detect and measure variations in environmental
phenomena such as light, heat, magnetism, or vibrations.

3. Examples: Common examples of passive sensors include light sensors, photodiodes (light
detectors), infrared sensors (temperature detection), and microphones (sound detection).

Active sensors

Active sensors, in contrast, take a more proactive approach. They emit a specific form of energy
into the environment and then analyse the reflected or returned energy to gather information.
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An external power source is necessary to operate the internal circuits that generate the outgoing
signal. Here are some key characteristics of active sensors:

1. External power required: These sensors require an external power source to generate the
outgoing signal that facilitates object detection and measurement.

2. Emission and detection: Active sensors emit a targeted form of energy (such as sound
waves, light, or electromagnetic waves) and measure the properties of the reflected or
returned energy.

3. Examples: Examples of active sensors include ultrasonic sensors (use sound waves for
distance measurement), LiDAR sensors (use light waves for 3D mapping), and radar
sensors (use radio waves for object detection).

Choosing the Right Sensor

The selection between an active and passive sensor hinges on the specific needs of the robotic
application. Here are some factors to consider when making this choice:

1. Task Requirements: The specific task the robot needs to perform will dictate the type of
information required. For instance, line following might be achieved with passive light
sensors, while obstacle detection might necessitate an active ultrasonic sensor.

2. Environmental conditions: Passive sensors might be susceptible to interference from
ambient light or noise. Active sensors can provide more precise measurements in challenging
environments.

3. Power availability: If power consumption is a concern, passive sensors might be preferable
due to their lower power requirements.
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Figure 6.4: Examples of Sensors




SECTION 3: SENSORS AND ACTUATORS 2

Exploring SPIKE™ Prime Sensors
https://community.legoeducation.com/blogs/31/220

Classifying Sensors

As seen in the subsections above, sensors can be categorised based on two key characteristics:
their mode of operation (active vs. passive) and the type of signal they produce (analogue vs.
digital). Combining these classifications, a sensor could be classified as either active-analogue,
passive-analogue, active-digital or passive-digital. Understanding this categorisation system is
key to selecting the most suitable sensor for a robotic-based project. One can classify which
category it falls under by studying the mode of operation and the datasheet of a specific sensor.

A sensor datasheet is a crucial technical document that provides comprehensive information
about a specific sensor model. It details the sensor’s:

1. Specifications: Key characteristics like operating voltage, range, sensitivity, accuracy, and
power consumption.

2. Functionality: A detailed explanation of the sensor’s operation and how it converts a
physical quantity into an electrical signal.

3. Pinout Diagram: A visual representation of the sensor’s connection points and
functionalities.

4. Applications: Examples of how the sensor can be used in various projects.

Datasheets are typically available for download from the manufacturer’s website or authorised
distributor websites such as Digi-Key, Mouser Electronics, Newark and Arrow Electronics.
Many online resources also offer sensor datasheet repositories. The following resource in the
table below provides a good introduction to datasheets and how they are interpreted or read.

Resource QR Code

What is a Datasheet?
https://www.youtube.com/watch?v=5102hoclhés

Measuring Signals of Sensors

In addition to consulting datasheets, the output signal of a sensor can be measured to determine
whether it is analogue or digital. Two common tools are used for this purpose:

1. Multimeter: This versatile instrument measures voltage, current, and resistance. It can be
used to check the output signal of an analogue sensor and determine its range. Multimeters
come in two main types: digital and analogue. Both typically have two probes, usually red
and black. These probes connect to the multimeter on one end, and the other end makes
contact with the source of the signal being measured.



https://community.legoeducation.com/blogs/31/220
https://www.youtube.com/watch?v=5IO2hocIh6s
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The Analogue Multimeter uses a needle that moves across a scale to indicate the measured
value. The Digital Multimeter, on the other hand, uses a numerical display to show the exact
measured value.

ANALOG DIGITAL

Figure 6.5: An Analogue and Digital Multimeter

2. Oscilloscope: This instrument displays the signal as a graph, allowing visualisation of the
continuous changes in an analogue signal or the discrete voltage levels in a digital signal.
Similar to multimeters, oscilloscopes come in two varieties: analogue and digital. The
analogue oscilloscope captures and displays the voltage waveform in its original form. In
contrast, the digital oscilloscope uses an analogue-to-digital converter (ADC) to capture
and store information digitally. Due to their advanced capabilities, most engineers prefer
digital oscilloscopes for debugging and design purposes. Note that both types of
oscilloscopes can graphically represent the digital and analogue signals.

V-212 OSCILLOSCOPE %6

Figure 6.6: A Digital Oscilloscope Figure 6.7: An Analogue Oscilloscope

The links to the resources below introduce learners to how multimeters and oscilloscopes can
be used to measure signals.

Resource

How to Use a Multimeter for Beginners - How to Measure Voltage, Resistance,
Continuity and Amps
https://www.youtube.com/watch?v=TdUK6RPdIrA



https://www.youtube.com/watch?v=TdUK6RPdIrA
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How to Use a Multimeter
https://learn.sparkfun.com/tutorials/how-to-use-a-multimeter

What is an Oscilloscope?
https://www.tek.com/en/blog/what-is-an-oscilloscope?bpv=2

How To Use an Oscilloscope
https://www.youtube.com/watch?v=HCxISmoDHHk

-
LEARNING TASKW

Depending on the available time or resources, administer one or more of the following
learning tasks to help learners reinforce understanding and acquire new knowledge
or skills.

1. Presented with a variety of graphs depicting signals of real-world phenomena
like temperature variations over time or acceleration taken at specific intervals.
Analyse each graph by focusing on the following aspects:

a. Identify the quantities represented on the x-axis (independent variable) and
y-axis (dependent variable).

b. Observe how data points are plotted on the graph.

c. Consider the range of values displayed on each axis.

d. Classify these graphs as either analogue or digital signals
e. Identify key characteristics of the graphs presented.

2. A table listing various characteristics of sensors, and their descriptions will be
presented, and each characteristic will be categorised as applicable to either
analogue or digital sensors.

3. Presented with descriptions of the following applications that require the use of
sensors, research the type of sensor(s) that is best suited for each scenario and
categorise the sensor(s) as active/passive and analogue/digital with justification.

a. Monitoring sound levels in a music studio.
b. Measuring water flow rate in a pipe.
c. Obstacle detection and avoidance in robots and drones.

d. Gas leakage detection of flammable gases (natural gas, propane) or toxic
fumes (carbon monoxide).

e. Identifying objects on conveyor belts for automated processes.



https://learn.sparkfun.com/tutorials/how-to-use-a-multimeter
https://www.tek.com/en/blog/what-is-an-oscilloscope?bpv=2
https://www.youtube.com/watch?v=HCxISm0DHHk
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4. Provided with a sample datasheet snippet or a link to a real sensor datasheet,
identify specific values (e.g., voltage range, output signal type) and explain how
this information helps determine the sensor category (active/passive, analogue/
digital).

5. Using datasheets, compare specifications between different sensor models
to understand how variations impact sensor type and suitability for specific
applications.

6. Use a multimeter to observe the output signals of various analogue and digital
sensors in operation and compare the range of their observed readings with their
specifications in the datasheets.

PEDAGOGICAL EXEMPLARS

Building on learners’ prior knowledge of sensors and their role in robotics as well as analogue
and digital signals, learners will dive deeper into the broader classifications of sensors as either
analogue/digital and active/passive. This lesson will combine Collaborative Learning and
Experiential Learning approaches to introduce sensor classification. Consider the following
keynotes when administering the suggested pedagogical approaches in the curriculum:

1. The lesson starts with an interactive session to activate prior knowledge. Learners are
prompted to share what they remember about sensors from the previous year. This could
involve describing the role of sensors in robotics, listing familiar sensors, and explaining
their functions. Their ideas are captured on a board or collaborative document, catering for
kinaesthetic and auditory learning styles.

2. The session can begin by unveiling the learning objectives and then prompting learners to
share their expectations or what they hope to achieve by the lesson’s end. This personalises
the learning experience by encouraging learners to take ownership of the objectives and
actively work towards them.

3. Experiential Learning: Learners are presented with physical or digital representations of
analogue and digital clocks. They are guided to observe and discuss the key differences in
how time is displayed on each. This fosters active participation as learners document their
observations and share them with the class.

a. Using this approach, consider creating groups with members of similar interests, with
a mix of research, communication, and presentation skills. This fosters collaboration
and uses each learner’s strengths.

b. Each group receives physical clocks or access to their images. Learners are prompted
to discuss the key differences in time display. Tiered observation prompts, catering for
the varying learning paces, can be offered (basic vs. in-depth). This ensures all learners
are engaged with discussions on their observations.

¢. A guided class discussion follows, highlighting the concepts of continuous vs. discrete
values for analogue and digital signals, respectively. Learners are encouraged to reflect
on their observations and connect them to these concepts. Sharing these reflections
within their groups or with the class promotes critical thinking and peer learning.

4. Collaborative Learning: Learners are introduced to the various distinctive characteristics
of analogue and digital sensors. They are then given the opportunity to categorise these
characteristics under analogue or digital.




SECTION 3: SENSORS AND ACTUATORS 2

a. The lesson begins with a breakdown of the distinguishing features of analogue and
digital sensors, tailored to different learning levels. This explanation may be
supplemented with videos, textbooks, or other resources.

b. Learners remain in their existing groups and receive a table with various sensor
characteristics listed in one column. The second column is left blank for categorisation.
Working together, learners determine whether each characteristic applies to analogue
or digital sensors and record their findings in the table.

¢. A class discussion follows, and each group presents its categorised table. Through this
collaborative process, the class refines and finalises the table, solidifying their
understanding of sensor characteristics.

Experiential Learning: This activity engages learners in classifying active and passive
Sensors.

a. The lesson begins with a clear explanation of the key differences between active and
passive sensors. This explanation is delivered in a tiered manner, catering to learners’
varying levels of understanding. Supplementary resources like videos and textbooks
are provided to solidify understanding.

b. Learners remain in their existing groups. Each group is presented with a series of real-
world scenarios requiring sensor use (e.g., music studio sound level monitoring, robot
obstacle detection, etc.). Groups choose several scenarios of interest and research the
most suitable sensor for each.

¢. Research is conducted using available resources like the Internet, textbooks, etc.
During research, learners consider various factors for sensor selection, including:

1. Sensor function
i1. Mode of operation (active/passive)

iii. Nature of output signal (continuous/discrete)

d. Each group presents their findings for each chosen scenario, explaining their sensor
selection rationale. A class discussion follows, allowing for the exchange of ideas and
clarification of any doubts. The teacher provides additional explanations and facilitates
a collaborative resolution of any discrepancies.

Experiential Learning: In this activity, learners are introduced to datasheets and
measuring output signals of sensors using multimeters and oscilloscopes.

a. Using this approach, begin by providing tiered introductions to the use of datasheets.
Support explanations with supplementary resources such as videos, textbook materials,
sample datasheets, etc.

b. Encourage learners to also engage with the video resources provided in the material
on how to use multimeters and oscilloscopes to measure signals.

¢.  Where these tools are physically available, some of the sensors in the previous activity
are used to measure or graphically display their output signals under different working
conditions. Give turns for each group to practise the use of these tools and compare
their readings with those stated in the selected sensor’s datasheet.

d. In situations without physical tools, virtual multimeters and oscilloscopes will be
introduced. Offline versions may be found in installed electronic circuit simulator
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applications such as Proteus, Autodesk Eagle or MyOpenLab. For an online version,
learners could use Autodesk Tinkercad Circuits.

KEY ASSESSMENT

Assessment Level 1
1. Define the term “continuous value” in the context of analogue signals.

2. State at least one advantage of using digital sensors.

Assessment Level 2

3. Compare and contrast the way time is displayed on an analogue clock versus a digital
clock. Explain how this relates to the concept of continuous vs. discrete values.

4. Given a scenario where a sensor is needed to detect if a button is pressed (on/off), explain
why a digital sensor would be more suitable than an analogue sensor.

Assessment Level 3

S. Explain why some physical quantities, like temperature, can be measured by both analogue
and digital sensors, while others might be better suited for one type or the other.

6. Design a simple experiment to differentiate between an analogue and a digital sensor using
a multimeter. Explain your reasoning.

7. For a specific sensor based scenario a robot makes a mistake that harms a human. Who is
responsible: the robot designer, the programmer, or the user? Explain your reasoning.

8. Assessment Level 4: Research and describe a real-world application where both analogue
and digital sensors are used together. Explain the specific role of each sensor type in the
application.

Appendix E for a Table of Specification to guide you to set the questions. Set questions to cover
all the indicators covered for at least weeks 1 to 5

% The recommended mode of assessment for Week 6 is Mid-Semester Examination. Refer to

Conclusion

This comprehensive learning module equips learners with the necessary knowledge to
distinguish between various sensor types based on their output signal (analogue/digital) and
power source (active/passive). Learners gain the ability to classify sensors into categories like
active-analogue, passive-analogue, active-digital and passive-digital. The module emphasises
the importance of sensor datasheets in understanding sensor specifications and selecting the
most suitable sensor for a specific application. By incorporating hands-on activities like
analysing graphs, classifying sensors based on application needs, and interpreting datasheets,
learners solidify their understanding and develop practical skills in sensor selection and
measurement.



https://www.labcenter.com/
http://eagle.autodesk.com/eagle/software-versions/50
https://www.tinkercad.com/circuits

SECTION 3: SENSORS AND ACTUATORS 2

Learning Indicator: Apply mathematical methods to programmatically convert continuous-time
sensor output to discrete-time digital output

FOCAL AREA 1: MATHEMATICAL METHODS FOR SENSOR DATA
PROCESSING IN ROBOTICS

Introduction

Robots rely heavily on sensors to perceive their environment and interact with the physical
world. Some of these sensors are analogue in nature and generate a continuous stream of data
representing various physical quantities like temperature, pressure, or distance. However, the
microcontrollers that control robots operate in the digital domain, requiring discrete data
points. Processing sensor output signals often involves mathematical concepts like ratios,
proportions, and gradients to convert continuous data into a format suitable for digital processing.

Analogue Sensors and the Need for Analogue-to-Digital
Converters (ADCs)

There are quite a number of sensors used in our world today, particularly those used in robotics,
which are analogue in nature. In actual fact, naturally, all signals in their original states are
analogue; that is why it is often said that we live in an analogue world. This means that these
analogue sensors produce a continuous electrical signal that varies constantly in response to
changes in the measured physical quantity. Microcontrollers, which are responsible for taking
sensor data as input to make informed decisions, can only understand discrete digital signals,
typically represented by binary values (Os and 1s). Therefore, to connect an analogue sensor to
a microcontroller, we need a device called an Analogue-to-Digital Converter (ADC) to convert
these analogue signals.

What is an ADC and How Does it Work?

An ADC takes an analogue voltage signal as input and converts it into a digital representation.
Since the outputs of analogue signals are basically analogue voltage (electrical) signals, they
can be converted using an ADC. This conversion process involves sampling the continuous
signal at specific intervals and quantising the sampled values.

Sampling refers to taking discrete measurements of the voltage at specific points in time.
Quantisation refers to assigning a specific digital value (often a binary code) to each sampled
voltage level. These steps are explained further in the video resource provided below.

Analog-to-digital
converter

Analog signal Digital signal

Figure 7.1: Analogue to Digital Conversion




SECTION 3: SENSORS AND ACTUATORS 2

Analogue to Digital Conversion
https://www.youtube.com/watch?v=zucfv7lUoWs

Analogue-to-digital conversion (ADC)
https://www.techtarget.com/whatis/definition/analog-to-digital-conver-
sion-ADC

Step-by-Step Approach of Converting Analogue Signal to Digital
Signal

In the previous week, the graph in Figure 7.2 below was presented as an example of a continuous-
time graph. It showcases temperature readings taken over a period of time. Using this graph as
an example, we will walk through the basic steps of converting an analogue signal to a digital
signal.

In converting the signal from analogue to digital, similar to ADCs, we go through two basic
steps: Sampling (Discretising the time axis) and Quantisation (mapping the signal to some fixed
set of discrete values).

Step One - Sampling (Discretising the time axis)
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Figure 7.2: A Continuous-time Graph showing Temperature Readings

Remember that the word Discrete in the world of Robotics and electronics simply means
Discontinuous or Definite. So, a Discrete-Time Signal is simply the representation of physical
quantity over time where the value of the physical quantity is only measured or recorded at
definite time intervals. This is the same process as sampling, which ADC goes through when
converting an analogue signal to a digital one. So, considering the analogue temperature signal
in Figure 7.2, to discretise the time axis, we will only take (sample) temperature readings at



https://www.youtube.com/watch?v=zucfv7lU0Ws
https://www.techtarget.com/whatis/definition/analog-to-digital-conversion-ADC
https://www.techtarget.com/whatis/definition/analog-to-digital-conversion-ADC
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specific times of the day, not continuously, say every hour. This new discrete-time signal is
presented in Figure 7.3.
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Figure 7.2: A Discrete-time Graph showing Temperature Readings

In Figure 7.2, it is obvious that we have no temperature readings between the hours. This has
reduced our temperature readings from an infinite number of readings to just about 24 specific
hourly readings. However, it is important to note that we still have captured exactly what the
temperature readings were every hour, be it 70.55°C at 6 AM or 89.70°C at 6 PM, as recorded
in Table 7.1 below.

Table 7.1 Hourly Temperature Recordings from Discrete-Time Graph

Time | Temp. Time Temp. Time Temp. Time Temp.
1AM 74.00°C 7AM 73.20°C 1PM 95.02°C 7PM 85.20°C
2AM 73.00°C 8AM 78.00°C 2PM 95.03°C 8PM 82.40°C
3AM 72.00°C 9AM 83.50°C 3PM 95.00°C 9PM 77.5°C

4AM 71.00°C 10AM | 88.72°C 4PM 94.00°C 10PM 74.50°C

5AM 70.50°C 11AM | 92.36°C 5PM 92.36°C 11PM 73.00°C

6AM 70.55°C 12noon | 94.00°C 6PM 89.70°C Midnight | 72.00°C

Based on the above described and demonstrated method, the mathematical procedure for
sampling can be described as follows:

1. Determine the sampling interval (time between samples, e.g. every hour).

2. Capture/record the analogue signal value at each sampling instant in a table.

Mathematically it can be represented as x[n] = x_a(nT)
Where:

e x[n] is the discrete-time signal
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e x_a(t) is the continuous-time signal at time t
e T is the sampling interval

e 1 is an integer representing the sample number

So, for example, for the continuous-time graph represented in Figure 7.2, the graph will be x_a.
If the sampling interval is determined or set as one (1) hour, then we will be capture the x_a(t)
values happening at x_a(n*1hr) which is x_a(1*1hr), x_a(2*1hr), x_a(3*1hr), etc. This is similar
to saying capturing the analogue signal value occurring each hour.

Step Two - Quantisation (mapping the signal to some fixed set of
discrete values)

Remember that digital signals are the exact opposite of analogue signals; they are not represented
using continuous values but rather discrete values. Unlike discrete-time signals, where only the
time-axis is discretised, Digital Signals discretise both the x and y-axes. So, taking the
temperature example in Figure 7.3, both the temperature axis and the time axis are discretised.
That is, the hourly temperature readings would record only a specific set (domain) of temperature
values. Temperatures outside this set would be rounded down to the nearest accepted value in
the set of acceptable values. So, imagine if our temperature axis now accepts only the values
70°C, 75°C, 80°C, 85°C ... up to 100°C (an interval of 5°C) then our new temperature signal
can be represented digitally as illustrated in Figure 7.3.
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Figure 7.3: Digital Signal

From Figure 7.3, it is clear that all recorded temperature values fall within the accepted range
listed in Table 7.2 below. For example, the temperature at 6 AM, initially recorded as 70.55°C,
has been rounded down to 70°C. Similarly, the temperature at 6 PM, initially recorded as
89.70°C, has been rounded down to 85°C. You might wonder why 89.70°C was rounded down
rather than up, given its proximity to 90°C. The simplest explanation lies in the way digital
systems operate.

Consider the digital clock in Figure 6.1, which displays time only in hours and minutes, not
seconds or fractions thereof. When the time is 7:00 AM, the clock shows exactly “7:00” without
displaying fractions of a minute. The minute value increments discretely from 00 to 59. It does
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not show 00.50 or any other fractional value. The time changes from 7:00 to 7:01 only after 60
full seconds have passed. Until then, the time remains 7:00, rounded down. Similarly, 89.70°C
at 6 PM is rounded down to 85°C because the digital system does not display fractional degrees
in this context.

This process is similar to the process of Quantisation used in ADCs. In both cases, the
continuous value (temperature) is mapped to a fixed set of discrete values. This mapping process
ensures that the digital representation can be processed efficiently by digital systems, even if it
means sacrificing some precision by rounding.

Table 7.2 Digital Hourly Temperature Recordings from Discrete-Time Graph

Time | Temp. Time | Temp. Time Temp. Time Temp.

1AM 70.00°C 7AM 70.00°C 1PM 95.00°C 7PM 85.00°C
2AM 70.00°C 8AM 75.00°C 2PM 95.00°C 8PM 80.00°C
3AM 70.00°C 9AM 80.00°C 3PM 95.00°C 9PM 75.00°C

4AM 70.00°C 10AM | 85.00°C 4PM 90.00°C 10PM 70.00°C

5AM 70.00°C 11AM | 90.00°C 5PM 90.00°C 11PM 70.00°C

6AM 70.00°C 12noon | 90.00°C 6PM 85.00°C Midnight | 70.00°C

Based on the above described and demonstrated method, the mathematical procedure for
Quantisation can be described as follows:

1. Define the quantisation level (step size between discrete values e.g. 5°C).
2. Determine the quantisation range (minimum and maximum values e.g. 0°C to 100°C).

3. Round each sampled value to the nearest quantisation level. (e.g. 70.55°C to 70°C)

Mathematically it can be represented as x_q[n] = Q[x[n]]
Where:

e x_q[n] is the quantized sample
e x[n] is the sampled value

e Q is the quantisation function

The quantisation function in this case will be a simple round down or floor function/method
which simply rounds the value down to the nearest accepted value. So, in Figure 7.3 where the
temperature values were to be rounded down to the nearest whole number divisible by five (5),
the quantisation function will do exactly so. This can be further expressed as:

x_q[t] = Q_L * floor(x[t]/Q_L)

Where:
e x_([t] is the quantized value at time t
e x][t] is the sampled value read at time t

e (_L is the quantization level
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e * represents multiplication

For example:

x_q[7AM] = 5 * floor(73.2°C/5)
=5 * floor(73.2°C/5)
=5 * floor(14.64°C)
=35 *14°C
=70°C

Percentage Error

It has been established that for digital signals, both the x and y axes are discretised, allowing
only a specific set of values. Consequently, values that do not fall within the accepted set must
be rounded down. This rounding down introduces an element of error, as the exact values are
not always accurately represented as they were measured.

For instance, rounding down 89.70°C at 6 PM to 85°C results in a percentage error of 5.24%.
This error is calculated using the following formula:

|Approximate Value — Exact Value|

%X 100%
|Exact Value| A

(The “I” symbols mean absolute value, so negatives become positive)

This introduction of error does not imply that digital signals are erroneous and therefore
undesirable. On the contrary, several methods exist for managing such errors. Furthermore, it
is worth noting that errors in digital signals are easier to handle than those in analogue signals.
These benefits will become more apparent when analogue and digital signals are compared, as
done in the previous lesson.

A straightforward way to reduce the 5.24% error mentioned above is to increase the number of
demarcations (the accepted set of values) on the y-axis. Instead of accepting only 70°C, 75°C,
80°C, 85°C, and so on, with an interval of 5°C, the interval can be reduced to 2.5°C. This would
adjust the set to include 70°C, 72.50°C, 75°C, 77.50°C, 80°C, 82.50°C, 85°C, and so on, up to
100°C. In this way, the value of 89.70°C at 6 PM would be rounded down to 87.50°C instead
of 85°C, thereby reducing the error from 5.24% to 2.45%.

ADC IN MICROCONTROLLERS

The concept of analogue-to-digital conversion can be demonstrated more easily with certain
microcontroller boards compared to others. For instance, most Arduino-based microcontrollers
have analogue input pins capable of receiving signals from analogue sensors and converting
these signals into digital forms. Unlike Arduino boards, which often feature dedicated ADC
pins, Raspberry Pi boards are primarily designed for digital input and output. When connecting
an analogue sensor to a Raspberry Pi, an external analogue-to-digital converter (ADC) chip is
required. This chip converts the analogue signal from the sensor into a digital format that the
Raspberry Pi can process. The use of these external converters necessitates additional hardware
and programming complexity. Examples of these converter chips include:

o MCP3008: A widely used 8-channel 10-bit ADC, capable of reading analogue values
from 8 different inputs with a resolution of 1024 levels (2*10).




SECTION 3: SENSORS AND ACTUATORS 2

e ADSI111S: Offers higher resolution (16-bit) and faster conversion speeds compared to
the MCP3008.

Additionally, the LEGO ® Education SPIKE ™ Prime, like many educational robotics
platforms, is primarily designed for digital interactions. Its sensors, such as the colour sensor
and distance sensor, provide digital data to the main controller. In reality, most of these sensors
primarily gather analogue data, such as light, pressure, and voltage. Within the sensors, inbuilt
ADC chips convert the gathered signal and send it as digital data to the controller.

While this might seem limiting compared to platforms with analogue inputs, such as Arduino,
it simplifies the learning process for beginners and allows for a focus on programming and
problem-solving with digital data. Considering that, at this point, the only microcontroller
board introduced in terms of programming is the LEGO ® Education SPIKE ™ Prime, it will
be challenging to fully demonstrate how analogue-to-digital conversion is done programmatically.
However, the following two resources provide a semblance of how this is done using a force
sensor with LEGO ® Education SPIKE ™ Prime. Additionally, the second resource provides
details on how this is done with Arduino-based microcontroller boards. In subsequent sections,
programming Arduino-based boards will be introduced, making the implementation of ADC
programmatically clearer.

Resource QR Code

LEGO ® Education SPIKE ™ - Using Force Sensor
https://www.youtube.com/watch?v=YtWkRYzpUSg

Analogue to Digital Conversion
https://learn.sparkfun.com/tutorials/analog-to-digital-conversion/all

LEARNING TASK |

Depending on the available time or resources, administer one or more of the following
learning tasks to help learners reinforce understanding and acquire new knowledge
or skills.

1. Presented with a variety of continuous-time graphs depicting signals of real-
world phenomena like temperature variations over time or acceleration taken
at specific intervals, through a well explained step-wise process, convert these
graphs into:

a. Discrete-time graphs
b. Digital Signal graphs

2. For each continuous-time graph which was converted to a digital graph:
a. Calculate the percentage error of each value

b. Calculate the average percentage error of all converted values



https://www.youtube.com/watch?v=YtWkRYzpUSg
https://learn.sparkfun.com/tutorials/analog-to-digital-conversion/all
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c. Suggest ways by which these errors can be minimalised.

3. Provide mathematical equations or procedure that are helpful in carrying out the
following activities:

a. Sampling a continuous-time signal

Quantising a discrete sampled data

b
c. Calculating percentage error
d. Calculating the average percentage error

PEDAGOGICAL EXEMPLARS

The main objective of this lesson is for learners to apply mathematical methods (sampling and
quantisation) to convert continuous-time analogue signals into discrete-time digital signals as
well as calculate and analyse the percentage error introduced during conversion. Consider the
following keynotes when administering the suggested pedagogical approaches in the curriculum:

1. The lesson starts with an interactive session to activate prior knowledge. Learners are
prompted to share what they remember about the differences between analogue and digital
sensors from the previous lesson as well as their characteristics. This could involve listing
familiar sensors and explaining their functions as well as categorising them. Their ideas
are captured on a board or collaborative document, catering for kinaesthetic and auditory
learning styles.

2. The session then continues with unveiling the learning objectives and then prompting
learners to share their expectations or what they hope to achieve by the lesson’s end. This
personalises the learning experience by encouraging learners to take ownership of the
objectives and actively work towards them.

3. Establish the essence of converting analogue to digital signals using everyday examples.
Be ready to provide simplified explanations for learners who may need clarification,
bearing in mind that without a clear understanding of this essence to making the topic
relevant. Connect this with how ADCs work in everyday devices.

4. Experiential Learning: Learners in mixed-ability groups are presented with various
graphed continuous-time signals, similar to what is presented in the content. They are
provided with a step-by-step process of converting these signals into digital signals, while
explaining and demonstrating the concepts of sampling and quantisation.

a. Using this approach, consider creating groups with members of similar interests, with
amix of computational, programming, and presentation skills. This fosters collaboration
and uses each learner’s strengths.

b. Each group receives graphed continuous-time signals or access to their images
depicting real-world phenomena.

c¢. Using tiered observation prompts, learners are prompted to describe the graphs
presented to them, describing their axes, the nature of the graphs (whether analogue
or digital) as well as any other observed characteristics. This ensures all learners are
engaged with discussions on their observations.

d. Provide learners with explanations of the concept of Sampling, which is the first step
used in converting a continuous-time graph into a digital signal. Provide a simpler
explanation using an example like measuring room temperature every hour and




SECTION 3: SENSORS AND ACTUATORS 2

plotting it on a graph (discrete-time graph) for learners who may struggle with the
concept. For advanced learners, introduce the concept of sampling rate or frequency
of measurements.

Demonstrate the concept of sampling on the board using any of the graphed continuous-
time signals while providing a table with the values that have been sampled and
plotting the values in a discrete-time graph. Be ready to go over and use different
approaches to bring all learners on board and reinforce understanding.

Allow all learner groups to test their understanding of this concept using the graphs
they have been presented with. Go round to ensure that all learners are engaged in the
practice, and none is left behind. Assist learners who may struggle with the task.

Continue with an explanation of the concept of Quantisation, which is the second step
for converting analogue signals to digital signals. Provide a simpler explanation using
an analogy like assigning letter grades (A, B, C) to a range of test scores (analogue
values) for learners who may struggle with the concept. For advanced learners,
introduce the concept of quantisation level (resolution) and its impact on the accuracy
of the digital representation.

Continuing with the first example, demonstrate the concept of quantisation on the
board using any of the graphed continuous-time signals while providing a table with
the values that have been quantised. Be ready to go over and use different approaches
to bring all learners on board and reinforce understanding.

Allow all learner groups to test their understanding of this concept using the graphs
they have been presented with. Go round to ensure that all learners are engaged in the
practice, and none is left behind. Assist learners who may struggle with the task.

A guided class discussion follows, highlighting the step-wise approach they followed
in converting their continuous-time (analogue) to digital signals. Learners are
encouraged to reflect on their observations and connect them to the concepts of
Sampling and Quantisation as used in ADCs. Sharing these reflections within their
groups or with the class promotes critical thinking and peer learning.

Provide tiered explanations of how these concepts can be represented mathematically.
Be mindful of learners who may have challenges with the mathematical procedure.
Explain the terms in the equations and demonstrate how they work using simplified
examples.

Error Analysis and Minimisation: Explain how the conversion process introduces a
percentage error because continuous values are rounded to discrete levels. Provide
learners with the mathematical procedure for calculating the percentage error and the
average percentage error. Demonstrate these steps with the converted continuous-time
signal and guide the various groups to do the same. Be mindful that all learners take
part in the activity.

. Discuss by demonstrating how the percentage error can be minimised by increasing
the sampling rate or increasing the quantisation level.
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KEY ASSESSMENT

Assessment Level 1
1. Matching Activity - Match the following terms with their correct definitions:

Term Definition

Analogue Signal an electronic device that converts an analogue signal into a digital signal.
It performs both sampling and quantization to produce a digital rep-
resentation of the input analogue signal.

Digital Signal the process of converting a continuous analogue signal into a dis-
crete-time signal by taking measurements at regular intervals. This in-
volves capturing the value of the analogue signal at specific points in time.

Sampling the process of converting a continuous range of analogue values into a
finite set of discrete values. This involves assigning a specific digital code
to each sampled value.

Quantization a discrete representation of a physical quantity, using a finite set of val-

ues. It is typically represented as a series of binary digits (0s and 1s).
ADC a continuous representation of a physical quantity, such as voltage, cur-
(Analog-to-Digital | rent, or temperature. It varies smoothly over time and can take on an
Converter) infinite number of values within a specific range.

Assess2ment Level 2
2. List the two main steps involved in converting an analogue signal to a digital signal.

3. A light sensor outputs a continuous voltage signal based on the intensity of light. Explain
how an ADC would convert this signal into a digital value that a microcontroller can
understand.

Assessment Level 3

4. Analyse a provided set of data points representing a sampled and quantised version of a
continuous-time signal. Calculate the percentage error for each data point.

5. Explain the trade-off between sampling rate and quantisation level in ADC. How do these
factors affect the accuracy of the digital signal?

6. Given a scenario with a specific error tolerance, recommend strategies (adjusting sampling
rate or quantization level) to minimise the conversion error.

7. Presented with various graphed continuous-time signals, explain and demonstrate the
concepts of sampling and quantization, converting these continuous-time signals into
discrete-time digital output.

8. Assessment Level 4: Design a program (pseudocode or flowchart) that simulates the
conversion of an analogue signal (represented by a mathematical function) into a digital
signal using a specified sampling rate and quantisation level.
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)] The recommended mode of assessment for Week 7 is Homework. Refer to question 7 under the
key assessment for an example of a task for the Homework.

Conclusion

This lesson explored the concept of analogue-to-digital conversion (ADC), a crucial process
for robots to interact with the physical world. It stated that most sensors generate continuous
analogue signals, while microcontrollers operate in the digital domain. ADCs bridge this gap
by converting analogue signals into discrete digital representations suitable for processing. The
conversion process involves two key steps: Sampling and Quantization

The lesson also explored the trade-off between sampling rate and quantization level, impacting
the accuracy of the digital signal. The lesson also introduced the concept of percentage error
arising from quantisation and discussed strategies to minimise it.
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Learning Indicator: Plot a Rotation-Distance graph for different scenarios of wheeled-robots and
observe how the resultant graph relates with the geometric dimensions of a robot.

FOCAL AREA 1: ROTATION-DISTANCE RELATIONSHIP IN
WHEELED ROBOTS

Introduction

Understanding the relationship between wheel rotation and distance travelled is fundamental
in robotics. This knowledge empowers learners to accurately control robot movement, a crucial
skill for various applications. By exploring this concept, learners will develop a deeper
appreciation for the mathematical principles underlying robotic motion.

The Mechanics of Wheeled Robots

The study of how wheeled vehicles move is fundamental to understanding robotics. From
everyday objects like bicycles to complex machines such as industrial robots, wheels are
ubiquitous in the world. To comprehend the mechanics of robotic locomotion, the relationship
between wheel rotation and the distance covered must first be explored.

Wheels interact with surfaces to generate motion, and this interaction is influenced by various
factors, including the wheel’s size, shape, and the surface conditions. By investigating these
factors, a better understanding of how robots navigate their environment can be achieved.

To start the exploration, consider the numerous wheeled vehicles encountered daily. Bicycles,
cars, and even industrial robots share a common principle: their movement is dependent on
wheel rotation. What characteristics do these vehicles share? How do their wheels interact with
the ground to produce motion? These questions form the basis of the inquiry into the mechanics
of wheeled robots.

The Concept of Circumference

Similar to bicycles, cars and trucks, most robotic wheels are circular in nature. One important
characteristic of a circle is its circumference. The circumference is simply the distance around
a circle. The formula for calculating circumference is C = nd, where C is the circumference, ©
is a constant approximately equal to 3.142, and d is the diameter. Also remember that the
diameter is simply twice the radius ‘r’. As such the circumference can also be calculated using
the formula C= 2xr.

The circumference of a wheel is related to the distance travelled by a robot in one complete
rotation. A complete rotation of a circular wheel is the circular movement of the wheel around
its central axis, starting from one position and returning to that same position. This single turn
covers the entire circumference of the wheel.
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Figure 8.1: A wheel in a starting position (starting on the red from point A)
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Figure 8.2: A wheel after a complete rotation (ending on the red at point E)

Imagine that the circumference of this wheel in the figures above is 4m, it means that in one
full rotation (from point A to E) it will cover a distance of 4m. It is also worth noting that one
full circular rotation is a complete 360 degree turn. As such we can relate the distance covered
with the angle of rotation or turn of the wheel just as demonstrated in Figure 8.3.

Rotation of a 4m Wheel

Rotation Angle: 0° 90° 180° 270°  360°
Distance Traveled: Om 1m 2m 3m 4m

Figure 8.3: Relating distance travelled to rotation angle.

So, for the 4m wheel in Figure 8.3, if it turns 90° it would have moved 1m, if it turns 180° it
would move 2m, etc. Can you determine the distance travelled by the robot if its wheel should
complete two full rotations? The video resources below demonstrates the points above.

Resource QR Code

Wheel Rotation
https://www.youtube.com/watch?v=PzTCHkvm2Mc

How to calculate rotations for distance with Lego Mindstorms EV3 robots
https://www.youtube.com/watch?v=2VEaebQuamc



https://www.youtube.com/watch?v=PzTCHkvm2Mc
https://www.youtube.com/watch?v=2VEaebQuamc
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Mathematical Modelling

Having established that the distance a robot travels is directly related to the number of wheel
rotations. The distance travelled by a robot can be calculated using the formula:

Distance = Number of rotations x Circumference

For example, the distance travelled by a robot of with a wheel of circumference 4m, which
completes two full rotations can be calculated as:

Distance = Number of rotations x Circumference
Distance = 2 x 4m
Distance = 8m

Another example: How far does a robot with a 4-metre wheel circumference travel after
completing half a rotation?

Distance = Number of rotations x Circumference
Distance = 0.5 x 4m
Distance = 2m

The examples above assumed the robot travelled in a straight line. In this example consider the
robot making a turn: Determine the distance covered by a robot with a wheel circumference of
4 metres after executing a 180-degree turn. In this case the formula can be modified as:

Angle of Rotation
360°

Distance = X Circumference

o

. 18
Distance = 360° X 4m

Distance = 2m

(The angle of rotation represents the turn, in this case 180°)

Another example: Determine the distance covered by a robot with a wheel radius of 0.6m
metres after executing a 180-degree turn. In this case the formula can be modified as:

) _ Angle of Rotation
Distance = 360°
Distance = ﬁx 2 X 3.142 X 0.6m
360°

Distance = 1.8852m

Experimentation

To validate the theoretical relationship between wheel rotation and distance travelled, a practical
experiment is necessary.

Materials Needed
1. Circular wheeled robot (physical robot, dummy or simulated)

2. Measuring tape or ruler

3. Thread or twine

Procedure
1. Wheel Measurement
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a. Measure the diameter of the robot’s wheel using a twine/thread and ruler.

b. Calculate the theoretical circumference using the formula C = nd, where C is the
circumference, 7 is a constant approximately equal to 3.142, and d is the diameter.

¢. Calculate the distance travelled by the wheel in one rotation using the appropriate
formula.

2. Experimental Verification
a. Wrap a thread or twine around the wheel’s circumference to measure its length,
providing a physical representation of the circumference.
b. Compare the measured circumference with the calculated value.
¢. Mark a starting point on the wheel.
d. Rotate the wheel exactly once and measure the distance travelled.

e. Compare the measured distance with the calculated circumference.

3. Multiple Trials

a. Repeat the experiment with wheels of different sizes to observe the correlation between
wheel diameter and distance travelled per rotation.

b. Analyse the data to verify the consistency of the relationship between wheel rotation
and distance.

Graphing and Analysis

To visualise the relationship between wheel rotations and distance travelled, learners should
plot their collected data on a graph. The number of wheel rotations is plotted on the x-axis
(horizontal axis), representing the independent variable, while the distance travelled is plotted
on the y-axis (vertical axis) as the dependent variable. Each data point represents a single
measurement, with the coordinates corresponding to the number of rotations and the associated
distance.

An example of a graph showcasing the data plot for a wheel of circumference 4m is presented
in Figure 8.4. Its data points are presented in Table 8.1.

Table 8.1: Data points of a robot wheel of 4m

Number of Rotations 1 2 3 4 5 6 7 8 9 10

Distance (m) 4 8 12 16 20 |24 |28 |32 36 40
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Figure 8.4: Data Plot of rotation-distance graph of robot wheel of 4m

Once the data points are plotted, observe the pattern that emerges. Ideally, the points should
form a straight line, indicating a directly proportional relationship between the number of
rotations and the distance travelled. This linear relationship suggests that for every additional
rotation, the distance travelled increases by a consistent amount.

The steepness of the line on the graph is represented by its slope. In this context, the slope
corresponds to the distance travelled per rotation. By calculating the slope of the line, one can
determine the circumference of the wheel, as the slope represents the distance covered in one
rotation. The formula for calculating slope is:

Changeiny Ay _ y,=-)

Slope =

Change in x - A x X2—X1

In other words, the slope is simply:

Change in distance
Slope = - -
Change in rotation

As such, for the graph in Figure 8.4 taking the points occurring at rotation 5 and rotation 1, the
slope can be calculated as:

Change in distance
Change in rotation

Slope =

20m —4m l6m
= — = 4dm
5—-1 4

Slope =

This is equivalent to the circumference of the wheel or the distance per rotation.
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By plotting multiple data sets for wheels of different sizes, you can compare the slopes of the
resulting lines. A steeper slope indicates a larger circumference, while a less steep slope
corresponds to a smaller circumference. This visual representation reinforces the understanding
of how wheel size affects the distance travelled per rotation.

Programming Robots to Move a Specified Distance

Having established the fundamental relationship between wheel rotation and distance travelled,
the subsequent step involves translating this knowledge into practical robot programming. By
effectively controlling wheel rotations, precise movement over specified distances can be
achieved.

Basic forward and backward motion over set distances forms the foundation for more complex
robot behaviours. To accomplish this, programming commands are issued to the robot’s motors,
instructing them to rotate for a predetermined number of turns. However, achieving accurate
distance control necessitates careful consideration of factors such as wheel diameter, motor
speed, and surface conditions.

To ensure straight-line movement, advanced programming techniques are required. Robots
may need to continuously calibrate their course, using sensor feedback to detect deviations
from the desired path. These corrections help maintain accuracy and prevent the robot from
veering off course.

To master these concepts, consistent practice is essential. Through experimentation and
refinement, learners can develop the programming skills necessary to command precise robot
movement. The following two resources demonstrate how the above programming objectives
can be attained in wheeled robots using the LEGO ® Education SPIKE ™ Prime platform.

Resource QR Code

SPIKE Robot Programming (Part 1): Forward/Backward and Left/Right
https://www.youtube.com/watch?v=Fs1Ms)okwEo

Perfect Straight Movement on the SPIKE Prime Robot!!!
https://www.youtube.com/watch?v=WT-aUj57rpl

(LEARNING TASK |

Depending on the available time or resources, administer one or more of the following
learning tasks to help learners reinforce understanding and acquire new knowledge
or skills.

1. Establish the importance of the rotation-distance relationship in controlling
wheeled robots.

2. Explore the concept of circumference and how it relates to the distance travelled
per wheel rotation in a circular wheel.

3. Presented with a variety of wheeled robots:



https://www.youtube.com/watch?v=Fs1MsJ0kwEo
https://www.youtube.com/watch?v=WT-aUj57rpI
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Calculate the distance travelled by the wheeled robot based on given wheel
dimensions and number of rotations.

Construct and interpret rotation-distance graphs for different wheel
configurations.

Apply mathematical equations to predict and verify robot movement.

Explore programming techniques used to control robot movement over
specified distances.

PEDAGOGICAL EXEMPLARS

This lesson plan incorporates differentiated teaching strategies using collaborative learning and
experiential learning approaches to introduce the concept of rotation-distance relationship in
wheeled robots.

Introduction

1. Hook: Begin by showcasing a video of robots performing tasks that rely on precise
movement, like navigating a maze or assembling objects. (Consider showing robots in
applications relevant to learner interests, e.g., robots assisting in harvesting farm produce,
robots assisting in surgery, etc.).

2. Brainstorming: Ask learners, “What factors do you think contribute to a robot’s ability
to move accurately?” This activates prior knowledge and introduces the key learning
objective.

Content Delivery

1. Collaborative Learning

a.

b.

il

iii.

Divide the class into mixed-ability groups, ensuring a mix of visual, auditory, and
kinaesthetic learners in each group.

Provide differentiated or tiered explanations based on learner needs:

Approaching Proficiency: Use clear, concise language with visual aids (diagrams,
animations) to explain the concept of circumference and its relation to distance
travelled per rotation. Introduce the concept of complete rotation and its link to
circumference.

Proficient: Delve deeper into the formulas (C = nd, Distance = Rotations *
Circumference) and provide real-world examples to illustrate their application.

Highly Proficient: Introduce the concept of angle of rotation and its relation to
distance covered, modifying the formula (Distance = Angle/360 * Circumference).
Discuss the impact of wheel size on slope of rotation-distance graphs.

2. Experiential Learning

a.

Hands-on Activity 1: Divide materials (wheels of various sizes, measuring tape,
string) among groups. Each group measures the diameter of their assigned wheel,
calculates circumference, and marks a starting point.

Approaching Proficiency: Groups collaborate to complete the measurements and
calculations with teacher guidance.



SECTION 3: SENSORS AND ACTUATORS 2

ii. Proficient: Groups independently perform the measurements and calculations, with
additional support for struggling learners.

iii. Highly Proficient: Groups explore advanced concepts like gear ratios impacting
rotation and extend the exploration by measuring the distance travelled after completing
different rotations (e.g., 90°, 180°).

b. Hands-on Activity 2: Provide pre-programmed robots or simulation software
(differentiate based on resources) for each group.

i. Approaching Proficiency: Groups collaborate under teacher guidance to execute
basic forward/backward movement commands and observe the relationship between
rotations and distance travelled.

ii. Proficient: Groups independently program the robots to move specific distances, with
teacher support for troubleshooting.

iii. Highly Proficient: Groups explore programming techniques for maintaining straight-
line movement (e.g., line following sensors) and experiment with different surface
conditions to observe impact on accuracy.

KEY ASSESSMENT

Assessment Level 2

1. Calculate the circumference of a robot wheel with a diameter of 10 cm using the formula
C =nd.

2. Ifarobot wheel with a 5 cm diameter completes 3 rotations, how far will it travel? Explain
your answer.

3. A robot with two wheels needs to move forward 2 meters. If the wheels have a diameter
of 8 cm each, how many rotations are required for each wheel? (Consider assumptions
about perfect traction)

Assessment Level 3

4. Compare and contrast the distance travelled by two robots with different wheel sizes (e.g.,
6 cm and 12 cm) completing the same number of rotations. Explain your reasoning.

5. A robot is programmed to move forward for a specific distance. However, it consistently
travels a shorter distance than expected. What factors could be causing this discrepancy,
and how could you troubleshoot the issue?

6. Design an experiment to test the relationship between wheel diameter and the distance
travelled per rotation. Identify the variables, materials needed, and steps involved in
conducting the experiment.

7. Presented with a variety of wheeled robots:

a. Calculate the distance travelled by the wheeled robot based on given wheel dimensions
and number of rotations.

b. Construct and interpret rotation-distance graphs for different wheel configurations.

¢. Apply mathematical equations to predict and verify robot movement.
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d. Explore programming techniques used to control robot movement over specified
distances.

8. Assessment Level 4: Create a robot simulation program that calculates and displays the
distance travelled based on user input for wheel diameter and number of rotations.

the key assessments for assessment tasks to assign Experiment. Refer to Appendix F for
sample rubric on how to score this experiment.

% + The recommended mode of assessment for Week 8 is Experiment. Refer to the question 7 of

« Mid-semester examination scores should be ready for submission to STP.

Conclusion

This comprehensive lesson plan equips learners with a solid foundation in the critical concept
of rotation-distance relationship in wheeled robots. It delves into the mechanics, mathematical
modelling, and practical application of this principle. Through experimentation, graphing, and
programming exercises, learners actively engage with the material, solidifying their
understanding. The differentiated learning tasks cater to diverse learning styles and abilities,
ensuring all learners gain valuable knowledge and skills. By fostering collaboration and hands-
on experiences, this lesson plan fosters a dynamic and engaging learning environment that
ignites a passion for robotics.

SECTION REVIEW

In this section, which covers a three-week period, the lessons effectively introduce
foundational concepts in robotics, emphasising the interplay between analogue and digital
signals, sensor technologies, and robotic motion in a straight line. Students develop a strong
understanding of signal conversion processes, sensor characteristics, and the mathematical
principles governing wheeled robot movement. Through hands-on activities and problem-
solving exercises, learners acquire practical skills in data analysis, experimentation, and
programming. This knowledge forms a solid base for exploring more complex robotic
systems and applications.
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ADDITIONAL READING

1. Sensory Overload #1 // Analog vs. Digital
https://www.youtube.com/watch?v=-0rGX4lljps

2. Continuous time vs Discrete time Signal Explained
https://www.youtube.com/watch?v=Q520_1uRLYM

3. How to Convert Analog Signals to Digital Signals || Electronic Terminology
Course Preview
https://www.youtube.com/watch?v=0BcCZkCf-Ol

4. Sampling and Quantization of Analog Signal [HD]
https://www.youtube.com/watch?v=W5q-Aco)Vdk

5. Get Your SPIKE Prime Robot Moving Straight Forward
https://www.youtube.com/watch?v=gAnNf3ji-Ig



https://www.youtube.com/watch?v=-OrGX4lljps
https://www.youtube.com/watch?v=Q520_1uRLYM
https://www.youtube.com/watch?v=OBcCZkCf-OI
https://www.youtube.com/watch?v=W5q-Ac0JVdk
https://www.youtube.com/watch?v=gAnNf3ji-Ig

APPENDIX E: MID SEMESTER EXAMINATION

Nature of the paper

The mid semester exams paper would be made up of two sections. Section A and B. Section A
will be made up of 20 multiple choice questions and section B, 3 essay type questions for
learners to answer two. The questions would be selected from the topics taught for the first five
weeks.

Resources needed

1. Venue for the examination

2. Printed examination question paper
3. Answer booklet

4. Scannable paper

5. Wall clock

6. Bell, etc.

Sample questions
Section A: Multiple Choice

Which of the following best categorises a sensor that provides a continuous range of output
signals and requires an external power source to operate?

Analogue and Active Sensor

1. Analogue and Passive Sensor
2. Digital and Active Sensor

3. Digital and Passive Sensor

Section B: Essay

1 If a robot wheel with a 5 cm diameter completes 3 rotations, how far will it travel? Explain
your answer.

Guidelines for setting multiple choice test items

1. Multiple choice
a. The options should be plausible and homogeneous in content
b. Vary the placement of the correct answer

¢. Repetition of words in the options should be avoided, etc.
2. Essay Type

a. Make the instructions clear
b. Do not ask ambiguous questions

¢. Do not ask questions beyond what you have taught, etc.
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Marking scheme

Section A: Multiple choice

Which of the following best categorises a sensor that provides a continuous range of output
signals and requires an external power source to operate?

a. Analogue and Active Sensor — 1 mark

Section B: Essay
Distance Travelled by a Wheel (5 Marks)

1

Understanding of Formula (I mark)

a. 1 mark: Correctly identifies or states that distance per rotation = circumference = «
X diameter.

Substitution and Calculation of Circumference (I mark)

a. I mark: Correct substitution using the given diameter (e.g., & X 5) and correct
calculation ( 15.7 cm).

Multiplying by Number of Rotations (I mark)

a. I mark: Correctly multiplies circumference by 3 (e.g., 15.7 x 3 = 47.1 cm).
Final Answer (1 mark)

a. 1 mark: States the final distance as approximately 47.1 cm, with correct units.
Explanation and Reasoning (1 mark)

a. I mark: Provides a clear explanation or shows understanding that each rotation
moves the wheel forward by its circumference.

TABLE OF TEST SPECIFICATION (Mid-Semester 1)

Week Learning Indicator Type of Question Depth of Knowledge

LI 1: Analyse and enumerate both the Multiple Choice 2 1 1 |4
positive and negative impacts of robots on
society.

LI 2: Explain the need for robot coexistence
with humans, taking into consideration
safety and roboethics.

LI 3: Write publishable articles on topics re-
lated to ethics, safety and robot coexistence

in society.
2 LI 1: Identify related job postings (online, Multiple Choice 1 2 |1 5
newspapers, radio, etc.) and prepare sam- | Essay 1

ple responses.
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LI 1: Make use of component diagrams and
systems diagrams to design non-feedback
systems for implementing controls in given
scenarios.

LI 2: Make use of component diagrams

and systems diagrams to design feedback
systems for implementing controls in given
scenarios.

Multiple Choice
Essay

LI 1: Analyse scenarios and derive mathe-
matical models for the implementation of
continuous-time machines.

Multiple Choice
Essay

LI 1: Analyse and derive logical models for
the implementation of finite-state ma-
chines

Multiple Choice

Total

23
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DESIGN

Strand: Robot Design Methodologies
Sub-Strand: Digital and Analogue System Design

Learning Outcomes

1. Use Boolean algebra for the definition of automation solutions and apply Karnaugh Maps for
the simplification and optimisation of Boolean-defined combinational digital systems.

2. Build and test basic combinational circuits on printed circuit boards.

Content Standards
1. Demonstrate Understanding of Digital Systems and Logic Design principles.

2. Demonstrate practical skills in design and building of electronic circuits.

R + In Week 9 and Week 10 assign computational assessment and Group project
respectively. An example of assessment task is question 2 of key assessment level 3. Refer
to Appendix F for a rubric to score learners’ computational assessment

- The End of Semester will be conducted in Week 12. Refer to Appendix G for a Table of
Specification to guide you to set the questions. Set questions to cover all the indicators
covered for at least weeks 1 to 11.

INTRODUCTION AND SECTION SUMMARY

This section delves into the foundational principles and practical applications of digital and
analogue system design, focusing specifically on the integration of these systems within the
field of robotics. This section is designed to equip learners with a comprehensive understanding
of digital systems and logic design, as well as hands-on experience in building and testing basic
combinational circuits.

The study of digital and analogue systems is crucial for developing effective automation
solutions in robotics. By mastering Boolean algebra and Karnaugh Maps, learners will learn to
define, simplify, and optimise combinational digital systems. Furthermore, the practical skills
gained from designing and building electronic circuits on printed circuit boards will provide
learners with the technical proficiency needed to succeed in robotics engineering and related
fields.
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The weeks covered by the section are

Week 9: Explain and apply Boolean Algebra in the definition and design of digital systems.
Week 10: Apply Karnaugh Maps in the optimisation of digital systems.

Week 11 and Week 12: Solder and test electronic circuits on a Printed Circuit Board(PCB)
using pre-designed schematic diagrams

SUMMARY OF PEDAGOGICAL EXEMPLARS

In this section, learners will explore digital and analogue system design through a blend of
theoretical discussions and hands-on projects. Week 9 introduces basic logic gates and Boolean
Algebra, with learners designing simple logic circuits. In Week 10, they will learn about
Karnaugh Maps for circuit optimisation and engage in a comprehensive project to design and
simplify combinational circuits. Weeks 11 and 12 focus on identifying electronic components
and their functions, using measuring instruments to deduce component ratings, and converting
schematic diagrams into soldered circuits on PCBs. These activities aim to develop learners’
understanding of digital systems and practical skills in electronic circuit design, preparing
them for advanced concepts in robotics.

ASSESSMENT SUMMARY

The modes assessments outlined for this section are designed to provide a comprehensive
evaluation of learners’ grasp of key concepts and skills. These assessment methods will help
identify strengths, address learning gaps, and guide instructional decisions to enhance student
achievement. The recommended assessment mode for each week is:

Week 8: Computational assessment
Week 9: Group Project

Week 11: Performance based assessment
Week 12: End of Semester examination

Refer to the “Hint” at the key assessment for each week for additional information on how to
effectively administer these assessment modes.
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Learning Indicator: Explain and apply Boolean Algebra in the definition and design of digital
systems.

FOCAL AREA 1: FOUNDATIONS OF DIGITAL SYSTEM DESIGN
WITH BOOLEAN ALGEBRA

Introduction

In this session, we will delve into the application of Boolean Algebra in defining and designing
digital systems. Building on our previous discussions on basic logic gates, we will explore how
Boolean Algebra forms the foundation for creating and optimising digital circuits. Through a
combination of theoretical explanations, practical examples, and hands-on projects, learners
will gain a thorough understanding of how to use Boolean Algebra to design and optimise
digital systems. This session aims to equip learners with the essential skills needed to create
effective automation solutions in the field of robotics.

Introduction to Boolean Algebra

In the 1850s, the Irish logician and mathematician George Boole developed a mathematical
system for formulating logic statements with symbols so that problems can be written and
solved in a manner similar to ordinary algebra, typically True (1) and False (0). Boolean algebra,
as it is known today, is applied in the design and analysis of digital systems. George Boole also
formulated some set of rules that aid in the minimisation of complex logical expressions without
changing its output functionality. These rules will be discussed in this session.

Importance in Digital Systems

Digital systems rely on the binary number system, where information is represented by two
states: 0 (usually representing False) and 1 (usually representing True). Boolean algebra becomes
crucial in these systems because:

1. It allows us to define the logic behind how digital circuits operate.

2. It provides a way to represent complex relationships between digital signals (inputs and
outputs) using logical operators.

3. It enables us to analyse and simplify the design of digital circuits, making them more
efficient and reliable.

Key Concepts and Rules

Boolean algebra uses several fundamental concepts and rules:

1. Variables: Represent logical values, typically denoted by letters like A, B, C. They can be
either True (1) or False (0).

2. Logical Operators: Are used to perform basic logical functions on binary values (0Os and
Is). These operators are fundamental in building digital circuits and as they are used in
simple logic gates. These operators combine or manipulate logical values. The most
common ones are:
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a‘

AND This operator outputs 1 only if both input values are 1. Otherwise, it outputs 0.
It is like saying “both conditions must be true.” A is represented by a dot (-): Both
operands must be True for the result to be True (1 AND 1 = 1, all others are 0).

A

Figure 9.1: Two-input AND Gate

The AND gate represented in Figure 9.1 has two inputs (A and B) and one output (F). Below
is a simple table for this two-input AND gate.

A B F=AB
(0] (0] (0]
(0] 1 (0]
1 (0] (0]
1 1 1

b. OR This operator outputs 1 if at least one of the input values is 1. If both inputs are 0,

it outputs 0. It is like saying “at least one condition must be true.” OR is represented
by a plus sign ( + ): At least one operand must be True for the result to be True (0 OR
I1=1,10R1=1).

—) S

Figure 9.2: Two-input OR Gate

The OR gate represented in Figure 9.2 has two inputs (A and B) and one output (F). Below is
a simple table for this two-input AND gate.

A B F=A+B
(0] (0] (0]
(0] 1 1
1 (0] 1
1 1 1

NOT This is a unary operator, meaning it only takes one input. It inverts the input
value: if the input is 1, the output is 0, and vice versa. It is like saying “the opposite of
the condition.” NOT is represented by an apostrophe () or a bar over the variable () :
Inverts the value of a single operand (True’ = False, False’= True).



SECTION 4: Digital and Analogue System Design

Figure 9.3: NOT Gate

The NOT gate represented in Figure 9.3 has one input (A) and one output (F). Below is a simple
table for this NOT gate.

A F=A
0 1
1 0

a. NAND Gate: The NOT Gate can be combined with the AND Gate to produce a
NAND Gate (NOT-AND). It implies an AND gate with a complemented (inverted)
output. It can also be represented diagrammatically, as shown in Figure 9.4. Note the
circular shape at the output.

A

Figure 9.4: Two-input NAND Gate

The NAND gate represented in Figure 9.4 has two inputs (A and B) and one output (F). Below
is a simple table for this two-input NAND gate.

A B AB F = (AB)’
0 0 0 1
0 1 0 1
1 0 0 1
1 1 1 0

b. NOR Gate: The NOT Gate can be combined with the OR Gate to produce a NOR
Gate (NOT-OR). It implies an OR gate with a complemented (inverted) output. It can
also be represented diagrammatically, as shown in Figure 9.5. Note the circular shape

at the output.
A
B F
B

Figure 9.5: Two-input NOR Gate

The NOR gate represented in Figure 9.5 has two inputs (A and B) and one output (F). Below is
a simple table for this two-input NOR gate.
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A B A+B F = (A+B)’
0 0 0 1
0 1 1 0
1 0 1 0
1 1 1 0

Some other logic gates or operations, which may not be common but are sometimes used, are
as follows:

a. XOR (Exclusive OR): This operator outputs 1 only if exactly one of the input values
is 1 (i.e., when the inputs are different). It is like saying, “one or the other, but not
both.” (i.e., Outputs 1 if the inputs are different, and O if they are the same). it is
represented by circle with a plus sign inside (@). Example: 1 @ 0=1,but1 @ 1 =
0.

It can also be represented diagrammatically, as shown in Figure 9.6.

A
B

F

Figure 9.6: Two-input XOR Gate

Below is a simple truth table of an XOR operator.

A B F = A®B
(0] (0] (0]
(0] 1 1
1 (0] 1
1 1 (0]

b. XNOR (Exclusive NOR): This is the inverse of XOR. It outputs 1 if both inputs are
the same (either both 0 or both 1). It is like saying, “either both or neither.” (i.e.,
Outputs 1 if the inputs are the same, and O if they are different). it is represented by a
circle with a dot and a plus sign (®). Example: 1 XNOR 1 =1, and 0 XNOR 0 =1,
but 1 XNOR 0 = 0.

¢. It can also be represented diagrammatically, as shown in Figure 9.7.

A
B

F

Figure 9.7: Two-input XNOR Gate




Below is a simple truth table of an XNOR operator.
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A B F = AB
o o 1
(0] 1 (0]
1 (0] (0]
1 1 1

3. Boolean identities: These are equations that are always true regardless of the values of the

variables involved. Examples include:

a.

C.

A + A = A (if you have a condition ( A ), and you combine it with itself using the OR
operation, it does not change the outcome. The result is still ( A ) (ORing a variable
with itself does not change its value)

A - A = A (if you have a condition ( A ), and you combine it with itself using the AND
operation, it does not change the outcome. The result is still ( A )ANDing a variable

with itself does not change its value)

A + =1 (A OR NOT A is always True)

By understanding these concepts and applying the rules of Boolean algebra, you can create
expressions that represent the logic behind digital circuits. These expressions can then be
translated into actual circuit designs using logic gates (AND, OR, NOT gates, etc.).

Important Note on Truth Tables

Just as demonstrated in the logic gates demonstrated above, truth tables are used to show all
the possible combinations of inputs and their corresponding outputs for a given logic gate or
circuit. It is important to note that the number of inputs determines the number of outputs.
Since we are dealing with binary data, a single variable or input may have 2 () possible outputs
(0 and 1). The combination of two inputs (say A and B) will have 4 () outputs or outcomes from
the four possible scenarios (00, 01, 10, 11), demonstrated in the table below:

A B F
(0] (0]
(0] 1
1 (0]
1 1

So for 3 inputs (say A, B and C), there will be 8 () possible scenarios (000, 001, 010, 011, 100,
101, 110, 111) demonstrated in the table below.

A B C
(0] (0] (0]
(0] (0] 1
(0] 1 (0]
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1

1

(0]

1

1

1

So, in short, for number of inputs, there will be possible outputs. Also, note the arrangements
of the 1I’s and O’s, they are always arranged in increasing order, counting in binary from O to - 1,
just as demonstrated in the tables above.

Application of Boolean Algebra in Digital Systems
Defining Automation Solutions with Boolean Algebra

Boolean algebra acts as a powerful tool for defining the control logic behind various automation
solutions. Here is how:

1. Representing Control Conditions: We can use Boolean variables to represent the different
control conditions (sensors, switches, etc.) in an automated system.

For example, a variable “LightSensor” could be True (1) if light is detected and False (0)
otherwise.

2. Logical Relationships: Boolean operators (AND, OR, NOT) are used to express the
desired relationships between these conditions.

For example, an automatic light can be controlled by the following Boolean expression:
LightOn = LightSensor + MotionSensor (Light turns on if it is dark (NOT LightSensor)
OR if motion is detected (MotionSensor)).

3. Simplifying Logic: Boolean algebra allows us to simplify complex expressions, leading
to more efficient and cost-effective automation designs. Techniques like De Morgan’s Laws
and Boolean identities can help minimise the number of logic gates needed to implement
the control logic.

Combinational Logic Functions

The three basic logic functions AND, OR, and NOT, together with the other discussed gates,
can be combined in various forms to form other types of more complex logic functions known
as Combination Logic Circuits. These circuits may be used to implement functions such as
comparison, arithmetic, code conversion, encoding, decoding, data selection, counting and
storage. A digital system can, therefore, be seen as composed of an arrangement of these
individual logic functions connected in such a way as to perform a specified operation or
produce a defined output.

The output function of a combinational logic circuit can be determined simply by following the
basic mode of operation of its comprising logic gates, as explained in the earlier sections. They
may seem complex at first sight, however, with patience and adherence to the rules of operation
of these logic gates, you will soon find the outputs for the various input combinations. Consider
the combinational logic circuit in Figure 9.8.
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Figure 9.8: An Example of a combinational logic circuit

To derive the Boolean expression and truth table for a given combinational logic circuit, first
generate all the possible input combinations that exist for the logic circuit. Remember that for
a n input logic circuit, it would have 2" possible combinations. Then, begin at the left-most
inputs and work toward the final output, writing the expression for each gate. For the example
circuit in Figure 1-21, the Boolean expression is determined in the following three steps:

1. The combinational circuit has 3 inputs (A, B and C). Therefore, it would have 8 possible
input combinations, we write the possible combinations down.

2. The expression for the left-most AND gate with inputs A and B is AB. We write the results
of this AND gate for each input combination.

3. The output of the left-most AND gate ( AB) is one of the inputs to the OR gate, and C is
the other input. Therefore, the expression for the OR gate is AB + C, which is the final
output expression for the entire circuit, written as F = AB + C.

Based on the mode of operation of the AND gate and OR gate, the truth table can be generated
as follows.

A B C AB F=AB+C
0 0 0 0 0
0 0 1 0 1
0 1 0 0 0
0 1 1 0 1
1 0 0 0 0
1 0 1 0 1
1 1 0 0 0
1 1 1 1 1

Note that it may not be necessary to show all the intermediary steps, such as AB, in the truth
table; however, including them sometimes helps resolve the output function (F) faster.

Let us consider another example, depicted in Figure 9.9. To resolve this combinational logic
circuit, we follow steps similar to the one we did before.
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ch

D

B+CD
B l

| F=A(B + CD)
A

Figure 9.9: An Example of a combinational logic circuit

1. The combinational circuit has 4 inputs (A, B, C and D), therefore it would have 16 possible
input combinations, we write the possible combinations down.

2. The expression for the left-most AND gate with inputs C and D is CD. We write the results
of this AND gate for each input combination.

3. The output of the left-most AND gate (CD) is one of the inputs to the OR gate and B is the
other input. Therefore, the expression for the OR gate is CD + B. We write the results of
this OR gate for each input combination.

4. The output of the OR gate is one of the inputs to the right-most AND gate and A is the
other input. Therefore, the expression for this AND gate is A(B + CD), which is the final
output expression for the entire circuit, written as F = A(B + CD).

Based on the mode of operation of the AND gates and OR gate, the truth table can be generated
as follows.

A B C D CD (CD+B) F=A(B+CD)
0 0 0 0 0 0 0
0 0 0 1 0 0 0
0 0 1 0 0 0 0
0 0 1 1 1 1 0
0 1 0 0 0 1 0
0 1 0 1 0 1 0
0 1 1 0 0 1 0
0 1 1 1 1 1 0
1 0 0 0 0 0 0
1 0 0 1 0 0 0
1 0 1 0 0 0 0
1 0 1 1 1 1 1
1 1 0 0 0 1 1
1 1 0 1 0 1 1
1 1 1 0 0 1 1
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Examples of Boolean Expressions in Digital Circuits

1. Automatic Door Lock

Scenario: A door should only unlock if both a key is present (KeySensor), and a correct code
is entered on the keypad (CodeCorrect).

Boolean Expression: DoorUnlock = KeySensor - CodeCorrect

This expression uses the AND operator, ensuring both conditions (key and code) are met for
unlocking.

2. Security System Activation

Scenario: An alarm should sound (AlarmOn) if either a window sensor (WindowSensor)
detects a break-in or a motion sensor (MotionSensor) detects movement inside the house when
the system is armed (System Armed).

Boolean Expression: AlarmOn = SystemArmed - (WindowSensor + MotionSensor)

Here, we use the OR operator to trigger the alarm if either sensor detects an issue while the
system is armed.

Benefits of Using Boolean Algebra
1. Clarity and Communication: Boolean expressions provide a clear and concise way to
define complex control logic, facilitating communication between engineers and designers.

2. Analysis and Optimisation: Boolean algebra allows us to analyse and simplify control
logic, leading to more efficient and cost-effective circuit designs.

3. Universality: The principles of Boolean algebra are universal and apply to various digital
systems, making it a fundamental skill in this field.

By mastering Boolean algebra, you gain the ability to translate real-world automation
requirements into clear and efficient control logic for digital circuits, playing a crucial role in
designing and implementing intelligent automated systems.

Simplification of Boolean Expressions

Complex Boolean expressions can be simplified using various techniques to achieve a more
efficient representation of the underlying logic. This simplification can lead to:

1. Reduced hardware complexity: Fewer logic gates are needed to implement the simplified
expression in a digital circuit, saving cost and space.

2. Improved performance: Simplified circuits may operate faster and consume less power.

Increased readability: A simpler expression is easier to understand and analyse.

Boolean Algebra Rules and Theorems

When we simplify Boolean expressions, we are basically making the digital circuitry, such as
the robot’s brain, more efficient. It is like taking a long, complicated sentence and turning it
into a short, easy-to-understand phrase. By doing this, we can build robots that are faster,
cheaper, and more reliable. To achieve this, it is important to understand some basic Boolean
algebra rules and theorems. These theorems and properties of Boolean algebra help simplify
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complex Boolean expressions and design digital circuits efficiently. The sections that follow
explain these theorems.

Theorem 1: The Complement of a Complement

We have already established that the NOT gate acts as an inverter and, therefore, NOT(1) or the
complement of 1 gives a 0 and NOT(O) or the complement of O gives a 1, as depicted in the truth

table of a NOT Gate below.
A A
0 1
1 0

From this table, Boolean Algebra establishes that the complement of a complemented value is
the same as the original value uncomplemented. In short . This is demonstrated in the truth

table below.
A A A
1 0
1 0 1

1 equal T

Theorem 2: Theorems Relating to the OR Gate

By observing the truth table of a 2 input OR gate, as shown in the table below, a number of
theorems can be derived.

A B F=A+B
row 1 0 0 0
row 2 0 1 1
row 3 1 0 1
row 4 1 1 1

From this OR Gate the following deductions can be made




SECTION 4: Digital and Analogue System Design

A+0=A4 As seen in row 1 and 3
A+1=1 As seen in row 2 and 4
A+A=A As seen in row 1 and 4
A+A4A=1 As seen in row 2 and 3

Theorem 3: Theorems Relating to the AND Gate

By observing the truth table of a 2 input AND gate, as shown in the table below, a number of
theorems can be derived.

row 2 0 1 0
row 3 1 0 0
row 4 1 1 1

A B F=A-B
row 1 0 0 ()

From this AND Gate, the following deductions can be made

A-0=0 As seen in row 1 and 3
A-1=A As seen in row 2 and 4
A-A=A As seen in row 1 and 4
A-A=0 As seen in row 2 and 3

Theorem 4: Commutative Theorem
The commutative law of addition for two variables is written as:
A+B=B+ A

This law states that the order in which the variables are ORed makes no difference. Remember,
in Boolean algebra, just as applied to logic circuits, addition and OR operations are the same.

Also, the commutative law of multiplication for two variables is written as:
AeB=Be A
Or AB=BA
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This law states that the order in which the variables are ANDed makes no difference. Remember,
in Boolean algebra as applied to logic circuits, the dot (e) or the absence of an operator means
the same as an AND operation.

Theorem 5: Associative Theorem
The associative law of addition is written as follows for three variables:
A+ B+C)=A+B+C

This law states that when ORing more than two variables, the result is the same regardless of
the grouping of the variables.

The associative law of multiplication is written as follows for three variables:
A(BC)=(AB)C
This law states that it makes no difference in what order the variables are grouped when

ANDing more than two variables.

Theorem 6: Distributive Theorem
The distributive law is written for three variables as follows:
AB+ C)=(AB) + (AC)

This law states that ORing two or more variables and then ANDing the result with a single
variable is equivalent to ANDing the single variable with each of the two or more variables and
then ORing the products. The distributive law also expresses the process of factoring in which
the common variable A is factored out of the product terms, for example:

AB +AC=AB + O
The distributive law can also be written as follows:
A+BC)=A+B)A+0)
This other expression states that ANDing two or more variables and then ORing the result with
a single variable is equivalent to ORing the single variable with each of the two or more

variables and then ANDing their additions. The distributive law also expresses the process of
factoring in which the common variable A is factored out of the addition terms, for example:

(A+B) (A+C )= A+(BC)

Based on this distributive law, we can say that A + (4B) = A + B. This can be proven below
as:

A+(AB)=(A+A)e(A+ B
Remember that from the theorems relating to the OR Gate (A + A) = 1; therefore the expression
above can be resolved as:
=1e(A+ B)
Also, remember that from the theorems relating to the AND Gate (A. 1) = A, therefore the
expression above can be resolved as:
=A+B

Based on this distributive law, we can say that A + (4B) = A + B. This can be proven below
as:
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A+ (AB)=(A+A) e (A+ B)

Remember that from the theorems relating to the OR Gate (A +) = 1; therefore the expression
above can be resolved as:

=10(A_+B)

Also, remember that from the theorems relating to the AND Gate (A. 1) = A, therefore the
expression above can be resolved as:

=A+ B

Finally, based on this theorem and the principle of factoring, let us consider the following
logical expression:

A+ AB
By factoring out the common factor A, we have the expression now as
A1+ B)

From the theorems relating to the OR Gate, when any variable is ORed with 1, the result is 1.
Therefore, the expression above can be simplified as:

A(D)

Also, from the theorems relating to the AND Gate, when any variable is ANDed with 1, the
result is that variable. Therefore, the above expression can simply be stated as:

A
In other words, A + AB = A, as simple as that.

So, in short, the important equations to remember under the Distributive Law are summarised
and presented in the table below.

1 A(B + C) = (AB) + (AC)

2| A+(BC)=(A+B)(A+C)

3 A+ (AB)=A+B
4 A+ (AB)=A4A+B
5 A+AB=A

Theorem 7: DeMorgan’s Theorem

DeMorgan, a mathematician who knew Boole, proposed two theorems that are an important
part of Boolean algebra. In practical terms, DeMorgan’s theorems provide mathematical
verification of the equivalency of the NAND and NOR gates.

DeMorgan’s first theorem is stated as follows:

“The complement of a product of variables is equal to the sum of the complements of the
variables.”

Stated another way,

“The complement of two or more ANDed variables is equivalent to the OR of the complements
of the individual variables.”
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The formula for expressing this theorem for two variables is:

A+B=A"-B

DeMorgan’s second theorem is like the first and is stated as follows:

“The complement of a sum of variables is equal to the product of the complements of the
variables.”

Stated another way:

“The complement of two or more ORed variables is equivalent to the AND of the complements
of the individual variables.”

The formula for expressing this theorem for two variables is

Figure 9.7 shows the gate equivalencies and truth tables for the two DeMorgan’s Theorems
stated above.

Inputs Output

X ¥ | XFr Xa¥Y

X —— X
Do—xrs :D—xuf 0 0 | |
Y —di Y

0 1 | |
NAND Negative-OR 1 0 I |

1 0 0

Inputs Output

XY | X+Y XY

X X —d
:Do—x rY = D— XY 0 0 | I
Y F =0

0 | 0 0
NOR NL‘.‘!‘,&I“\'L‘.-#\N” | 0 0 0

1 0 0

Figure 9.7: Gate equivalencies and the corresponding truth tables of DeMorgan

As stated earlier, DeMorgan’s theorems also apply to expressions in which there are more than
two variables. The table below illustrates the application of DeMorgan’s theorems to 3-variable
and 4-variable expressions.

3-4 Variables’ Equation Equation’s Equivalent
1 F =ABC F=A+B+C
2 F=A+B+C F=A-B-C
3 F =ABCD F=A+B+C+D
4 F=A+B+C+D F=A-B-C-D
5 F=A+B+C F=4-B-C=A4-B-C
6 F =ABC F=A4+B+C=A+B+¢C
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When working on complex logical expressions with more than two variables that require the
application of DeMorgan’s Theorems, it is important to simplify the expression first. In
simplifying, you can represent one set of complemented variables as a single variable, such as
X and the others as Y or any other variable. To demonstrate this, let us take one of such
complex examples:

(AB+ C)(A + BC)
This expression can be first simplified if we represent by X and by Y, thus making the expression
simply as:
(X)(Y) which, according to DeMorgan, is equivalent to X + Y
So, by replacing the X and Y with what they stand for, we would get the following:

X+Y =(AB+C) + (A+BO)

Notice that in the preceding result, you have two terms to each of which you can again apply
DeMorgan’s theorem individually as follows:

(AB+C) + (A+BC) = (AB)-C + A- (BC)

Notice that you still have two terms in the expression to which DeMorgan’s theorem can again
be applied. These terms are A final application of DeMorgan’s theorem gives the following
result:

(AB)-C + A- (BC) = (A+B)C+ AB+0)

Although this result can be simplified further by the use of some of the Boolean Algebra rules
we learnt earlier, DeMorgan’s theorems cannot be used any further.

Summarisation of Boolean Algebra Theorems

All the laws/theorems that have been learnt up to this point are summarised in the Table below.
It is important to keep them at our fingertips since they would help us minimise logical
expressions.

Theorem Equations
1 | The Complement of a Complement A=A
A+0=A4
A+1=1
2| Theorems Relating to the OR Gate
A+A=A4
A+A=1
A-0=0

3 | Theorems Relating to the AND Gate
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A+B=B+A
4 Commutative Theorem
A-B=B-A
A+ (B+ =(A+B)+C
5 Associative Theorem ( 8= )
A(BC) = (AB)C
A(B+C) =(AB) + (AD)
A+ (BCO)=(A+B)(A+ ()
6 Distributive Theorem A+(AB)=A+B
A+(AB)=4A+B
A+AB=A
AB=A+B
7 DeMorgan’s Theorems _
A+B=A-B

Now that we know the basics of Boolean algebra, let us try to simplify some complex expressions.
But remember, when we simplify, we follow a specific order:

1. NOT operations come first. This includes things like De Morgan’s Law.
2. AND operations are next.

3. OR operations are the last.

By following this order, we can make sure our simplifications are correct. Let’s look at some
examples.

Resource QR Code

Online tutorials for Boolean algebra with interactive examples &]
https://www.youtube.com/watch?v=EPJf4owqwdA&list=PLTd6ceoshprcT)d-
g5A16i2D2gZR5r8__Aw

[=]r

Having understood the basics of these theorems, let us apply them to a few examples. It is
however important to always remember to do these minimisations based on this order of
Precedence: NOT first, AND second and OR third. That is, deal with all expressions which
require the application of theorems that involve NOT such as the DeMorgan’s theorem and the
complement of a complement before moving on to theorems involving AND, then finally
theorems involving OR.

Step-by-Step Simplification Process

To demonstrate the simplification process of complex Boolean expressions, we will use the
following example: F=A - B+ A - B+ A - B to demonstrate how the various laws and theorems
can be applied in the simplification process.

Example . F=A-B+A-B+A-B

Based on the above Boolean expression, the following laws are applied in simplifying it:



https://www.youtube.com/watch?v=EPJf4owqwdA&list=PLTd6ceoshprcTJdg5AI6i2D2gZR5r8_Aw
https://www.youtube.com/watch?v=EPJf4owqwdA&list=PLTd6ceoshprcTJdg5AI6i2D2gZR5r8_Aw
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1. Apply Distributive Law: Group common terms to apply the distributive law:
F=A-B+B+A-B

2. Further Simplify Using Complement Law: According to the law of complements,
B + B = I, hence we substitute into our expression to further simplify it:

F=A-1+A-B

3. Apply Identity Law: according to the identity law, , hence we substitute into our expression
to further simplify it:

F=A+A-B

4. Apply Distributive and Complement: to further simplify the expression, we expand it
using the Distributive law.

Hence A + A - Bbecomes (A + A)- (A + B)

Since A + A - I according to the complement law, we substitute into our expression to
further simplify it:

F=1(A+B)

5. Apply Identity law again: by applying identity law to our expression again, / - (A + B)
becomes (A + B).

Thus, the simplified foomof F=A-B+A-B+ A-Bis: F=(A+ B).
Example 2: AB+ A(B+ C)+ B(B+ C)

1. This expression has no complement (NOT) of terms; therefore, we start with the application
of the distributive law to the second and third terms in the expression which involve AND

AB+ AB + AC+ BB + BC
2. Apply theorems relating to AND Gate (BB = B) to the fourth term, as follows:
AB+ AB+ AC+ B+ BC
3. Apply theorems relating to OR Gate (AB + AB = AB) to the first two terms, as follows:
AB+ AC+ B + BC

4. Apply Distributive Law (B + BC = B) to the last two terms, as follows:

AB+ AC+ B
S. Apply the Associative Law to restate the expression as follows:

B+ AB + AC
6. Apply Distributive Law (B + AB = B) to the first and second terms, as follows

B+ AC

At this point, the expression is simplified as much as possible. Once you gain experience in
applying Boolean algebra, you can often combine many individual steps without stating them
explicitly like we did.
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From the above examples, we can surmise that by carefully applying the Boolean rules and
theorems, we can systematically simplify complex Boolean expressions, making them easier
to implement in digital circuits and ensuring efficient design.

Description QR CODE

Boolean Algebra 2 — Simplifying Complex Expressions:

Digital Logic - Implementing a logic circuit from a Boolean expression.

-
LEARNING TASKW

Depending on the available time or resources, administer one or more of the following
learning tasks to help learners reinforce understanding and acquire new knowledge
or skills.

1. Scenario1

Design a Boolean logic system for a small, automated home. The system controls the
house’s alarm and lights based on the following conditions:

a. The alarm should sound if any of the doors (D1, D2) or windows (W1, W2) are
open when the system is armed (A).

b. Thelights should turn on if it is dark outside (DarkSensor) and there is motion
detected inside the house (MotionSensor).
Task Requirements
Boolean Expression Formulation
a. Write the Boolean expression for the alarm system.
b. Write the Boolean expression for the lighting system.

Truth Table Creation

Create a truth table for each Boolean expression that includes all possible input
combinations and their corresponding outputs.

Simplification of Boolean Expressions

Simplify each Boolean expression using Boolean algebra rules and theorems.

2. Scenario 2

Design a Boolean logic system for a digital voting machine that determines the winner
based on votes from three judges (J1, J2, J3). The system should declare a candidate
the winner if at least two out of three judges vote in favour of the candidate.

124
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Boolean Expression Formulation

Write the Boolean expression that determines if a candidate wins a robot making
competition based on the distribution of votes from three judges.

Truth Table Creation

Create a truth table for the Boolean expression that includes all possible input
combinations and their corresponding outputs.

Simplification of Boolean Expressions
Simplify the Boolean expression using Boolean algebra rules and theorems.

Documentation

Document each step of the process, including the initial expression, truth table, and
the simplified expression.

3. Task: Simplify the following Boolean expressions using applicable Boolean
theorems and laws:

a. AB+ ABC+ ABC
b. A+B+C)(A+B+C)(A+B+0C)
c. ABC+ ABC+ ABC + ABC

PEDAGOGICAL EXEMPLARS

Consider the following keynotes when administering the suggested pedagogical approaches in
the curriculum:

1. Recognise and capitalise on the shared characteristics among learners while also addressing
their individual differences, including interests, readiness levels, and learning styles.

2. Offer multiple pathways for learners to engage with the content. This could involve
providing varying levels of detail, from basic concepts to in-depth explorations, to
accommodate different learning needs. The key thing is that the learning outcomes set for
the lesson are achieved among all learners.

3. Provide worked examples for learners needing additional help. Pair them with more
confident learners to complete the truth tables together.

Initiating Talk for Learning: Lead a discussion to walk learners through basic logic gates —
AND, OR & NOT, XOR, XNOR and their application in the design methodologies and
simplification for combinational circuit designs using Boolean Algebra.

1. Briefly review basic digital concepts like binary system (0/1) and logic levels (High/Low)
at the beginning to ensure learners grasp this basic concept before advancing.

2. Use physical logic gate models or online simulations to demonstrate the operation of AND,
OR, NOT, XOR, and XNOR gates.

3. Connect the logic gates to real-world scenarios (e.g., AND gate for two-switch light control,
OR gate for motion sensor or button activation).
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4.

Introduce the concept of combining logic gates to build more complex circuits. Show how
Boolean expressions can represent the logic behind these circuits.

For learners who may struggle with basic logic gates, provide additional visual aids like
truth tables and Venn diagrams to illustrate their operation.

Offer differentiated tasks during the interactive demonstration. Learners who grasp the
concepts quickly can engage in explaining the gate functionalities to their peers, while
those who need more support can focus on completing guided exercises using simulations.

Tailor the real-world applications of logic gates to learner interests. For example, use
gaming controllers (buttons as OR gates) or music players (play/pause button as an XOR
gate) to connect with learners who may not find traditional examples engaging.

Project-Based Learning: Work independently or in teams to design schematics of simple
logic circuits using Logic gates.

1. Briefly review the concepts of Boolean expressions and their role in representing logic
circuits.

2. Present a real-world scenario requiring a simple automated system (e.g., automatic light
with motion and light sensor, security alarm with door and window sensors).

3. Guide learners to define the control logic for the chosen scenario using Boolean expressions.
Encourage them to consider multiple ways to represent the logic.

4. Working independently or in teams depending on the situation, help learners translate their
Boolean expressions into schematics using logic gates.

5. Insimplifying Boolean expressions, introduce concepts gradually with simpler expressions
(Boolean expressions with two or three variables) and gradually increase complexity.

6. Learners will present their optimised designs, explaining the logic behind them and the
benefits of optimisation. Reflection on the challenges and learning outcomes of the project
1s encouraged.

7. Offer different levels of complexity for final project presentations. Learners can choose to
present a basic schematic and explanation or delve deeper into the optimisation process
with Boolean theorems and laws .

KEY ASSESSMENT

Assessment Level 1

1.

Identify and describe the function of the following logic gates: AND, OR, and NOT.

Assessment Level 2

2.

Given the Boolean expression A(B + C), create a truth table to show all possible input
combinations and their corresponding outputs.

Assessment Level 3

3.

4.

126

Simplify the following Boolean expression using Boolean algebra rules:
(A-B)+(A-B)+(B-C)

Simplify the following expression using applicable boolean theorems and laws:
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ii A+B+C)(A+B+C)(A+B+C)
ii. ABC+ ABC+ ABC+ ABC
S. Assessment Level 4: Design a Boolean expression for a digital voting system that declares

a candidate the winner if at least two out of three judges (J1, J2, J3) vote in favour. Create
a truth table for this expression and simplify it using Boolean algebra rules.

the question 4 of the key assessments for assessment tasks to assign for Computational
assessment. See Appendix F for a sample rubric to score the Computational assessment.

% + The recommended mode of assessment for Week g is Computational assessment. Refer to

« Mid-semester examination scores should be ready for submission to STP.

CONCLUSION

In the session, learners delved into the foundational principles of Boolean Algebra and its
critical role in digital system design. Through engaging discussions, practical examples, and
interactive activities, learners gained a solid grasp of Boolean expressions and the methods to
simplify them using Boolean algebra rules and theorems. This week’s learning tasks, including
the formulation, analysis, and simplification of Boolean expressions, equipped learners with
essential skills for designing optimised digital circuits. This comprehensive approach ensured
a deep understanding and practical proficiency in Boolean Algebra, setting a strong foundation
for future topics in digital electronics.
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Learning Indicator: Apply Karnaugh Maps in the optimisation of digital systems

FOCAL AREA 1: ADVANCED DIGITAL SYSTEM OPTIMISATION
WITH KARNAUGH MAPS

INTRODUCTION

In this session, learners will advance their understanding of digital system optimisation by
applying Karnaugh Maps (K-Maps). This powerful tool simplifies Boolean expressions,
enabling more efficient and cost-effective digital circuit designs. By converting truth tables into
K-Maps, learners will visually identify and eliminate redundancies, streamlining complex
logic. Through guided practice, learners will learn to group adjacent ones and zeros, minimising
the number of logic gates required. This session will enhance their problem-solving skills and
reinforce their ability to optimise digital systems, building on the foundational knowledge of
Boolean Algebra and logic gates from the previous week.

Introduction to Karnaugh Maps (K-Maps)

K-Maps are a visual tool that use a grid system to represent truth tables in a more compact and
intuitive way. This visual representation helps us identify hidden patterns within Boolean
expressions, allowing for simplification. This is the basic idea:

1. Grid Design: The K-Map grid has rows and columns that correspond to the number of
variables in the expression.

2. Truth Table Mapping: Each cell in the grid represents a specific combination of input
values. We map the truth table values (Is and 0s) onto the corresponding cells in the
K-Map.

3. Simplification Through Visualisation: By analysing the arrangement of 1s in the K-Maps,
we can identify groups of terms that share common factors. This allows us to apply Boolean
algebra rules and simplify the expression, potentially leading to a circuit with fewer logic
gates.

A Karnaugh map is similar to a truth table because it presents all of the possible values of input
variables and the resulting output for each value. Instead of being organised into columns and
rows like a truth table, the Karnaugh map is an array of cells in which each cell represents a
binary value of the input variables. The cells are arranged in a way so that simplification of a
given expression is simply a matter of properly grouping the cells. Karnaugh maps can be used
for expressions with two, three, four, and five variables, but we will discuss only 3-variable and
4-variable situations to illustrate the principles.

The number of cells in a Karnaugh map, as well as the number of rows in a truth table, is equal
to the total number of possible input variable combinations. For three variables, the number of
cells is = 8. For four variables, the number of cells is = 16. But to use K-Maps effectively, we
must first understand how to further simplify Boolean expressions using standard forms.
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Standard Forms: Simplifying the Complexities of Boolean
Expressions

In the world of digital systems, efficiency is key. Standard forms provide a structured way to
represent Boolean expressions, making them easier to analyse, simplify, and implement in
circuits. This session will focus on the two main standard forms: Sum-of-Products (SOP) and
Product-of-Sums (POS).

1. Sum-of-Products (SOP)

An SOP expression represents the overall output as the OR ( + ) of multiple product terms.
Each product term is a group of variables connected by the AND ( - ) operator. Imagine each
product term as a specific scenario. The term is True (1) only when a particular combination of
input values is present (all variables within the AND operation are True). The overall expression
is True (1) when at least one of these product terms is True (1).

To create a SOP expression:

a. Identify all the minterms (rows in the truth table where the output is 1).

For each minterm, construct a product term using the variables where the minterm is
1.

¢. Combine all these product terms using OR ( + ) operations.

Example: Given the truth table for a 3 Input Combinational Logic Circuit:

A B C F(Output)
Row 0 (o] 0] (0] 0]
Row 1 0 0] 1 0]
Row 2 (0] 1 o] o]
Row 3 o] 1 1 1
Row 4 1 0 0 0
Row 5 1 0] 1 1
Row 6 1 1 o] o]
Row 7 1 1 1 1

From the table we realise that the output function F is True for the input combinations at Row3,
Row5 and Row?7. In generating the Standard SOP form, we express the input variable A

a. as when A is TRUE or 1 and
b. as when A is FALSE or 0

We would then AND or find the product of the input variables where the output Function is
True or 1. So, we would have the following ANDed terms to consider:

Row3: ABC
Row5: ABC and
Row7: ABC
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These terms would then be ORed together to give us the Standard/Canonical SOP form, as seen
in the expression below:

ABC+ ABC + ABC
1. Product-of-Sums (POS)

A POS expression represents the overall output as the AND ( - ) of multiple sum terms. Each
sum term is a group of variables connected by the OR ( + ) operator.

Think of each sum term as representing a scenario where the output is False (0). The term is
True (1) when at least one variable within the OR operation is True (there is a combination that
makes the entire OR term True). The overall expression is True (1) only when all the sum terms
evaluate to False (0) (no scenarios where the output should be False are present).

Example: Given the truth table for a 3 Input Combinational Logic Circuit

A B C F(Output)
Row 0 (0] 0] 0] 0]
Row 1 o] 0 1 0
Row 2 (0) 1 (0] (0]
Row 3 0 1 1 1
Row 4 1 (0] (o} (0]
Row 5 1 0 1 1
Row 6 1 1 0 0
Row 7 1 1 1 1

From the table we realise that the output function F is False for the input combinations at Row
0, Row 1, Row 4 AND Row?7. In generating the Standard POS form, we express the input
variable A

a. As A when A is FALSE or 0 and
b. as A when A is TRUE or 1

We would then OR to find the sum of the input variables where the output Function is False or
0. So, we would have the following ORed terms to consider:

Row0:A+ B+ C
Row :A+ B+ C
Row 4: A + B + C and
Row7: A+ B+ C

A SO =

These terms would then be ANDed together to give us the Standard/Canonical POS form, as
seen in the expression below

F=(A+B+C))A+B+C)A+B+C)(A+B+C)
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Transforming Expressions

Converting between standard forms and Boolean expressions is often straightforward. You can
use various techniques depending on the complexity of the expression. Here are some general
approaches:

Identifying Product Terms: For SOP, look for combinations of variables that would result in
a True (1) output. Group these variables using AND and OR them together to form the overall
expression.

Identifying Sum Terms: For POS, identify combinations of variables that would result in a
False (0) output. Group these variables using OR and AND them together to form the overall
expression.

Using Truth Tables: Truth tables can be a helpful tool for visualising the relationship between
input values, outputs, and standard forms.

Benefits of Standard Forms

1. Clarity: Standard forms provide a clear and structured way to represent complex Boolean
expressions.

2. Simplification: They expose hidden patterns within expressions, making them easier to
simplify using Boolean algebra and Karnaugh Maps (explored later).

3. Implementation: Standard forms often translate directly into efficient logic circuits,
reducing the number of gates needed.

By mastering standard forms, you gain a powerful tool for working with Boolean expressions,

leading to well-designed and efficient digital systems.

Extra Video Materials

Description QR code

Introduction  to Sum of Products Expressions:

Converting a Sum-of-Products Expression to a Truth Table

Introduction  to Product-of-Sums Expressions

Converting a Product-of-Sums Expression to a Truth Table
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Constructing a Karnaugh Map (K-Map)

As was mentioned earlier, this session will focus on 3 variable and 4 variable expressions for
demonstration on how to construct K-Maps.

1. The 3-Variable Karnaugh Map

C C
AB 0 ] AB 0 ’

00 00 | AB«

01 01 LH

11 11 | AB( LB

10 10 | AB

(a) (b)

Figure 10.1: A 3-variable Karnaugh map showing Boolean product terms for each cell

The 3-variable Karnaugh map is an array of eight cells. In this case, A, B, and C are used for
the variables although other letters could be used. Binary values of A and B are along the left
side (notice the sequence) and the values of C are across the top. The value of a given cell is
the binary values of A and B at the left in the same row combined with the value of C at the
top in the same column. For example, the cell in the upper left corner has a binary value of 000
and the cell in the lower right corner has a binary value of 101. Figure 10.1 (b) shows the
standard product terms that are represented by each cell in the Karnaugh map.

2. The 4-Variable Karnaugh Map

CD cD
AB 00 01 11 10 AB 00 0l 11 10

00 00 |ABCD|ABCD|ABCD|ABCD

01 01 |ABCDIABCD|\ABCDIABCD

I l ] ] '.__'I': 1) I_.'l.l |} '__'I.' IMABCD

10 10 |ABCDIABCDVABCDVABCD

(a) (b)

Figure 10.2: A 4-variable Karnaugh map showing Boolean product terms for each cell

The 4-variable Karnaugh map is an array of sixteen cells, as shown in Figure 10.2(a). Binary
values of A and B are along the left side and the values of C and D are across the top. The value

132
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of a given cell is the binary values of A and B at the left in the same row combined with the
binary values of C and D at the top in the same column. For example, the cell in the upper right
corner has a binary value of 0010 and the cell in the lower right corner has a binary value of
1010. Figure 10.2(b) shows the standard product terms that are represented by each cell in the
4-variable Karnaugh map.

Karnaugh Map SOP Minimisation

As stated previously, the Karnaugh map is used for simplifying Boolean expressions to their
minimum form. A minimised SOP expression contains the fewest possible terms with the
fewest possible variables per term. Generally, a minimum SOP expression can be implemented
with fewer logic gates than a standard expression.

In this section, Karnaugh maps with up to four variables will be covered. Mapping a Standard
SOP Expression for an SOP expression in standard form, a 1 is placed on the Karnaugh map
for each product term in the expression. Each 1 is placed in a cell corresponding to the value
of a product term. For example, for the product term , a 1 goes in the 101 cell on a 3-variable
map.

When an SOP expression is completely mapped, there will be a number of Is on the Karnaugh
map equal to the number of product terms in the standard SOP expression. The cells that do
not have a 1 are the cells for which the expression is 0. Usually, when working with SOP
expressions, the Os (zeros) are left off the map.

The following steps and the illustration in Figure 10.3 show the mapping process.

a. Step 1: Determine the binary value of each product term in the standard SOP
expression. After some practice, you can usually do the evaluation of terms mentally.

b. Step 2: As each product term is evaluated, place a 1 on the Karnaugh map in the cell
having the same value as the product term
C
AB 0 !

000 001 110 100
00 -

01

10 -

Figure 10.3: Example of mapping a standard SOP expression on a K-Map
Worked Example
Map the following standard SOP expression on a Karnaugh map:

Solution: Place a 1 on the 3-variable Karnaugh map as illustrated in Figure 2-13 for each
standard product term in the expression.
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ABC + ABC + ABC + ABC

001 010 110 111

aB\_0 1

00 -

01 -

11 . -

10

Figure 10.4: Example of mapping a standard SOP expression on a K-Map.

A Boolean expression must first be in standard form before you use a Karnaugh map. If an
expression is not in standard form, then it must be converted to standard form by the procedure
used to convert a minimal SOP expression into a standard SOP form or by numerical expansion.
Since an expression should be evaluated before mapping anyway, numerical expansion is
probably the most efficient approach.

Karnaugh Map Simplification of SOP Expressions

The process that results in an expression containing the fewest possible terms with the fewest
possible variables are called minimisation. After an SOP expression has been mapped, a
minimum/minimal SOP expression is obtained by grouping the Is and determining the
minimum SOP expression from the map.

Grouping the 1s

You can group Is on the Karnaugh map according to the following rules by enclosing those
adjacent cells containing Is. The goal is to maximise the size of the groups and to minimise
the number of groups.

1. A group must contain either 1, 2, 4, 8, or 16 cells, which are all powers of two. In the case
of a 3-variable map, 23 = 8 cells is the maximum group.

2. Each cell in a group must be adjacent to one or more cells in that same group, but all cells
in the group do not have to be adjacent to each other.

3. Always include the largest possible number of Is in a group in accordance with rule 1.

4. Each 1 on the map must be included in at least one group. The Is already in a group can
be included in another group as long as the overlapping groups include noncommon Is.

For example, by following the rules above, the Is in each of the Karnaugh maps in Figure 10.5
below are grouped as illustrated in Figure 10.6.
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[ C cD cD
AB 0 1 AR 0 1 AB 00 01 11 10 AR 00 01 11 10
00 00 0o 1 1 00 I
01 01 01 | 1 | (1]}
11 11 11 11
10 10 10 10
(a) (b) (c) (d)
Figure 10.5: Is in various K-Maps
W I und W
C C cp cD _
AB 0 I AB 0 1 ABN\ 00 01 11 10 ABN\ /00 01 11 \10
\ -
00 00 1 | 00 1 1 00 1 |
01 1 01 1 01 (1 1 1 l) 01 1 1 1
&) W ) )
1n|{1 1 11 /T\‘ 11 1 1 1) 1
1 1 1 1) 1 (I l)
10 10 ( \_) | 10 10 | \
(a) (b) (c) (d)

Figure 10.6: Grouped Is in various K-Maps showing Adjacency
Determining the Minimum SOP Expression from the Map

When all the Is representing the standard product terms in an expression are properly mapped
and grouped, the process of determining the resulting minimum SOP expression begins. The
following rules are applied to find the minimum product terms and the minimum SOP
expression:

1. Group the cells that have Is. Each group of cells containing Is creates one product term
composed of all variables that occur in only one form (either uncomplemented or
complemented) within the group. Variables that occur both uncomplemented and
complemented within the group are eliminated. These are called contradictory variables.

2. Determine the minimum product term for each group.
a. For a 3-variable map
1. A l-cell group yields a 3-variable product term
ii. A 2-cell group yields a 2-variable product term
iii. A 4-cell group yields a 1-variable term
iv. An 8-cell group yields a value of 1 for the expression
b. For a 4-variable map
1. A l-cell group yields a 4-variable product term
1. A 2-cell group yields a 3-variable product term

1. A 4-cell group yields a 2-variable product term
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iv. An 8-cell group yields a 1-variable term

v. A 16-cell group yields a value of 1 for the expression

3. When all the minimum product terms are derived from the Karnaugh map, they are
summed to form the minimum SOP expression.

CD
AB 00 01 11 10
00 1 1 1
_\\
1 I | 1
01 (
7 }
11 LI 1 1 1/
10 1
—

Figure 10.7: Grouped Is in a K-Map showing Adjacency and product terms

For example, for the K-Map in Figure 10.7, by following the rules above, the resulting minimum
SOP expressionis B+ A C+ ACD

Consider the K-Maps depicted in Figure 10.8:

AB( B i
C / ,. C _ cD / o1 SO
AB L0 . AB 0 1/ AN\ %0/ 01 11 10 ABN 90/ o1 1110

00 @ A oo |1 1J 00 [ 1 ! 00| 1 1

i 1 \B Lt B Y
o1 ﬁ o &) 01 tl )| 1 1) or [f1]] 1 1
i |( 3 1 1 ) i} | .l*’ 1
10 | 10 (I 10 (v ] 1) o] 1)\ CD

¥ %
(a) - (b) (c) (d)

)

(‘J

Figure 10.8: Grouped Is in a K-Map showing Adjacency and product terms

The resulting minimum SOP expressions are:
1. AB+ BC + ABC

2. B+AC+AC

3. AB+ AC+ ABD

4. D+ ABC + BC

Mapping Directly from a Truth Table

Earlier on, we represented each combinational logic circuit function with a truth table. After
generating the truth table, you can determine the minimal SOP form by drawing a Karnaugh
map and placing I’s in the map for input combination that resulted in a 1.




Inputs

ABC

Output

000
001
019
011
1 00
1 01
1 1 0

0

0

0

00

01

10
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45

0)0,

Figure 10.9: : Example of mapping directly from a truth table to a Karnaugh map.

An example of a Boolean expression and its truth table representation is shown in Figure 10.9
above. Notice in the truth table that the output X is 1 for four different input variable combinations.

The Is in the output column of the truth table are mapped directly onto a Karnaugh map into
the cells corresponding to the values of the associated input variable combinations, as shown
in Figure 10.9. In the figure you can see that the Boolean expression, the truth table, and the

Karnaugh maps are simply different ways to represent a logic function.

“Don’t Care” Conditions

Sometimes, certain input combinations are irrelevant (don’t care conditions). These are marked
as ‘X’ in the K-Map and can be used to form larger groups for further simplification.

Inputs Output
ABCD Y
0000 0
0001 0
0010 0
0011 0
0100 0
0101 0
0110 0
0111 1
1000 1
1001 1
1010 X
1011 X
1100 X
1101 X
i110 X
11 11 X

(a) Truth table

Don’t cares

cD
AB 00

01 11

10

00

0l

@.

S

o|@D ]

x)

~
N

4

(b) Without “don’t cares™ ¥ = ABC + ABCD

With “don’t cares™ ¥ = A + BCD

Figure 10.10: Example of the use of “don’t care” conditions to simplify an expression.

Figure 10.10 above shows that for each “don’t care” term, an X is placed in the cell. When
grouping the Is, the Xs can be treated as Is to make a larger grouping or as Os if they cannot
be used to advantage. The larger a group, the simpler the resulting term will be.

If the “don’t cares™ are used as Is, the resulting expression for the function is A + BCD indicated
in part (b). If the “don’t cares” are not used as Is, the resulting expression is ABC + ABCD,; so,
you can see the advantage of using “don’t care” terms to get the simplest expression.
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Karnaugh Map POS Minimisation
Mapping a Standard POS Expression

For a POS expression in standard form, a 0 is placed on the Karnaugh map for each sum term
in the expression. Each 0 is placed in a cell corresponding to the value of a sum term. For
example, for the sum term A + B + C, a 0 goes in the 010 cell on a 3-variable map.

When a POS expression is completely mapped, there will be a number of Os on the Karnaugh
map equal to the number of sum terms in the standard POS expression. The cells that do not
have a 0 are the cells for which the expression is 1. Usually, when working with POS expressions,
the Is are left off. The following steps and the illustration in Figure 2-2 show the mapping
process

1. Step 1: Determine the binary value of each sum term in the standard POS expression.
This is the binary value that makes the term equal to 0.

2. Step 2: As each sum term is evaluated, place a O on the Karnaugh map in the corresponding
cell.

000 010 110 101

10 -

Figure 10.11: Example of mapping a standard POS expression.

Karnaugh Map Simplification of POS Expressions

The process for minimising a POS expression is basically the same as for an SOP expression
except that you group Os to produce minimum sum terms instead of grouping Is to produce
minimum product terms. The rules for grouping the Os are the same as those for grouping the

1s was discussed earlier.

Worked Example
Use a Karnaugh map to minimise the following POS expression:
(B+C+D)YA+B+C+D)YA+B+C+D)A+B+C+D)A+B+C+ D)

Solution: The first term must be expanded into A+ B+ C+ DandA + B+ C+ Dtogeta
standard POS expression, which is then mapped; and the cells are grouped as shown in Figure
10.12. The sum term for each group is shown and the resulting minimum POS expression is (C
+ DYA+ B+ D)YA+ B+0O).

Keep in mind that this minimum POS expression is equivalent to the original standard POS
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Expression.

AB 3 '
9 B
00 0 (0
01 0

10 @4_‘9

Figure 10.12: Example of mapping a standard POS expression on a K-Map and Grouping the 0’s

Converting Between POS and SOP Using the Karnaugh Map

When a POS expression is mapped, it can easily be converted to the equivalent SOP form
directly from the Karnaugh map. Also, given a mapped SOP expression, an equivalent POS
expression can be derived directly from the map. This provides a good way to compare both
minimum forms of an expression to determine if one of them can be implemented with fewer
gates than the other.

For a POS expression, all the cells that do not contain Os contain Is, from which the SOP
expression is derived. Likewise, for an SOP expression, all the cells that do not contain Is
contain Os, from which the POS expression is derived.

Common Pitfalls and Best Practices

a. Do not Overlook Small Groups: Even small groups (size 2) can contribute to
simplification.

b. Circle Groups Clearly: Mark the groups you identify on the K-Map to avoid confusion.

¢. Check for Overlapping Groups: Ensure groups do not overlap when identifying
them for simplification.

d. Consider Alternative Groupings: Sometimes, there might be multiple ways to group
the 1Is or Os. Choose the grouping that leads to the most significant simplification.

Optimising Robot Control Systems: Practical Example

At this point, we will use a practical example to demonstrate how Karnaugh Maps (K-Maps)
can be applied to optimise the logic design of robot control systems.

Real-world Scenario: Design a logic system to control a robot’s movement. The robot has
three sensors (A, B, C) that detect obstacles in front, left, and right, respectively. The robot
should move forward (F) only if there are no obstacles in front and either no obstacle on the
left or right.

Step 1: Understanding the Problem Statement: First one needs to identify the specific
problem or functionality that the digital circuit needs to solve or perform and translate the
problem statement into a functional requirement.
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From the problem statement we can derive the variables A, B and C which will determine
forward movement. For forward movement (F), sensor A needs to sense no obstacles and(.)
either no on sensor B or (+) C.

Variables:

a. A: Obstacle sensor (front) - O (no obstacle), 1 (obstacle)
b. B: Obstacle sensor (left) - O (no obstacle), 1 (obstacle)
¢. C: Obstacle sensor (right) - O (no obstacle), 1 (obstacle)

d. F: Forward movement output - O (stop), 1 (move forward)

Step 2: Develop a truth table: From the derived problem statement, develop a truth table. The
truth table for our scenario is:

A B C F
0 0 0 I
0 0 I I
0 | 0 I
0 | I I
| 0 0 0
| 0 I 0
| | 0 0
| | I 0

Figure 10.13: Truth table of scenario

Step 3: Derive the Boolean Expression: Write the initial Boolean expression that represents
the logic of the Truth Table. From the truth table in Figure 10.13, we can see that F = 1 only
when there is no obstacle in front (A = 0) and either no obstacle on the left (B = 0) or right (C
= 0). This translates to the Boolean expression: F = ABC + ABC + ABC + ABC

Step 4: Use K-Maps to Simplify Boolean Expressions: draw a K-map to further simplify the
derived Boolean expression. The following K-map was derived from our Boolean expression:

a. This K-Map will have 2= 8 cells (3 variables).
b. Assign A, B, and C to the axes (order does not affect the outcome).

c¢. Mark 1s in the cells where the truth table indicates forward movement (F = 1). Here,
the Is will be concentrated in the top row (A = 0) and form a horizontal line across B
and C (representing either B = 0 or C = 0).
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C
AB ] 1
i 1 1
01 1 1
i 0 0
10
0 0

Figure 10.14: Karnaugh map of derived Boolean expression

Step 6: Derive the Simplified Expression: By Grouping the Is and simplifying further, the
following expression was derived: F = A

Step 7: Design the Circuit Diagram: Based on the simplified expression ,create the optimised
circuit diagram. The circuit will use a NOT gate to invert the input A, allowing the robot to
move forward when there is no obstacle in front.

By following these steps, learners can learn how to apply K-Maps to optimise the logic design
of robot control systems, making them more efficient and effective.

Benefits of K-Maps

Karnaugh Maps offer a visual and systematic approach to simplifying Boolean expressions,
leading to an optimised circuit with fewer gates. This reduces hardware complexity, potentially
improving the robot’s performance and efficiency.

Extra materials: Scan the QR codes below to watch a video on introduction to Karnaugh maps

Resource QR Code

Ep 040: Introduction to Karnaugh Maps
https://www.youtube.com/watch?v=pPHxpi)fyS8

Ep 041: Rules for Making’ Karnaugh Map Rectangles
https://www.youtube.com/watch?v=68e6e0Ks8Gg

Ep 042: Working with 4x4 Karnaugh Maps
https://www.youtube.com/watch?v=GLSdMIzngsY

Ep 043: Karnaugh Maps and Don’t Cares
https://www.youtube.com/watch?v=U920iiAT854



https://www.youtube.com/watch?v=pPHxpiJfyS8
https://www.youtube.com/watch?v=68e6eOKs8Gg
https://www.youtube.com/watch?v=GLSdMlzngsY
https://www.youtube.com/watch?v=U92OiiAT854
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-
LEARNING TASKW

Depending on the available time or resources, administer one or more of the following
learning tasks to help learners reinforce understanding and acquire new knowledge
or skills.

1. For the Boolean expression AB + AB, fill out a 2-variable K-Map and simplify the
expression. Explain the steps involved in identifying and grouping adjacent 1s.

2. Simplify the Boolean expression ABC + ABC + ABC, using a 3-variable K-Map.
Compare the original and simplified circuit designs.

3. Scenario 1: A robot has three sensors (S1, S2, S3). The output (O) is true if at least
two sensors detect an obstacle.

a. Formulate the truth table for this scenario.

b. Convert the truth table into a Karnaugh Map.

c. Group adjacent ones and simplify the Boolean expression.
d

Design and draw the optimised circuit diagram based on the simplified
expression.

4. Optimising a Sensor-Based Robot Movement:

a. You are designing a robot with obstacle sensors (Front, Left, Right) and a
forward movement mechanism.

b. Create a truth table that defines the desired robot movement behaviour based
on the sensor readings (forward movement only when there is no obstacle in
front and a clear path on either left or right).

c. Derive the initial Boolean expression from the truth table.

Construct a K-Map for this scenario and simplify the expression using
grouping techniques.

e. Explain how the simplified expression translates into a more efficient circuit
design for controlling the robot’s forward movement.

5. Scenario 2: A home security system has three sensors (S1, S2, S3) at different
entry points. The alarm (A) should be triggered if at least one sensor detects a
breach.

a. Formulate the truth table for this scenario.

b. Convert the truth table into a Karnaugh Map.

c. Group adjacent ones and simplify the Boolean expression.
d

Design and draw the optimised circuit diagram based on the simplified
expression.

PEDAGOGICAL EXEMPLARS

1. Introduction
a. Briefly review the concepts of Boolean Algebra and logic gates introduced in the
previous week.

b. Introduce the concept of digital system optimisation. Explain how simpler circuits
with fewer gates are more efficient, cost-effective, and consume less power.




c.
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Introduce K-Maps as a visual tool for simplifying Boolean expressions and optimising
digital circuits. Briefly explain the grid structure, how it corresponds to the number of
variables, and how truth table values are mapped onto the K-Map.

2. Initiating Talk for Learning: Discuss Karnaugh Maps and their application for digital
circuit optimisation using working examples.

a.

e‘

Begin with an engaging introduction that links Boolean Algebra to real-world
applications in digital circuits. Use familiar devices (e.g., smartphones, computers) to
illustrate the relevance of Boolean logic.

Provide clear, step-by-step examples of how to construct and use Karnaugh Maps
(K-Maps). Use visual aids such as diagrams and animations to enhance understanding.

Encourage learner participation by asking questions and prompting them to think
about how K-Maps can be used to simplify complex circuits.

Start with simple examples (e.g., 2-variable K-Maps) and gradually increase complexity
(e.g., 3-variable and 4-variable K-Maps). Ensure each step is well understood before
moving on.

Highlight practical applications of K-Maps in optimising digital circuits, making the
content relevant and interesting. Discuss how this optimisation can lead to more
efficient and cost-effective designs.

3. Project-Based Learning: Task learners in groups to follow processes in designing and
optimising combinational circuits for defined problems (as a narrative). Using this approach
consider the following steps:

a.

b.

Organise learners into small groups to foster collaboration and peer learning.
Encourage them to discuss ideas and share knowledge.

Guide learners through the brainstorming process to write out the functional
requirements from the narrative. Provide examples and prompts to help them identify
key requirements.

Assist learners in identifying the required number of inputs and outputs. Use real-
world scenarios to make this step more tangible.

Teach learners how to translate functional requirements into a truth table. Provide
templates and examples to simplify this process.

Show learners how to write Boolean equations that map the identified inputs to the
outputs. Use clear, concise notation and provide practice problems.

Demonstrate how to draw a K-Map for the truth table. Use visual aids and step-by-step
instructions to ensure learners understand the process.

Teach learners how to derive a simplified Boolean logic using the K-Map. Highlight
common pitfalls and best practices to ensure accuracy.

Provide regular feedback throughout the project. Encourage learners to reflect on their
learning and discuss what worked well and what could be improved.

4. Additional Tips

a.

Use diagrams, flowcharts, and K-Map templates to enhance understanding.
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b. Provide additional support for learners who might struggle with certain concepts (e.g.
Provide K-Map templates and step-by-step guides for simplification). Offer more
complex scenarios for advanced learners.

c. Briefly discuss the importance of Karnaugh Maps in various digital design fields and
its role in creating efficient and reliable electronic systems.

Key Assessment

1. Assessment Level 3: Design a minimal digital logic circuit using Karnaugh Maps for a
specified real-world function (e.g., a voting system, elevator logic, or alarm system). Create
a truth table, complete the K-map, simplify the logic, and draw the circuit diagram. Justify
each step in your process.

2. Assessment Level 3: A robot has three sensors (S1, S2, S3). The output (O) is true if at
least two sensors detect an obstacle. Students are required to:

Formulate the truth table for this scenario.
Convert the truth table into a Karnaugh Map (K-Map).

Group adjacent ones in the K-Map and simplify the Boolean expression.

i SO~

Design and draw the optimised circuit diagram based on the simplified expression.

R The recommended mode of assessment for Week 10 is Group project. Refer to question 2 in the
Key Assessment for an example of a Group project question.

Conclusion

This session has delved into the world of Karnaugh Maps (K-Maps) and explored their role in
simplifying Boolean expressions used in digital circuits. It started by reviewing the essential
concepts of Boolean algebra, laying the groundwork for understanding K-Maps.

It then explored the two main standard forms of Boolean expressions — Sum-of-Products (SOP)
and Product-of-Sums (POS) — and how they relate to K-Maps. By diving deeper, we learned
how to construct K-Maps from truth tables, a key step in visualising the logic behind a circuit.

The heart of the session focused on using K-Maps for optimisation. We learned powerful
grouping techniques for both SOP and POS expressions, allowing us to simplify complex logic
and potentially reduce the number of gates needed in a circuit. Finally, we put theory into
practice by applying K-Maps to real-world scenarios like robot control systems. This solidified
our understanding of how K-Maps can optimise the design and efficiency of digital systems.

Note that K-Maps are a valuable tool for anyone working with digital circuits. By mastering
their techniques, you can unlock the potential for creating simpler, more efficient, and ultimately
more powerful digital systems.
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WEEK 11 & 12

Learning Indicator: Solder and test electronic circuits on a Printed Circuit Board(PCB) using pre-
designed schematic diagrams.

FOCAL AREA 1: BUILDING AND TESTING BASIC
COMBINATIONAL CIRCUITS ON PRINTED
CIRCUIT BOARDS

Introduction

In this session, we will focus on building and testing basic combinational circuits on Printed
Circuit Boards (PCBs). Leveraging your prior knowledge of Boolean Algebra, logic gates, and
schematic diagrams, we will explore the practical aspects of electronic circuit design. You will
learn essential soldering techniques, understand how to read and follow pre-designed schematic
diagrams, and gain hands-on experience in assembling and testing circuits on PCBs. By the
end of this session, you will have developed practical skills crucial for designing and optimising
digital systems, preparing you for more advanced electronic projects.

Introduction to Printed Circuit Boards

A printed circuit board (PCB), also called a printed wiring board (PWB), is a medium used to
connect components in a circuit. It consists of a laminated structure with conductive and
insulating layers. Each conductive layer has a pattern of traces, planes, and features etched from
copper sheets, laminated onto or between non-conductive substrate layers. Components are
attached to conductive pads on the outer layers, typically by soldering, to electrically connect
and mechanically secure them. Vias, or plated-through holes, allow interconnections between
layers.

PCBs are common in electronic products. They require initial design effort, but manufacturing
and assembly can be automated, making mass production cheaper and faster than other wiring
methods like wire wrap and point-to-point construction.

PCBs can be single-sided (one copper layer),
double-sided (two copper layers on both sides
of one substrate layer), or multi-layer (outer and
inner layers of copper, alternating with layers
of substrate). Multi-layer PCBs allow for much
higher component density because circuit
traces on the inner layers would otherwise take
up surface space between components. The
rise in popularity of multilayer PCBs with
more than two, and especially with more than
four, copper planes was concurrent with the
adoption of surface mount technology.
However, multilayer PCBs make repair,
analysis, and field modification of circuits
much more difficult and usually impractical.

Figure 11.1: Printed circuit board of a DVD player
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Function in Electronic Circuits
1. Physical Support: PCBs offer a rigid platform to securely mount electronic components.

2. Electrical Connections: They create reliable electrical pathways between components,
replacing traditional wiring.

3. Compact Design: PCBs allow for the miniaturisation of electronic devices by providing
a compact layout for components.

4. Reduction in Errors: Automated PCB manufacturing reduces human error in wiring,
enhancing reliability and performance.

Description of the Various Layers in a Printed Circuit Board

1. Copper Layers

a. Description: These are thin layers of copper foil that form the conductive pathways or
traces on the PCB. PCBs can have one or more copper layers.

b. Function: Facilitate electrical connections between components. Double-sided or
multi-layered PCBs can accommodate complex circuits.

2. Substrate

a. Description: The substrate is the base material of the PCB, typically made from
fibreglass (FR4) or other insulating materials.

b. Function: Provides mechanical support and insulation between conductive layers.

3. Solder Mask
a. Description: A protective layer applied over the copper traces.

b. Function: Prevents oxidation and accidental solder bridges between closely spaced
conductive paths during assembly. It also gives the PCB its characteristic green colour
(other colours are also used).

4. Silkscreen
a. Description: The topmost layer printed with labels, symbols, and component identifiers.

b. Function: Provides essential information for assembling and troubleshooting the PCB,
such as component labels (e.g., R1, C2) and polarity indicators.

Topsolder
mask layer Top copper
layer
Dielectric
layers Inner copper
layers
Bottom solder
Bottom
mask layer copper layer
Through
hole via

Figure 11.2: A 3-D schematic design of a multi-layer printed circuit board (PCB) board composed of four
copper layers (two internal layers), five dielectric layers, and the top and bottom mask layer.
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A printed circuit board (PCB) can have multiple copper layers arranged in pairs, with the
number of layers and interconnections (vias, PTHs) indicating the board’s complexity. More
layers offer better routing options and signal integrity but increase manufacturing time and
cost. Similarly, via selection affects board size, signal routing, and reliability, adding to
production complexity and cost.

The simplest PCB is the two-layer board, with copper on both external sides. Multi-layer boards
add internal layers of copper and insulation. Four-layer boards provide more routing options
and typically include ground or power planes for better signal integrity, higher frequencies,
lower EMI, and improved power supply decoupling.

In multi-layer PCBs, materials are laminated in alternating layers of copper and substrate. Each
copper plane is etched, and internal vias are plated before lamination. Only outer layers need
coating, as inner layers are protected by adjacent substrate layers.

Identification of Common PCB Components

Some common components of a PCB include resistors, capacitors, transistors, integrated
circuits (ICs).

Resistors: These are components that resist the flow of electrical current. They are used to
control voltage and current within the circuit.

Figure 11.3: Resistors on a PCB

Capacitors: They are components that store and release electrical energy. They are used for
filtering, timing, and coupling applications in circuits.

Figure 11.4: capacitors on a PCB
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Transistors: they are semiconductor devices used to amplify or switch electronic signals. They
serve as building blocks for amplifiers and switching circuits.
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Figure 11.5: Transistors on a PCB

Integrated Circuits (ICs): they are Packaged sets of electronic circuits. They perform various
functions such as amplification, computation, and data storage.

Figure 11.6: An IC on a PCB

Connectors: They are components that allow for the connection of external devices or other
PCBs. They facilitate the interface between the PCB and other parts of the system.

Figure 11.7: Connectors on a PCB
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Soldering Techniques
Soldering involves hot components and molten metal, so safety is paramount. Here are some
essential precautions:

Safety Precautions
Always work in a well-ventilated area to avoid inhaling fumes.

Wear safety glasses to protect your eyes from solder splashes.
Keep the soldering iron in its stand when not in use.

. Be cautious of the hot soldering iron tip to prevent burns.

N =

Keep flammable materials away from the soldering area.

Proper Handling of Soldering Equipment

1. Use a soldering iron with an appropriate wattage (typically 15-30 watts for electronic
work).

2. Ensure the soldering iron tip is clean and well-tinned.
3. Use a damp sponge or brass wire cleaner to wipe the tip periodically.

4. Handle the soldering iron by its insulated grip to avoid burns or electric shock.

Figure 11.8: Proper handling of soldering equipment

Step-by-Step Guide to Soldering Components onto a PCB

Figure 11.9: Basic indoor soldering station
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Preparation

1. Gather all necessary tools: soldering iron, solder, PCB, components, tweezers, and a
soldering stand.

2. Clean the PCB pads and component leads with isopropyl alcohol if necessary.

Soldering Process
1. Step 1: Insert the component leads through the holes in the PCB.

2. Step 2: Secure the component in place by bending the leads slightly.

3. Step 3: Heat the pad and the lead simultaneously by placing the soldering iron tip at the
junction.

4. Step 4: Apply solder to the heated pad and lead, not directly to the soldering iron tip.

5. Step 5: Allow the solder to flow and cover the pad and lead, then remove the soldering iron.
6. Step 6: Let the solder joint cool naturally; do not blow on it.

Finishing

1. Trim any excess lead length with flush cutters.

2. Inspect the solder joint for a smooth, shiny, and cone-shaped appearance.

Common Soldering Mistakes and How to Avoid Them

1. Cold Joints: Dull, grainy solder joints that occur when the solder does not flow properly.
To prevent this, ensure both the pad and the lead are adequately heated before applying
solder.

2. Bridging: Solder accidentally connects two adjacent pads, creating a short circuit. To
prevent this use a smaller amount of solder and a finer soldering tip. If bridging occurs, use
a desoldering braid or a solder sucker to remove excess solder.

3. Insufficient Solder: Solder does not fully cover the pad and lead, resulting in poor
mechanical and electrical connection. To prevent this, apply enough solder to form a solid
joint without overdoing it.

4. Overheating: Burning the PCB pad or component due to excessive heat. To prevent this,
limit the time the soldering iron is in contact with the pad and lead. Use a temperature-
controlled soldering iron.

Additional Materials: Watch the following videos for tutorials on how to solder on a PCB
board:

Description QR CODE
I

Soldering Crash Course: Basic Techniques, Tips and Advice!

HOW TO SOLDER! (Beginner’s Guide)
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Building the Circuit
Walkthrough of the Assembly Process

a. Placing Components

1. Step 1: Identify and gather all necessary components listed in the schematic
diagram (resistors, capacitors, ICs, etc.).

ii.  Step 2: Arrange the components on the PCB according to the schematic, ensuring
correct orientation for polarised components (e.g., capacitors, diodes).

1. Step 3: Insert the component leads through the corresponding holes on the PCB.

b. Soldering Components

1. Step 1: Once the components are placed, flip the PCB over to access the solder
side.

ii. Step 2: Heat the pad and the lead with the soldering iron simultaneously, then
apply solder to create a joint.

iii.  Step 3: Allow the solder to flow and form a cone-shaped joint before removing the
soldering iron.

iv. Step 4: Trim excess lead length with flush cutters after the solder has cooled.

v. Step 5: Repeat the process for each component until the circuit is fully assembled.

Building a circuit (Practical Example)

Scan the QR codes below for videos on practical examples on how to build a circuit

How to Build a Circuit from a Circuit Diagram

Design and Build a PCB - SMD LED Learn electronics engineering

Testing and Troubleshooting

1. How to Use a Multimeter and Other Testing Tools to Verify Circuit Functionality
Using a Multimeter

a. Step 1: Set the multimeter to the appropriate measurement mode (e.g., voltage,
continuity, resistance).

b. Step 2: Measure voltage at key points in the circuit to ensure power is reaching all

components.
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c¢. Step 3: Use the continuity test to check for proper connections and to identify any open
circuits.
d. Step 4: Measure resistance across resistors to confirm they match their specified

values.
e. Step 5: Test diodes and transistors for proper operation using the diode test function.

Figure 11.10: using a Multimeter to test PCB components

Other Testing Tools
a. Oscilloscope: Use to observe the signal waveforms at various points in the circuit.

Figure 11.11: Using an Oscilloscope to test PCB components

b. Logic Analyser: Helpful for debugging digital circuits by capturing and displaying
multiple signals.

Figure 11.12: Logic Analyser Module
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2. Common Issues in PCB Assembly and How to Diagnose Them
a. Cold Joints
1. Symptom: Circuit intermittently works or fails completely.

ii. Diagnosis: Inspect solder joints for dull or cracked appearance. Reheat and reflow
solder if necessary.

b. Bridging
1.  Symptom: Short circuits causing unexpected behaviour or non-functioning
components.

ii. Diagnosis: Visually inspect for solder bridges between adjacent pads. Use a
desoldering tool to remove excess solder.

¢. Incorrect Component Placement

1.  Symptom: Circuit does not function as expected.

1. Diagnosis: Verify component placement against the schematic. Ensure correct
orientation of polarised components.

d. Damaged Components

1. Symptom: No response or incorrect behaviour from the circuit.
ii. Diagnosis: Use a multimeter to test individual components. Replace any that do
not meet expected values.

3. Practical Tips for Effective Troubleshooting
Systematic Approach

a. Step 1: Start with a visual inspection of the PCB for obvious issues like solder bridges
or misplaced components.

b. Step 2: Test power supply voltages to ensure the circuit is receiving correct power
levels.

c. Step 3: Use the schematic to trace the signal path and test each stage of the circuit.

d. Step 4: Isolate sections of the circuit to narrow down the problem area.

Documentation
1. Keep Notes: Document any measurements and observations during troubleshooting.

2. Compare Results: Refer to expected values from the schematic or component datasheets.

Patience and Persistence

In troubleshooting errors, patience and persistence is key. If you get stuck, take a break and
return with a fresh perspective. Also collaborate with classmates or teachers if you are unable
to resolve an issue.

Significance of Precision in PCB Assembly

1. Ensuring Circuit Functionality
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a.

Correct Component Placement: Precise placement of components ensures that the
circuit functions as designed. Misplaced components can lead to malfunctioning
circuits or even damage to the components.

Accurate Soldering: Proper soldering techniques prevent issues like cold joints and
solder bridges, which can cause intermittent connections or short circuits. This ensures
that the electrical connections are secure and reliable.

2. Reducing Errors and Rework

a‘

Minimising Defects: Attention to detail reduces the likelihood of defects in the PCB.
Fewer defects mean less time and resources spent on rework and repairs.

Consistent Quality: Precision in assembly leads to consistent quality in PCB production,
which is crucial for maintaining standards in both small-scale projects and mass
production.

3. Enhancing Durability and Reliability

a.

Long-Term Performance: Precise assembly techniques enhance the durability and
reliability of the circuit, ensuring it performs well over its intended lifespan.

Avoiding Failures: Accurate assembly minimises the risk of failures in critical
applications, which is especially important in fields like medical devices, aerospace,
and automotive electronics.

Wide-Ranging Benefits of Proficient PCB Skills

1. Professional Benefits

a.

Career Opportunities: Proficiency in PCB assembly opens up various career paths in
electronics design, manufacturing, and repair. Skilled technicians and engineers are
in high demand in industries such as consumer electronics, telecommunications,
robotics, and more.

Advanced Roles: Mastery of PCB skills can lead to advanced roles in project
management, quality control, and R&D, where attention to detail and precision are
paramount.

Industry Standards: Understanding and adhering to industry standards in PCB design
and assembly enhances one’s professional credibility and employability.

2. Personal Benefits

a.

DIY Projects: Proficient PCB skills empower individuals to create and customise their
own electronic projects, from simple gadgets to complex devices, fostering creativity
and innovation.

Problem-Solving Skills: The process of designing, assembling, and troubleshooting
PCBs enhances problem-solving abilities and critical thinking, valuable skills in both
personal and professional contexts.

Continual Learning: Working with PCBs involves staying updated with the latest
technologies and techniques, encouraging lifelong learning and personal growth in the
field of electronics.
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In summary, precision in PCB assembly is crucial for ensuring reliable and high-quality
circuits, reducing errors, and enhancing the durability of electronic devices. Proficient PCB
skills offer significant professional opportunities and personal benefits, enabling individuals to
excel in their careers and pursue innovative DIY projects.

-
LEARNING TASKW

1. Identify the components soldered onto a PCB. State the purpose of each
component. Use a multimeter to check the rating of electronic circuit components
like resistors and capacitors.

2. Using a schematic diagram for buzzer operated by a switch, identify all the
components needed (e.g. power source, buzzer, switch). Prepare and solder the
components onto a PCB. Test the circuit and in the event that it does not operate
use a multimeter to identify potential faults.

3. Assemble a simple LED blinking circuit on a breadboard using a 555 timer IC.
Once assembled, practice soldering the same circuit onto a PCB, ensuring all
connections are correct. Test the soldered circuit using a multimeter.

4. Using a schematic for a combinational logic circuit (e.g., a 4-bit binary adder)
identify components needed and solder them onto a PCB. Test the circuit using a
multimeter or logic probe.

PEDAGOGICAL EXEMPLARS

1. Building on What Others say: Use PCBs to identify components such as Resistors,
Capacitors, LEDs, Inductors, Circuit Breakers, Relays, Diodes, Transistors, etc., their
ratings and explain their purposes in electronic circuits.

a. Begin by introducing the various electronic components (Resistors, Capacitors, LEDs,
Inductors, Circuit Breakers, Relays, Diodes, Transistors) through a brief presentation
or video.

b. Distribute PCBs or actual components to small groups and prompt them to observe
and handle the components.

¢. Organise learners into small groups and assign each group a set of components to
identify and discuss.

d. Initiate group discussions where learners share their observations about the components
and their functions.

e. Use a round-robin approach where each learner takes a turn explaining the purpose
and rating of a component, with peers providing feedback or additional insights.

f. Assigneach learner a specific component to research and present to the class, explaining
its function, rating, and significance in a circuit.

g. Facilitate a Q&A session where peers can ask questions and engage in discussions,
reinforcing their understanding through interaction.

h. Assign roles such as leader, scribe, task manager, and presenter to ensure active
participation from all members.

i. Provide guiding questions or discussion prompts to support group discussions.
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Je

Target questions to different learners based on their understanding, offering more
challenging questions to advanced learners and more guided questions to those needing
support.

2. Experiential Learning: Use appropriate measuring instruments to take relevant readings
and deduce component ratings from measured values.

a.

b.

i‘

Set up a practical demonstration where the teacher shows how to use a multimeter to
measure component values.

Distribute multimeters and various components to pairs of learners, explaining the
basic principles of measurement.

Organise lab stations with different components and multimeters where learners rotate
and practise taking measurements.

Guide learners through the process of measuring resistance, capacitance, and other
values, recording their readings in a logbook.

Schedule a session where learners compare their measured values with standard
ratings and discuss any discrepancies.

Encourage learners to share their findings with the class, highlighting common issues
and solutions encountered during measurement.

Conduct troubleshooting exercises where learners identify and rectify incorrect
measurements or faulty components, enhancing their analytical and problem-solving
skills.

Provide worked examples next to learners who require more support, allowing them
to follow step-by-step guidance.

Use confident learners to demonstrate the measurement process to peers or lead small
groups in practical tasks.

Challenge advanced learners by asking them to troubleshoot and explain measurement
errors or discrepancies.

Include opportunities for learners to reflect on their learning process and share their
insights with the class.

Project Based Learning: Work in pairs to convert schematic diagrams into soldered
circuits on Printed Circuit Boards (PCBs).

a.

Start with a demonstration on interpreting schematic diagrams and planning PCB
layouts.

Provide learners with schematic diagrams and blank PCBs, explaining the steps
involved in the conversion process.

Pair learners and assign each pair a schematic diagram to convert into a soldered
circuit on a PCB.

Monitor and guide learners as they plan their PCB layout, ensuring they understand
component placement and connections.

Provide tools and materials for soldering, offering hands-on assistance and tips for
proper technique.
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f. Establish project milestones where pairs present their progress, discuss challenges,
and share solutions with the class.

g. Implement peer review sessions where learners evaluate each other’s PCB layouts and
soldering techniques, providing constructive feedback to improve quality and precision.

h. Conclude with a showcase session where pairs demonstrate their functional soldered
circuits, explaining the working and purpose of each component.

i.  Facilitate a discussion on the learning outcomes and challenges faced, reinforcing the
practical application of theoretical knowledge.

J- Assign roles within pairs such as planner, assembler, and quality checker to ensure
equitable participation.

k. Use templates or checklists to help learners plan and track their progress.

l. Provide extension activities for advanced learners, such as designing additional
features or troubleshooting complex issues.

m. Encourage reflection and self-assessment, asking learners to evaluate their own work
and identify areas for improvement.

KEY ASSESSMENT

Assessment Level 1
1. What is the purpose of a resistor in an electronic circuit?

2. Identify the symbol for a diode on a schematic diagram.

Assessment Level 2

3. Using a multimeter, measure the resistance of a given resistor and record the value. How
does this value compare to the resistor’s rating?

4. Explain the steps involved in measuring the capacitance of a capacitor using a multimeter.

Assessment Level 3

5. Given a set of components, design a simple circuit that includes at least one resistor, one
capacitor, and one LED. Explain the function of each component in your circuit.

6. Analyse a given schematic diagram and identify any potential issues with the component
ratings or connections. How would you resolve these issues?

7. Assemble a simple LED blinking circuit on a breadboard using a 555 timer IC. Once
assembled, practice soldering the same circuit onto a PCB, ensuring all connections are
correct.

8. Assessment Level 4: Create a detailed plan for converting a complex schematic diagram
into a soldered circuit on a PCB. Include steps for layout planning, component placement,
and soldering. Explain how you would test the circuit to ensure it functions correctly.
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% « The recommended mode of assessment for Week 11 is Performance based assessment.

Refer to question 7 in the Key Assessment for an example of a Performance based
assessment.

« Learners are to submit their Group Project Work. Please score the group work immediately
using the rubric given in Appendix A and record the scores for onward submission to the STP.

« Prepare for mid-semester examination.

Conclusion

This lesson has provided a comprehensive exploration of essential electronic components, their
functions, and practical applications. Through hands-on activities, learners have developed the
ability to identify components such as resistors, capacitors, LEDs, inductors, circuit breakers,
relays, diodes, and transistors, and understand their roles in circuits. The use of measuring
instruments to take relevant readings has reinforced theoretical knowledge with practical skills,
enabling learners to deduce component ratings accurately. By engaging in project-based
learning, learners have experienced the process of converting schematic diagrams into
functional soldered circuits on PCBs, enhancing their problem-solving and collaborative skills.
These activities have ensured that learners are well-equipped with both the foundational
knowledge and practical expertise necessary for advanced studies in electronics and robotics.
This integrated approach fosters a deeper understanding and prepares learners for real-world
applications in the field.

SECTION REVIEW

This section focused on Digital and Analogue System Design, vital for understanding robot
design methodologies. Week 9 introduced Boolean Algebra, enabling learners to design and
optimise digital circuits. In Week 10, learners used Karnaugh Maps (K-Maps) to simplify
Boolean expressions, enhancing their ability to create efficient digital systems. These
weeks combined theoretical knowledge with practical activities, building essential skills for
automation solutions in robotics.

Weeks 11 and 12 shifted to hands-on electronics, teaching learners to solder and test circuits
on PCBs. This practical experience involves identifying components, using measuring
instruments, and converting schematic diagrams into functional circuits. This blend of theory
and practice not only reinforces learners’ understanding of digital and analogue systems
but also prepares them for advanced robotics concepts and future engineering challenges.
Overall, Section 4 equips learners with both the knowledge and technical skills crucial for
success in robotics engineering.




APPENDIX F: RUBRIC FOR COMPUTATIONAL ASSESSMENT

Sample solution and rubrics for the expression I:
Step 1: Apply the Distributive Law (2 MARKS)
Distribute the first two terms: (A +B + C) and(A + B + C)
(A+B+C)A+B+C)=A(A+B+C)+BA+B+C)+C(A+B+C)
Step 2: Simplify each term using the Idempotent Law and other Boolean laws: (2 MARKS)
a. A(A+B+C)=A+AB+AC (SinceA.A =A)
A +AB +AC =A(l + B + C) =A (Since 1 + anything is always 1)
b. BA+B+C)=BA+BB+BC=BA+0+BC=BA +BC
c. CA+B+C)=CA+CB+C=C(A+B+C)=C
Thus, the expression becomes:

Step 3: Apply absorption lawie.A + BA = A and BC + C = C. Thus, the new expression
becomes: A + C (2 MARKS)

Step 4: Now distribute A + Cto: (A+B+C):(A+C)A+B+C
=(AA +AB +AC) +(CA+CB+CC)=A +AB +AC + CA +CB
Step 5: Apply absorption law ie. A +AB +AC + CA = A (2 MARKS)
Thus, the final expression becomes:
A + CBorA + BC (5§ MARKS)
Sample solution and rubrics for the expression 2: (ABC + ABC +ABC + ABC
Step 1: Apply DeMorgans first law (AB = A + B) (to simplify first expression: (2 MARKS)
(A+B)C +ABC +ABC +ABC = AC + AC + ABC + ABC + ABC
Step 2: Factor out AB from fifth and sixth expression to further simplify: (2 MARKS)
AC + AC + ABC +AB(C + C) = AC + AC + ABC +AB
Step 3: Group common terms in order to further simplify: (2 MARKS)
AC + AC + ABC +AB = AC + ABC + AC +AB = A(BC + C) + AC +AB
Step 4: Apply law A + AB = A + B and further simplify: (2 MARKS)
ABC+C)+AC +AB =A(B +C) + AC +AB = AB + AC + AC +AB
Step 5: Group common terms in order to further simplify: (2 MARKS)
AB +AC + AC +AB =AC + AC + AB +AB =AC +B(A +A) =AC +B
Therefore, the final expression becomes: AC + B (5 MARKS)
Total: 30 Marks




APPENDIX G: END OF SEMESTER EXAMINATION

Nature of the paper

The examination will consist of three papers: Paper 1 (Objective), Paper 2 (Essay) and Paper 3
(Practical). Papers 1 and 2 will be taken in one sitting and will last for 2 hours and 30 minutes,
while Paper 3 will be taken in a different practical session and will last for 2 hours. The
following are some additional details of these papers.

1. Paper 1 will consist of forty (40) compulsory multiple-choice questions. Each question is
worth 0.5 marks, totalling 20 marks for the paper, and the paper will last for fifty (50)
minutes.

2. Paper 2 will consist of two sections: Section A and Section B. Section A is compulsory and
worth 15 marks. Section B consists of five questions, of which candidates must answer
three. Each question in Section B is worth 10 marks. The total duration of the paper is 1
hour and 40 minutes, with a maximum achievable score of 45 marks.

3. Paper 3 will be a practical examination lasting two (2) hours. Candidates will choose one
out of two questions, each worth 35 marks. One question will be from both strands: 1.
Principles of Robotic Systems and 2. Robot Design Methodologies, whilst the other will
be from the strand: 3. Robot Construction & Programming.

Resources needed

1. Venue for the examination

2. Printed examination question paper
3. Answer booklet

4. Scannable paper

5. Wall clock

6. Bell, etc.

Guidelines for setting test items
1. Multiple choice

a. Ensure the stem (question part) is clear and focused on a single idea.
b. Avoid unnecessary complexity or misleading phrasing.

¢. Avoid “All of the above” or “None of the above” unless justified.

d. Distractors (wrong answers) must be credible.

e. Vary the position of the correct option (A-D).
f. Do not use patterns (e.g., C is always correct).

g. Avoid cues (grammatical mismatches, longer correct options).

2. Essay type
a. Use clear, direct wording; avoid ambiguity.

b. Ensure all questions are within syllabus coverage.




c. Include different levels of difficulty (knowledge, application, analysis).
Section A (Compulsory — Short Structured Questions):

a. Use multi-part questions to test a range of knowledge.

b. Break into sub-questions (e.g., a, b, ¢) with mark allocations.
Section B (Extended Response):

a. Provide open-ended tasks requiring explanation, comparison, design, or analysis.

b. Encourage critical thinking or drawing diagrams/circuits where necessary.

3. Paper 3: Practical Examination
a. Ensure clear, achievable objectives within time and resource constraints.

b. Require documentation of process: planning, construction/programming, and testing.

¢. Assess both outcome (working robot/code) and process (design decisions,
troubleshooting).

d. Incorporate observation and viva-style questions if possible.

Sample questions

Paper 1: Multiple Choice
Which tool is essential for joining electronic components to a PCB during the soldering process?
A) Heat Sink

B) Multimeter
C) Oscilloscope
D) Soldering Iron

Which of the following is a negative impact of robots on society?
A. Enhanced safety in hazardous environments

B. Job displacement in manual labour industries
C. Improved precision in surgical operations
D

Increased productivity in manufacturing

Paper 2: Essay

Explain the importance of proper heat management during the soldering process on a PCB and
three effects it has on both the solder joints and the components.

Paper 3: Practical

Construct and test a light-controlled LED circuit using a pre-designed PCB and schematic
diagram. Demonstrate proper soldering technique, component identification, and functionality
testing.

You will be provided with the following materials:

i. A pre-designed and fabricated PCB
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ii.

il

iv.

Schematic diagram of a light-controlled LED circuit (using LDR, resistor, transistor,
LED)

Components: LDR, resistors, NPN transistor (e.g., BC547), LED, and jumper wires

Soldering iron, solder wire, multimeter

a. Solder all components onto the PCB according to the schematic diagram provided.
Inspect all solder joints for cold soldering or bridging.

c. Test the completed circuit by varying the light intensity on the LDR and observing
the LED response.

d. Measure and record voltage at key points in the circuit (e.g., base and collector of
transistor) during operation.

Submission Checklist

a.
b.

C.

The soldered PCB

Test result sheet

Brief report (1 page) explaining:
1. How the circuit works

ii. What tests were conducted

iii. Any problems encountered and how they were solved

TABLE OF TEST SPECIFICATION (End of Semester Exams 1)

Week

Learning Indicator Typeof  Depth of Knowledge
Question

LI 1: Analyse and enumerate both the Multiple 2 1 1 4

positive and negative impacts of robots on Choice

society.

LI 2: Explain the need for robot coexistence
with humans, taking into consideration
safety and roboethics.

LI 3: Write publishable articles on topics re-
lated to ethics, safety and robot coexistence

in society.

2 LI 1: Identify related job postings (online, Multiple 2 1 1 4
newspapers, radio, etc.) and prepare sample | Choice 1 1
responses. Essay

3 LI 1: Make use of component diagrams and Multiple 1 2 1 4
systems diagrams to design non-feedback Choice 1 1
systems for implementing controls in given | Essay
scenarios.

LI 2: Make use of component diagrams
and systems diagrams to design feedback
systems for implementing controls in given
scenarios.
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4 LI 1: Analyse scenarios and derive mathe- Multiple 2 1 1 4
matical models for the implementation of Choice
continuous-time machines.

5 LI 1: Analyse and derive logical models for Multiple 1 2 1 4
the implementation of finite-state machines | Choice

6 LI 1: Explain the striking features that cate- | Multiple 2 1 3
gorise sensors as analogue or digital (based | Choice 1 1
on output type) and as active or passive Essay

(based on power source).

LI 2: Classify sensors as either active-ana-
logue, passive-analogue, active-digital or
passive-digital

7 LI 1: Apply mathematical methods to pro- Multiple 1 1 1 3
grammatically convert continuous-time Choice
sensor output to discrete-time digital
output

8 LI 1: Plot a Rotation-Distance graph for Multiple 1 2 1 4
different scenarios of wheeled robots and Choice 1 1

observe how the resultant graph relates to Essay
the geometric dimensions of a robot.

9 LI1: Explain and apply Boolean Algebra in Multiple 1 2 1 4
the definition and design of digital systems. | Choice 1 1
Essay
10 LI 1: Apply Karnaugh Maps in the optimisa- | Multiple 1 1 1 3
tion of digital systems. Choice 1 1
Practical
11 Parental roles Multiple 1 1 1 3
LI 1: Solder and test electronic circuits on a Choice 1 1
Printed Circuit Board(PCB) using pre-de- Practical

signed schematic diagrams

Total 15 15 |16 15 1 47

Marking scheme
Paper 1: Objectives

a. D) Soldering Iron (0.5 Marks)

b. B) Job displacement in manual labour industries (0.5 Marks)
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Paper 2: Essay

a. Explanation of the Importance of Heat Management — (4 marks)

Award marks based on clarity, accuracy, and completeness:

Describtion Marks

Clearly explains that proper heat management ensures 3—4 marks
strong, reliable solder joints and prevents damage to sensi-
tive components

Basic explanation with limited detail or incomplete technical | 1—2 marks
reasoning

b. Three Effects on Solder Joints and Components — (6 marks)
(2 marks for each relevant and well-explained effect)
Examples of valid effects:

1. Cold solder joints: Insufficient heat results in weak, dull, and unreliable joints. (2
marks)

i1. Component damage: Excessive heat can destroy or degrade heat-sensitive
components like ICs, transistors, or LEDs. (2 marks)

iii. Delamination or lifted pads: Overheating can cause the copper pads/tracks to
detach from the PCB. (2 marks)

iv. Reduced component lifespan: Thermal stress can weaken the internal structure
of components over time. (Alternative)

v. Inconsistent connections: Uneven heating may cause intermittent or failed
connections. (Alternative)

Total; 10 Marks

Paper 3: Practical

Criteria Marks

Correct component placement and orienta- | 6 marks
tion

Quality of soldering (clean joints, no bridg- | 6 marks
es)

Functional testing and correct response 8 marks

Voltage measurements and data recording 5 marks

Brief explanation/report on circuit operation | 5 marks

Safety, handling of tools, and workspace 5 marks
management

Total 35 marks
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Strand: Robot Design Methodologies
Sub-Strand: Tools & Apps for Robot Design

Learning Outcome: Use computer-aided design tools to design 3D models of robot parts and
operate a 3D printer for fabrication of prototype robot parts.

Content Standard: Demonstrate Skills in the use and management of 3D printers.

project covers several learning indicators and spans over several weeks. Also, develop a detailed
rubric and share with learners.

% Individual Project Work should be assigned to learners by the end of Week 14. Ensure that the

INTRODUCTION AND SECTION SUMMARY

This section focuses on inculcating in learners a robust foundation in digital design and its
practical application through 3D printing. By seamlessly integrating these two disciplines,
learners are empowered to transition from conceptualising robotic designs to materialising
them as tangible prototypes. These foundational modules collectively aim to cultivate a
comprehensive understanding of the design-to-production pipeline, fostering innovation and
problem-solving skills essential for robotics development.

The weeks covered by the section are

Week 13 & 14: Use a CAD tool to model parts of robotic systems

Week 15 & 16: Use relevant intermediate tools, including slicing software, to convert a CAD
model of a robot part into g-codes and print it using a 3D printer.

SUMMARY OF PEDAGOGICAL EXEMPLARS

The pedagogical exemplars highlight key strategies for teaching CAD and 3D printing in
robotics over four weeks. In Weeks 13 and 14, learners are introduced to Computer-Aided
Design (CAD). The lesson starts with brainstorming and an engaging video, followed by
discussions on CAD’s benefits and functionalities. Interactive tutorials and hands-on activities
with a beginner-friendly CAD platform enable learners to build simple 2D and 3D models.
Learners then create and present their own robotic components, with support and scaffolding
provided as needed. In Weeks 15 and 16, the focus shifts to 3D printing. The lesson begins with
a real-world scenario to spark curiosity, followed by an introduction to 3D printing technology.
Mixed-ability groups research and present on 3D printing applications in robotics. Key
components of an FDM 3D printer and filament materials are discussed. Learners prepare and
print their CAD-designed models, documenting their process. Presentations and a “robot design
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gallery” provide opportunities for peer feedback and self-assessment. Both lessons use a variety
of engaging activities, such as brainstorming, discussions, hands-on tutorials, and group work,
catering for different learning styles and providing tiered support for diverse learners in
achieving learning outcomes.

ASSESSMENT SUMMARY

The modes assessments outlined for this section are designed to provide a comprehensive
evaluation of learners’ grasp of key concepts and skills. These assessment methods will help
identify strengths, address learning gaps, and guide instructional decisions to enhance student
achievement. The recommended assessment mode for each week is:

Week 13 & 14: Gamification
Week 15 & 16: Quiz
Week 16: Practical Work

Refer to the “Hint” at the key assessment for additional information on how to effectively
administer these assessment modes.
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WEEK 13 AND 14

Learning Indicator: Use a CAD tool to model parts of robotic systems

FOCAL AREA 1: UNDERSTANDING COMPUTER-AIDED DESIGN
(CAD)

Introduction

Computer-Aided Design (CAD) is the cornerstone of modern robotics. The content covered
during weeks 13 and 14 delves into the details of CAD, explaining how it serves as a virtual
workshop for crafting robotic components and assemblies. By understanding CAD principles
and software, learners will gain the ability to transform their robotic concepts into tangible
designs, ready for the next stages of development and production.

What is CAD

Computer-Aided Design (CAD) is a digital toolset that facilitates the creation, modification,
analysis, and optimisation of designs. It has revolutionised the design process across various
industries, including robotics. CAD software enables engineers and designers to transition from
traditional drafting methods (pencil and paper) to a digital environment, enhancing precision,
efficiency, and collaboration.

Core Principles of CAD for Robotics

The following are the core principles showcase how CAD empowers engineers and designers
to create, refine, and analyse robotic components and systems with precision and efficiency.

1. 2D and 3D Modelling: CAD software empowers users to create both 2D representations
(sketches, blueprints) and 3D models of robotic components and assemblies. This versatility
is important for visualising and analysing designs from different perspectives.

2. Parametric Modelling: Many CAD systems offer parametric modelling, where design
elements are defined by parameters or equations. This allows for rapid modifications and
exploration of design variations.

3. Assemblies: CAD software enables the creation of digital assemblies, where multiple
components are combined to simulate the final product. This facilitates interference checks,
kinematic analysis, and overall system visualisation. Interference checks in CAD are a
crucial process to ensure that different components of a design do not collide or overlap
when assembled. It involves digitally analysing the relationship between various parts to
identify potential clashes or obstructions. Kinematic analysis is like studying how a robot
moves without considering the forces involved. It is about understanding the geometry of
the robot’s motion; its position in space; its path and speed; and the angles of its joints.

4. Drawing Creation: Detailed engineering drawings can be automatically generated from
3D models, ensuring accuracy and consistency in manufacturing and assembly processes.

5. Simulation and Analysis: Advanced CAD software incorporates simulation tools for
stress analysis, motion simulation, and other engineering calculations, helping to optimise
designs before physical prototyping.
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2D vs. 3D in CAD

A model is a simplified representation of a real-world object or system. In CAD, both 2D and
3D models are employed. It is essential to differentiate between these model types to effectively
use CAD tools for design purposes.

2D Model 3D Model

Stands for Two-Dimensional Three-Dimensional

Definition A flat representation of an object, | A representation of an object with
defined by length and width. length, width, and depth, providing a

realistic view.

Appearance Like a drawing on paper, lacking Similar to a physical object, offering a
depth. complete visual representation.

Use in CAD Primarily for creating blueprints, Essential for creating detailed models
schematics, and technical draw- of complex objects like robotic parts.
ings. Useful for initial design con- | Allows for analysis, simulation, and vis-
cepts and documentation. ualisation from multiple angles.

Examples Floor plans, electrical circuit dia- Solid models of robot arms, gears, and
grams, orthographic projections. enclosures.

It is quite difficult to show the clear differences of 2D and 3D models on a plain sheet of paper,
hence the following video resource below has been provided.

what is 1D,2D and 3D
https://www.youtube.com/watch?v=0TUmVaga950

CAD in the Robotics Workflow

The integration of CAD into the robotics development process is essential for:

1. Conceptual Design: Quickly visualising and iterating on design ideas.

2. Detailed Design: Creating precise 3D models of individual components and assemblies.
3. Digital Prototyping: Virtually testing and refining designs before physical fabrication.
4

Manufacturing Integration: Generating manufacturing-ready data (e.g., G-code for CNC
machining) for efficient production.

Popular CAD Software for Robotics

Several CAD software options are available, each with its strengths and target user groups. The
following are some common options:
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Tinkercad: A user-friendly, cloud-based platform suitable for beginners and educational
purposes.

SolidWorks: A powerful and widely adopted software for complex mechanical designs.

Fusion 360: Combines CAD, CAM, and CAE capabilities, making it a versatile choice for
robotics applications. While CAD is for designing and creating the digital model, Computer-
Aided Manufacturing (CAM) is for translating the design into manufacturing instructions
and Computer-Aided Engineering (CAE) is for analysing and optimising the design before
and after production by simulating the behaviour of products under different conditions.

Autodesk Inventor: A robust CAD software with a focus on product design and
manufacturing.

FreeCAD: An open-source alternative offering a wide range of features.

Freehand Sketch

While not strictly necessary, developing freehand sketching skills can significantly enhance the
CAD design process. Just as mentioned earlier in the CAD workflow, it begins first with a
conceptual design where one in a brainstorming session, draws out the concept to be designed
or developed with CAD software. By initially capturing ideas on paper, designers can quickly
visualise concepts and iterate on designs before committing to digital models. This preliminary
sketching phase facilitates brainstorming, peer feedback, and overall design refinement. While
CAD software provides precision and efficiency, the fluidity of freehand sketching often sparks
creativity and innovation.

L ,‘i“‘“’”/( -
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Restaurant Robot Supermarket Robot Delivery Robot

Figure 13.1: Freehand sketches of robots (source)

The following resource may be helpful in developing this skill of freehand sketch.

Resource QR Code

Marklin's Freehand Sketching for Engineers Playlist
https://www.youtube.com/playlist?list=PLbgj-zgqid54GYCrOXtzHYzOF -
3to1A2M__



https://www.researchgate.net/figure/Concept-sketches-for-service-robots-sketches-by-Joe-Curtsinger_fig1_382330996
https://www.youtube.com/playlist?list=PLbgj-zgqid54GYCrOXtzHYzOF3to1A2M_
https://www.youtube.com/playlist?list=PLbgj-zgqid54GYCrOXtzHYzOF3to1A2M_
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Getting Started with CAD in Robotics

The abundance of CAD software options can present a challenge for users when making a
choice of which of these options to start with. While Tinkercad’s user-friendly interface makes
it an ideal entry point, its cloud-based nature might limit its accessibility in regions with
unreliable internet connectivity. In such cases, Fusion 360, which offers offline capabilities,
presents a viable alternative. Both software platforms require dedicated practice to master their
functionalities effectively. To facilitate the learning process, tutorials for both Tinkercad and
Fusion 360 are provided in the resources below.

Tinkercad Tutorial Resources

TinkerCAD - Tutorial for Beginners in 10 MINS! [ FULL GUIDE 2024 ]
https://www.youtube.com/watch?v=QIn9c5TjrKk

Tinkercad Tutorial - Complete Guide
https://www.youtube.com/playlist?list=PL90oLC6zq_ Lzf9tHyFPzX_ 9OA35B-
FTfEBs

[1DAY__1CAD] EOD ROBOT (Tinkercad : Know-how / Style / Education)
https://www.youtube.com/watch?v=QiolpcgP87c

[1DAY__1CAD] ROBOT DOG SPOT (Tinkercad : Know-how / Style / Education)
https://www.youtube.com/watch?v=kjLXoR1G3cY

Fusion 360 Tutorial Resources

1 - Download and Install - Fusion 360 for Beginners
https://www.youtube.com/watch?v=XXEeig5rmbl



https://www.youtube.com/watch?v=QIn9c5TjrKk
https://www.youtube.com/playlist?list=PL90LC6zq_Lzf9tHyFPzX_9OA35BFTfEBs
https://www.youtube.com/playlist?list=PL90LC6zq_Lzf9tHyFPzX_9OA35BFTfEBs
https://www.youtube.com/watch?v=Qi0lpcgP87c
https://www.youtube.com/watch?v=kjLXoR1G3cY
https://www.youtube.com/watch?v=XXEei95rmbI
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Learn Autodesk Fusion 360 in 30 Days for Complete Beginners! 2023 EDI-
TION

https://www.youtube.com/playlist?list=PLrZ2zKOtC__ -C4rWfapgn-
g0e902-ng8ZBr

-
LEARNING TASKW

Depending on the available time or resources, administer one or more of the following
learning tasks to help learners reinforce understanding and acquire new knowledge
or skills.

Understand concept of CAD and its importance in robotics.

2. Differentiate between 2D and 3D models, understanding their applications in the
design process.

3. Practise freehand sketching as a tool for initial concept development and
brainstorming.

4. Select a preferred CAD software and explore the core functionalities by creating
and manipulating 2D and 3D models.

5. Model simple robotic components or assemblies using the chosen software.

PEDAGOGICAL EXEMPLARS

This lesson aims to introduce learners to Computer-Aided Design (CAD) and its role in building
robots. Learners will explore core CAD concepts and practise their application through hands-
on activities. Consider the following keynotes when administering the suggested pedagogical
approaches in the curriculum:

1. Begin by facilitating a brainstorming session by asking learners, “How do you think robots
are designed and built?” Encourage them to share their ideas. Provide statement starters
for learners who may find it difficult to share their thoughts.

2. Introduce CAD as a virtual workshop for creating robots. Show a short video (2-3 minutes)
showcasing the CAD design process for a simple robot (e.g., robotic arm). Provide access
to the resource so that learners who may need to watch it more than once are capable of
doing so.

3. After the video, discuss the key benefits of using CAD in robotics (precision, flexibility,
communication, etc.). Make sure the benefits are relatable and relevant to their context. Be
ready to support learners who may need further clarification. Provide the content in
multiple formats to cater for learners of different learning styles.

4. Present the core functionalities of CAD software, including:
a. 2D vs.3D Modelling (use an interactive tool or animation to demonstrate the difference).
b. Basic commands for creating and manipulating shapes.

¢. Simple assembly techniques.



https://www.youtube.com/playlist?list=PLrZ2zKOtC_-C4rWfapgngoe9o2-ng8ZBr
https://www.youtube.com/playlist?list=PLrZ2zKOtC_-C4rWfapgngoe9o2-ng8ZBr
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Provide additional resources (text, infographics) for visual learners. Offer a shortened
presentation for learners who need more time to grasp complex concepts.

5. Introduce a beginner-friendly CAD platform (e.g., Tinkercad). Guide learners through a
short, interactive tutorial within the platform to explore basic functionalities and build a
simple 2D model (e.g., a square robot base) and then move on to build a simple 3D model
(e.g., a cube). Offer alternative tutorials with varying levels of difficulty based on student
needs. Provide scaffolding and support for learners who require additional guidance during
the simulation. Provide learners with access to the lab and video resources so that they can
practise at their own pace and time, even outside class hours.

6. After familiarising themselves with the CAD software, allow learners to model a simple
robotic component of their choice (e.g., wheel, gripper) or a basic robot assembly (e.g., line
follower) using the chosen CAD software. Give learners time to work independently or in
groups on their chosen project. Encourage them to document their design process (sketches,
screenshots). Offer pre-designed templates for learners who need additional scaffolding.
Provide opportunities for advanced learners to explore more complex features of the
software.

7. Learners can present their models and explain their design choices to the class. Encourage
them to discuss the challenges they faced and how they overcame them. Alternatively,
learners can set up a “robot design gallery” where they display their models and
documentation for peer feedback. Offer different presentation formats (individual, group
presentations, posters) to accommodate different learning styles. Provide rubrics with clear
criteria for self-assessment and peer feedback.

KEY ASSESSMENT

Assessment Level 1
1. List three benefits of using CAD in robotics.

2. State two popular CAD software options used for robotics.

Assessment Level 2

3. Explain the difference between 2D and 3D models and provide an example of each used
in the robotics design process.

4. Following a provided diagram of a simple robotic component (e.g., wheel), identify its
basic shapes (circles, rectangles) used for its 2D representation.

Assessment Level 3

5. Compare and contrast the use of freehand sketching and CAD software in the initial design
phase of a robot.

6. Use a CAD software (eg. Fusion, SketchUp, TinkerCAD, etc.) to design 3D models of
machine parts and save files as 3D STL files.

Assessment Level 4

7. Design a simple robot gripper using basic shapes. Explain the reasoning behind your design
choices considering functionality and printability (if using 3D printing).
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8. Design a robotic arm for a specific task (e.g., picking up objects) using a CAD software.
Consider factors like range of motion, weight capacity, and joint design. Justify your design
choices and present potential limitations.

9. Develop a step-by-step guide for a peer who has limited technical experience on how to
use a chosen CAD software to create a simple 3D model of a robotic component.

)] + The recommended mode of assessment for Week 13 & 14 is Quiz. Refer to question 7 in the
Key Assessment for an example of a Quiz.

« Individual Project Work should be assigned to learners by the end of this week. Ensure that
the project covers several learning indicators and spans over several weeks. Also, develop a
detailed rubric and share with learners.

Conclusion

This two-week module explored Computer-Aided Design (CAD) and its significance in the area
of robotics. Learners gained insights into the core functionalities of CAD software, along with
its applications throughout the robotics development process. The instructional content covered
various aspects, including 2D and 3D modelling, parametric modelling, digital assembly, and
freehand sketching as a valuable precursor to CAD design. By incorporating the provided
resources and learning tasks, learners can acquire the necessary knowledge and skills to begin
modelling parts for robotic systems using CAD software.
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WEEK 15 AND 16

Learning Indicator: Use a CAD tool to model parts of robotic systems

FOCAL AREA 1: EXPLORING 3D PRINTING IN ROBOTICS

Introduction

Having mastered the art of digital design with CAD tools, learners are now poised to embark
on a transformative journey: bringing their virtual creations to life through the medium of 3D
printing. This innovative technology bridges the gap between the digital and physical realms,
enabling the conversion of designs into tangible objects. The objective over the next two weeks
is for learners to use relevant intermediate tools, including slicing software, to convert a CAD
model of a robot part into g-codes and print it using a 3D printer.

3D printing has emerged as a cornerstone of modern innovation, with far-reaching implications
across industries. For robotics learners, this technology holds particular significance. It
empowers them to rapidly prototype and iterate on mechanical components, accelerating the
design and development process. By bridging the gap between theory and application, 3D
printing facilitates a deeper understanding of design principles and encourages experimentation.

The upcoming lesson will introduce learners to the principles of 3D printing, exploring the
technology, processes, and practical applications involved. By understanding this process,
learners will gain valuable insights into how their digital designs can be materialised, allowing
for a deeper connection between conceptualisation and realisation.

Manufacturing Processes

To produce any item from raw materials one has to go through some manufacturing processes.
Manufacturing processes encompass the diverse methods and techniques employed to transform
raw materials or components into finished goods. These processes involve a combination of
human labour, machinery, tools, and chemical or physical transformations. Currently, there are
three (3) main types or categories of manufacturing processes, and they include:

1. Subtractive Manufacturing: This process involves removing material from a larger block
to create the desired shape. For example, carving out a chair from a log of wood.

2. Formative Manufacturing: This process involves shaping materials without removing
any substance. Techniques such as casting, forging, and extrusion fall under this category.
For example, forming pots from clay or forming metallic wheels from casting processes.

3. Additive Manufacturing: This innovative process builds objects layer by layer, adding
material to create the final product. For example, using a 3D printer to produce a designed
model of a robot.

Prior to the advent of additive manufacturing, or 3D printing, manufacturing processes primarily
relied on subtractive and formative techniques.

3D Printers and 3D Printing

A 3D printer is a sophisticated machine capable of creating physical objects from digital
designs. It operates on the principle of additive manufacturing, where successive layers of
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material are deposited to form a three-dimensional structure. In essence, it transforms a digital
blueprint into a tangible artefact.

3D printing builds objects layer by layer (additive manufacturing processes), offering greater
design flexibility and reducing material waste as compared to other manufacturing processes.
3D printing also allows for rapid prototyping; quick creation of physical models from digital
designs, accelerating the design and development process. This technology has revolutionised
various industries, from prototyping and manufacturing to healthcare and art.

What is 3D printing?
https://www.youtube.com/watch?v=bcTzyx350dY

What Is 3D Printing and How Does It Work? | Mashable Explains
https://www.youtube.com/watch?v=Vx0Z6LplaMU

Types of 3D Printers

There are several types of 3D printers, and the resources provided below highlight these types.
Among these types, the two most widely used types are:

1. Fused Deposition Modelling (FDM): The most widely known and accessible type, FDM
uses a heated nozzle to extrude molten thermoplastic filament layer by layer.

2. Resin 3D Printing (SLA): Employing a vat of liquid resin as its main material while using
a laser to solidify the material layer by layer, producing highly detailed parts.

Resource QR Code

The 10 Main Types of 3D Printer Explained
https://www.3dsourced.com/3d-printers/main-types-of-3d-printer-explained/

FDM vs. Resin Printing

The following are the major differences between FDM and Resin Printing

FDM Printing Resin Printing

It uses a spool of filament that melts and de- It employs a vat of resin cured with UV light
posits layer by layer to create the model. for each layer.

They are more common than Resin-based They are less common as compared to FDM
Printers printers



https://www.youtube.com/watch?v=bcTzyx35odY
https://www.youtube.com/watch?v=Vx0Z6LplaMU
https://www.3dsourced.com/3d-printers/main-types-of-3d-printer-explained/
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They produce materials which have a lower res- | They produce materials which have a high-

olution (smoothness) than Resin-based print- er resolution (smoothness) than FDM-based
ers. As such, they are not very good for printing | printers. As such they are good for printing
small-sized (miniature) models. small-sized models.

They do not make use of toxic materials, hence | They require handling toxic materials and
do not need to be cleaned after printing post-processing steps like cleaning and cur-

ing. As such, they are not very safe for chil-
dren.

Some FDM printers are capable of printing mul- | They typically cannot print in multiple colours
tiple colours within one print. within one print.

Resource QR Code

DM vs Resin 3D Printing - Which is Better?
https://www.youtube.com/watch?v=gSvjzGnAosl

While resin-based 3D printers excel in producing high-resolution prints, their reliance on
potentially hazardous liquid resins necessitates specialised safety precautions and equipment.
Consequently, the focus of this discussion will be on Fused Deposition Modelling (FDM)
printers, which use solid thermoplastic filaments and generally present a lower risk to users.

Parts of an FDM 3D Printer

An FDM 3D printer comprises several essential subsystems that work in concert to produce
three-dimensional objects. These core components include:

1.

Hotend: This critical component houses the nozzle and heating element responsible for
melting the filament material.

Extruder: Consisting of a motor and gear system, the extruder propels the filament into
the hotend at a controlled rate.

Build Plate: The foundation of the 3D print, the build plate provides a stable surface for
the deposition of extruded material.

Motion System: Typically employing stepper motors, this system controls the precise
movement of the print head along the X, Y, and Z axes, enabling the creation of complex
geometries.

Controller Board: Serving as the printer’s brain, the controller board interprets G-code
instructions, coordinates the movement of components, and regulates temperature and
power.

Power Supply: This component provides the necessary electrical energy to operate the
printer’s various subsystems.

Spool Holder: This holds the filament spool



https://www.youtube.com/watch?v=gSvjzGnAosI
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Figure 15.1: The parts of an FDM 3D Printer (source)

How 3D Printing Works
https://www.3dmakerengineering.com/blogs/3d-printing/how-3d-printing-
works

Filament Materials for FDM 3D Printing

Fused Deposition Modelling (FDM) 3D printers use thermoplastic filaments as their primary
material. These filaments are fed through a heated nozzle, melted, and extruded layer by layer
to create the desired object. Several types of filaments are available, each with distinct properties
and applications.

1. Polylactic Acid (PLA): This is one of the most popular filament materials due to its ease
of printing, biodegradability, and non-toxic nature. PLA is suitable for a wide range of
applications, including prototypes, models, and functional parts.

2. Acrylonitrile Butadiene Styrene (ABS): Known for its strength and durability, ABS is
often used in applications requiring high impact resistance. However, it tends to warp
during the printing process and requires a heated build chamber for optimal results.

3. Polyethylene Terephthalate Glycol (PETG): Offering a balance of properties from PLA
and ABS, PETG is known for its toughness, clarity, and good adhesion to the build plate.
It is suitable for both prototyping and functional parts.

4. Acrylonitrile Styrene Acrylate (ASA): Similar to ABS, ASA exhibits improved weather
resistance and UV stability, making it suitable for outdoor applications.

The choice of filament depends on the specific requirements of the 3D printed object, including
its intended use, mechanical properties, and environmental conditions. Also, note that each of
these filaments have their own melting temperatures, which are worth noting when loading the
printer with the filament.



https://www.3dmakerengineering.com/blogs/3d-printing/how-3d-printing-works
https://www.3dmakerengineering.com/blogs/3d-printing/how-3d-printing-works
https://www.3dmakerengineering.com/blogs/3d-printing/how-3d-printing-works
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3D PRINTER FILAMENT

Figure 15.2: Examples of filaments of different colours.

The resource in the table below demonstrates the right way to load and remove the filament
spool in an FDM printer.

Loading & Removing 3d Printer Filament - A Beginner’s Guide
https://www.youtube.com/watch?v=mwdT-XLLnlU

General 3D Printing Workflow

While using 3D printers the following workflow is usually used:

1. Step One: Design Creation

The 3D printing process commences with the creation or acquisition of a digital 3D model.
This model, typically generated using Computer-Aided Design (CAD) software, serves as the
blueprint for the physical object.

A vast array of online platforms, such as Thingiverse, MyMiniFactory, and Printables, offer a
repository of pre-designed 3D models for download. It is essential to note that while many
models are freely accessible, others may necessitate a purchase.

Usually, these files are saved in a STL format. STL is a short form for Stereolithography. This
is a file format that contains the essential information about the geometry and structure of a 3D
object. As such the file will usually have a “stl” file extension. There are other formats such as
“obj” and “.gltf”. However, these are not very common.

2. Step Two: File Preparation

Once a digital 3D model is acquired, it undergoes a critical preparation stage known as slicing
before it can be transformed into a physical object. This process involves converting the 3D
model into a format compatible with the 3D printer, generating precise instructions for the
machine to follow.



https://www.youtube.com/watch?v=mwdT-XLLnlU
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Specialised software applications, referred to as slicers, are employed to carry out this
conversion. Popular options include Cura, PrusaSlicer, and Simplify3D. The slicing software
divides the 3D model into horizontal cross-sections or layers. Each layer represents a thin slice
of the final object. The software then generates a file containing a series of G-codes, a set of
instructions that dictate the movement of the 3D printer’s nozzle, the extrusion of material, and
other parameters necessary for building the object layer by layer.

Several factors known as slicing parameters influence the quality and success of the 3D print.
They include the following:

a. Layer Height: Determines the thickness of each layer, impacting the overall print
resolution and time. Lowering the layer height increases the resolution, thus producing
a smoother finished product. However, this will take more time and more material.

b. Infill: Controls the internal structure of the object, affecting its strength and weight.
It determines how hollow the model will be. The higher the percentage of the infill the
stronger the product will be. However, this will take more time and more material.

¢. Support Structures: For models with overhangs or complex geometries, support
structures are generated to provide temporary support during the printing process.
This is necessary for portions of the print which hang over the air, as such they need
some support before they are printed.

d. Nozzle Temperature: The optimal temperature for the 3D printer’s nozzle is set based
on the filament material.

e. Build Plate Adhesion: The build plate, also referred to as the print bed or build
platform, is a critical component of a 3D printer. It serves as the base upon which the
3D object is constructed layer by layer. Parameters related to bed temperature and
initial layer settings are configured to ensure proper adhesion between the first layer
and the build plate.

3. Step Three: Printing

Once the G-code file is generated, it is transferred to the 3D printer via either a USB connection
or an SD card. The printer subsequently interprets the G-code instructions, directing the precise
movement of its components and the controlled deposition of material. Layer by layer, the 3D
object is constructed from the build plate upwards, following the digital blueprint encoded
within the G-code file.

The following resources are very helpful in getting learners started with printing their 3D
designed models using an FDM 3D printer.

3D Print Your Own Designs for Free with Tinkercad
https://www.youtube.com/watch?v=n-MOwGsUZ68



https://www.youtube.com/watch?v=n-MOwGsUZ68
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3D PRINTING 101: The ULTIMATE Beginner's Guide
https://www.youtube.com/watch?v=2vFdwz4U1VQ&t=616s

-
LEARNING TASKW

a.

b.

d.

Depending on the available time or resources, administer one or more of the following
learning tasks to help learners reinforce understanding and acquire new knowledge
or skills.

1. To get familiar with 3D Printing fundamentals:

Learners will engage with video resources to grasp the core concepts of 3D
printing, including its history, underlying principles, and key applications.

Through comparative analysis, learners will distinguish between additive,
subtractive, and formative manufacturing, recognising the unique advantages
of 3D printing.

Learners will explore the structural components of an FDM 3D printer,
understanding the function of each part and how they collectively contribute
to the printing process.

Learners will investigate the properties of different filament materials,
analysing their suitability for various applications and identifying factors
influencing material selection.

2. To have hands-on experience with 3D Printing Workflow:

Learners will source 3D models of simple robotic components, such as gears,
brackets, or end effectors from online repositories or create their own using
CAD software.

Using slicing software, learners will prepare 3D models for printing by
adjusting settings such as layer height, infill, and support structures.

Learners will operate an FDM 3D printer, loading filament, levelling the build
plate, and initiating the print job.

Learners will engage in post-print activities, including removing support
structures, cleaning, and finishing the printed part.

PEDAGOGICAL EXEMPLARS

This lesson aims to introduce learners to the fundamental principles and applications of 3D
printing within the context of robotics. Consider the following keynotes when administering

the suggested pedagogical approaches in the curriculum:

1. Begin the lesson by presenting a visually engaging real-world scenario. Show learners a
video or images of a robot in action, highlighting specific robotic components (e.g.,
grippers, gears, sensors) crucial for its functionality. Ask the following questions to spark

curiosity and engage prior knowledge:



https://www.youtube.com/watch?v=2vFdwz4U1VQ&t=616s
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a. Approaching Proficiency: What materials are these robotic components typically
made from?

b. Proficient: How do you think these components are manufactured?

¢. Highly Proficient: Can you imagine a way to create these parts quickly and efficiently
for rapid prototyping in robotics? (Advanced learners)

After the initial discussion, introduce the concept of 3D printing. Explain that it is a
revolutionary technology using additive manufacturing to create three-dimensional objects
from digital models. Provide tiered explanations and differentiated content to learners of
all levels. It can be done considering the following approach:

a. Approaching Proficiency: Provide a simplified explanation, emphasising that 3D
printers build objects layer by layer, like stacking slices of bread.

b. Proficient: Delve deeper into the process, explaining how 3D printers use computer-
generated instructions (G-code) to guide the deposition of material (filament).

c¢. Highly Proficient: Discuss the various types of 3D printers and their advantages/
disadvantages, with a focus on FDM technology (most relevant for robotics prototyping).

Divide learners into mixed-ability groups. Provide each group with a specific robotic
function (e.g., grasping, locomotion, manipulation) and ask them to research and present
on how 3D printing can be used in that area. Encourage those who struggle with the task
to identify simple robotic components that can be 3D printed. For others challenge them
to research specific examples of existing robots that utilise 3D printed parts.

Introduce the key components of an FDM 3D printer (nozzle, extruder, build plate) using
illustrations or a physical model. Briefly explain their role in the printing process. For
learners who need additional support, provide labelled diagrams or short videos showcasing
the functionality of each component.

Next, discuss the importance of filament material selection. Introduce different filament
types (PLA, ABS, PETG) and their properties. Pose questions like “What type of filament
might be suitable for a strong robotic gripper?” to encourage learners to analyse material
properties in relation to robotic applications.

Show learners a video or images of the workflow of 3D printing, highlighting the specific
steps one goes through to print a 3D modelled object. Allow learners to have access to
these resources. This affords them the opportunity to study the materials at their own pace,
going over areas that seem unclear. Be ready to provide tiered explanations for any learner
who may struggle with the workflow. Follow these explanations with a well-paced
demonstration of how it is done. Allow for learners, to take turns in assisting you with the
demonstration to test their understanding of what they earlier saw in the materials.

After familiarising themselves with the workflow and the slicing software(s) available,
allow learners to print their previously designed robotic models (from the previous class)
or they can be allowed to download one from any of the online repositories. Using the
slicing software, working in their already formed mixed-ability groups, let them prepare
their selected models for printing. Give learners time to work independently or in groups
on their chosen model and print them using the 3D printers available. Encourage them to
document the printing process they went through. Offer assistance to learners who need
additional scaffolding. Provide opportunities for advanced learners to explore more
complex features of the slicing software.




SECTION 5: TOOLS AND APPS FOR ROBOT DESIGN 2

8.

Learners can present their printed models and explain the processes that led to their final
output to the class. Encourage them to discuss the challenges they faced and how they
overcame them. Alternatively, learners can set up a “robot design gallery” where they
display their printed models and documentation for peer feedback. Offer different
presentation formats (individual, group presentations, posters) to accommodate different
learning styles. Provide rubrics with clear criteria for self-assessment and peer feedback.

KEY ASSESSMENT

Assessment Level 1

1.

Identify the three main types of manufacturing and provide an example for each.

Assessment Level 2

2.

Compare and contrast FDM and Resin 3D printing based on factors like material, resolution,
and safety considerations.

Label a diagram of an FDM 3D printer with the key components (hotend, extruder, build
plate) and explain their functions.

Analyse a table comparing different filament materials (PLA, ABS, PETG) used for FDM
printing and recommend the most suitable filament for printing a strong gear component
giving reasons for your choice.

Assessment Level 3

S.

Use CAD to design and 3D print a wheel for a robot. The wheel should be circular, 40mm
in diameter with a tread width of 20mm. The wheel should be as light as possible with a
hole of 5 mm diameter positioned at the centre to allow it to be fixed onto an axle.

A student encounters warping issues during their 3D print. Based on the knowledge of
factors influencing printing success, suggest a reason for the warping and a solution to
address the issue.

Assessment Level 4

7.

Design and 3D print a robotic end effector for a specific task (e.g., harvesting mangoes in
a garden) using a CAD and slicing software. Consider factors like range of motion, weight
capacity, joint design. Justify your design choices and present potential limitations.

A robotics team needs to design a custom gripper for their robot. Using CAD software,
design a simple gripper that could be 3D printed. Explain the design considerations and
justify your material selection for the gripper.

% The recommended mode of assessment for Week 15 & 16 is Observation and Evaluation . Refer

to question 7 in the Key Assessment for an example of an Observation and Evaluation.
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Conclusion

This lesson has equipped learners with the foundational knowledge of 3D printing technology,
specifically focusing on Fused Deposition Modelling (FDM) printers. By understanding the
core principles, workflow, and various aspects involved in the process, learners are now capable
of embarking on a practical exploration of 3D printing. Through hands-on activities, they will
gain valuable experience in preparing digital models, operating an FDM printer, and producing
their own 3D creations.

SECTION REVIEW

In this section, which covers a four-week period, by focusing on the exploration of computer-
aided design (CAD) and 3D printing learners have been equipped with the essential tools to
bridge the gapbetween theoretical conceptsand physicalrealisationinrobotics. Throughthese
modules, students have developed the ability to translate their creative visions into tangible
models, laying the groundwork for more advanced robotics projects. By mastering these
foundational skills, learners are well-prepared to undertake complex robotics challenges,
where the integration of design, digital fabrication, and practical experimentation becomes
paramount.
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Strand: Robot Construction & Programming
Sub-Strand: Higher Order Design Thinking

Learning Outcome: Use algorithms, pseudocodes and flowcharts to implement low-level design
specifications from high-level designs

Content Standard: Analyse, Synthesise and Evaluate flowcharts and pseudocodes for
complex programming problems in automation and robotics.

INTRODUCTION AND SECTION SUMMARY

In this section, learners will delve into the critical aspects of higher order design thinking
within the context of robot construction and programming. The focus will be on developing the
ability to translate high-level design concepts into executable low-level specifications through
the use of algorithms, pseudocodes, and flowcharts. This skill is fundamental for addressing
complex programming challenges in the fields of automation and robotics.

Learners will learn to analyse, synthesise, and evaluate flowcharts and pseudocodes, equipping
them with the tools necessary to tackle intricate programming problems. By mastering these
skills, they will be able to effectively implement low-level designs, ensuring precision and
efficiency in robotic operations. This section aims to enhance students’ problem-solving abilities
and foster a deep understanding of the design and programming processes essential for advanced
robotics applications. Through practical exercises and real-world examples, students will gain
proficiency in creating robust and reliable robotic systems.

The weeks covered by the section is

Week 17: Define solutions for control and feedback systems using algorithms, pseudocodes,
and flowcharts diagrams.

SUMMARY OF PEDAGOGICAL EXEMPLARS

In this session, learners will engage in project-based learning to depict defined solutions to
complex problems using flowcharts and pseudocodes. This hands-on approach encourages
learners to apply theoretical knowledge in practical scenarios, fostering a deeper understanding
of robotic programming and automation. Learners will create flowcharts and pseudocodes,
which they will then analyse and evaluate through peer review. This collaborative process
involves critiquing each other’s work, offering constructive feedback, and considering
suggestions for improvement. Learners will refine their designs based on peer comments and
reviewer’s feedback. Using digital tools, students will design and submit their final flowcharts,
accompanied by comprehensive narratives or pseudocodes. This pedagogical approach not
only enhances critical thinking and problem-solving skills but also promotes collaboration,
communication, and the effective use of digital resources in the design process. Through
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iterative refinement and peer evaluation, learners will develop robust and well-structured
solutions to programming challenges.

ASSESSMENT SUMMARY

The modes assessments outlined for this section are designed to provide a comprehensive
evaluation of learners’ grasp of key concepts and skills. These assessment methods will help
identify strengths, address learning gaps, and guide instructional decisions to enhance student
achievement. The recommended assessment mode for each week is:

Week 17: Peer Assessment

Refer to the “Hint” at the key assessment for additional information on how to effectively
administer these assessment modes.
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Learning Indicator: Define solutions for control and feedback systems using algorithms,
pseudocodes, and flowcharts diagrams.

FOCAL AREA 1: ADVANCED CONTROL AND FEEDBACK
SYSTEMS

INTRODUCTION

In this session, learners will build on their foundational knowledge of control principles,
focusing on advanced control and feedback systems in robotics. They will delve into complex
algorithms, pseudocodes, and flowcharts to solve intricate problems in automation and robotics.
The session includes a comprehensive case study where learners develop and refine detailed
solutions, transitioning from high-level designs to executable low-level specifications. Through
collaborative peer reviews and iterative improvements, students will enhance their problem-
solving skills and gain proficiency in creating robust and efficient robotic systems. This session
emphasises practical application and critical thinking in advanced robotic programming. But
first let us review a few basic concepts in control systems.

REVIEWING KEY CONCEPTS

1. Fundamentals of Control Principles

Feedback and Non-Feedback Loop Systems

A control system is a mechanism that manages, commands, directs, or regulates the behaviour
of other devices or systems. Essential to their operation is the concept of feedback loops.

a. Feedback Loop Systems: These systems use sensor data to continually adjust and
refine their behaviour, ensuring the desired output is achieved. A thermostat-regulated
heating system is a classic example. Key benefits include stability, accuracy, and
adaptability.

b. Non-Feedback Loop Systems: Operating without real-time data input, these systems
execute predefined actions regardless of output. Timed lighting systems or simple
motor operations exemplify this. While simpler, they lack the flexibility and precision
of feedback systems.

2. Basic Principles in Automation and Robotics

Problem-Solving Framework

Effectively addressing automated and robotic problems requires a systematic approach. A
fundamental framework involves identifying the necessary inputs, defining the required
processes, and determining the expected outputs. This structured approach fosters clear and
efficient system design.
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Algorithms, Pseudocodes, and Flowcharts

a.

Algorithms: These are step-by-step procedures that outline the solution to a problem.
They form the foundation of programming and are essential for creating automated
systems.

Pseudocode: A bridge between human language and computer program code,
pseudocode provides a high-level description of an algorithm’s logic. It aids in computer
program development and readability.

Flowcharts: Visual representations of algorithms, flowcharts use symbols to illustrate
the sequence of steps and decision points. They enhance understanding and facilitate
problem-solving.

INTRODUCTION TO ADVANCED CONTROL AND FEEDBACK SYSTEMS

1. Feedback Loop Systems

A feedback loop system continuously adjusts its operations based on real-time data from
sensors. This allows for dynamic control and high precision in various tasks. Let us consider
some advanced applications of feedback loop systems.

a.

Example 1- Autonomous Vehicles : Autonomous vehicles rely heavily on feedback
loop systems to navigate and make real-time decisions. Sensors such as LiDAR,
cameras, and radar provide continuous data on the vehicle’s surroundings. The vehicle’s
control system processes this data to adjust speed, steering, and braking, ensuring safe
and efficient navigation. Some of the key components of autonomous vehicles include:

1.  Sensors: Collect data on the environment (LiDAR, cameras, and radar, Ultrasonic
Sensors, etc.)

i1. Processors: Analyse the data to make decisions (CPUs, GPUs, Neural Processing
Units (NPUs), etc.)

iii. Actuators: Execute the decisions (e.g., adjusting speed or direction) (Electric
Steering Actuators, Brake Actuators, Throttle Actuators, Suspension Actuators,
etc.)

GPS : LIDAR

Ultrasonic sensors

Radar Sensor

Central computer

Radar Sensor

Figure 17.1: labelled Autonomous vehicle
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Control Mechanism: Real-time feedback allows the vehicle to respond to changes, such as
avoiding obstacles or adhering to traffic signals.

Autonomous vehicles navigate complex environments using advanced control systems that
integrate data from multiple sensors. These systems ensure safe and efficient travel by
continuously adjusting the vehicle’s path, speed, and response to obstacles.

Scan the QR code for a short documentary on how autonomous vehicles function as feedback
systems

Resource QR CODE

https://www.youtube.com/watch?v=hA__-MkUoONfw

b. Example 2: Industrial Robots: Industrial robots often operate in manufacturing
environments where precision and adaptability are crucial. A feedback loop system
enables these robots to perform tasks such as welding, assembly, and quality inspection
with high accuracy. Some key components of industrial robots include:

iv. Sensors: Monitor variables like position, force, and temperature.
v. Controllers: Use sensor data to adjust movements and operations.

vi. Actuators: Implement adjustments to ensure task accuracy.

Control Mechanism: Continuous feedback ensures the robot maintains the correct position
and force, adapting to variations in the manufacturing process.

Scan the QR code below for a short documentary on Industrial robots

Resource QR CODE

https://www.youtube.com/watch?v=Cndodc3X50s

2. Non-Feedback Loop Systems

A non-feedback loop system operates based on predefined instructions without real-time
adjustments. While simpler, these systems are effective for straightforward, repetitive tasks.

a. Example 1: Timed Conveyor Belts: In automated production lines, timed conveyor
belts transport materials or products at a constant speed. These systems do not adjust
based on feedback but follow a pre-set schedule. Key components include

i.  Timer: Controls the operation time of the conveyor belt.

ii. Motor: Drives the belt at a constant speed.



https://www.youtube.com/watch?v=hA_-MkU0Nfw
https://www.youtube.com/watch?v=Cndodc3X50s
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Control Mechanism: The system PLC uses information from sensors to determine
how long it runs for to move items from one station to another without the need for
real-time adjustments.

b. Example 2: Automated Packaging Machines: Automated packaging machines
perform tasks such as sealing, labelling, and wrapping based on predefined cycles.
These machines do not rely on feedback to adjust their operations. Key components
include:

i. Programmable Logic Controller (PLC): Executes the sequence of operations.

ii. Actuators: Perform the mechanical actions required for packaging.

Control Mechanism: The machine PLC follows a set sequence of steps, ensuring consistency
and efficiency in the packaging process.

Scan the QR code for a short documentary on how advanced automated packaging machines
work in some industries.

Resource QR CODE

https://www.youtube.com/watch?v=VTiCtii-dcE

DEVELOPING ADVANCED ALGORITHMS

Advanced algorithms are essential for the precise and efficient operation of autonomous
systems. These algorithms process vast amounts of data from various sensors, make real-time
decisions, and control the actuators to execute the desired actions.

Introduction to Complex Problems

To understand the depth of control and feedback required in advanced systems, let us introduce
more complex problems that highlight the necessity of sophisticated algorithms.

1. Autonomous Navigation in Dynamic Environments: An autonomous vehicle needs to
navigate through a busy city, avoiding obstacles, adhering to traffic rules, and ensuring
passenger safety. The challenge in implementing such a system is to design real-time
obstacle detection and avoidance, dynamic path planning, traffic signal recognition, and
interaction with other vehicles.

2. Industrial Robot Coordination: Multiple industrial robots working on an assembly line
need to coordinate their actions to ensure efficient and error-free production. The challenge
in such a system is the synchronisation of movements, avoidance of collisions, optimisation
of task allocation, and adaptation to changes in the production line.

Developing Detailed Algorithms for Advanced Control and
Feedback Systems

Designing algorithms for advanced control and feedback systems involves several critical steps:



https://www.youtube.com/watch?v=VTiC1ii-dcE
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1.

Problem Definition: Clearly define the problem, including all constraints and desired
outcomes. In our earlier complex autonomous vehicle autonomous navigation problem, we
can define the goal as reaching a destination while avoiding obstacles and adhering to
traffic laws.

Data Collection and Processing: Identify the necessary sensors and data inputs. Identify
ways to process and filter the data to extract useful information. Example: Use LiDAR,
cameras, and GPS data to create a real-time map of the environment.

Decision-Making Logic: Develop the core logic that dictates how decisions are made
based on the processed data. Based on this core logic we can further use control theory
and machine learning techniques to enhance decision-making. Example: Implement a path
planning algorithm that continuously updates the route based on real-time data.

Control Strategies: Define the control strategies for actuators to execute the decisions
from the core logic (algorithm). Ensure smooth and safe operation by managing velocity,
direction, and acceleration. Example: Use Proportional-Integral-Derivative (PID)
controllers to manage speed and steering for precise navigation.

Testing and Validation: Simulate the algorithm in a controlled environment to identify
and fix any issues. Validate the algorithm through real-world testing to ensure reliability
and robustness. Example: Test the navigation algorithm in a simulated city environment
and then in a real city under controlled conditions.

Practice Problems for Developing Algorithms
1.

Autonomous Parking Algorithm

a. Problem: Develop an algorithm that enables an autonomous vehicle to park itself in
an empty parking bay.

b. Algorithm
1. Use sensors to detect available parking bays.
ii. Plan a path to the selected bay considering obstacles and vehicle dimensions.

iii. Control the steering and speed to execute the parking manoeuvre.

c. Practice: Create a pseudocode and flowchart for the parking algorithm. Implement and
test the algorithm using a simulation software.

Dynamic Obstacle Avoidance

a. Problem: Create an algorithm for a robot to navigate a cluttered environment, avoiding
dynamic obstacles.

b. Algorithm

1. Continuously scan the environment using sensors.
1. Predict the movements of obstacles and plan a path that avoids them.

11i.  Adjust the robot’s speed and direction in real-time to safely navigate through the
environment.

¢. Practice: Write pseudocode for the dynamic obstacle avoidance algorithm. Test the
algorithm using a robotics simulation platform.
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Scan the QR CODE below for more information on algorithms

Resource QR CODE
1

https://www.youtube.com/watch?v=ZnBF2GeAKbo

PSEUDOCODE DEVELOPMENT

Pseudocode, a structured yet informal language, serves as a bridge between human thought and
machine execution. It offers a clear and concise representation of an algorithm’s logic, facilitating
comprehension, refinement, and subsequent translation into a programming language. This
section outlines a systematic approach to converting complex algorithms into pseudocode.

Understanding the Algorithm

The initial step in the pseudocode creation process involves a thorough comprehension of the
algorithm itself. This necessitates a deep dive into its core components and the underlying logic
that governs its operation.

1. Decomposition: Break down the algorithm into smaller, more manageable sub-components.
This hierarchical breakdown helps identify the algorithm’s fundamental building blocks.

2. Input and Output Analysis: Clearly define the data that enters the algorithm (inputs), and
the results produced (outputs). This clarity is essential for accurate pseudocode
representation.

3. Key Steps Identification: Pinpoint the crucial steps that drive the algorithm’s execution.
Understanding these steps is pivotal for structuring the pseudocode effectively.

Translating into Pseudocode

Once the algorithm is thoroughly understood, the process of converting it into pseudocode
begins. This involves transforming the identified steps into a structured format using plain
language constructs.

1. Plain Language Conversion: Express each step of the algorithm in clear and unambiguous
English. This initial translation aids in maintaining the algorithm’s logic during the
subsequent pseudocode creation.

2. Pseudocode Structure: Employ a consistent syntax and formatting for the pseudocode.
Indentation, spacing, and keywords can enhance readability and clarity.

3. Logical Flow Preservation: Ensure that the pseudocode accurately reflects the algorithm’s
control flow, including conditional statements, loops, and decision-making processes. Add
comments to explain each step or block of code for better understanding.

Example Problems

1. Autonomous Parking System: based and the identified key parameters from the algorithm
identified from this system a basic pseudocode for an autonomous vehicle to park itself in
a designated spot was developed. The following are the steps:



https://www.youtube.com/watch?v=ZnBF2GeAKbo

a. Detect available parking spots.
b. Plan the path to the selected spot.

¢. Control the vehicle’s speed and steering to execute the parking manoeuvre.

Title: Autonomous Parking System

Description: Pseudocode for parking an autonomous vehicle.

Initialize variables: parking_spots, selected_spot, path, speed, steering

Start:
Detect available parking_spots
Select the best spot as selected spot
Plan path to selected_spot
While not parked:
Follow path to selected spot
Adjust speed and steering as needed
If obstacle detected:
Recalculate path

Update vehicle position

Figure 17.2: Pseudocode for an Autonomous Parking System

2. Dynamic Obstacle Avoidance: The following is the refined algorithm for this system

a. Scan the environment for obstacles.

b. If an obstacle is detected, calculate the best path to avoid it.

¢. Adjust the robot’s direction and speed to follow the calculated path.
d. Continue moving towards the destination.

e. Repeat until the destination is reached.

Below is the pseudocode developed from this refined algorithm

Title: Dynamic Obstacle Avoidance

Description: Pseudocode for avoiding obstacles while navigating to a destination.
Initialize variables: current position, destination, obstacles, path, speed, direction

Start:
Set current_position to starting point
Set destination to end point
While current position is not equal to destination:
Scan environment for obstacles
If obstacle detected:
Calculate best path to avoid obstacle
Adjust direction and speed to follow path
Else:
Move towards destination at set speed

Update current position

Figure 17.3: Pseudocode for a Dynamic Obstacle Avoidance system
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CREATING DETAILED FLOWCHARTS

Flowcharts are vital tools in robotics and automation, providing a visual representation of
algorithms and processes. As systems become more complex, the need for advanced flowchart
symbols and structures becomes crucial. The various symbols used in flowcharts has been
discussed in year one so this section will delve into creating detailed flowcharts for complex
control and feedback systems.

Developing the Flowchart
Once the system is clearly defined, the process of creating the flowchart can commence.
1. High-Level Overview: Begin by constructing a simplified representation of the overall

system. This high-level flowchart should capture the primary functions and interactions
between major components.

2. Detailed Breakdown: Refine the flowchart by progressively breaking down complex
processes into smaller, more manageable steps. Employ standard flowchart symbols to
represent different types of actions, decisions, and data flow.

3. Decision Point Inclusion: Incorporate decision points to illustrate conditional branches
within the system. These points represent instances where the system’s behaviour is
influenced by specific conditions.

4. Loop Integration: Model iterative processes using loop symbols to represent repetitive
actions or conditions.

5. Subprocess Representation: For particularly intricate sections of the system, consider
creating separate flowcharts (subprocesses) to maintain clarity.

Ensuring Clarity and Effectiveness of a Flowchart
A well-constructed flowchart is essential for effective communication.

1. Symbol Consistency: Employ consistent flowchart symbols throughout the diagram to
avoid confusion.

Clear Labelling: Use descriptive labels to identify components and processes accurately.

Logical Arrangement: Organise the flowchart in a logical manner, facilitating easy
comprehension.

4. Visual Hierarchy: Employ visual cues, such as colour coding or varying font sizes, to
emphasise critical elements.

5. Iterative Refinement: Continuously review and refine the flowchart to enhance its accuracy
and clarity.
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Examples

1. Autonomous Parking System: Based on the developed algorithm and Pseudocodes, the
flowchart below was developed

Detect available
Parking spots

v

Plan path to
selected spot

YES
» Parked?

NC

Follow path to spot

¥

Adjust speed and
steering as needed

Lipdate vehicle
position

Recalculate vehicle
position

Figure 17.4:Flow chart of autonomous parking system
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2. Dynamic Obstacle Avoidance: Based on the developed algorithm and Pseudocodes, the
flowchart below was developed

Initialize sensors and
variables

l

scan environment

Adjust Speed and
Direction

Obstacle
Detected

Calculate Avoidance
path

Mowe forward

NO

Destinatio
reached?

Figure 17.5: Flow chart of Dynamic Obstacle Avoidance

When designing flowcharts there is a need to use digital software to aid in the design. Examples
of such software includes Draw.io, Lucidchart, Microsoft Visio, and SmartDraw.

Scan the QR codes below for short tutorial on using Draw.io and Lucidchart to draw flow charts

195
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Resource QR CODE

https://www.youtube.com/watch?v=_zZczZxyXKM

https://www.youtube.com/watch?v=C-qnybZfogyY

-
LEARNING TASKW

Depending on the available time or resources, administer one or more of the following
learning tasks to help learners reinforce understanding and acquire new knowledge
or skills.

Task 1: Basic Robot Navigation Algorithm and Pseudocode

Scenario: A robot has a task of navigating from A point to point B on a mat. The robot
is supposed to stop when it detects an obstacle and only move when the obstacle
leaves/moves away from its path.

a. Write an algorithm for the robot to complete the task.
b. Design a pseudocode based on the developed algorithm for the task.

Task 2: Robot Navigation Algorithm, Pseudocode and Flowchart

Develop an algorithm, pseudocode and flowchart for a robot that navigates a room
to collect objects placed at different coordinates and returns them to a starting point.
The robot must avoid multiple obstacles and make decisions based on sensor input.

Task 3: Advanced Robot Navigation Algorithm, Pseudocode and Flowchart

Design a robotic system that uses ultrasonic sensors for obstacle detection, infrared
sensors for line following, and a camera for object recognition. The robot should
navigate a complex path on a mat, avoid obstacles, follow designated lines, and
identify and pick up specific objects to place them in a target area.

a. write an algorithm based on the identified solution.
b. Write a pseudocode based on the algorithm.

c. Design a flowchart with any software of your choice for the above solution.



https://www.youtube.com/watch?v=_zZczZxyXKM
https://www.youtube.com/watch?v=C-qnybZf09Y
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PEDAGOGICAL EXEMPLARS

Depending on available time and resources, select one or both scenarios for the learning tasks.

Clearly outline the tasks and expectations for each scenario, ensuring learners understand the
steps they need to follow. Consider the following keynotes when administering the suggested
pedagogical approaches in the curriculum:

1.

Make the learning experience engaging by relating tasks to real-world applications and
current trends in robotics. Tailor tasks to meet the varying needs and skill levels of learners.

Use multimedia resources like videos to illustrate concepts and maintain interest.
Provide options for learners to choose projects that align with their interests and strengths.

Foster a culture of continuous improvement through regular feedback and reflection during
sessions.

Encourage learners to keep a journal documenting their learning process, challenges faced,
and solutions developed.

Integrate digital tools seamlessly into the workflow, ensuring all students are comfortable
using them.

Provide tutorials and resources to help learners get acquainted with the tools.

Project Based Learning: Use flowchart and pseudocodes to depict defined solutions to
problems. Analyse, Evaluate, Peer-Review and critique each other’s flowcharts.

a. Start by providing students with a complex problem that requires detailed solutions
using flowcharts and pseudocodes. Examples include robotic navigation challenges,
multi-sensor integration tasks, or automation processes.

b. Guide students through the creation of pseudocodes and designing of flowcharts using
chosen software. Provide additional scaffolding such as step-by-step guides and
simpler examples for approaching proficiency learners.

¢. During discussion on developing solutions for problem scenarios encourage
brainstorming sessions to explore multiple approaches to solving the problem.

d. Teach learners during this how to critically analyse their own and peers’ flowcharts
and pseudocodes. At this point introduce evaluation criteria focusing on accuracy,
efficiency, and clarity.

e. After guiding learners on how to develop algorithms, pseudocodes and flowcharts,
divide students into groups based on ability so the strong or advanced proficiency
learners can guide the approaching proficiency learners. Then present different
scenarios for students to choose from to develop their own pseudocodes and flowcharts.

f. Facilitate structured peer review sessions where students present their work and receive
constructive feedback.

g. Ensure that feedback is specific, actionable, and focused on improvement.
h. Encourage students to consider all comments and reviewer’s feedback seriously.

i. Provide guidance on how to integrate feedback to refine their flowcharts and
pseudocodes.
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J-  Challenge advanced proficiency learners with more complex problems that require
innovative solutions.

k. Use digital tools for the final design submission, ensuring students include a
comprehensive narrative or pseudocode. Digital tools can include flowchart software
like draw.i0, Lucidchart or Microsoft Visio.

KEY ASSESSMENT

Assessment Level 1
1. What is a flowchart?
2. Define pseudocode.

3. Assessment Level 2: Describe the difference between a feedback loop and a non-feedback
loop in robotic control systems.

Assessment Level 3

4. Create a flowchart for a robot navigating from a starting point to a target point on a mat,
avoiding three obstacles. Include decision points for obstacle detection.

S. Develop an algorithm, flowchart and pseudocode for a robot that navigates a room to
collect objects placed at different coordinates and returns them to a starting point. The
robot must avoid multiple obstacles and make decisions based on sensor input.

Assessment Level 4

6. Research and analyse a robotic system designed for warehouse automation. Identify
potential improvements in its control algorithms and sensor integration to enhance
efficiency.

7. Research and evaluate the design of a robot tasked with navigating a dynamic environment
with moving obstacles. Propose and justify adding features that incorporate advanced
control and feedback mechanisms to the robot.

/] The recommended mode of assessment for Week 17 is Peer Assessment . Refer to question 5 in
the Key Assessment for an example of a Peer Assessment .

Conclusion

In this session, learners delved into higher-order design thinking, emphasising the translation
of high-level concepts into executable low-level specifications using algorithms, pseudocodes,
and flowcharts. By analysing, synthesising, and evaluating complex programming problems in
automation and robotics, they developed essential skills for creating precise and efficient robotic
systems. Through hands-on projects and practical exercises, students gained proficiency in
designing robust solutions, fostering their problem-solving abilities and deepening their
understanding of advanced control and feedback mechanisms. This comprehensive approach
prepares learners to tackle intricate challenges in the rapidly evolving field of robotics.
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SECTION REVIEW

This section provided an in-depth exploration into higher-order design thinking within
the realm of robot construction and programming. The section began with an emphasis
on understanding and applying control and feedback systems, building on foundational
knowledge from Year 1. Learners engaged in developing advanced algorithms, detailed
pseudocode, and comprehensive flowcharts, honing theirability to translate high-level design
concepts into precise low-level specifications. Through practical exercises, including the use
of digital tools for creating and refining flowcharts, students tackled complex programming
problems, analysed, and evaluated their work and that of their peers. Real-world applications,
such as navigation challenges and multi-sensor integration, were incorporated to enhance
relevance and understanding. By focusing on critical thinking, collaboration, and iterative
improvement, this section effectively prepared learners to address sophisticated challenges
in robotics, fostering the skills necessary for creating reliable and efficient robotic systems.
This holistic approach ensures learners are well-equipped for advanced robotics applications.
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Strand: Robot Construction & Programming

Sub-Strand: Robot Construction

Learning Outcomes

1. Analyse robots with closed chain designs and formulate navigation equations for traversing
specific trajectories.

2. Create robots using fabricated robotic materials or local materials to implement basic
mechanics

Content Standards

1. Demonstrate understanding of kinematics of closed chains, velocity kinematics and
trajectory kinematics.

2. Demonstrate ability to create robots, vehicles, and other contraptions with
moving parts.

R « The Mid semester examination will be conducted in Week 18. Refer to Appendix H for a Table
of Specification to guide you to set the questions. Set questions to cover all the indicators
covered for at least weeks 13 to 17.

« Remind learners about their portfolio and offer support to those who may be struggling.

INTRODUCTION AND SECTION SUMMARY

This section delves into the intricacies of robot design and programming. It will bridge the gap
between theoretical concepts and practical implementation by exploring algorithms,
pseudocodes, flowcharts, and the mechanics of robot construction. By understanding closed-
chain designs and the mathematics behind robot movement, we will equip ourselves to create
robots capable of executing complex tasks. This foundation will be instrumental in developing
the skills necessary to design, build, and program sophisticated robotic systems, laying the
groundwork for future advancements in this field.

The weeks covered by the section are

Week 18
1. Discuss closed chains, velocity and trajectory as used in mechanics.

2. Analyse and perform basic calculations involving velocity and trajectory motions and
apply trajectory calculations to robot navigations.
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Week 19 and 20

1. Create robots using robotic kits and/or local materials to implement basic mechanics for
actuations that make use of the following:

a. GEARS

b. VEHICLES

¢. MOVING WITHOUT TIRES
d. ARMS, WINGS & OTHERS

SUMMARY OF PEDAGOGICAL EXEMPLARS

This section combines theoretical knowledge with practical application to provide a
comprehensive understanding of robotics. Through a blend of direct instruction and experiential
learning, students will develop a strong foundation in kinematics, dynamics, and control
systems. The initial focus on average and instantaneous quantities lays the groundwork for
understanding motion and acceleration. By analysing scenarios and plotting graphs, students
develop a visual and mathematical intuition for these concepts. The introduction of equations
of motion provides a formal framework for predicting and analysing motion. The subsequent
shift to mechanisms and control systems emphasises the practical application of theoretical
knowledge. Learners engage in collaborative design and construction projects, fostering
problem-solving, teamwork, and creative thinking skills. This approach encourages a deep
understanding of how theoretical concepts translate into real-world applications, preparing
students for more complex robotics challenges in the future.

ASSESSMENT SUMMARY

The modes assessments outlined for this section are designed to provide a comprehensive
evaluation of learners’ grasp of key concepts and skills. These assessment methods will help
identify strengths, address learning gaps, and guide instructional decisions to enhance student
achievement. The recommended assessment mode for each week is:

Week 18: Mid-semester Examination
Week 19 and 20: Test of practical knowledge

Refer to the “Hint” at the key assessment for additional information on how to effectively
administer these assessment modes.
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Learning Indicators

1. Discuss closed chains, velocity and trajectory as used in mechanics

2. Analyse and perform basic calculations involving velocity and trajectory motions and apply
trajectory calculations to robot navigations

FOCAL AREA 1: UNDERSTANDING ROBOT MOVEMENT: CLOSED
CHAINS, VELOCITY AND TRAJECTORY

Introduction

This section delves into the mechanics that underpin robot motion. We will explore how
interconnected links, known as closed chains, influence a robot’s movement. By understanding
concepts like velocity and acceleration within these systems, we lay the groundwork for precise
control and trajectory planning. This knowledge is essential for designing robots that can
navigate complex environments and perform intricate tasks.

Closed Chain Mechanisms

Closed chains in robotics refer to mechanical systems where the links are connected in such a
way that they form a closed loop. This loop creates a constrained system where the movement
of one link affects the entire system, making it more complex but also more stable and capable
of precise motion control. Unlike open chains where each link has a single preceding link,
closed chains introduce constraints, limiting the system’s degrees of freedom. Examples include

Robotic Arms: These often have joints and links forming a closed loop, allowing for precise
movements and tasks.

Figure 18.1: Robotic arm showing closed loop mechanism
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Four-Bar Linkages: A common mechanical linkage used in various machines, consisting of
four rigid bars connected in a loop.

Figure 18.2: Quadrilateral linkage of an oil pump creating a “Crank and Rocker” four-bar motion
mechanism. Artwork by Amin Javid.

Stewart-Gough Platform: A complex closed chain mechanism used in flight simulators and
other applications requiring high stiffness and accuracy.

Upper platform
Spherical joint

Leg

AC servo motor

Universal joint

Lower platform

Figure 18.3: Stewart-Gough Platform
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Characteristics of Closed Chain
1. Interdependent Motion: Movement of one link impacts the entire chain due to the closed
loop.

2. Constraints: Closed chains have inherent constraints, which limit the degrees of freedom
and determine the possible movements.

3. Stability and Precision: Closed chain mechanisms tend to be more stable and capable of
precise control compared to open chain mechanisms.

4. Complex Kinematics: The kinematic analysis of closed chains is more complex due to the
interconnected nature of the links.

Degrees of Freedom in Closed Chains

Degrees of Freedom (DoF): Degrees of Freedom refer to the number of independent movements
a mechanism can perform. In closed chain mechanisms, the DoF is determined by the number
of links and joints and the type of joints used (revolute, prismatic, etc.).

A robotic arm with multiple joints can have several degrees of freedom, such as rotation and
translation in different axes. The closed loop of the arm restricts movements to specific patterns.

End Effector
4 Shoulder

S3

Base

Figure 18.4: Robotic arm showing the DoF and constraints at each joint.

Extra Materials: Scan the QR code to watch a detailed video on Closed Chain mechanism

Resource QR CODE
https://www.youtube.com/watch?v=5wCK6XGC3ig



https://www.youtube.com/watch?v=5wCK6XGC3ig
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Applications in Robotics

Precision Tasks: Closed chain mechanisms are used in applications requiring high precision
and stability, such as surgical robots and assembly line robots.

Figure 18.5: Surgical robot using a closed chain mechanism.

Load-Bearing Structures: Due to their stability, closed chain mechanisms are ideal for robots
that need to carry or manipulate heavy loads, such as warehouse robots and construction robots.

Figure 18.6: Warehouse robot with a closed chain arm designed for lifting.

Simulation and Training: Robots with closed chain mechanisms, such as flight simulators,
provide realistic and precise movement simulations for training purposes.

Figure 18.7: Flight simulator platform using a closed chain structure.
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Velocity in Mechanics

Velocity is a fundamental concept in physics that describes an object’s rate of change in position
with respect to time or rate at which an object changes its position. Unlike speed, which is a
scalar quantity, velocity is a vector, possessing both magnitude (speed) and direction. Velocity
is usually measured in metres per second (m/s), or other relevant units based on the system.

Types of Velocity

1. Linear Velocity: Linear velocity is the rate at which an object moves along a straight path.
E.g. The speed of a robot moving along a straight track. When a robot moves along a
straight path, its wheels must maintain consistent linear velocity to ensure a straight
trajectory. The linear velocity (v) can be calculated using the formula:

distance (d)

Formular: v = —
time (t)

Scenario: Assume a robot travels a straight path of 10 metres in 5 seconds, find
the velocity.

distance (d) __10m 2m

ion: V= V= vV=—
Solution ame(® 0 S

2. Angular Velocity: Angular velocity is the rate at which an object rotates around an axis.
E.g., the rotation speed of a robot when turning. When turning, the robot’s wheels on either
side will move at different speeds to achieve the desired turn radius. The robot’s angular
velocity (w) can be calculated using:

angle (0)
time(t)

Formula: w =

Where w is the angular velocity, @ is the change in angular position (radians) or the angle of
turning, and ¢ is the time interval. For a robot to turn:

a. The inner wheels travel a shorter path compared to the outer wheels.
b. The difference in path lengths is determined by the turn radius and the angle of the
turn.

Key Concepts
a. Turn Radius (r): The radius of the circle that the robot’s centre follows during the turn.

b. Inner Wheel Path Radius (rj): The radius of the circle that the inner wheel follows.
¢. Outer Wheel Path Radius (r;): The radius of the circle that the outer wheel follows.
d. Wheelbase (d): The distance between the left and right wheels of the robot.

Calculations
a. Inner and Outer Path Radii:

1. Inner Wheel Radii: ry =r -

1.  Outer Wheel Radii: r; =1 —

STEN RIS
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b. Path lengths for a Turn
For a turn by an angle 6 (in radians)

1. Inner wheel path Length (/)
lo=r9g*0
therefore, by substituting for , the formulae for the Inner wheel path Length
becomes: [ = (r— %) * 0
1. Outer wheel path Length (/;)
lj=r; %6

therefore, by substituting for , the formulae for the Inner wheel path Length
becomes: [; = (r— %) % 0

Since turns of wheels are mostly in degrees but it is advised to convert to corresponding radian
units for calculations. There are 2 radians in a full circle, one radian is the angle made when
the radius is wrapped round a circle. The following formulae can be used to convert required
turning degrees to radians:

Radians = degrees * £
180

E.g. if in a sample scenario a wheel turns at an angle of 45, instead of using it directly in our
calculation, we need to convert it hence:

Radian =45 * Z_=72 ~ ().7854
180 4

Below is a table of various degrees and their corresponding radians for reference.

Degrees) Radian () Radian (Approx.)
0 or 0

0 z 0.5236

3 6 523

45 i 0.7854

60 % 1.0472

Example Calculation: Assume a robot with a wheelbase (d) of 0.5 metres is making a
90-degree turn (% radians) with a turn radius (r) of 1 metre. Find the radii of the inner wheel
and the outer wheel and well as the path length each wheel needs to travel to complete the turn.

Solution

i. Inner and Outer Radii

e Inner Radius:ry=r- %
= _05

I"O— lm >

ro=1-0.25

ro= 1.75m
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e Outer Radius: r; = r— %
_05
rp=1m 5
r; = 1 -0.25
r;=125m

1. Paths Lengths

e Inner Path length:
lp=0.75m * % =0.75 % 1.5708 = 1.1781m
e  Outer Path length:
l; =125m * % = 1.25 % 1.5708 = 1.9635m
111) Velocity Calculations

To ensure the robot turns smoothly, the wheels must rotate at different speeds.

e Inner Wheel Linear Velocity (v()

Vg =Ty * W
0.75 T  0.75m 0.2945m
= 0. * — = =
Yo 8 8 s

e  QOuter Wheel Linear Velocity (v;)

V=T Fw
125 m  1.25m 0.4909m
= 1. * — = =
& g8 8 s

By understanding the different path lengths and velocities of the inner and outer
wheels during a turn, learners can program their robots to navigate complex paths
accurately. Adjusting the speeds of the wheels based on the turn radius and angle
ensures smooth and precise movements. This knowledge is essential for tasks
such as obstacle avoidance, path following, and efficient manoeuvring in various
environments.

Combining Linear and Angular Velocity

The relationship between a robot’s linear velocity and angular velocity is important for
understanding how fast it moves and rotates.

e Linear Velocity from Angular Velocity

The linear velocity of a rotating wheel can be found using: v =r * ®. Where r is the
radius of the wheel and is the angular velocity.

Example: If a wheel with a radius of 14 cm rotates at 0.5 radians per second:

v =0.14m % 0.5rad/s = 0.06m/s

This relationship helps you understand how the rotation of a wheel translates to forward
movement.

208
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Average Motion Concepts in Robotics
Robots often move over time, and understanding their average position, average velocity, and
average acceleration helps in analysing and predicting their movements.

1. Average Position: The average position is the midpoint between where the robot starts and
ends its movement.

Average pOSitiOll — Initial position + Final Position
2

Example : A robot moves from position A = 2m to position B = 10m. Calculate the
average position of the robot.

6m

Average position = % =

The robot’s average position is 6 metres.

2. Average Velocity: This is the total displacement (change in position) divided by the total
time taken.

Displacement (d)
Time taken ()

Example: A robot moves 12 metres in 4 seconds. Calculate the average velocity of the
robot.

Average velocity =

The robot’s average velocity is 3 m/s.

Average velocity = li—m = 3m/s
S

3. Average Acceleration: Average acceleration is the change in velocity divided by the time
taken for the change.

change in velocity (Av)
time taken (t)

Example: A robot accelerates from a velocity of 2m/s to 6 m/s 2 seconds. Calculate the
average acceleration.

Average acceleration =

Average acceleration = 0m/82m/s — 4 — oy

The robot’s average acceleration is 2m/s?

Understanding Wheel Rotations for Robot Turns

When a robot executes a turn, each wheel travels a different path. To calculate how many
rotations each wheel must make, you can use the following formula:

Rotations = Pathlength() whare 1 is the radius of the wheel.

2T * T
Example: A two-wheeled robot has wheels with a radius of 14 cm, and the distance between

the wheels is 28 cm. The robot makes a 90-degree clockwise turn. How many rotations does
each wheel need to make?

Solution:
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a. Path length for each wheel: The robot is making a 90-degree turn ( radians). The
distance between the wheels is 28 cm (0.28m), so the path length for each wheel can
be calculated as:

028 x =
Path Length = 4X€ = =22 — 04398m

b. Number of Rotations: The number of rotations for each wheel is calculated as:

Rotations = Path length() 04398 _ 5 rotations
2n x r 2 X 0.14

Each wheel must rotate 0.5 rotations to make the 90-degree turn.

RPM to Linear Speed Conversion

Often, robot motors are rated in RPM (revolutions per minute). To find the linear speed of the
robot based on RPM, we use the formula:

RPM X 2x X r
60
Example : A wheel of 40 cm diameter turns at a rate of 50 RPM. Calculate the wheel’s linear

speed in m/s.

y= , Where r is the radius of the wheel.

Solution:

a. Find the Radius: The radius is half of the diameter:
r= 4—20 =20cm = 0.2m

b. Convert RPM to Linear Speed: Using the formula for linear speed:

50 x 21X 0.2 — 100% 1, 594m/s
60 60 '

The wheel’s linear speed is 5.24 m/s.

V=

By integrating the concepts of average position, average velocity, and average acceleration
into the study of robot movement, you can deepen their understanding of how robots move and
how to control their motions. These examples provide practical applications of the formulas,
helping you develop the skills they need to analyse and predict robot movements in real-world
scenarios.

Trajectory in Mechanics

A trajectory is the path that an object follows as it moves through space over time. In robotics,
trajectory planning involves determining the desired path for the robot to follow to achieve
specific tasks or goals. This can include straight lines, curves, and complex paths.

Key Aspects
1. Position: The location of the robot or its parts at any given time.
2. Velocity: The speed and direction of movement along the path.

3. Acceleration: The rate of change of velocity along the path.

Types of Trajectories
1. Linear Trajectory: Refers to movement along a straight path.

Distance(d) = v * t
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Example: Consider a robot moving in a straight line for 10 seconds with a constant velocity
of 3 m/s. Calculate the distance covered.

Solution
d=v*t
d =3m 4% 105 = 30m

N
2. Circular Trajectory: Refers to movement along a circular path.

a. Angular Velocity (o)

=0
t

@

b. Linear Velocity (v)

V=r*xw

Example scenario 1: A robot needs to navigate from point A to point B in a straight line, then
make a 90-degree turn, and proceed to point C.

a. Calculate the velocity required to cover the 15 metre distance from point A to B in 5
seconds.

b. Calculate the velocity of turning 90 degrees at B if it takes 4 seconds to complete the
turn with radius of 2 metres.

c. Calculate the distance from B to C if the robot will need to travel in a straight line for
4 seconds with a constant velocity of 2.5 m/s to complete it.

Solution

a. Since the distance from A to B is in a straight line, the velocity to be calculated is
linear velocity.

t Ss
This means that the Robot will have to move at a velocity of 3m/s to cover the 15 metres

distance from A to B in 5 seconds.

b. Since the robot turns at B at a 90 degree angle, the velocity to be calculated is angular
velocity.
_ g _ 5 radians
t 4s
c. Since the distance from B to C is in a straight line, the displacement is linear in nature.

0) = Z rad/s
8

d=v*t

d =25 4 45 = 10m
S

Based on this, we can deduce that the distance from B to C is 10 metres.

Applying Calculations to Robot Navigation
Predict Future Positions: Use current velocities and directions to estimate future positions.

Control Motion: Adjust velocities to follow desired paths and avoid obstacles.

Path Planning: Calculate and plan optimal paths considering robot’s kinematics.




SECTION 7: ROBOT CONSTRUCTION

Precision Tasks: Perform tasks requiring precise movements, such as placing objects at specific
locations.

3. Polynomial Trajectory: Movement described by polynomial equations, allowing for
smooth transitions between points.

Example: A robotic arm moving in a smooth curve to avoid obstacles or achieve a complex
motion.

4. Other Types of Trajectories
a. Elliptical Trajectory: Movement along an elliptical path.

Example: A satellite orbiting around a planet.

b. Spline Trajectory: Movement along a path defined by spline functions for smooth
and flexible path planning.

Example: A CNC machine tool following a smooth and precise cutting path.

-
LEARNING TASKW

Depending on the available time or resources, administer one or more of the following
learning tasks to help learners reinforce understanding and acquire new knowledge
or skills.

Task 1: Understanding Closed Chains in Robotics (Beginner)

a. Explain the concept of closed chains using diagrams and real-life examples such
as robotic arms and four-bar linkages.

b. Identify the degrees of freedom in the provided model and explain how the
movement of one link affects the entire system.

c. Discusshow these closed chains contribute to the stability and precision of robotic
systems.
Task 2

Scenario: A mobile robot is tasked with moving from point A to point B in a straight
line and then making a 90-degree turn to point C.

a. Determine the linear velocity required to cover the 5 metre distance from point A
to B in 3 seconds.

a. Calculate the angular velocity required for the robot to make a 90-degree turn
within 1.4 seconds.
Task 3

Scenario : A robot with a wheelbase (d) of 1.5 metres is making a 45-degree turn with
a turn radius (r) of 1 metre. Find the radii of the inner wheel and the outer wheel and
well as the path length each wheel needs to travel to complete the turn.
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Task 4

Scenario: A robot on wheels needs to move on a mat to pick up a small box from a
position at coordinates (0.5, 0.5) metres and place it on a platform at coordinates (1,
0.5) metres. Plan the trajectory the robot will follow, considering factors like type of
path (linear, circular), velocity, and acceleration.

Guide
Step 1: Define the initial position and the final position .

Step 2: Choose a linear trajectory for simplicity.

Step 3: Calculate the waypoints and ensure the trajectory meets constraints (e.g.,
maximum velocity of 0.2 m/s, maximum acceleration of 0.1 m/s?).

Step 4: Use a linear interpolation formula to determine intermediate positions along
the path.

Expected Outcome: Students should be able to plan a smooth and efficient trajectory
for the robotic arm, ensuring it follows the correct path from the pickup location to
the placement location while respecting velocity and acceleration constraints.

PEDAGOGICAL EXEMPLARS

Consider the following keynotes when administering the suggested pedagogical approaches in
the curriculum:

1. Ensure all necessary materials and tools are available before the lesson. Prepare visual aids
and handouts in advance.

2. Adapt the activities to suit the varying proficiency levels in the class. Provide additional
support for struggling learners and extension tasks for advanced students.

3. Use a variety of teaching methods to keep students engaged. Incorporate multimedia
resources, interactive simulations, and hands-on experiments.

4. Provide immediate and specific feedback to students during activities to help them improve
their understanding and skills.

5. Encourage students to reflect on what they have learned and how they applied it to different
scenarios. This can be done through journal entries or group discussions.

Talk for Learning: Discusses the concept and definitions of average position, average velocity,
and average acceleration. Learners analyse scenarios or narratives and compute average
positions, average velocities, and average accelerations from basic quantities or measurements.

a. Introduce and discuss the concepts and definitions of average position, average velocity,
and average acceleration. Begin with a classroom discussion on what “‘average” means
in different contexts (e.g., average grades, average temperature). Introduce the formal
definitions of terms like average position, average velocity and average acceleration.
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b.

k.

Use diagrams and graphs to visually explain these concepts. For example, show a
graph of an object’s motion and illustrate how to calculate average velocity and
acceleration.

Enable learners to compute average positions, velocities, and accelerations from given
scenarios or measurements.

Provide a real-world scenario, such as a car travelling between two points, and give
the necessary measurements (e.g., distance covered, time taken).

Divide learners into small groups and ask them to compute the average position,
velocity, and acceleration based on the given data.

Guide learners through the computation process, emphasising the importance of
accurate measurement and calculation.

Use simple tools like rulers, stopwatches, and calculators to measure and compute the
required quantities.

Cater to the different learning needs and styles of students.
Use visual aids like charts, graphs, and diagrams to explain the concepts.

Engage students in hands-on activities, such as measuring distances and times in a
controlled environment (e.g., schoolyard or gym).

Encourage discussion and verbal explanation of concepts in peer groups.

Talk for Learning: Discuss the concept and definitions of instantaneous position, velocity,
speed, and acceleration. Learners analyse scenarios or narratives and compute instantaneous
position, velocity, speed, and acceleration from basic quantities of measurements and plot these
quantities as a function of time.

a.

= g

i

Begin with a discussion on the difference between average and instantaneous
measurements. Introduce the formal definitions like instantaneous position,
instantaneous velocity, instantaneous speed and instantaneous acceleration.

Use motion diagrams and real-time graphs to explain these concepts.

Enable learners to compute instantaneous positions, velocities, speeds, and accelerations
from given scenarios or measurements.

Provide a narrative or a story (e.g., a sprinter’s race) and give measurements at various
time intervals.

Have learners compute instantaneous values at specified time points using the given
data.

Guide learners in plotting these quantities as a function of time on graphs.
Use tools like graph paper, stopwatches, and motion sensors to measure and plot data.
Use dynamic simulations and motion graphs to illustrate concepts.

Engage students in activities that require real-time measurements, such as tracking the
motion of an object using sensors.

Facilitate group discussions where learners explain concepts and computations to each
other.
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KEY ASSESSMENT

Assessment Level 1

1. Define average velocity

2. What is instantaneous acceleration?
Assessment Level 2

3. Describe the Relationship Between Linear and Angular Velocity

4. A car travels 150 metres north in 10 seconds. Calculate its average velocity.

Conclusion

This session has explored the fundamental concepts of closed chain mechanisms, velocity, and
trajectory planning in robotics. Through discussions, scenario analyses, and practical tasks,
learners learned to define, compute, and apply average and instantaneous velocities and
accelerations. The session emphasised the importance of understanding the mechanical
constraints and degrees of freedom in closed chain systems, as well as the strategic planning
required for effective trajectory execution. By engaging with real-world examples and diverse
learning activities, learners have developed a solid foundation in robotic motion analysis and
trajectory planning, essential for advanced robotic programming and construction.

FOCAL AREA 2: PERFORMING BASIC CALCULATIONS
INVOLVING VELOCITY AND TRAJECTORY
MOTIONS AND APPLYING TRAJECTORY
CALCULATIONS TO ROBOT NAVIGATIONS

Introduction

Building on the foundational concepts of closed chains, velocity, and trajectory discussed in
Focal Area 1, this section focuses on analysing and performing basic calculations related to
velocity and trajectory. These calculations are crucial for predicting and controlling robot
movements and applying these principles to practical robot navigation.

Analysing Velocity and Trajectory

Direction of Velocity: The direction of velocity at any point in time is tangent to the trajectory
of the object. The direction of velocity tells you where the object is going. It is always tangent
to the path of the object. This means it points in the direction the object is moving at that exact
moment.

Example: For a robot moving along a curved path, the velocity vector points in the direction of
the robot’s instantaneous motion.

Direction of Acceleration: The direction of acceleration depends on the change in velocity. In
everyday conversation, to accelerate means to speed up. The accelerator in a car can in fact
cause it to speed up. The greater the acceleration, the greater the change in velocity over a given
time. The formal definition of acceleration is consistent with these notions, but more inclusive.
Acceleration is a vector quantity, meaning it has both magnitude and direction. It represents the
rate of change in velocity.
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a. Acceleration in the Same Direction as Velocity: If an object is speeding up, its
acceleration is in the same direction as its velocity.

b. Acceleration in the Opposite Direction as Velocity: If an object is slowing down, its
acceleration is in the opposite direction of its velocity. This is often referred to as
deceleration.

c. Acceleration Perpendicular to Velocity: When an object changes direction without
changing speed (like circular motion), the acceleration is directed towards the centre
of the circular path. This is called centripetal acceleration.

To further illustrate these points, we can use the scenario of a car accelerating. In this situation,
the acceleration vector points in the same direction as the velocity vector. When a car is braking,
the acceleration vector points in the opposite direction of the velocity vector. When a car is
turning, the acceleration vector points towards the centre of the circular path. In summary, the
direction of acceleration indicates how the velocity is changing. It can cause an object to speed
up, slow down, or change direction.

Equations of Motion

The equations of motion describe the relationship between an object’s position, velocity, and
acceleration over time. These equations are fundamental for predicting and controlling robot
movement.

Linear Motion Equations
1. Position as a Function of Time (the position at given time):

p@t) =po+ vot + L a2, Where p(7) is the position at given time 7, Py 1s the initial position, is
the initial velocity, and is the constant acceleration.

2. Velocity as a Function of Time (velocity at given time):

v(t) = vy + at, Where v(f) is the velocity at time ¢,
Calculating Linear Motion

Scenario 1: An autonomous delivery robot starts from rest (vy = 0) at a warehouse gate
(pp = 0). The robot accelerates at a constant rate of 0.5m/s* to deliver a package to a location
along a straight path. We want to find the position of the robot after 10 seconds.

Solution
0.5m
2

Given the data Initial position, p, = Om, initial velocity, v, = Om, acceleration, a =
S

Time, ¢t = 10s,

2

Substitute into formulae for position, p(f) = py+ vot + % at’.

p(10)=0+0*+%*102

p(10)= % % 0.5 % 100
p(10) = % % 50
p(10) = 25m

So, after 10 seconds, the position of the robot will be 25 metres from its starting point.
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Scenario 2: An EV3 robot has the task of moving from point A to B on a mat. The robot starts
from A (v + 0) and is programmed to accelerate at a constant rate of 0.2m/s? as it moves to
pick up an object. Find the velocity of the robot after 8 seconds.

Solution

Given the data Initial velocity, m/s, initial velocity, vy = Om/s, initial velocity, a = 0.2m , Time,
t = 8s, s

Substitute into formulae for position, v(t) = v, + at,

v@)=0+0.2x%8

y(8) = 1om
So, after 8 seconds, the velocity of the EV3 rgbot will be 1.6 metres per second.
Application in Robotics

This calculation is fundamental in robotics, particularly in motion planning and control.
Understanding how velocity changes over time due to acceleration is crucial for:

a. Path planning: Determining the optimal path for a robot to follow, ensuring it reaches
its destination within a specified time frame and without exceeding velocity limits.

b. Obstacle avoidance: Calculating the required acceleration or deceleration to avoid
collisions with obstacles in the robot’s path.

¢. Motion control: Precisely controlling the robot’s movement by setting target velocities
and accelerations.

d. Pick-and-place operations: Determining the appropriate velocity for picking up or
placing objects without damaging them.

In this specific scenario, calculating the final velocity helps in determining if the robot will
reach the object at the desired speed for successful pickup. It also provides information for
potential adjustments to acceleration or time to achieve the optimal velocity.

By mastering these basic kinematic equations, roboticists can design and implement sophisticated
motion control algorithms for various robotic applications.

Angular Motion Equations
1. Angular Position as a Function of Time:

0(t) = 0y + wyt + - ar?, where 0(7) is the angular position at time 7, 8, s the initial angular
position, o 1s the 1nitial angular velocity, and a is the constant angular acceleration.

2. Angular Velocity as a Function of Time:

w(t) = wy + at, where w(?) is the angular velocity at time t.

Calculating Angular Motion Equation

Scenario 1: Imagine a robot that needs to navigate through a factory floor to inspect various
sections. The wheel of the robot starts from an initial angle of 30 degrees(¢,=30°) and has an
initial angular velocity of 10° /s (wy = 10° /s). The wheel accelerates at a constant rate of 2° /s
(a = 2°/s*). Find the angular position of the joint after 5 seconds.
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Solution

Given the data Initial angular position, 8, = 30° initial angular velocity, w, = 10° /s, Angular
acceleration, a = 2°s?, time, t = 3s,

Substitute into formulae for angular position , 0(f) = 0y + w,yt + % at?,
0(5) = 30 + 10*5+%*2°/s2*52
0(5) =30 + 50 + 1 % 25> ¥ 5°
0(5) = 30° + 50° + 25°
0(5) = 105°

Therefore after 5 seconds, the angular position of the robotic wheel will be .

Scenario 2: Imagine a robot used in a warehouse to navigate and sort packages. The wheel of
the robot starts rotating from an initial angular position of 0° (8, = 0°)with an initial angular
velocity of 5%s(wy = 5%s).The wheel accelerates at a constant rate of 3°/s*(a = 3°s?). Find the
angular position of the robotic wheel after 4 seconds..

Solution

Given the data Initial angular position, 6, = 0° initial angular velocity, w, = 5°s, Angular
acceleration, a = 3%s? ,Time, t = 4s,

First, calculate the angular velocity at ¢ = 4 seconds using the formula for angular velocity:
o) =wy+ at
@) =5+ 3%*%4
w@) =5+12
w@) = 17°s
Next, calculate the angular position using the formula for angular position:
0@ =0p+ wyt+ 1/2 at?,
Od) = 0%+ 5% x4 + 15 357 % 4
0d) =0°+20° + (3% * 16)
04) =20°+ 24°
04) =44°
Application in Robotics

Understanding the angular position and velocity of rotating components is critical for several
reasons:

a. Precision Sorting: Ensuring the robotic arm can precisely position the base to sort
packages accurately.

b. Synchronisation: Coordinating the movement of the rotating base with other
components to optimise sorting efficiency.

¢. Control Systems: Designing control algorithms to manage the rotational motion of the
base for smooth and reliable operations.
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In this scenario, calculating the angular position helps in programming the robotic arm to
achieve the necessary orientations for sorting tasks, ensuring efficient and accurate operations
in the warehouse.

Applying Trajectory Calculations to Robot Navigation
Some benefits of applying trajectory calculations to robot navigation include:

1. Path Prediction: Using velocity and trajectory calculations can help to predict the future
positions of a robot. For example, it can help in determining the path a mobile robot will
take based on its current speed and direction.

2. Motion Control: It can also help in adjusting the robot’s velocity and trajectory to follow
a desired path, ensuring it can navigate through obstacles and reach target destinations
accurately. A typical example is when programming a robot to adjust its speed and direction
to avoid obstacles while moving towards a goal.

3. Robotic Arm Movement: It can help in calculating the required velocities and trajectories
for the arm to move objects between specific points with precision.

4. Mobile Robot Navigation: It can help in planning and executing paths for mobile robots
to navigate through various environments, optimising their routes for efficiency and safety.

Planning and Controlling Trajectories in Robotic Systems

1. Trajectory Planning: The process of determining the desired path for the robot to follow,
considering the starting and ending positions, as well as any intermediate points and
constraints.

Steps:

a. Define the initial and final positions.
b. Choose the type of trajectory (for example linear, circular, polynomial).
¢. Determine intermediate waypoints if needed.

d. Ensure the trajectory meets constraints such as maximum velocity and acceleration.

To illustrate the steps of planning and controlling trajectories in robotic systems, let us consider
a scenario where a robot needs to move at various angles on a mat to pick up an object and
return to its starting position.

Trajectory Planning

Trajectory planning involves determining the desired path for the robot to follow, considering
the starting and ending positions, as well as any intermediate points and constraints. The
following are the steps to follow:

a. Define the initial and final positions

i.  Inmitial Position: The robot starts at point A on the mat.

ii. Final Position: The robot needs to reach point B where the object is located, pick
up the object, and return to point A.

b. Choose the type of trajectory (linear, circular, polynomial, etc.)
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For this task, the robot will use a combination of linear and circular trajectories.

i. Linear Trajectory: To move from point A to a point X (intermediate point) in a
straight line.

ii. Circular Trajectory: To turn and navigate around obstacles or change direction
from point X to B and back to A.

Determine intermediate waypoints if needed

Point X: An intermediate point where the robot might need to change direction or
avoid an obstacle.

i.  The robot moves from A to X in a straight line.
1. From X, the robot turns 45 degrees and moves to B.

1. After picking up the object, the robot follows the same path back to A via X.

Ensure the trajectory meets constraints such as maximum velocity and
acceleration

1.  Maximum Velocity: The robot’s maximum speed should not exceed its safe
operational limits to avoid skidding or losing balance.

ii. Acceleration: Smooth acceleration and deceleration are planned to ensure the
robot does not topple or slide.

Example

Step 1: Define Initial and Final Positions
- Initial Position: Point A (0, 0)

- Final Position: Point B (5, 5)

Step 2: Choose the Type of Trajectory

- From A to X (3, 0): Linear trajectory

- From X to B: Circular trajectory with a 45-degree turn

- Return from B to A via X

Step 3: Determine Intermediate Waypoints

- Waypoint X (3, 0)

Step 4: Ensure Trajectory Meets Constraints

- Maximum velocity: 0.5 m/s

- Maximum acceleration: 0.2 m/s2

Controlling the Trajectory

After planning the trajectory, controlling it involves executing the planned path while making
real-time adjustments based on sensor feedback and environmental changes.

Steps

1. Motion Control

220
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a. Linear Movement: The robot uses its drive motors to move straight from A to X.

b. Turning: At point X, the robot adjusts its wheels to turn 45 degrees toward B using
its circular trajectory control.

2. Feedback Mechanism

a. Sensors: Use sensors such as encoders, gyroscopes, and cameras to monitor the robot’s
position, orientation, and surroundings.

b. Real-time Adjustments: Based on sensor data, the robot’s control system makes
necessary adjustments to ensure it stays on the planned path.

3. Task Execution

a. Object Detection: Upon reaching point B, sensors detect the object, and the robot’s
manipulator picks it up.

b. Return Path: The robot navigates back to point A following the planned path, ensuring
smooth transitions at turns and maintaining the correct speed and orientation.

4. Error Handling

a. If deviations occur due to unforeseen obstacles or errors, the robot recalculates its
trajectory dynamically to stay on course or find an alternative path.

In this scenario, the robot’s trajectory planning involves defining positions, choosing appropriate
trajectory types, determining intermediate waypoints, and ensuring the path meets operational
constraints. Controlling the trajectory requires executing the planned path with real-time sensor
feedback and adjustments, ensuring smooth and accurate navigation to complete the task of
picking up an object and returning to the start.

-
LEARNING TASKW

Depending on the available time or resources, administer one or more of the following
learning tasks to help learners reinforce understanding and acquire new knowledge
or skills.

Task 1: An autonomous delivery robot starts from rest (initial velocity v, = 0) at a
warehouse gate (initial position p, = 0). The robot accelerates at a constant rate of
0.5m/. Calculate the position of the robot after 10 seconds.

Task 2: A robot needs to navigate from point A to point B in a straight line, then make
a 90-degree turn, and proceed to point C.

a. Calculate the velocity required to cover the 10-metre distance from point A to B in
5 seconds.

b. Calculate the velocity of turning 30 degrees at B if it takes 3 seconds to complete
the turn with a radius of 1 metre.

Task 3: A robot on an assembly line needs to pick up a component from a conveyor
belt (point A), transfer it to a workstation (point B), and then rotate to place it in a
fixture (point C).
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Determine the velocity required for the robot to move the 1.5 metres from point A
to point B in 0.5 seconds.

Calculate the angular velocity of the robot as it turns 135 degrees at point B to face
point C. The robot has a turning radius of 0.3 metres and completes the turn in 1
second.

Determine the distance the robot’s end effector (gripper) travels from point B to
point C if it moves at a constant velocity of 0.8 m/s for 0.75 seconds.

Find the total distance that both the inner and outer wheels need to travel to move
from point A to C.

PEDAGOGICAL EXEMPLARS

Consider the following keynotes when administering the suggested pedagogical approaches in
the curriculum:

1.

Recognise and capitalise on the shared characteristics among students while also addressing
their individual differences, including interests, readiness levels, and learning styles.

Offer multiple pathways for students to engage with the content. This could involve
providing varying levels of detail, from basic concepts to in-depth explorations, to
accommodate different learning needs. The key thing is that the learning outcomes set for
the lesson are achieved among all learners.

Provide worked examples for learners needing additional help. Pair them with more
confident learners to complete the truth tables together.

Managing Talk for Learning: Guides learners to identify the direction of velocity and
general direction of acceleration at any point in time when given the trajectory of an object
in space.

a. Start by posing a thought-provoking question to the class, such as “When you throw a
ball, how can you tell which way it’s moving and speeding up?”

b. Use a simple visual demonstration, like rolling a ball on a table or showing a video of
a moving car, to illustrate the concepts of velocity and acceleration.

¢. Introduce the basic definitions of velocity and acceleration, explaining how velocity
indicates the direction of motion and acceleration indicates changes in motion.

d. Engage students in interactive discussions where they describe and analyse the
direction of velocity and acceleration. Use visual aids such as graphs, diagrams, and
simulations to illustrate trajectories.

e. Use open-ended questions to prompt students to think critically about the concepts.
For example, “What can you infer about the velocity direction from this trajectory?”
or “How does the acceleration change at different points along the path?”

f. Relate the concepts to real-world scenarios, such as the motion of a car, a thrown ball,
or a robotic arm, to help students understand the practical applications of these
principles.

g. Use simpler language and relatable examples to explain concepts. Break down the
definitions and use everyday analogies to make it easier for approaching proficiency
learners.
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Encourage students to work in pairs or small groups to discuss their observations and
conclusions. This collaborative approach helps them articulate their thoughts and learn
from their peers.

Use quick assessments, such as exit tickets or mini-quizzes, to gauge students’
understanding of velocity and acceleration directions. Provide immediate feedback to
clarify misconceptions.

Incorporate videos and animations that show the motion of objects in space, highlighting
changes in velocity and acceleration.

Design experiments where students can manipulate objects and observe their motion,
such as rolling balls on different surfaces or using toy cars with varying accelerations.

Present more complex trajectories or multi-step problems that require deeper analysis
to advanced learners. Ask these learners to explain their reasoning and justify their
conclusions to the class, promoting higher-order thinking. encourage them to take on
leadership roles in group discussions, helping their peers understand the concepts.

Provide worksheets with various trajectories and ask students to determine the velocity
and acceleration directions at different points.

Talk for Learning: Explain the concept of “equations of motion” and discuss how to
compute position and velocity as a function of time when given the acceleration as a
function of time, initial velocity and position. Discuss the same for both linear and angular
position and velocity.

a.

Start by discussing a real-world scenario where equations of motion are crucial, such
as space travel, automotive design, or sports. Introduce the basic equations of motion
for linear and angular cases, writing them on the board and explaining each term.
Briefly derive one of the equations from Newton’s laws to show the foundational
principles and then demonstrate a simple example problem.

Clearly explain the equations of motion, breaking them down into simple, understandable
components. Use examples to illustrate each equation and its application.

Walk through the process of computing position and velocity step-by-step, using both
linear and angular examples. Show how to apply the initial conditions to solve
problems.

Compare and contrast linear and angular motion, highlighting the similarities and
differences in their equations of motion and how they are applied.

Problem-Solving Sessions: Conduct problem-solving sessions where students practise
computing positions and velocities using given acceleration functions. Provide a
variety of problems with different levels of difficulty.

Use graphing calculators, computer simulations, and online tools to help students
visualise and compute the equations of motion.

Use an interactive whiteboard to dynamically illustrate the equations and their
solutions, allowing for real-time adjustments and annotations.

Organise group activities where students solve equations of motion together, fostering
peer-to-peer learning and discussion.

Show how the equations of motion are used in various fields, such as engineering,
robotics, and physics, to emphasise their importance and relevance.
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J-  Start with simple problems and gradually increase complexity as students become
more comfortable with the concepts and equations.

k. Assign advanced learners to explain concepts to their peers, reinforcing their
understanding while helping others.

KEY ASSESSMENT

Assessment Level 1

1. What is the formula for calculating the position of an object moving with constant
acceleration?

2. Write down the equation for angular velocity when given initial angular velocity and
constant angular acceleration.

Assessment Level 2
3. A car starts from rest and accelerates at 2 m/. How far will it have travelled after 5 seconds?

4. A rotating wheel has an initial angular velocity of /s and an angular acceleration of /. What
is its angular velocity after 4 seconds?

Assessment Level 3

5. Given a robot moving along a straight path with an initial velocity of Sm/s and a constant
acceleration of 1m/, determine the time it takes for the robot to reach a velocity of 20m/s.

6. A robotic arm rotates from rest with a constant angular acceleration of /. How long does it
take to reach an angular velocity of /s?

7. Assessment Level 4: A robot needs to move from point A (0,0,0) to point B (8,4,2) and
then to point C (12,8,3). Considering maximum acceleration and velocity constraints, plan
the trajectory and calculate the total time taken if the robot accelerates at/ and then moves
at a constant velocity of 1m/s.

to Appendix H for a Table of Specification to guide you to set the questions]. Set questions
to cover all the indicators covered for at least weeks 13 to 17.

% « The Recommended Mode of Assessment for Week 18 is Mid-Semester Examination. [Refer

« Remind learners about their portfolio and offer support to those who may be struggling.

CONCLUSION

This session explored fundamental principles of linear and angular motion through practical
applications and theoretical discussions. It analysed trajectories to determine velocity and
acceleration directions, computed positions and velocities using equations of motion, and
planned precise robotic arm movements for pick-and-place tasks. By engaging in interactive
discussions, collaborative activities, and problem-solving exercises, learners have developed a
comprehensive understanding of these concepts. The session’s structured approach catered to
varying proficiency levels, ensuring all learners grasped the intricacies of motion dynamics,
trajectory planning, and control mechanisms in both linear and angular contexts.
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WEEK 19 AND 20

Learning Indicator: Create robots using robotic kits and/or local materials to implement basic
mechanics for actuations that make use of the following: Gears, Vehicles, Moving Without Tires,
Arms, Wings & Others

FOCAL AREA 1: CREATING ROBOT'S USING ROBOTIC KITS AND
LOCAL MATERIALS

Introduction

In this session, learners will explore the exciting world of robotics by designing and creating
functional robots using robotic kits and locally sourced materials. Focusing on fundamental
mechanical principles, they will learn to implement various mechanisms, including gears,
swinging, reciprocating, cam, and intermittent motion. Additionally, students will build different
types of vehicles, such as those using caster wheels and crawlers, as well as robots that move
without tires. Through hands-on activities, they will create innovative projects like shooting
robots, automatic doors, and wind-creating devices, gaining practical skills and a deeper
understanding of robotic mechanics.

Advanced Gear Systems

Gear Trains

Gear trains are a series of gears that transmit torque and speed from one part of a machine to
another. They are used to increase or decrease the speed of rotation and to change the direction
of rotation.
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Figure 19.1: Gear trains

Compound Gear Trains

Compound gear trains involve multiple gears on the same shaft, allowing for complex gear
ratios and speed reductions or increases. Two or more gears are mounted on separate shafts,
and the gear pairs are meshed together. An advantage of doing this is that it allows for a larger
range of gear ratios, compact design, and can be used to achieve significant speed reduction or
multiplication.

Applications in Robotics: Used in robotic arms for precise movement, in wheels for speed
control, and in mechanisms requiring high torque.
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Figure 19.2: compound gear train with 3 gears

The above Figure 19.2 shows a simple gear train with three gears:

1. Input Gear (Gear 1): 10 teeth

2. Intermediate Gear (Gear 2): 18 teeth

3. Output Gear (Gear 3): 30 teeth

To determine the overall gear ratio, we will calculate the gear ratio for each pair of gears:
Gear 1 to Gear 2

Gear Ratio = Number of teeth on Gear 2 / Number of teeth on Gear 1
Gear Ratio = 18 teeth / 10 teeth = 1.8

Gear 2 to Gear 3

Gear Ratio = Number of teeth on Gear 3 / Number of teeth on Gear 2
Gear Ratio = 30 teeth / 18 teeth = 1.667

Calculating Overall Gear Ratio

To find the overall gear ratio, we multiply the individual gear ratios:
Overall Gear Ratio = Gear Ratio 1 * Gear Ratio 2

Overall Gear Ratio = 1.8 * 1.667 = 3 (to one significant figure)

Interpretation

The overall gear ratio is 3:1. This means that for every 3 turns of the input gear (Gear 1), the
output gear (Gear 3) will make 1 turn. Therefore, the output gear rotates at one-third the speed
of the input gear.

Types of Gear Trains

1. Planetary Gears

A planetary gear train, also known as epicyclic gearing, is a gear system consisting of one or
more outer gears (planets) revolving around a central sun gear. A carrier connects the centres
of the planet gears and rotates, carrying them around the sun gear. The planets mesh with both
the sun gear and a ring gear.
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Figure 19.3: Planetary gear

Planetary Gear Sets

Consists of a central sun gear, multiple planet gears, and an outer ring gear. The planet gears
are mounted on a movable carrier that rotates relative to the sun gear.

Advantages: High torque density, compact size, multiple gear ratios can be achieved by varying
the configuration, high efficiency, and balanced load distribution.

Applications in Robotics: Used in drive systems for mobility, robotic arms for high precision
and torque, and in compact actuators for space-constrained designs.

Example Configurations:

a. Simple Planetary Gear Set: Sun gear drives the planet gears which rotate within the
ring gear. Gear ratio determined by the relative sizes of the sun, planet, and ring gears.

b. Compound Planetary Gear Set: Multiple sets of planetary gears for a wider range of
gear ratios. Used in applications requiring a large range of speeds and torque
adjustments.

2. Differentials

A differential is a gear mechanism that transmits rotational power at right angles from one
plane to another. A combination of gears in vehicle differentials allow the wheels to turn at
different speeds when cornering for example. While differentials can be built with various gear
types, they are essentially specialised gear trains.

Open Differential

Ring Gear

Spider and Side Gears

Pinion Gear

Drive Shaft from
Transmission

Axle Shaft to
Wheel

Figure 19.4: Open Differential Gear
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Functionality and Applications in Robotics

A differential gear system splits torque evenly between two outputs, allowing them to rotate at
different speeds. This is crucial for vehicles when turning, as the inner and outer wheels need
to rotate at different speeds. Typically consists of bevel gears arranged in a specific configuration
within a housing.

An advantage of the differential gear system is that it enables smooth turning by allowing
wheels to rotate at different speeds, distributes torque efficiently, and enhances manoeuvrability.

This kind of differential gear system is essential in mobile robots for smooth cornering, used
in differential drives to control wheel speeds independently, and applied in articulated robots
for coordinated movement of limbs or segments.

Example Application

a. Mobile Robot with Differential Drive: Each wheel is powered by its own motor. The
differential mechanism ensures that when the robot turns, the wheels can rotate at
different speeds to maintain traction and stability.

b. Articulated Robot: Differential gears used in joints to allow smooth and coordinated
movements. Enhances the robot’s ability to perform complex tasks with precision.

Swinging Mechanisms

Swinging mechanisms are a type of mechanical system that use a rotating element to create a
back-and-forth motion. This motion can be used for a variety of purposes, such as moving
objects, creating a pendulum effect, or generating power.

Types of Swinging Mechanisms
There are many different types of swinging mechanisms, but some of the most common include:

Pendulum: A pendulum is a weight suspended from a fixed point that is free to swing back and
forth. A weight (bob) attached to a fixed point by a string or rod, swinging freely under gravity.
In a pendulum, period of oscillation refers to the time it takes for one complete cycle of the
pendulum. It depends on the length of the string/rod and the gravitational force.

Uses
i. Timing Devices: Pendulums are used in clocks for their regular motion.

il. Sensing and Measurement: In accelerometers and seismometers to detect motion
and vibrations.

iii. Robotic Applications: Used in balance and stabilisation mechanisms, such as in
robotic arms or walking robots to maintain equilibrium.
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Figure 19.5: A Pendulum

Crank and Rocker Mechanism: A crank mechanism is a rotating shaft with an offset handle
that converts circular motion into linear motion. In this mechanism, a rotating wheel with a pin
or crank attached to a connecting rod. The other end of the connecting rod is attached to a
pivoted arm that oscillates back and forth as the crank rotates. The rotary motion of the crank
converts to the oscillatory motion of the rocker arm. Crank mechanisms are used in bicycles,
car engines, and other machines.

Uses
e Engine Mechanisms: In internal combustion engines to convert piston movement to
crankshaft rotation. Windshield wipers use this mechanism to convert circular motion
to linear oscillations.

e Robotic Applications: Used in robotic limbs or joints to achieve controlled oscillatory
movement, such as in gripping mechanisms or waving arms.

slider

Figure 19.6: Crank Mechanism

Cam Mechanism: A cam mechanism is a rotating object with a profiled surface that converts
rotary motion into linear or intermittent motion. Cam mechanisms are used in engines,
automatic transmissions, and other machines.
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Cam

Figure 19.7: Cam Mechanism

Geneva Drive: A Geneva drive is a mechanical device that converts continuous rotary motion
into intermittent rotary motion. Geneva drives are used in vending machines, film projectors,
and other machines.

Slot for Pin Driven Wheel

Pin

Circular Di
Rotating Drive freular Lisc¢

Figure 19.8: Geneva Drive

Rack and Pinion: A rack and pinion is a linear actuator that converts rotary motion into linear
motion. Rack and pinions are used in steering systems, machine tools, and other applications.

Figure 19.9: Rack and Pinion

Applications of Swinging Mechanisms in Robotics
Swinging mechanisms are used in a variety of robotic applications, including:
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Manipulators: Swinging mechanisms can be used to create robotic arms that can reach
into tight spaces and manipulate objects.

Locomotion: Swinging mechanisms can be used to create robotic legs that can walk,
run, and climb obstacles.

Power Generation: Swinging mechanisms can be used to convert the kinetic energy
of a moving object into electrical energy.

Actuation: Swinging mechanisms can be used to create actuators that can move objects
with a high degree of accuracy and precision.

Reciprocating Mechanisms

A reciprocating mechanism is a mechanical system that converts rotary motion into linear
motion. It typically consists of a rotating crank, a connecting rod, and a piston. The crank
rotates, causing the connecting rod to move back and forth, which in turn moves the piston.

The basic principle of a reciprocating mechanism is to convert rotational motion into linear
motion. This is done using a crank and a connecting rod. The crank is a rotating shaft with an
offset handle. The connecting rod is a link that connects the crank to the piston. As the crank
rotates, the connecting rod moves back and forth, which in turn moves the piston.

Types of Reciprocating Mechanisms

There are several types of reciprocating mechanisms, including:

a.

Crank and slider mechanism: This is the most common type of reciprocating
mechanism. It consists of a crank, a connecting rod, and a slider. The crank rotates,
causing the connecting rod to move back and forth, which in turn moves the slider.

Four-bar linkage: This is a type of reciprocating mechanism that consists of four
links connected by four revolute joints. The links are arranged in a parallelogram
shape, and the mechanism can be used to convert rotary motion into linear motion or
vice versa.

Slider-crank mechanism: This is a type of reciprocating mechanism that consists of
a crank, a connecting rod, and a slider. The crank rotates, causing the connecting rod
to move back and forth, which in turn moves the slider. The slider is constrained to
move in a straight line.

Geneva mechanism: This is a type of reciprocating mechanism that consists of a
slotted wheel and a pin. The pin is inserted into one of the slots in the wheel, and as
the wheel rotates, the pin is forced to move back and forth.

Scan the QR code is watch demonstrations of the different kinds of Reciprocating Mechanisms

Practical Applications of Reciprocating Mechanisms

Reciprocating mechanisms have a wide range of practical applications, including:

a.

b.

Internal combustion engines: Reciprocating mechanisms are used to convert the
energy of combustion into mechanical work in internal combustion engines.

Pumps: Reciprocating mechanisms are used to pump fluids, such as water, oil, and
gasoline.
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¢. Compressors: Reciprocating mechanisms are used to compress gases, such as air and
natural gas.

d. Machine tools: Reciprocating mechanisms are used to move tools and workpieces in
machine tools, such as lathes, milling machines, and drilling machines.

e. Robotics: Reciprocating mechanisms are used to move the arms of robots. They are
also used to open and close the grippers of robots.

f. End effectors: Reciprocating mechanisms are used to move the end effectors of robots,
such as tools and sensors.

Cam Mechanisms

Cam mechanisms are mechanical devices that convert rotary motion into linear or intermittent
motion. They consist of a cam, a follower, and a base. The cam is a rotating object with a
profiled surface that converts rotary motion into linear or intermittent motion. The follower is
a component that rides on the cam surface and converts the cam’s motion into linear or
intermittent motion. The base is a fixed point that supports the cam and follower.

Types of Cams

There are two main types of cams: disk cams and linear cams.

a. Disk cams are cylindrical cams that rotate around a central axis. They are the most
common type of cam and are used in a wide range of applications.

b. Linear cams are flat cams that move back and forth in a straight line. They are less
common than disk cams but are used in some applications where a linear motion is
required.

Scan the QR code for demonstrations of the types of cams

https://www.youtube.com/shorts/vWIyxkMVBwc?app=desktop

https://www.youtube.com/watch?v=BkPOyRcEZVA

https://www.youtube.com/watch?v=Im49nYb77HY

https://www.youtube.com/watch?v=kUwZhclzwAl



https://www.youtube.com/shorts/vWIyxkMVBwc?app=desktop
https://www.youtube.com/watch?v=BkPOyRcEZVA
https://www.youtube.com/watch?v=lm49nYb77HY
https://www.youtube.com/watch?v=kUwZhcIzwAI
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Functional Applications of Cam Mechanisms

Cam mechanisms have a wide range of functional applications, including:

a. Internal combustion engines: Cams are used to open and close the valves in internal
combustion engines.

b. Machine tools: Cams are used to control the movement of tools in machine tools.

¢. Automatic transmissions: Cams are used to control the shifting of gears in automatic
transmissions.

d. Printing presses: Cams are used to control the movement of the paper and ink in
printing presses.

e. Textile machinery: Cams are used to control the movement of the fabric in textile
machinery.

Designing Cam Profiles

The design of a cam profile is critical to the performance of a cam mechanism. The cam profile
must be designed to produce the desired motion of the follower. There are a number of factors
that must be considered when designing a cam profile, including:

a. The type of motion required
b. The speed of the cam
¢. The load on the follower
d. The material of the cam and follower
Implementation in Robotics
Cam mechanisms are used in a variety of robotic applications, including:
a. Robotic arms: Cams can be used to control the movement of the arms of robots.

End effectors: Cams can be used to control the movement of end effectors, such as
grippers and tools.

¢. Actuators: Cams can be used to create actuators that can move objects with a high
degree of accuracy and precision.

Intermittent Motion

Intermittent mechanisms create motion that starts and stops at regular intervals, providing
precise control over movement in mechanical systems. These mechanisms are crucial in
applications where continuous motion is unnecessary or detrimental. There are many different
types of intermittent mechanisms, but some of the most common include:

a. Geneva drives
b. Ratchet mechanisms
¢. Index mechanisms

d. Escapement mechanisms

Since Geneva drives have been talked about extensively before, this part will focus on one other
intermittent mechanism which is the Ratchet mechanism.
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a. Ratchet Mechanisms: Function and Applications

A ratchet mechanism is a mechanical device that allows a shaft to rotate in one direction but
not the other. It consists of a ratchet wheel, a pawl, and a spring. The ratchet wheel is a gear
with teeth that are angled in one direction. The pawl is a piece that fits into the teeth of the
ratchet wheel and prevents it from rotating in the opposite direction. The spring keeps the pawl
in contact with the ratchet wheel.

Rotation in this direction Pawl
prevented by the pawl.

Spring
fixed here

Ratchet

Figure 19.10: Ratchet Mechanism

Ratchet mechanisms are commonly found in wrenches and screwdrivers for applying torque in
one direction. They are also used to control the motion of gears and maintain time accuracy.
They are applied in robotic systems for controlled linear or rotational motion, such as in feeding
mechanisms, locking systems, and actuators.

Scan the QR code for videos on Ratchet mechanisms

Resource QR CODE

https://www.youtube.com/watch?v=EpVPG2fZrHE

https://www.youtube.com/watch?v=1B5fytqodkY

VEHICLES

This aspect will focus on two main aspects of vehicles in robotics which are vehicles with
caster wheels and crawlers

a. Vehicles Using Caster Wheels

Vehicles using caster wheels offer enhanced manoeuvrability and stability, making them ideal
for various robotic applications.



https://www.youtube.com/watch?v=EpVPG2fZrHE
https://www.youtube.com/watch?v=1B5fytq0dkY
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Caster wheels are a type of wheel that allows for easy manoeuvrability and rotation. They are
often used in place of traditional wheels on vehicles such as shopping carts, office chairs, and
hospital beds. Caster wheels can also be used on industrial robots and other types of machinery.

Figure 19.11: Caster Wheels

Design Principles of caster wheels

Caster wheels are typically made of metal or plastic, and they have a swivelling mechanism
that allows them to rotate 360 degrees. The swivel mechanism is usually located at the top of
the wheel, and it consists of a ball bearing or roller bearing. The ball or roller bearings allow
the wheel to rotate smoothly and easily.

The design of a caster wheel is important for its stability and manoeuvrability. The wheel’s
diameter, width, and tire material can all affect its performance. For example, a larger diameter
wheel will be more stable than a smaller diameter wheel, and a wider wheel will be less likely
to tip over. The tire material can also affect the wheel’s traction and rolling resistance.

Practical Applications

Caster wheels have a wide range of practical applications. They are commonly used in the
following industries:

i. Healthcare: Caster wheels are used on hospital beds, wheelchairs, and other medical
equipment. They allow for easy movement of patients and equipment around hospitals
and other healthcare facilities.

ii. Manufacturing: Caster wheels are used on industrial robots and other types of
machinery. They allow for easy movement of the machines around the factory floor.

ili. Retail: Caster wheels are used on shopping carts, grocery carts, and other types of
retail equipment. They allow for easy movement of products and customers around
stores.

iv. Food service: Caster wheels are used on restaurant carts, food delivery carts, and
other types of food service equipment. They allow for easy movement of food and
supplies around restaurants and other food service establishments.

Caster Wheel Configurations

There are several different types of caster wheel configurations, each with its own unique
advantages and disadvantages. Some of the most common types of caster wheel configurations
include:
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il.

iil.

iv.

Rigid caster wheels: Rigid caster wheels are fixed in place and do not swivel. They
are typically used on heavy-duty applications where stability is more important than
manoeuvrability.

Swivel caster wheels: Swivel caster wheels can rotate 360 degrees, allowing for easy
manoeuvrability. They are typically used on lighter-duty applications where
manoeuvrability is more important than stability.

Locking caster wheels: Locking caster wheels can be locked in place, preventing the
wheel from rotating. They are typically used in applications where both stability and
manoeuvrability are important.

Swivel and locking caster wheels: Swivel and locking caster wheels can be both
swivelled and locked in place. They are typically used on applications where the
highest level of flexibility is required.

Implementing Caster Wheels

Caster wheels can be implemented on a variety of vehicles, including robots, shopping carts,
and office chairs. When implementing caster wheels, it is important to consider the following

factors:

i.

ii.

il.

The weight of the vehicle: The weight of the vehicle will affect the size and type of
caster wheel that is needed.

The terrain that the vehicle will be used on: The terrain will affect the type of tire
material that is needed.

The desired level of manoeuvrability: The desired level of manoeuvrability will affect
the type of caster wheel configuration that is needed.

When implementing caster wheels on a robot, it is also important to consider the following

factors:

i.

il.

iil.

The robot’s centre of gravity: The robot’s centre of gravity should be located in the
middle of the robot to ensure stability.

The robot’s speed: The robot’s speed will affect the size and type of caster wheel that
is needed.

The robot’s environment: The robot’s environment will affect the type of tire material
that is needed.

Scan the QR Code to watch more on caster wheels

LINK QR CODE

https://www.youtube.com/watch?v=QyNhubR2Q9M L

b. Crawlers

Crawlers, also known as tracked vehicles, are machines that use continuous tracks to move over
various terrains. Crawlers use these continuous tracks to distribute weight and provide enhanced
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traction. They are widely used in construction, agriculture, military, and exploration due to
their superior traction and manoeuvrability compared to wheeled vehicles.
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Figure 19.12: crawlers (Tracked vehicles)

Track Systems: The track system is the core component of a crawler. It consists of multiple
interconnected tracks that encircle the vehicle’s drive wheels. This design provides a larger
contact area with the ground, distributing weight and improving traction.

Advantages of Crawlers with Track Systems:

I.

ii.

iii.

iv.

Superior traction: Crawlers excel in traversing challenging terrains like mud, snow,
sand, and rocky surfaces.

Reduced ground pressure: The wide contact area minimises ground pressure,
preventing sinking and damage to delicate surfaces.

Manoeuvrability: Crawlers can turn and manoeuvre effectively in tight spaces due to
the independent movement of each track.

Stability: The continuous track provides better stability on uneven ground, reducing
the risk of tipping over.

Designing Crawlers

In designing crawlers, the following are some factors to take into consideration:

I

il.

iil.

iv.

Terrain: Analyse the operating environment to determine the required track width,
material, and suspension system.

Payload: Calculate the maximum weight the crawler needs to carry to determine
engine power and track strength.

Manoeuvrability: Consider the desired turning radius and obstacle-clearing capabilities.

Powertrain: Select an engine or motor that provides sufficient power for the intended
application.

Track Material: Choose a durable and flexible track material that can withstand the
operating conditions.
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Building a Crawler Robot

i. Design: Create a detailed blueprint of the robot, including dimensions, components,
and electronics.

ii. Frame: Construct a sturdy frame using materials like aluminium or steel.

ili. Track System: Assemble the tracks and drive wheels, ensuring proper tension and
alignment.

iv. Motors: Install powerful motors to drive the tracks.

v. Electronics: Integrate microcontrollers, sensors, and power supply for control and
navigation.

vi. Programming: Develop software to control the robot’s movement and behaviour.

vii. Testing: Thoroughly test the crawler robot in various terrains to fine-tune its
performance.

Scan the following QR code to watch a video on tracked vehicles (Crawlers)

QR CODE
https://www.youtube.com/watch?v=7EKiLIjfbi8

MOVING WITHOUT TYRES

Robots can achieve movement through various innovative designs that do not rely on traditional
tyres. These alternative movement methods are essential for navigating environments where
wheels might be ineffective. This section explores different non-tyre movement mechanisms,
their principles, and practical applications.

a. Inchworm-like Motion: Inchworm-like motion is a type of movement that mimics
the way an inchworm moves. It involves a series of steps where the body is extended
and then contracted to move forward. This type of motion is often used in robotics and
other applications where precise movement is required.

Figure 19.13: Inchworm robot motion on a vertical plane



https://www.youtube.com/watch?v=7EKiLIjfbi8
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It uses linear actuators or pneumatic systems to achieve the contraction and expansion motion.
It also employs gripping or suction systems at the front and rear segments to anchor and release,
enabling forward movement.

b. Legged locomotion (Legged Robots): This type of movement involves the use of legs
to move forward. Legged locomotion is often used in robotics and other applications
where rough terrain is encountered. Examples include bipedal (two-legged) and
quadrupedal (four-legged) robots.

Figure 19.14: Four-legged jumping robots

Creating a Moving Robot

Creating a moving robot without tires requires careful planning and design. Some key
considerations include:

a. The type of movement desired: The type of movement desired will determine the type
of mechanism used.

b. The terrain the robot will be operating in: The terrain will determine the type of legs
or wheels used.

¢. The power source: The power source will determine the type of motors used.

d. The control system: The control system will determine how the robot is controlled.

Once these factors have been considered, a robot can be built using a variety of materials and
components.

ARMS, WINGS AND OTHERS

Robotic systems can incorporate various specialised mechanisms to perform specific tasks
such as shooting objects, opening doors automatically, raking, and generating wind.
Understanding these mechanisms and their applications enhances the versatility and
functionality of robots.

a. Shooting Robots: Robots designed to launch or shoot objects are used in entertainment,
sports, and various industrial applications.

Design and Applications
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1. Spring-Loaded Mechanisms: Use tension springs to store and release energy for
launching objects.

ii. Pneumatic Systems: Use compressed air to propel projectiles.

1. Electromagnetic Launchers: Employ electromagnetic forces to accelerate objects.

Applications: Used in robotic sports (e.g., robot soccer), assembly lines (e.g., part
placement), and entertainment (e.g., shooting games).

Automatic Doors: Robotic automatic doors enhance convenience and accessibility in
various settings, from homes to industrial facilities.

Principles and Examples
1. Sensor Integration: Use motion sensors, pressure sensors, or infrared sensors to
detect the presence of a person or object.

1. Actuation Mechanisms: Implement electric motors, pneumatic actuators, or
hydraulic systems to open and close doors.

iii. Control Systems: Develop control algorithms to manage sensor inputs and actuator
responses.

Raking Mechanisms: Robotic raking mechanisms are used for tasks such as gathering
leaves, soil, or debris, making them useful in gardening, agriculture, and cleaning
applications.

Function and Implementation
1. Design Considerations: Choose appropriate materials and designs for raking tines
or blades to ensure effective gathering.

1.  Motion Systems: Use linear actuators or rotating mechanisms to move the raking
components.

Applications: Applied in robotic lawn mowers, agricultural robots for soil preparation,
and cleaning robots for debris collection.

Wind Generation: Robots can generate wind using motors and blades, which can be
applied in cooling systems, ventilation, or simulating environmental conditions.

1. Blade Design: Design blades with appropriate shapes and angles to maximise
airflow and efficiency.

1.  Motor Selection: Choose motors with suitable power and speed ratings to drive
the blades effectively.

Applications: Used in robotic cooling systems, ventilation robots, and environmental
simulation setups.

Practical Prototypes: Building and Testing Each Mechanism

Overall Approach

1.

ii.

Planning and Design: Develop detailed plans and blueprints for each mechanism,
specifying dimensions, components, and assembly instructions.

Component Selection: Select appropriate motors, sensors, actuators, and materials for
each mechanism.
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iii. Construction and Assembly: Build the prototypes according to the design plans,
ensuring all components are securely attached and aligned.

iv. Programming and Control: Develop control algorithms and software to manage the
operation of each mechanism.

v. Testing and Optimisation: Test the prototypes in various scenarios to evaluate
performance, stability, and functionality. Make necessary adjustments to optimise
each mechanism.

-
LEARNING TASKW

Depending on the available time or resources, administer one or more of the following
learning tasks to help learners reinforce understanding and acquire new knowledge
or skills.

Task1

Use a robotic kit to construct a simple pendulum that swings back and forth.

N

Ensure the pendulum is stable and observe its motion.
3. Document the design process and the materials used.

4. Present your pendulum to the class, explaining how it works and what principles
of physics are at play.

Expected Outcome: Learners should be able to construct a basic swinging mechanism,
understand the concept of pendulum mechanics, and explain the motion observed.
Task 2

1. Design a small robot that uses caster wheels for navigation.

2. Ensure the robot is stable and can manoeuvre efficiently.

3. Conduct tests on different terrains and document how the caster wheels perform.
A

Present your robot to the class, highlighting the design considerations and the
results of your tests.

Expected Outcome: Students should demonstrate understanding of stability and
manoeuvrability in caster wheel configurations and be able to articulate their design
choices and the performance of their robot on various terrains.

Task 3

1. Use robotic kits to build a Geneva drive or a ratchet mechanism.

2. Incorporate this mechanism into a simple robot that demonstrates intermittent
motion.

3. Document the construction process, the challenges faced, and how they were
overcome.

4. Present your intermittent motion robot to the class, explaining the principles
behind the mechanism and its potential applications in robotics.

Expected Outcome: Students should be able to construct an intermittent motion
mechanism, understand its principles, and explain how it functions within their
robot, including potential real-world applications.




SECTION 7: ROBOT CONSTRUCTION

PEDAGOGICAL EXEMPLARS

Consider the following keynotes when administering the suggested pedagogical approaches in
the curriculum:

1.

Recognise and capitalise on the shared characteristics among students while also addressing
their individual differences, including interests, readiness levels, and learning styles.

Encourage students to reflect on their learning experiences, identifying strengths and areas
for improvement.

Talk for Learning: Leads a discussion on how the arrangement and combination of
different gears can be used to realise Swinging Mechanisms, Reciprocating Mechanisms,
Cam Mechanisms and Intermittent Motion in control systems.

a. Start with a broad question about how different gears can influence motion in
mechanical systems. Encourage students to think about the basic principles of gear
operation.

b. Usediagrams, videos and physical models to illustrate the arrangement and combination
of gears in Swinging Mechanisms, Reciprocating Mechanisms, Cam Mechanisms,
and Intermittent Motion.

¢. Provide examples from real-world applications, such as automotive engines (cam
mechanisms), clocks (swinging mechanisms), and industrial machines (intermittent
motion).

d. Encourage students to share their ideas and experiences. Use open-ended questions to
foster a deeper understanding and critical thinking.

e. Provide differentiated levels of support for various learners. Offer additional guidance
to those who need it, and challenge advanced learners with deeper questions or more
complex problems.

f. Assign roles within mixed ability groups, such as leader, scribe, task manager, and
presenter, to ensure active participation from all students.

g. Provide structured questions to facilitate group discussions(e.g. How do gears influence
the motion in a mechanical system? What role does gravity play in the motion of a
pendulum?) Consider allowing a learner to lead the discussion with teacher-provided
prompts.

h. Offer templates to help students organise their thoughts and responses during
discussions. This can be especially helpful for recording their thinking and structuring
feedback.

i.  Direct specific questions to different learners based on their understanding levels.

J- Conclude the discussion by summarising the main points and ensuring that students

understand the core concepts of each mechanism.

Experiential Learning: Provide use cases for problems that will require the use of gears
for achieving Swinging Mechanisms, Reciprocating Mechanisms, Cam Mechanisms and
Intermittent Motion in control systems. Learners will work in groups to build fully
functional robotic subsystems for the actuation of controls that satisfy conditions in the
given use cases. The following steps should be adapted for this activity:
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Begin with a brief overview of the activity objectives and key concepts. Make sure to
use real-world examples and videos to show learners how Swinging Mechanisms,
Reciprocating Mechanisms, Cam Mechanisms and Intermittent Motions work.

Organise students into small groups to foster collaboration and teamwork. Ensure
diverse group composition (ability level) to enhance idea sharing.

Facilitate brainstorming sessions, encouraging creativity and diverse solutions. Ensure
all students participate actively.

Circulate among groups to monitor discussions, provide guidance, and ensure that
brainstorming remains focused on the use case.

Help students critically evaluate their brainstormed ideas. Guide them to consider
feasibility of the idea, resources required, and practicality of the solution.

Assist students in identifying necessary components and materials, considering both
availability and suitability.

Encourage groups to democratically select the most promising design. Ensure the
decision is based on sound reasoning.

Emphasise the importance of detailed sketches. Guide students to accurately represent
their designs on paper.

Oversee the construction of prototypes. Provide assistance with robotics kits and
ensure safe and effective use of tools and materials.

Facilitate group discussions on how the final design was selected, focusing on the
decision-making process.

Ensure students assess the realism and proportionality of their designs.

Encourage reflection on individual contributions and the collaborative process. Discuss
ways to ensure equal participation in future projects.

Have groups present their prototypes and design processes. Provide constructive
feedback and encourage peer review.

General Tips
1. Promote a classroom culture of teamwork, where every student feels valued and heard.

2. Emphasise the importance of hands-on activities in understanding theoretical concepts.

3. Use formative assessment techniques to gauge student understanding throughout the
activities.

4. Encourage students to reflect on their learning experiences, identifying strengths and areas
for improvement.

KEY ASSESSMENT

Assessment Level 1

1. Name the primary components of a crank and rocker system.

2. What is a Geneva drive?
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Assessment Level 2
3. How does a cam mechanism convert rotary motion into linear motion?

4. Compare a pendulum mechanism and a crank and rocker system in terms of their motion.

Assessment Level 3

5. Analyse the advantages and disadvantages of using a planetary gear system in a robotic
arm.

6. Design a simple cam mechanism to control the opening and closing of a robotic gripper.
Describe the shape of the cam and the movement of the follower.

7. Assessment Level 4: Evaluate the use of intermittent motion mechanisms in automated
assembly lines. Justify your evaluation with examples.

)] The recommended mode of assessment for Week 17 is Test of Practical Knowledge. Refer to
question 6 in the Key Assessment for an example of a Test of Practical Knowledge.

CONCLUSION

This session delved into advanced mechanical concepts, including swinging mechanisms,
reciprocating mechanisms, cam mechanisms, and intermittent motion, emphasising their
applications in robotics. Through discussions and hands-on activities, learners explored how
different gear arrangements can achieve complex motion patterns and control systems. This
session’s significance lies in providing students with a deeper understanding of mechanical
principles and their practical applications, fostering innovation and problem-solving skills. By
mastering these concepts, learners are better equipped to design and build sophisticated robotic
systems, enhancing their proficiency in robotics and engineering.

SECTION REVIEW

Section 7 focuses on understanding the mechanics of robot movement, particularly through
closed chain mechanisms. The section starts by explaining how interconnected links form
closed loops, enhancing system stability and precise motion control. Key examples include
robotic arms, four-bar linkages, and the Stewart-Gough platform, each showcasing different
applications of closed chains in robotics. Emphasis is placed on understanding velocity and
trajectory, with students performing calculations to apply these concepts to robot navigation.

Weeks 19 and 20 involve practical exercises where students create robots using kits or local
materials. Projects range from constructing gears and vehicles to designing mechanisms that
mimic natural movements like inchworm locomotion. This blend of theoretical and practical
learning aims to develop students’ abilities to design, build, and program robots for complex
tasks, fostering skills in kinematics, dynamics, and control systems .




APPENDIX H: MID-SEMESTER EXAMINATION

Nature of the paper

The mid semester exams paper would be made up of two sections. Section A and B. Section A
will be made up of 20 multiple choice questions and section B, 3 essay type questions for
learners to answer two. The questions would be selected from the topics taught for the first five
weeks.

Resources needed

1. Venue for the examination

2. Printed examination question paper
3. Answer booklet

4. Scannable paper

5. Wall clock

6. Bell, etc.

Sample questions
Section A: Multiple Choice

A mobile robot needs to move from point A to point B, covering a distance of 5 metres in 3
seconds. What is the linear velocity required for this task?

A. 1.0m/s
B. 1.5m/s
C. 1.67m/s
D. 2.0 m/s

Section B: Essay

1. Explain how pseudocode can be used to design a control system that turns a fan ON when
the temperature exceeds 30°C and turns it OFF when the temperature drops below 25°C.

Guidelines for setting multiple choice test items

3. Multiple choice
a. The options should be plausible and homogeneous in content
b. Vary the placement of the correct answer

c. Repetition of words in the options should be avoided, etc.

4. Essay Type

a. Make the instructions clear
b. Do not ask ambiguous questions

¢. Do not ask questions beyond what you have taught, etc.
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Marking scheme
Section A: Multiple choice

Which diagram is typically used to visually represent the flow of control in a control system

algorithm?

C. 1.67 m/s— 1 mark

Section B: Essay
Start and End symbols correctly used 1
Correct use of decision symbols (diamonds) 2
Input from sensors correctly represented 2
Logical flow of system (e.q., if temperature > X, do Y) 3
Clarity and neatness of the diagram 2

TABLE OF TEST SPECIFICATION

Week Focal Area

13 LI 1: Use a CAD tool to model parts of robotic Multiple Choice 2 1 1 4
systems

14 LI 1: Use a CAD tool to model parts of robotic Multiple Choice 2 1 1 4
systems

15 LI 1: Use relevant intermediate tools to pre- Multiple Choice 1 2 1 4
pare modelled files into g-codes and print the | Essay 1 1 1

designs using a 3D Printer.

16 LI 1: Use relevant intermediate tools to pre- Multiple Choice 2 1 1 4
pare modelled files into g-codes and print the | Essay 1 1
designs using a 3D Printer.

17 LI 1: Define solutions for control and feedback | Multiple Choice 1 2 1 4
systems using algorithms, pseudocodes, and Essay 1 1
flowchart diagrams.

Total 8 7 8 23
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Strand: Robot Construction & Programming
Sub-Strand: Programming Robots

Learning Outcomes

1. Implement and experiment with the effects of proportional gain, derivative gain and integral
gain on navigation efficiency for PID-controlled robots

2. Critically analyse and assess built robots for algorithmic, design and coding flaws.

Content Standards

1. Demonstrate understanding and programming skills in the implementation of PID
controllers.

2. Demonstrate understanding of Program testing, debugging, verification and
validation

Mode of Assessment for Week 24 is End of Semester Examination. For the End of Semester
Examination refer to Appendix | for a Table of Specification to guide you to set the questions.
Set questions to cover all the indicators covered for weeks 13 to 24.

INTRODUCTION AND SECTION SUMMARY

This section introduces learners to PID controllers as essential components that enable precise
control of the movement and position of robots. Learners will also explore a structured approach
to troubleshooting in robotics and follow some iterative processes to fix the identified issues.

The weeks covered by the section are

Weeks 21 and 22
1. Implement PID controllers for line and wall following robots.

2. Apply the principle of variation and proportionality to experiment with the effect of
proportional, derivative and integral gains on the efficiency of a PID-controlled robot.

Weeks 23 and 24

1. Observe and identify flaws in an operational robot and trace them to either algorithm flaws,
design flaws or coding errors.

2. Useaseries of iterations to fix the identified flaws or improve the performance of solutions.
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SUMMARY OF PEDAGOGICAL EXEMPLARS

This section uses a variety of engaging activities to achieve its learning objectives in two key
areas: PID Controllers and Troubleshooting in Robotics. The lesson on PID Controllers
effectively combines interactive elements, collaborative learning, and differentiated instruction
to introduce PID controllers and their applications in robotics. By starting with a review of
previous knowledge on control systems and engaging learners in discussions about the
challenges faced in robotics, the lesson creates a relevant and engaging context. The use of
visual aids, examples, and opportunities for questions ensures that all learners can grasp the
fundamental concepts. The incorporation of collaborative learning through mixed-ability
groups fosters peer interaction, problem-solving, and knowledge sharing. The experiential
learning component, involving hands-on robot building and programming, reinforces theoretical
knowledge and provides opportunities for experimentation. The lesson on troubleshooting
leverages collaborative learning and differentiated instruction to introduce the concept to
learners. By starting with a brainstorming session and providing relatable examples, the lesson
creates an engaging context. The collaborative learning activity allows learners to practise
troubleshooting skills in a guided setting, while the differentiated tasks cater to learners of
varying abilities.

ASSESSMENT SUMMARY

The modes assessments outlined for this section are designed to provide a comprehensive
evaluation of learners’ grasp of key concepts and skills. These assessment methods will help
identify strengths, address learning gaps, and guide instructional decisions to enhance student
achievement. The recommended assessment mode for each week is:

Week 21 and 22: Report Writing
Week 23 and 24: End of Semester Examination

Refer to the “Hint” at the key assessment for additional information on how to effectively
administer these assessment modes.
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WEEKS 21 AND 22

Learning Indicators

1. Implement PID controllers for line and wall following robots.

2. Apply the principle of variation and proportionality to experiment with the effect of
proportional, derivative and integral gains on the efficiency of a PID-controlled robot.

FOCAL AREA 1: UNDERSTANDING PID CONTROLLERS

Introduction

PID controllers are a fundamental control mechanism used in robotics to achieve precise
movement and positioning. They are effective at regulating systems to maintain desired outputs,
such as a robot’s position or velocity. The acronym PID stands for Proportional, Integral, and
Derivative, which represent the three components that contribute to the controller’s overall
performance. PID controllers are widely used in industrial applications due to their simplicity,
efficiency, and effectiveness across a broad range of systems.

Control Systems

In previous lessons, much has been said about closed and open-loop control systems. From
these, a controller was first defined as a system that manages the behaviour of another system
called a “plant.” Also, it was explained that in open-loop control systems, commands are sent
to the plant without feedback, meaning there is no adjustment based on the plant’s actual
output. For example, if a robot is tasked with moving to a specific point, an open-loop system
might calculate how long it needs to move based solely on its speed. However, this method is
prone to errors due to changes in conditions, like variations in wheel traction or unexpected
obstacles.

controller

output process
controller

(set point) (plant)

Figure 21.1: An Open-loop control system

Feedback control is introduced to address these inaccuracies. Feedback control involves
continuously measuring the plant’s output and adjusting the input commands to minimise the
error. This approach allows the system to compensate for disturbances and changes, leading to
more accurate and reliable operation.




controller

output process
controller
(plant)

feedback

Figure 21.2: A Closed-loop/Feedback control system

How PID Controllers Work

A PID controller operates by calculating an error value, which is the difference between the
desired setpoint (the target value) and the current state of the system. In the case of a robot, this
could be the difference between the desired position and the robot’s current position. The PID
controller processes this error through three different paths:

1.

Proportional (P): This path generates a response proportional to the current error. If the
robot is far from the target, the controller applies a larger correction. The proportional
component helps the robot reduce errors quickly. So, in other words, this proportional term
responds to the current error between the desired value and the actual value. A larger error
leads to a larger corrective action. However, relying solely on this can result in the robot
oscillating around the target without ever settling precisely on it.

Integral (I): The integral path sums up the past errors over time, considering both their
magnitude and duration. This component is useful for eliminating small, persistent errors.
For instance, if a robot consistently stops short of the target due to a constant offset, the
integral component will gradually increase the output to correct this. So this integral term
accumulates errors over time. It helps to eliminate steady-state errors, ensuring that the
system eventually reaches the desired value. However, if not tuned properly, it can lead to
overshooting or instability.

Derivative (D): The derivative path responds to the rate of change of the error. It predicts
future errors by observing how quickly the error is changing. If the error changes rapidly,
the derivative component acts to counter this change, smoothing the response and preventing
overshooting or undershooting. In robotic systems, this helps dampen oscillations and can
lead to more stable movement.

So bearing in mind these terms, the PID works by following the routine below:

1.

Error Calculation: The PID controller calculates the error between the desired value
(setpoint) and the measured value (feedback).

Proportional Output: The proportional term multiplies the error by a proportional gain
(Kp) to determine the initial corrective action.

Integral Output: The integral term accumulates the errors over time and multiplies them
by an integral gain (Ki). This helps to eliminate steady-state errors.
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4. Derivative Output: The derivative term calculates the rate of change of the error and
multiplies it by a derivative gain (Kd). This helps to anticipate future errors and prevent
overshooting or undershooting.

S.  Summation: The proportional, integral, and derivative outputs are summed to determine
the final control signal.

6. Control Action: The control signal is applied to the system to adjust its output and reduce
the error.

Remember that the terms Integral and Derivative are mathematical terms often used in Calculus.
An Integral is used to calculate the total area under a curve. Imagine a curve representing a
function, y = f(x). The integral calculates the total area between the curve and the x-axis over
a given interval, for example a between points a and b. It is like adding up infinitely many tiny
rectangles to find the total area, just as depicted in Figure 21.3. In mathematics, the integral
operation is usually represented by the symbol “/”. More on the concept of integration or the
integral operation will be discussed in mathematics.

't."

/

L b L hoX

Figure 21.4: Finding the area under the curve using Integration (Wiki, 2011)

Derivative is like finding the slope of a curve at a specific point. It measures how fast the
function is changing at that point. Think of it as the steepness of the curve. The higher the
derivative, the steeper the slope. In Mathematics, the Derivative operation is usually represented
by an expression similar to «“d(y)» More on the concept of derivatives or differentiation will be
discussed in mathematics.

slope =2 =1[1)

Figure 21.4: Finding the derivative of a function on a graph




In simpler terms, the integral operation adds up tiny pieces to find the total, whilst the derivative
measures how fast something is changing. For example, If you have a graph showing the speed
of a car over time, the integral would tell you the total distance travelled, while the derivative
would tell you the car’s acceleration at any given moment.

Based on these explanations, the PID Controller placed in a closed-loop control system can be
represented as shown in Figure 21.5. Note that the symbol ‘”’ represents summation.

proportional

process
(set point) et ! i (plant)

PID controller
feedback

Figure 21.5: A PID Controller in a closed-loop control system

Tuning PID Controllers

The effectiveness of a PID controller depends on the values of three parameters: Kp, Ki, and
Kd, known as gains. These parameters adjust the influence of the proportional, integral, and
derivative components:

1. Kp (Proportional Gain): Determines how aggressively the system responds to the current
error. A high Kp value may result in a faster response but can lead to instability.

2. Ki (Integral Gain): Adjusts the influence of accumulated errors. It helps eliminate steady-
state errors but can cause instability if set too high.

3. Kd (Derivative Gain): Controls the response to the rate of change of the error. It helps to
reduce overshoot and improve stability but can also make the system more sensitive to
noise.

Tuning these gains involves finding a balance that allows the system to reach the desired state
quickly without excessive oscillations or delays.

Example of tuning a PID for a robotic arm: Start with Kp to get the arm moving toward the
target. Then, adjust Ki to ensure it reaches the target without too much overshooting or lagging.
Finally, tweak Kd to smooth out any remaining bumps in the movement.

The following Reference materials provide further explanations of the structure and function
of the PID controller
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PID Control - A brief introduction
https://www.youtube.com/watch?v=URohOmjaHpo&t=14s

What is a PID Controller? | DigiKey
https://www.youtube.com/watch?v=tFVAaUcOm4l

What Is PID Control? | Understanding PID Control, Part 1
https://www.youtube.com/watch?v=wkfEZmsQgiA

Simplifying the Controller

Not all control systems need the full PID structure. Sometimes, using just a Proportional (P)
controller, a Proportional-Integral (PI) controller, or a Proportional-Derivative (PD) controller
is sufficient. The choice depends on the specific requirements of the system:

1. P Controller: Suitable for systems where simple error correction is sufficient.
2. PI Controller: Useful when eliminating steady-state errors is important.

3. PD Controller: Effective in reducing oscillations and providing a smoother response.

Later sections will explore some specific scenarios where simplified PID controllers, such as
PI or PD controllers, are sufficient to achieve the desired performance.

An Example in Robotics

Consider a robot navigating towards a target position. With open-loop control, it may miss the
target due to disturbances like uneven terrain or variations in wheel friction. By using a PID
controller:

1. Proportional: Corrects the robot’s path based on its current distance from the target.

2. Integral: Addresses persistent drift caused by consistent errors, ensuring the robot stops
exactly at the target.

3. Derivative: Prevents the robot from overshooting by smoothing out rapid changes in its
path.



https://www.youtube.com/watch?v=UR0hOmjaHp0&t=14s
https://www.youtube.com/watch?v=tFVAaUcOm4I
https://www.youtube.com/watch?v=wkfEZmsQqiA
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FOCAL AREA 2: EXPERIMENTING WITH PID CONTROLLERS IN
ROBOTICS

The following resources in the table below demonstrate how PID Structures are implemented
with LEGO ® Education SPIKE ™. Learners are to implement at least two of these examples
to familiarise themselves with the application of the theory learnt above. By implementing
these examples, they learn to apply the principles of variation and proportionality to experiment
with the effect of proportional, integral, and derivative gains on the efficiency of a PID-
controlled robot.

Resource QR Code

HOW To Use PID Control in LEGO Robotics (Line Following) [SPIKE]
https://www.youtube.com/watch?v=nSXwzB6xBTk

PID Line follower for Spike Prime!
https://www.youtube.com/watch?v=HGWXEROhRMg

[Tutorial] How to Build a LEGO Self-Balancing Robot Using PID Control by Spike
Prime
https://www.youtube.com/watch?v=S8QONBDYbTI

PID Controller in Action - A new LEGO machine!
https://www.youtube.com/watch?v=XkjourWjzZqs

(I.EARNING TASK W

Depending on the available time or resources, administer one or more of the following
learning tasks to help learners reinforce understanding and acquire new knowledge
or skills.

1. Grasping the Fundamentals

a. Define PID controllers and their role in achieving precise movement and
positioning in robots.

b. Recognise the three components of a PID controller: Proportional (P), Integral
(I), and Derivative (D).



https://www.youtube.com/watch?v=nSXwzB6xBTk
https://www.youtube.com/watch?v=HGwXER0hRMg
https://www.youtube.com/watch?v=S8QONBDYbTI
https://www.youtube.com/watch?v=XkjourWjZqs
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. Applying the Knowledge

Exploring PID Functionality

a. Explain how a PID controller works by calculating error and applying
proportional, integral, and derivative actions.

b. Grasp the concept of gains (Kp, Ki, Kd) and their impact on the controller’s
behaviour.

Tuning and Simplifying PID Controllers

a. Recognise the importance of tuning gains (Kp, Ki, Kd) to achieve optimal
performance without instability or delays.

b. Identify scenarios where simplified controllers (P, PI, or PD) are sufficient.

a. Implement PID controllers in LEGO ® Education SPIKE ™ robots through
provided examples.

b. Experiment with different gain values (Kp, Ki, Kd) to observe their effects on
the robot’s efficiency in tasks like line following or wall following.

c. Through experimentation, apply the principles of variation and
proportionality to understand how changing gains impact a PID-controlled
robot’s performance.

PEDAGOGICAL EXEMPLARS

This lesson aims to introduce learners to the fundamental principles of using PID controllers
within the context of robotics. Consider the following keynotes when administering the
suggested pedagogical approaches in the curriculum:

1.

Begin with an interactive session where learners are made to remember what they previously
learnt on open-loop and closed-loop/feedback control systems. Encourage them to state
their characteristics, provide examples and differentiate them if possible.

Continue the interactive session by asking learners, “What challenges do robots face in
achieving precise movement and positioning?”” Encourage responses like uneven terrain,
sensor limitations, and changing environments.

Explain that PID controllers are a common solution to these challenges. Briefly introduce
the terms proportional, integral, and derivative and their roles in regulating robot behaviour.
Use different approaches and examples to make these explanations clear to every learner.
Encourage learners to ask questions where they need clarification.

Learners struggling with basic concepts can be assigned a short pre-reading on PID control
principles before the lesson.

Divide learners into mixed-ability groups. Ensure a mix of learners with different learning
styles and prior knowledge. Keep groups as small as possible to ensure that every member
of the group participates in the group task. However, be mindful of the resources available
for the task.

Present learners with two robot construction and programming project options:

a. Line Following: Build a LEGO ® Education SPIKE ™ robot to follow a black line on
a white surface.
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10.

11.

12.

13.

b. Wall Following: Build a LEGO ® Education SPIKE ™ robot that maintains a constant
distance from a wall.

Based on their choice, each group selects a relevant tutorial from the provided list (Focal
Area 2). Where accessing video tutorials may be difficult, provide alternative resources (eg.
textbooks, written project instructions, and snapshots from the video tutorial). Offer a
simplified version of the robot building and programming for learners who need additional
support. Advanced learners can explore tuning PID controllers for more complex tasks like
obstacle avoidance or self-balancing robots.

Encourage collaboration within groups as learners build their robots and implement the
chosen PID control structure using Spike software. Go round to support learners who may
struggle with the task.

Once robots are built and programmed, each group focuses on experimenting with PID
gains (Kp, Ki, Kd).

Provide a structured worksheet to guide learners in changing gain values systematically
(e.g., increasing Kp by 10% each time).

Instruct groups to record their observations on robot behaviour with each gain adjustment.
This may include completion time, smoothness of movement, and accuracy in following
the line or wall.

Afterwards, facilitate a class discussion where groups share their findings. Analyse how
different gain values impacted robot performance and discuss the trade-offs involved.

Provide scaffolding questions throughout the collaborative and experiential activities to
guide learners and address challenges.

KEY ASSESSMENT

Assessment Level 1

1.

Describe the terms PID controller, proportional gain (Kp), integral gain (K1), and derivative
gain (Kd).

List three advantages of using PID controllers in robotics compared to open-loop control
systems.

Assessment Level 2

3.

Given a scenario where a robot consistently overshoots its target position, explain which
PID gain (Kp, Ki, or Kd) you would adjust and why.

Assessment Level 3
4.

Compare and contrast the use of a PID controller for line-following and wall-following
robots. Consider the specific challenges and adjustments needed for each scenario.

Explain the limitations of using a PID controller for robot control. Are there situations
where a PID controller might not be the best choice? Why or why not?

Design a simple experiment to test the effect of increasing the proportional gain (Kp) on a
line following the robot’s performance. Include how you would measure performance and
what you expect to observe.
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7. Experiment and observe the effect of the various gains (proportional, derivative and
integral gain) on the performance of a PID controlled system. The observed trends should
be documented as a report and submitted as an assessment document.

8. Assessment Level 4: Research and propose an alternative control method for robots that
might be more effective than a PID controller in certain situations. Explain the advantages
and limitations of this alternative method.

R The recommended mode of assessment for Week 21 & 22 is Report Writing. Refer to question
7 in the Key Assessment for an example of a Report Writing.

Conclusion

This lesson explored PID controllers, a fundamental mechanism for achieving precise movement
and positioning in robotics. PID stands for Proportional, Integral, and Derivative, representing
the three components that contribute to the controller’s effectiveness. We learned how PID
controllers operate in a closed-loop system, using feedback to adjust the robot’s behaviour
based on the error between the desired state and the current state. The importance of tuning
the PID gains (Kp, Ki, and Kd) for optimal performance was emphasised. Finally, we examined
simplified versions of PID controllers and their applications in robotics. The provided resources
offer practical examples for implementing PID control with LEGO ® Education SPIKE ™
robots.
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WEEKS 23 AND 24

Learning Indicators

1. Observe and identify flaws in an operational robot and trace them to either algorithm flaws,
design flaws or coding errors.

2. Use aseries of iterations to fix the identified flaws or improve the performance of solutions.

FOCAL AREA 1: ASYSTEMATIC WAY TO TROUBLESHOOT IN
ROBOTICS

Introduction

In robotics, troubleshooting is an essential skill that allows engineers and developers to identify
and resolve issues that may arise during operation. No matter how well a robot is designed,
problems will occur, and having a structured approach to troubleshooting can save time and
lead to deeper insights. Troubleshooting is not just about fixing problems—it is an opportunity
to learn more about how a system works and improve future designs. The following section
describes a general troubleshooting guide one can follow.

Step 1: Establish a Routine

The first step in troubleshooting is to establish a routine. Whether this routine is a physical
checklist or a mental one, it should be followed consistently whenever problems arise. By
following a systematic process, one can methodically check each component and avoid missing
critical details. A routine might look something like this:

1. Check Power: Is the robot powered on? Are the power levels sufficient?

2. Check Mechanical Components: Are the motors, joints, or wheels functioning properly?
Is anything stuck or misaligned?

3. Check Electrical Connections: Are all wires and sensors securely connected? Are there
any loose or frayed wires?

4. Check Software and Code: Is the code executing as expected? Are there any error
messages or anomalies in the logs?

Having a structured approach allows the troubleshooter to work step by step and isolate the
source of the problem effectively.

Step 2: Isolate the Problem

Robots are complex systems composed of multiple subsystems, including mechanical, electrical,
and software components. Troubleshooting becomes more manageable by breaking the system
down and isolating each part to find the problem. For example, if a robot is not moving, start
by checking:

1. Motors: Are they receiving power? Are they making any noise that suggests they are
trying to move?

2. Mechanical Structure: Are any parts obstructing movement? Is the robot’s frame stable
and secure?
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3. Sensors: Are the sensors detecting the robot’s environment correctly? Are they feeding
back the expected data to the controller?

4. Software: Is the code responsible for movement running without errors? Are there logic
errors that might be affecting how the robot behaves?

By isolating individual components and subsystems, one can narrow down the potential causes
of the problem. For instance, if the motors are running but the robot isn’t moving, the issue may
be mechanical (e.g., misalignment of gears). If the motors aren’t running at all, the problem
might be electrical or software related. Use a process of elimination to narrow down the
possibilities. Test each component individually to identify the malfunctioning part.

Step 3: Be Observant

Observation is key to effective troubleshooting. Use all senses to detect issues, especially in the
mechanical and electrical aspects of the robot:

1. Sight: Are any components visibly damaged or misaligned? Is the robot’s movement
smooth, or is it jerky and inconsistent?

2. Sound: Do the motors or actuators make unusual noises, such as grinding or clicking,
when they operate? Strange sounds can indicate mechanical issues like friction, loose
parts, or failing components.

3. Feel: Does the robot vibrate or behave erratically during operation? Does a component feel
hotter than expected, suggesting overheating?

Observing closely helps identify clues that may not be obvious at first glance. For example, if
a joint in the robot is supposed to move smoothly but is sticking, that could suggest an alignment
issue or an obstruction. Note down by properly documenting the observed issue.

Step 4: Set Realistic Expectations

When troubleshooting, it is important to set realistic expectations for how the system should
behave. Sometimes, what appears to be a problem may actually be a limitation of the design or
algorithm. For example, if a robot’s arm is supposed to move within a certain range but does
not reach the maximum extension, it might be due to limitations in the control algorithm rather
than a mechanical fault. Understanding the expected behaviour of each system helps to
distinguish between actual problems and normal operations.

Step 5: Understand the System

The better one understands how the components of a robot work together, the better one can
troubleshoot effectively. Knowing the relationships between hardware, sensors, and code is
essential:

1. Hardware to Software Interactions: How do the sensors send data to the controller? Is
the software interpreting that data correctly?

2. Software to Hardware Controls: How does the software send commands to the motors?
Are those commands being executed as expected?

3. Feedback Loops: Are there feedback systems in place to correct the robot’s behaviour,
such as PID controllers? If so, is the feedback working correctly, or is there a delay or
incorrect response?
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Understanding these interactions allows for better troubleshooting because it becomes easier to
trace problems to specific sources, such as a coding error causing a motor to behave incorrectly.

Common Sources of Errors in Robotics

There are typically three broad categories of issues in robotics: algorithm flaws, design flaws,
and coding errors. Each type of problem requires a different troubleshooting approach:

1. Algorithm Flaws

a. Algorithms control how a robot behaves and responds to inputs. If a robot functions
incorrectly, such as overshooting its target or moving erratically, the issue may lie in
the algorithm. For example, a poorly tuned PID control algorithm can cause a robot
to oscillate around its target instead of stopping precisely.

b. To troubleshoot this, test the algorithm by adjusting parameters, running simulations,
or analysing how the robot behaves with different inputs.

2. Design Flaws

a. Sometimes, the problem is rooted in the mechanical or electrical design of the robot.
This could include poor structural design, incorrect motor placement, or weak
connections. For example, if a robot tips over easily, the design might have a poor
centre of gravity.

b. Design flaws can often be identified by testing the physical structure and examining
how the components interact under different conditions.

3. Coding Errors

a. Bugs in the robot’s software can cause everything from minor misbehaviour to
complete system failure. Logic errors, incorrect sensor data interpretation, or missing
feedback loops can all result in a malfunctioning robot.

b. Debugging tools, error logs, and testing small (text/block) code sections in isolation
are useful methods for identifying coding errors. When troubleshooting coding issues,
focus on error messages, unexpected behaviour, or parts of the code that control the
malfunctioning components.

It is sometimes easy to confuse code errors with algorithm flaws. It is important to note that
Algorithm flaws impact the overall approach and logic used to perform a task, and even a
perfectly bug-free code can still execute a flawed algorithm, whilst code errors are mistakes in
how the algorithm is translated into a working program and involve correcting issues at the
syntax or command level.

Applying the Troubleshooting Process
https://www.youtube.com/watch?v=3JorW4r6iKo



https://www.youtube.com/watch?v=3JorW4r6iKo
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How Do | Troubleshoot a Robot at Competition?
https://www.youtube.com/watch?v=31z-Cb-bXtQ

FOCAL AREA 2: FIXING IDENTIFIED FLAWS

When troubleshooting a robotic system, the process does not stop at identifying flaws. The next
crucial step is iterating through possible solutions and gradually refining the system until it
performs optimally. The following is a structured approach to improving robotic performance
after one has identified the flaw:

Iteration for Fixing Algorithm Flaws

As explained earlier, algorithm flaws occur when the logic or strategy that drives the robot’s
behaviour is not well-suited to the task or does not handle all possible conditions. Here is how
one might tackle algorithm issues:

1. Step 1: Define Expected Behaviour

The first step is to understand the expected behaviour. The robot’s algorithm is responsible
for ensuring that the task is executed correctly. For example, if the robot is meant to follow
a specific path, the question is: Does the algorithm predict and respond to obstacles, speed
changes, or turns appropriately?

2. Step 2: Compare Actual vs. Expected Outputs

Observe the robot’s actual behaviour and compare it to the expected behaviour. Is it
overshooting the target? Is it unable to adapt to changes in its environment? If so, this
indicates that the algorithm may not be accounting for all factors.

3. Step 3: Isolate the Algorithm’s Components

Break the algorithm into smaller parts. For instance, if the robot is supposed to stop at a
specific point but keeps moving, the part of the algorithm handling distance calculation or
control might be flawed. Isolate that component and run tests to see where the logic fails.

4. Step 4: Adjust the Algorithm

Once the root cause of the flaw is identified, modify the algorithm. For example, if the
robot is not adjusting speed based on distance, add a condition that reduces speed as it
nears the target. Also, review edge cases—those rare conditions that the algorithm might
not have been designed to handle—and account for them.

5. Step 5: Retest

After making changes, test the robot in various conditions to ensure the algorithm now
handles all expected scenarios.

Iteration for Fixing Design Flaws

As mentioned previously, design flaws occur when the physical structure or layout of the robot
prevents it from performing correctly. Here is how design-related issues can be addressed:



https://www.youtube.com/watch?v=31z-Cb-bXtQ
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1.

Step 1: Inspect the Physical Structure

Examine the robot’s mechanical design to identify obvious problems. For example, are the
wheels aligned properly? Is the frame balanced? Structural instability could be a design
flaw, causing the robot to veer off course or fail to complete tasks.

Step 2: Simulate the Design

Use simulations or models (if available) to test the design. Sometimes, a design flaw may
not be evident until the robot operates in certain environments. A simulation can help
reveal stress points or mechanical limitations, such as arm lengths, wheel traction, or
centre of gravity.

Step 3: Identify Mismatches Between Design and Purpose

Sometimes a robot’s design is not suitable for its intended task. For instance, if a robot is
designed to carry a certain load but cannot support the weight, the design needs revision.
Here, one would review whether the materials used, motor strength, battery requirements
or the structural design is adequate for the task.

Step 4: Modify the Design

Once the root cause of the flaw is identified, modify the design accordingly. Reinforce
weak parts, replace components with stronger or lighter materials, or alter dimensions to
achieve better stability and movement. In some cases, where the battery installed cannot
support the behaviour of the connected device, the battery will need to be replaced.

Step 5: Retest the Robot’s Functionality

After making the design adjustments, test the robot again. This ensures the changes fix the
problem without introducing new issues, such as reduced manoeuvrability or compromised
speed.

Iteration for Fixing Coding Errors

Coding errors are bugs or mistakes in the program that controls the robot. These errors can
cause unexpected behaviour, crashes, or communication failures. Here is how to address them:

1.

Step 1: Observe Unexpected Behaviour
Identify what exactly is going wrong in the robot’s operation. Is it responding too slowly,

not responding at all, or showing erratic behaviour? Note the specific situations when this
happens, such as after a particular command or during certain tasks.

Step 2: Review the Code Logic
Go through the code related to the problematic behaviour. Look for errors in syntax or

logic, such as misplaced conditionals, missing loops, or incorrect variables. Often, code
that doesn’t handle edge cases (extreme or rare conditions) can cause failures.

Step 3: Debug Step-by-Step

Debugging tools or manual print statements can be used to track the program’s flow. By
checking the values of variables at different stages of execution, one can identify where the
code deviates from the expected flow.
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4. Step 4: Fix the Error

Once the root cause of the error is pinpointed, rewrite the affected part of the code. For
example, if the robot’s sensor data is not being handled correctly, one might need to correct
how data from the sensor is processed or update the timing of sensor readings.

5. Step 5: Test in Different Scenarios

Test the corrected code by running the robot through a variety of scenarios. Make sure the
fix works not only in controlled situations but also in unpredictable environments.
Additionally, ensure that fixing one bug doesn’t create another.

Technical Document Structure for Troubleshooting and Error
Correction

Creating a well-structured technical document to note observations and how errors were
corrected is crucial for both learning and future reference. It organises the troubleshooting
process into clear, manageable steps, ensuring that all team members and collaborators are
aligned. A technical document provides a detailed account of the issues, the steps taken to
resolve them, and the final solution, preventing misunderstandings and enabling stakeholders
to follow the decision-making process. By documenting this information, teams can refer to it
later if similar problems arise, saving time and effort. It also aids in transferring knowledge to
new team members or those working on the system in the future. Over time, these documents
contribute to a valuable knowledge base that can be referenced across projects, helping
organisations or educational teams build best practices and reduce future troubleshooting time.

This technical document or report may have all or some of the following components or
sections:

1. A Title Page: This page serves as the cover page, which captures the document’s title,
Project/Robot Name, Date and the names of the people who worked on the issue (Author).

2. Table of Contents: A list of all the main sections and subsections with page numbers for
easy navigation.

3. Introduction: This contains an overview of the problem and a high-level (summarised)
description of what went wrong and how the robot was not functioning as expected.

4. System Overview: A brief description of the robot’s design (hardware and software
components, including sensors, actuators, control system, etc.). Also, a summary of the
current working algorithm (i.e. the algorithm the robot follows to achieve its task).

5. Observations: A description of the symptoms of the issue, describing in detail what was
observed that indicated the system was not functioning properly.

6. Flaw/Error Identification and Root Cause Analysis: Categorising whether the issue was
due to an algorithm flaw, design flaw or code error with detailed justification. The
justification should include a root cause analysis describing the troubleshooting process.

7. Iteration Process for Fixing: A description of the first attempt and further refinements
applied to fix the issue and its outcome.

8. Testing and Validation: A description of how the system was tested to ensure the problem
was resolved and the results observed. If applicable, mention if the corrections led to better
overall performance or efficiency in the robot’s operation.
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9. Lessons Learned: A highlight of the key learning points from the troubleshooting process
and how such errors/flaws can be avoided in the future.

10. Conclusion: A brief closing statement summarising the troubleshooting journey, the
method applied to fix the observed issues, the results and any key takeaways.

11. Appendices: Any additional materials such as code, diagrams/schematics and references.

-
LEARNING TASKW

Depending on the available time or resources, administer one or more of the following
learning tasks to help learners reinforce understanding and acquire new knowledge
or skills.

1. Identifying Flaws through Observation

a. Learners will observe a simulated or real robot malfunction and describe the
observed symptoms in detail.

b. They will then analyse the robot’s behaviour to identify potential flaws in its
operation (e.g., not moving smoothly, overshooting target)

2. Isolating the Root Cause

a. Learners will practise a systematic approach to troubleshooting by breaking
down the robot system into its components (hardware, software, and
algorithms).

b. Theywilluseaprocessof elimination to isolate the malfunctioning component
or element contributing to the observed flaw.

c. This may involve testing individual components or analysing code segments
related to the problematic behaviour.

3. Fixing Identified Flaws through Iteration

a. Learners will be presented with a situation where an algorithm flaw has been
identified and follow an iterative approach to refine the algorithm.

b. Learners will be presented with a situation where a design flaw hinders robot
performance and follow a structured approach to address the design issue.

c. Learners will practise identifying and fixing coding errors that cause robot
malfunctions.

4. Learners will prepare a troubleshooting and error correction technical document
for at least one troubleshooting and fixing exercise.

PEDAGOGICAL EXEMPLARS

This lesson aims to introduce learners to the fundamental principles of using PID controllers
within the context of robotics. Consider the following keynotes when administering the
suggested pedagogical approaches in the curriculum:

1. Begin with an interactive session where you briefly discuss with the class what
“troubleshooting” generally means. Ask learners to share examples of times they have
encountered problems and the steps they took to solve them. Scaffolding can be provided
for struggling learners by offering sentence starters or prompts.
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2. Introduce the concept of troubleshooting in robotics. Explain the importance of a systematic
approach to identify and fix flaws in robot operation (algorithm, design, code). Highlight
the three main categories of flaws: algorithm flaws, design flaws, and coding errors. Provide
various relatable examples to meet all learner profiles.

3. In a collaborative learning activity, divide learners into mixed-ability groups. Present a
scenario where a robot is malfunctioning (e.g., not reaching its target, moving erratically).
Provide each group with a troubleshooting guideline and encourage them to follow the
guide to troubleshoot the malfunctioning robot. They should also be encouraged to
document their observations in detail on a provided worksheet, noting specific symptoms
and abnormal behaviours. Go round to support learners who may struggle with the task.

4. Based on their observations, learners discuss and analyse the robot’s behaviour to identify
potential flaws in its operation. Guide the discussion using questions like:

a. Does the robot move smoothly?
b. Does it reach its target precisely?

¢. Are there any unusual sounds or vibrations?

S. Encourage learners to consider the troubleshooting process checklist provided. Guide them
to break down the robot system into its components (hardware, software, algorithms) and
use a process of elimination to identify the most likely cause of the problem. Go round to
support learners who may struggle with the task.

6. After ample time has elapsed, encourage learners to share their troubleshooting experiences
with the class. Encourage peer feedback and highlight the various approaches taken.

7. Provide learner groups with another malfunctioning robot. Be mindful of learner interests
and abilities, targeting groups with flaws in either algorithm, design or code. Provide
learners with a fixing iteration guide for the category of flaw they are to deal with. Go
round to support learners who may struggle with the task. Engage advanced learners with
more demanding tasks, such as performing a detailed root cause analysis.

8. Learner groups are tasked to prepare a technical document for their chosen troubleshooting
and fixing exercise. Guide them in using the provided template, explaining each section.
You may provide struggling learner groups with examples.

9. Afterward, facilitate a class discussion where groups share their troubleshooting experiences
and solutions (algorithm fixes, design modifications, code corrections) with the class.
Encourage peer feedback and highlight the various approaches taken.

10. Provide scaffolding questions throughout the collaborative and experiential activities to
guide learners and address challenges.

KEY ASSESSMENT

Assessment Level 1
1. Describe the terms “algorithm flaw,” “design flaw,” and “‘coding error” in your own words.

2. Identify the three main categories of issues that can arise in robotics troubleshooting.

Assessment Level 2

3. Explain the importance of establishing a routine when troubleshooting robotics systems.

265
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4. Describe the process of isolating a problem in a robot system, using an example.

5. Explain the difference between a design flaw and a coding error.

Assessment Level 3

6. Analyse a given scenario of a robot malfunction and identify potential root causes based
on the observed symptoms.

7. Develop a troubleshooting plan for a robot that is not responding to commands. Include
specific steps to isolate the problem and potential solutions.

8. Assessment Level 4: Create a troubleshooting checklist or flowchart that can be used as a
reference for future robotics projects.

to Appendix | for a Table of Specification to guide you to set the questions]. Set questions to
cover all the indicators covered for weeks 13 to 24.

% The Recommended Mode of Assessment for Week 24 is End of Semester Examination. [Refer

Conclusion

This lesson plan equips learners with a systematic approach to troubleshooting robots. By
following a structured process of observation, isolation, and iterative solution implementation,
they can identify and fix flaws in algorithm design, mechanical construction, or code logic. The
emphasis on documentation ensures valuable knowledge is captured and shared, facilitating
future troubleshooting efforts and overall project success.

SECTION REVIEW

Inthis section, which coversa four-week period, the lessons taught provided acomprehensive
overview of PID controllers and troubleshooting techniques in robotics. PID controllers,
essential for precise control, were explored in detail, highlighting their components and
tuningmethods. Theimportance of asystematicapproachtotroubleshootingwasemphasised,
encompassing observation, isolation, and iterative problem-solving. The provided resources
offered practical examples for implementing PID controllers and troubleshooting techniques
using LEGO ® Education SPIKE ™ robots. These lessons equipped learners with the necessary
knowledge and skills to effectively control and maintain robotic systems.




APPENDIX I: END OF SEMESTER EXAMINATION

Nature of the paper

The examination will consist of three papers: Paper 1 (Objective), Paper 2 (Essay) and Paper 3
(Practical). Papers 1 and 2 will be taken in one sitting and will last for 2 hours and 30 minutes,
while Paper 3 will be taken in a different practical session and will last for 2 hours. The
following are some additional details of these papers.

1. Paper 1 will consist of forty (40) compulsory multiple-choice questions. Each question is
worth 0.5 marks, totalling 20 marks for the paper, and the paper will last for fifty (50)
minutes.

2. Paper 2 will consist of two sections: Section A and Section B. Section A is compulsory and
worth 15 marks. Section B consists of five questions, of which candidates must answer
three. Each question in Section B is worth 10 marks. The total duration of the paper is 1
hour and 40 minutes, with a maximum achievable score of 45 marks.

3. Paper 3 will be a practical examination lasting two (2) hours. Candidates will choose one
out of two questions, each worth 35 marks. One question will be from both strands: 1.
Principles of Robotic Systems and 2. Robot Design Methodologies, whilst the other will
be from the strand: 3. Robot Construction & Programming.

Resources needed

1. Venue for the examination

2. Printed examination question paper
3. Answer booklet

4. Scannable paper

S.  Wall clock

6. Bell, etc.

Guidelines for setting test items

1. Multiple choice
a. Ensure the stem (question part) is clear and focused on a single idea.

b. Avoid unnecessary complexity or misleading phrasing.

¢. Avoid “All of the above” or “None of the above” unless justified.
d. Distractors (wrong answers) must be credible.

e. Vary the position of the correct option (A-D).

f. Do not use patterns (e.g., C is always correct).

g. Avoid cues (grammatical mismatches, longer correct options).

2. Essay type
a. Use clear, direct wording; avoid ambiguity.

b. Ensure all questions are within syllabus coverage.




c. Include different levels of difficulty (knowledge, application, analysis).
Section A (Compulsory — Short Structured Questions):

a. Use multi-part questions to test a range of knowledge.

b. Break into sub-questions (e.g., a, b, ¢) with mark allocations.
Section B (Extended Response):

a. Provide open-ended tasks requiring explanation, comparison, design, or analysis.

b. Encourage critical thinking or drawing diagrams/circuits where necessary.

3. Paper 3: Practical Examination
a. Ensure clear, achievable objectives within time and resource constraints.

b. Require documentation of process: planning, construction/programming, and testing.

¢. Assess both outcome (working robot/code) and process (design decisions,
troubleshooting).

d. Incorporate observation and viva-style questions if possible.

Sample questions
Paper 1: Multiple Choice

1. Which of the following best describes the iterative process in improving a solution?

A. Making a single change and testing it immediately.

B. Repeating a cycle of testing, identifying flaws, making improvements, and retesting
until the desired outcome is achieved.

C. Discarding the initial solution and creating a new one from scratch.

D. Implementing changes without any testing or evaluation.
2.  Which of the following best describes the role of the integral component in a PID controller?

A. Reduces overshoot
B. Increases system noise
C. Speeds up response time

D. Eliminates steady-state error

Paper 2: Essay

Explain the importance of using iterations in fixing flaws or improving solutions. Provide an
example of a situation where an iterative approach would be beneficial.

Paper 3: Practical

You are provided with a pre-assembled line-following robot that exhibits irregular behaviour
during operation. During testing, the robot may display the following issues:

a. Veering off the path or failing to follow the line accurately

b. Speed inconsistencies (e.g. too fast on curves, too slow on straight paths)




¢. Sudden halts or non-responsiveness

Using your knowledge of robotics, observe the robot’s performance and complete the following
tasks:

A. Observation and Planning (5 Marks)
i. Observe the robot in operation for a minimum of 5 minutes.

ii. Record at least three distinct behavioural flaws observed during its movement.

ili. Provide a brief description of each flaw.

B. Diagnosis and Categorization (9 Marks)
i. For each identified flaw, determine whether the cause is an:
e Algorithm flaw
e Design flaw

e Coding error

ii. Justify your categorization with a brief explanation for each.

C. Troubleshooting and Suggested Solutions (9 Marks)
i.  Propose one solution for each flaw identified.

il. Explain how your suggested solution would correct or improve the robot’s performance.

D. Documentation of Process (6 Marks)
i. Maintain a simple record of your troubleshooting process, including:

e Tests conducted
e Tools or techniques used
e Any corrections or changes made (hardware/software)

e Design or programming decisions

Submit this documentation as part of your answer.

E. Outcome and Robot Demonstration (4 Marks)

If time and resources allow, implement your corrections. Demonstrate the improved functionality
of the robot.

Marks will be awarded based on visible performance improvement.

F. Viva/Oral Questions (2 Marks)
You will be asked two short oral questions by the examiner:

1. How did you differentiate between a design flaw and an algorithm flaw?

2. What part of the diagnostic process was the most challenging, and why?

Each question carries 1 mark.

Instructions

e You may use provided tools, reference materials, and your notebook.
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Submit your written observations, troubleshooting record, and final assessment at the

end of the session.

TABLE OF TEST SPECIFICATION

Week Focal Area Type of  Depth of Knowledge
Question

13 LI 1: Use a CAD tool to model parts of robotic Multiple 2 1 1 4
systems Choice

14 LI 1: Use a CAD tool to model parts of robotic Multiple 2 2 4
systems Choice 1 1

Essay

15 LI 1: Use relevant intermediate tools to prepare Multiple 1 3 4
modelled files into g-codes and print the designs | Choice 1 1
using a 3D Printer. Essay

16 LI 1: Use relevant intermediate tools to prepare Multiple 1 2 |1 4
modelled files into g-codes and print the designs | Choice
using a 3D Printer.

17 LI 1: Define solutions for control and feedback Multiple 1 2 |1 4
systems using algorithms, pseudocodes, and Choice
flowchart diagrams.

18 LI 1: Discuss closed chains, velocity, and trajecto- | Multiple 2 1 3
ry as they are used in mechanics. Choice 1 1
LI 2: Analyse and perform basic calculations in- | Essay
volving velocity and trajectory motions and ap-
ply trajectory calculations to robot navigations.

19 LI(s): Create robots using robotic kits and/or Multiple 1 1 1 3
local materials to implement basic mechanics for | Choice 1 1
actuations that make use of the following: Practical
GEARS
VEHICLES
MOVING WITHOUT TIRES
ARMS, WINGS & OTHERS

20 Li(s): Create robots using robotic kits and/or Multiple 1 2 1 4
local materials to implement basic mechanics for | Choice 1 1
actuations that make use of the following: Essay
GEARS
VEHICLES
MOVING WITHOUT TIRES
ARMS, WINGS & OTHERS

21 LI 1: Implement PID controllers for line and wall | Multiple 1 1 1 3
following robots. Choice
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22 Li(s): Apply the principle of variation and pro- Multiple 2 1 1 4
portionality to experiment the effect of pro- Choice
portional, derivative and integral gains on the
efficiency of a PID-controlled robot

23 LI (s): Observe and identify flaws in an opera- Multiple 1 1 1 3
tional robot and trace them to either algorithm Choice 1 1 1
flaws, design flaws or coding errors. Essay 1
Practical
Total 15 |18 |12 |2 47

Marking scheme

Paper 1: Objectives

1. B) Repeating a cycle of testing, identifying flaws, making improvements, and retesting
until the desired outcome is achieved. (0.5 Marks)

c¢. D. Eliminates steady-state error (0.5 Marks)

Paper 2: Essay

Iterations are crucial in problem-solving because they allow for continuous refinement and
improvement of a solution. By repeatedly testing, identifying flaws, making adjustments, and
retesting, we can gradually enhance the effectiveness and efficiency of a solution. (Explaining
the importance - 6 marks).,

State one situation where iteration could be needed. For example, designing a robot to navigate
a maze (Example of a Situation Where Iteration Could Be Needed - 4 marks), etc.

Total: 10 Marks

Paper 3: Practical

Section Marks
Part A: Planning & Observation 5 marks
Part B: Diagnosis & Categorization 9 marks
Part C: Troubleshooting & Solutions 9 marks
Part D: Documentation 6 marks
Part E: Outcome Demonstration 4 marks
Part F: Viva Questions 2 marks
Total 35 marks
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1. Integral. (2011, November 12). Knowino, an encyclopaedia. Retrieved 18:09, February 15,
2015 from http://knowino.org/w/index.php?title=Integral&oldid=14164.

2.  Dela Cruz, A., & Garneau, E., Derivative Graphs | Overview & Rules, (2023, November
21). Study.com, Math Courses/ Math 104:Calculus. Retrieved 19:35 September 19,2024
from https://study.com/academy/lesson/data-mining-identifying-functions-from-
derivative-graphs.html
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