Low Cost Mechatronics Trainer

Lab Manual
Version 1.0 ● 18 January 2018

Tim Callinan – Anne Arundel Community College – www.maryland.design/lcmt

Low Cost Mechatronics Trainer

Lab Manual

Disclaimer
All rights are reserved. Using these designs and content does not give you ownership or
intellectual property rights to the content presented on the website, forums, or in the related
materials. By using this content, designs, or services you agree to the terms specified in this
disclaimer. All designs and products were created for the CollaborATE project, which received
funding through a grant provided by the National Science Foundation’s Advanced Technological
Education program (award number: 1601172).
The Low Cost Mechatronics Trainer website, design and resulting products, drawing files, solid
work files, videos, and forum are designed to be educational in nature and are not intended for
resale, commercial use, or to be used in any manner other than its published design. The National
Science Foundation, CollaborATE team, including its partner institutions (Anne Arundel
Community College, College of Lake County, and Florida State College in Jacksonville) assume
no liability for the use or misuse of these designs and files by the end-user. Mechatronics, working
with tools, devices, pneumatics, and electricity can be dangerous. It is the responsibility of the end
user to assure that all safety requirements are met and that they work safely. The content owners
assume no liability for any injury resulting from its use.
The website, all designs, and files are made available for fair use and the owners assume no
obligation to host, maintain, and update this website and its content beyond a time that they
determine. The website owners are under no obligation to provide this content in any other format,
delivery method, language, or to provide technical support for the use of the content. Requests
made to, replies received from, or any other communications between the user and content
owners or forum hosts are non-binding, and no expressed warranty or other assurance provided
constitute a contract between the owner and requestor. The forum is hosted by Google Groups,
and all users registered with Google are expected to follow all rules, terms of service, and the
privacy policy of that site.
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Introduction to the trainers

1.1 Background
This lab manual is used to accompany the low cost mechatronics trainer. In early 2015, instructors
from Anne Arundel Community College (AACC), College of Lake County and Florida State
College at Jacksonville had a thought that mechatronic educational trainers were excessively
expensive. We had heard from many colleges and other high schools that it was very difficult to
setup a mechatronics program or even purchase mechatronic training systems. For example, at
AACC our main mechatronics trainer cost us nearly $100,000. We thought this was an insane
amount of money when you get little to no curriculum and the base cost of the actual parts is
approximately $10k max. We thought this needed to change….
Team CollaborATE was funded by an NSF ATE grant and our objective was to design an open
source mechatronics trainer that would be
•

Inexpensive to build

•

Could be built using common techniques such as 3D printing, Drilling, etc

•

Complete a real and complex function

•

Teaching curriculum would be provided.

•

Sub systems could be isolated for teaching and then integrated as a whole system.

•

The trainer would have real world components such as mechanical, PLC & pneumatics

•

Each trainer will cost under $1,000 to build and can be used to accommodate two students
in a laboratory setting.

Team CollaborATE has completed a range of low cost mechatronic trainers. The mechanical
drawings, bill of materials, how to build videos & a lab manual are all provided on a project
website. www.maryland.design/lcmt
We’ve also created a Google Forum to assist teachers and students with building and using the
trainers. https://groups.google.com/forum/#!forum/low-cost-trainer

1.2 How to use this lab manual
A typical mechatronics program in the United States will have courses in Electrical Systems,
Mechanical Systems, Pneumatics and Hydraulics, Programmable Logic Controllers, Motor
Controls and many other courses. Each of these courses should have a lot of hands on training
equipment that teaches students mechatronic concepts and skills. The low cost trainers that were
created were not designed to replace all of these trainers. A successful training program will need
specific trainers to teach mechanical, electrical and everything else. However the trainers that we
designed could be used in a couple of different ways.
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•

Survey course: A good use of the trainers could be a high school (or college) teaching a
survey course on mechatronics in which they need a trainer that has a little of everything –
gears, sensors, PLCs, motors, etc.

•

Capstone Course: A mechatronics capstone course in a community college will typically
have a final hands on project that ties all of the previous knowledge together. This trainer
is definitely complex enough to challenge all students from a two year program. For
example, an instructor could give their students the drawings and BOMs of each of the
trainers and let them go away and build them from scratch, wire them up and write the
PLC program. The students would be up to their eyeballs in work! Creating the trainers
from scratch would be an excellent Capstone project.

•

Introduction to PLCs: The trainer shown in Figure 1-1 is module 1 of the low cost trainer. It
contains a Click PLC with light tower and push buttons. Using just this trainer, it’s possible
to teach PLC wiring, Ladder Logic Programming & simple motor control techniques.

Instructors might be asking how is it possible to have a trainer that can be used both in a high
school setting and a capstone course in a community college. It really depends on how much
support is provided by the instructor. For example, using the trainers it’s possible to do low level
tasks such as turning on lights on a light tower using push buttons to more complex tasks such
sequential programming & HMI control of the entire system. There is a full range of exercises from
simple to very complex in this lab manual. Each chapter in the book covers a different
mechatronic topic related to the trainers. Each chapter will have the required reference material
(theory), quizzes to reinforce the material and lab activities related to the material covered in the
chapter.
Let’s say you are an STEM instructor at a high school or community college who wants to teach
mechatronics…What to do next? The first step is to make sure you have the background
knowledge of mechatronics. A teacher that is serious about teaching mechatronics should have
some experience in electronics, mechanical, pneumatics systems and programmable logic
controllers. If you don’t have this experience – a couple of classes at a local community college
can fix this quickly. The second step is to get familiar with the trainer design….
1. Print out all of the drawings in as large format as possible. There is a lot of detail in the
drawings so the bigger the better. Start getting familiar with the assembly of each station.
You do this by studying the drawings and researching the bill of materials.
2. Research the videos on YouTube that explain how to build and use the trainers. Research
the user manual and other information that is on the project website.
3. The entire low cost mechatronics trainer costs approx. $1500. At most schools and
colleges – it takes months for a teacher to get funding for a project so I would put in the
request for funding as soon as possible.
4. It is advised that a teacher should build one entire system and practice using it before
introducing multiple trainers to a classroom.
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5. Many of the parts are created using a 3D printer. All 3D printers (commercial & hobby)
should have no difficulty in producing these parts. All of the parts that have been printed
have a solid configuration – that means the interior of the parts are completely solid. This
results in more 3D printer filament being used but the parts are much stronger. Most of the
parts in the trainer are not under any real load so a sparse fill configuration could be used.
If the part breaks or cracks – just replace with a solid version.
6. Once the teacher has received funding – they can order the parts from the supplier –
McMaster-Carr, Automation Direct, Open-Builds, etc and start assembling the stations.
Remember there is a Google forum for builders - if you have any questions.
7. Once the mechanical assembly has been completed – there is an electric diagram
showing the wiring for the trainer. Once that has been completed, the last big step is
writing and testing the PLC code. The PLC code hasn’t been shared with the project
website however the PLC code will be supplied to teachers if they request it.

Figure 1-1: Teaching a PLC class using the Low Cost Trainer [Module 1]

1.3 Trainer Organization
The low cost mechatronics trainer is comprised of five subsystem trainers. Each of these trainers
can be used separately and then put together to work as a full system. The five subsystem
trainers are called;
•

PLC Trainer: This trainer contains the main Click PLC, Power supply, light tower and
pushbuttons. (See Figure 1-1) This should be the first trainer that students use. We went
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with a CLICK PLC because it’s easy to use, inexpensive and the control software is free.
There is also loads of tutorials and reference material available for it.
•

Cup Distributor: The cup distributor uses a gravity feed system in which cups are pushed
out (pneumatically operated) onto the conveyor system. Once a cup is pushed out, the
next cup falls into place.

•

Candy Filling: The candy filling station (See Figure 1-2) uses a DC motor, belt system and
auger to push candy into the cup. In order to ensure the correct amount of candy is put
into the cup – a timer system must be used.

•

Cup Sorting System: Our system has different sizes and colors of cups. We have a
pneumatically operated sorting system that sorts the different sizes, etc. Optical sensors
are used to differentiate the different colors and sizes.

•

Linear Actuator Conveyor: The linear actuator basically acts as the system conveyor
moving the cups between each of the stations. The conveyor has sensors which give the
PLC the position of the trolley.

Figure 1-2: Auger screw ‘pushing’ candy into the cup.
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1.4 Chapter 1 Lab Activity
Here is your first lab activity on the low cost mechatronic trainer. In order to complete this activity –
you’re going to have to research and study the mechanical drawings in the appendix of this
manual and research mechatronic parts on the supplier websites. [Note: The trainers are not
required to complete this exercise – though it would help.]

Figure 1-3: PLC Trainer System
Question 1.1: First – have a look at Figure 1-3: PLC Trainer System. What is the output voltage
and current of the power supply shown? [Hint: You are going to have to look up the part number of
the power supply and look at its specifications on the Automation Direct website.] Insert your
answer below….
VOLTAGE =

Low Cost Mechatronic Trainer Manual
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Question 1.2: The PLC, Power Supply and ZIPLink connector block are all connected to a rail
which is screwed into the Plywood – what is the type and size of rail?? Insert your answer
below….
TYPE =

SIZE =

Question 1.3: What is the part number for the terminal strip shown? What is its cost and how
many circuits can it handle?

PART NUM =

COST=

# OF CIRCUITS =

Question 1.4: There are two types of buttons on the control panel. What are their part numbers
and what type are they?
BUTTON 1 TYPE =

BUTTON 1 PART# =

BUTTON 2 TYPE =

BUTTON 2 PART# =

Question 1.5: What is the cost of the light tower? What is the supplier name? How many wires are
connected to it? What is its operating voltage?
COST OF LIGHT TOWER =

# OF WIRES =

SUPPLIER =

VOLTAGE =
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Question 1.6: The control panel is connected to the plywood board using an angled bracket. Who
is the manufacturer? What is the angle? What is the cost of the bracket?
MANUFACTURER =

COST=

ANGLE =

Figure 1-4: Puck Dispenser System
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Question 1.7: Have a look at Figure 1-4: Puck Dispenser System. In your own words – what is the
function of this station? [Hint: It might help to look at some of the videos on the project website.]
System Function =

Question 1.8: What is the material of the main tube (column)? What is its part number? What is
the best method to cut it to length?
MATERIAL =

PART# =

METHOD =

LENGTH =

Question 1.9: What is the part number of the pneumatic cylinder? What is its maximum throw in
inches? What type of sensors are clamped to the cylinder?
THROW =

PART# =

SENSOR TYPE =
Question 1.10: How is the speed of the cylinder extension and retraction controlled? What part
number achieves this?
HOW IS SPEED CONTROLLED? =

PART NUMBER =
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Question 1.11: What is the part number of the directional control valve? How many air ports does
it have? What type of threads are on the DCV?
DCV PART#=

# of PORTS =

TYPE of THREADS =

Question 1.12: Have a look at Figure 1-5: Candy Filling Station. In your own words – what is the
function of this station? [Hint: It might help to look at some of the videos on the project website.]
System Function =

Question 1.13: Find the Candy Filling exploded assembly in the appendix and research the DC
motor. What is its part number? What is the speed of this motor? What is the motor shaft size?
PART NUMBER =

SPEED =

SHAFT SIZE =

Question 1.14: How is the DC motor connected to the main auger shaft? What is the part number
of the device that accomplishes this?
Connection between motor & auger shaft? =

PART # =

Low Cost Mechatronic Trainer Manual

Page 11 of 105

Low Cost Mechatronics Trainer

Lab Manual

Figure 1-5: Candy Filling Station
Question 1.15: What is the part number of the auger screw? Who is the person who came up with
this screw concept? [Hint: I think he was Greek…] What was the original design function of this
screw?
PART NUMBER =

GREEK GUY =

ORIGINAL FUNCTION =
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Question 1.16: Find the part number of the relay in the candy filling station. (The relay looks
similar to an ice-cube). How many terminals are on the relay? What does SPDT stand for?
PART NUMBER =

# of TERMINALS =

SPDT? =
Question 1.17: On the exploded assembly of the candy filling station – what is the part number of
part # 22 on the bill of materials? What is its function? What is its inner diameter measurement?
PART NUMBER =

INNER DIA =

FUNCTION of #22 =

Figure 1-6: Cup/Puck Sorting Station
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Question 1.18: Have a look at Figure 1-6: Cup/Puck Sorting Station. In your own words – what is
the function of this station? [Hint: It might help to look at some of the videos on the project
website.]
System Function =

Question 1.19: What is the part number of the storage channel? What type of material is it? What
is the best method of cutting it down to size?
PART NUMBER =

MATERIAL TYPE =

CUTTING METHOD =

Question 1.20: What is the screw type of item #5 on the sorting station bill of materials? What is its
length? How do you ensure that the screw head is plane with the channel? (We do not want the
head of the screw sticking out)
SCREW TYPE =

LENGTH OF SCREW =

HOW IS IT PLANE? =

Question 1.21: What is the function of item # 14 in the bill of materials? What is its operating
voltage? Who the manufacturer?
VOLTAGE =

MANUFACTURER =

FUNCTION of #14? =
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Figure 1-7: Linear Actuator Conveyor
Question 1.22: Have a look at Figure 1-7: Linear Actuator Conveyor. In your own words – what is
the function of this system? [Hint: It might help to look at some of the videos on the project
website.]
System Function =
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Question 1.23: The linear actuator uses a stepper motor to provide mechanical power to the
conveyor. What is its part number? The stepper motor needs external circuitry to operate. What is
the part number of the device that does this? What is its cost?
STEPPER MOTOR PART # =

EXTERNAL CIRCUITRY PART # =

COST =

Question 1.24: The linear actuator takes the rotational motion of the motor and converts it into
linear motion. Explain how this is? How is the motor connected to the system?
Rotational to Linear Motion:

Question 1.25: What is the part number of the position sensors? Why is there four of them in the
system?
PART NUM =

MANUFACTURER =

FOUR IN THE SYSTEM? =

Well done! You have survived chapter 1 of the manual and hopefully at this stage you have
some idea on how the low cost trainer works. Next we will have a look at the interesting & exciting
topic called Mechatronics.
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What is Mechatronics?

2.1 Mechanical and Electronic Systems
Mechatronics is the combination of mechanical, electronics and computing in a single system.
Before we get into mechatronics – It’s probably wise to cover mechanical and electronic systems
first.

Figure 2-1: Timing Belt Setup
The majority of machines in the 19th and early 20th century were purely mechanical. They used
gears, shafts, belts, chains and bearings to transmit power. Examples of complex mechanical
machines are steam trains, bicycles, the Ford Model-T car, grand-father clocks and the typewriter.
There are many excellent YouTube documentaries on the development of these machines and I
think they would improve your understanding of mechanical systems. None of these machines
have any wires, circuit boards or motors. Shown in Figure 2-1 is an example of a simple
mechanical system – a timing belt is connecting two pulleys. Mechanical power is transferred from
one shaft to another.
The modern car is a great example of a mechatronics system (It has mechanical, electronics and
computers systems) however the majority of components in it are still mechanical. – EG: The
engine, drive shaft, suspension and transmission. Modern cars are different from cars twenty
years ago and they require different approaches to servicing them. Mechanical systems that once
required more muscle than intelligence to fix have become far more reliable and less needy of a
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mechanic's attention. Today, car problems are more likely to be caused by a defective electronic
sensor than a bad transmission. A manager for Toyota puts it, "The world of auto repair has gone
from nuts and bolts to ohms and volts."
Figure 2-2 is another mechanical example - here is a gearbox is transmitting power from one shaft
to another. This system has bearings, gears, shafts, screws and an aluminum housing. There is
no circuit boards or wires present – this is a purely mechanical system.

Figure 2-2: Right-Angled Gearbox
From the beginning of the 20th century, we started to see more electrical systems – motors,
telephones, batteries, lightbulbs, etc. These are all examples of electrical machines – they would
not be considered electronic devices. Electric devices take electric power and transform it into
some other form of energy – light, heat or mechanical motion. For example, a vacuum cleaner
takes electrical power and using a motor converts it into mechanical rotation which turns a pump
that creates a vacuum to suck up the dirt on the carpet. There is a fantastic show on YouTube
called the “Secret Life of Machines” by Tim Hunkin – He does a great job of explaining the
development and background of early electric machines such as the light bulb, Vacuum cleaner,
washing machine, etc.
Shown in Figure 2-3, is an example of the different electronic components that are placed on PCB
(Printed Circuit Board). The image displays integrated circuits, resistors, capacitors, oscillators,
etc. – all the main building blocks of an electronic system. Electronic systems begun to be very
common after the invention of the transistor in 1947. The transistor is a fundamental building block
of all electronic devices. Your iPads, cell phones, remote controls, portable cameras are full of
transistors and electronics. If you have any defective (make sure they are definitely broken!)
household electronic equipment – DVD players, alarm clocks, remote control toys, etc – it should
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be very easy to open them up and you will definitely see many of the components below. This is a
good way to learn about mechanical and electronic systems. Many an engineer and technician
started their technical experience by taking things apart as a child. Check out Dilbert’s “The
Knack” video on YouTube.

Figure 2-3: Electronic Components
The Arduino microcontroller (Figure 2-4) is like a small computer – it is an excellent learning and
prototyping device and it could be used to teach yourself some basic programming and electronic
skills. Arduino boards are able to read inputs - light on a sensor, a finger on a button, or a Twitter
message - and turn it into an output - activating a motor, turning on an LED, publishing something
online. You can tell your board what to do by sending a set of instructions to the microcontroller on
the board. Over the years Arduino has been the brain of thousands of projects, from everyday
objects to complex scientific instruments. A worldwide community of makers - students, hobbyists,
artists, programmers, and professionals - has gathered around this open-source platform, their
contributions have added up to an incredible amount of accessible knowledge that can be of great
help to novices and experts alike. The Arduino development board costs approx. $25 and
YouTube is full of good tutorials.
The Arduino by itself is a purely electronic device but let’s say it is used to control a small robot –
The system now has an Arduino plus sensors and actuators. The Hack-A-Robot has a GPS,
Gyroscope + Accelerometer, Ultrasonic Distance Sensor and four DC motors to power the
wheels. It is now, no longer a purely electronic device but a mechatronic one. (Figure 2-5)
Low Cost Mechatronic Trainer Manual
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Figure 2-4: The Arduino Microcontroller

Figure 2-5: Hack-A-Robot

Low Cost Mechatronic Trainer Manual

Page 6 of 105

Low Cost Mechatronics Trainer

Lab Manual

2.2 Mechatronics
When engineers and technicians talk about Mechatronics – this diagram (Figure 2-6) usually
comes up. This is called a Venn diagram and it shows how four different disciplines overlap to
create the field of Mechatronics. Most modern machines and devices are Mechatronic in nature.
For example – automated manufacturing, drones, smart cars, photocopiers, etc. If the device has
some level of intelligence or automation – it would be considered a mechatronic device.

Figure 2-6: Mechatronic Diagram
I think it is fair to say if you are reading this manual – you have some interest in mechatronics and
are maybe thinking about a career in mechatronics. Mechatronics engineers and technicians
design, build and maintain automated systems for industry. As a mechatronics technician, you will
have experience in each area – electronics, mechanical, pneumatics and software. I have found
mechatronics to be hands-on, fun and creative. Over the years, I’ve had the opportunity to work in
many different types of companies. For example, I’ve worked on wind tunnels, Autonomous
Underwater Vehicles (AUVs), spy cameras and a talking book player for the blind. Mechatronic
students who obtain a good background in these areas and complete a certificate or associates
degree in mechatronics should have no problem finding a job in a high-tech industry. Even if you
are in your early stages of your training and/or career – it would be a worthwhile exercise to
research the different high-tech companies in your local area. I remember being a full time student
doing internships every summer at a local telecommunications company in Dublin which gave me
Low Cost Mechatronic Trainer Manual
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great experience and ensured that my resume was not totally blank when I left college. At AACC,
many local companies are trying to get our graduates to work for them, even before they have
graduated the program – this is a perfect opportunity for summer internships. Internships are very
beneficial for the student, of course at the beginning of your career you need as much experience
as possible but by working in industry - you can actually find out whether you like the field of not.

2.3 Industry Mechatronic Examples
2.3.1

Automated Manufacturing

Our college, Anne Arundel Community College is located near Baltimore, Maryland and as a field
trip we brought a bus load of our mechatronics students to a local manufacture. This manufacture
had setup a massive plant that was full of very impressive industrial robots, automated conveyor
belts and other high-end mechatronics equipment. This facility had excellent levels of production
and was able to manufacture quality components but remember all of that equipment must be
setup and regularly maintained. A mechanic or electrician is not really trained to install and service
this equipment - this requires someone with a mechatronics background.
Figure 2-7 shows a typical manufacturing setup. A conveyor belt on the left transfers components
to a robot cell. Once the component reaches the end of the input conveyor – it will trigger a sensor
that tells the robot to pick up the component. The robot will carefully place the component into the
CNC mill. The CNC stands for computer numerical control and will automatically machine the
piece. Once the piece has been machined out, the robot will swing into place and pick up the
finished product and it will then position the product on the output conveyor to transfer it to the
next station. This automated factory will complete this process without any human intervention.
Industrial robots are far more common in Asia and Europe however in 2017, the United States is
home to roughly 250,000 industrial robots. These robots do not maintain themselves. What’s even
more interesting is this image (Figure 2-7) is not even a real system but it simulation of a factory.
The program is called Factory I/O and it enables technicians and engineers to place robots,
conveyors and other manufacturing equipment in a virtual factory. The technician can simulate the
factory running and they can forecast how it will operate in real life. It’s possible to download a
free trial of this software - there are different configurations of a factory setup and these can all be
simulated and run. https://factoryio.com/
It’s difficult to really determine if manufacturing jobs are increasing or decreasing in the United
States – If you do a quick search on Google, you will get very mixed results. I think some areas
have lots of opportunity in manufacturing but other areas are hurting. The one thing that is
definitely true is manufacturing jobs are changing and a person getting into this industry will need
high level training in electronics, mechanical systems, automation, robotics, etc. Here is a quote
from a well-known website called Humans of New York…..
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Figure 2-7: Automated Manufacturing Setup using an Industrial Robot
“I work at a machine tool automation company. We build the machines that build the cars. High
school wasn’t for me. I didn’t respond well to being lectured and having things jammed into my
brain. So I started out sweeping floors at the factory, then I got moved into the saw shop, and now
I do electrical installation. I’m up to $17 an hour now. And I’ve started studying PLC so I can move
up even further. There’s actually a lot of opportunity in my field. There's not much competition.
Nobody my age wants to do this stuff. They all want to go to art school or make video games or
something. I think maybe it’s because too many people are being told to do whatever they want.
Because no matter what you think you can be, there’s still gotta be people like me.”

2.3.2

Da Vinci Robot

If you have ever seen anyone that has undergone surgery – it’s quite possible that they could
have a large scar. The person or animal needs to be opened up so the surgeon can go in and do
their thing. The main issue with having a large opening is it takes longer to heal and there’s a
greater chance of infection. The Da Vinci robot is a tool that is used in minimally invasive surgery.
It was originally developed by DARPA (Defense Advanced Research Projects Agency.) DARPA
was trying to design a system that would have remote controlled robots at the front line doing
surgery while keeping the actual surgeon safe away from the battlefield. The robot has four arms
(Figure 2-8) which allow very precise movements and eliminate hand tremors.
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Figure 2-8: Robot performing surgery on a dummy

Figure 2-9: Surgeon performing robotic surgery

Low Cost Mechatronic Trainer Manual

Page 10 of 105

Low Cost Mechatronics Trainer

Lab Manual

Compared to large surgical openings – a small incision 1 to 2 cm is used. The system also uses
high definition cameras which allow the surgeon to see inside the person up very close.
Another major advantage is the Da Vinci robot can be controlled remotely (Figure 2-9). The
surgeon does not even need to be in the same country. The first transatlantic surgical procedure
was performed in 2001 by a team from IRCAD (Institute for Research into Cancer of the Digestive
System, France). They used a combination of high-speed fiber-optic connections and a Zeus telemanipulator to successfully perform the procedure, covering the distance between New York
and Strasbourg, France. The event was considered a milestone of global telesurgery, and was
dubbed "Operation Lindbergh".
The Da Vinci robot is a complex machine and this device needs to operate correctly 100% of the
time. Because of this, it needs rigorous maintenance. This is be done by people who have
mechatronic training. During a recent visit to the University of Maryland Hospital in Baltimore – I
witnessed a robot nurse traveling to patients rooms dropping off medication. We are definitely
going to see much more automation / robotics in hospitals and in retirement communities and it
will be the job of mechatronic technicians to ensure this equipment run smoothly.

Figure 2-10: End effectors of a Da Vinci Robot
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Emergency Response Robots

There are many emergencies where robots and ROVs (Remotely Operated Vehicles) can help
keep first responders safe. Example dangerous situations could be bomb threats, chemical spills
or radiation leaks. Why risk a human being, when a robot could be sent in to search a dangerous
building? From the news, we know that thousands of people worldwide are killed and injured from
IED’s (Improvised Explosive Devices). A bomb disposal robot is still the best solution for
inspecting suspect devices. The first bomb disposal robot was nicknamed “The Wheel-barrow”
because it resembled a remote controlled wheelbarrow and it was used during the conflict in
Northern Ireland. Figure 2-11 shows an EOD (Explosive Ordinance Disposal) officer and a robot
called Hobo which is used by the Irish Defense Forces and other Police Depts. around the world.
Bomb disposal robots have many tricks to render a suspect device safe…
•

Some robots use a high-pressure steam of water to quickly cut through the power cables
of a device. (Bombs need a power supply to detonate)

•

Robots will use a shotgun or other disruptor weapon to open up locked doors or safely
detonate the bomb.

•

Robots can have a portable X-Ray scanners attached to the arm to see inside suspect
packages.

Figure 2-11: HOBO the Bomb Disposal Robot
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Typically the EOD officer will maintain a safe distance from the suspect device and drive the
remote control robot up close to it. The officer controls the robot using a laptop like device which
shows the robots point of view on a display plus a joystick and control panel to manipulate the
position of the robot as well as the robotic arm & claw. Figure 2-12 shows the next generation of
bomb disposal robot – It is called the Reacher for obvious reasons. It is from the same company
that produced the Hobo robot. The Reacher robot is a great example of a mechatronics device.
•

Mechanical Systems: The ROV has an impressive gearbox and steering system that
allows it to traverse over very rough terrain and drive up steep inclines. I’ve seen videos of
it driving up stairs!

•

Electronic Systems: From the specification image (shown below), the ROV has a total of 5
video cameras which allow the operator to see everything. It has a radio system which
transmits the video back to the control system as well as transmits the control signals from
the control module (joystick) to the ROV.

•

Electrical Systems: The spec. also states that the robotic arm is electrically powered with
DC gear motors and can lift a maximum of 85 Kgs which is 187 pounds. That is about the
weight of the author which is quite impressive.

Figure 2-12: Reacher Robot from Reamda Ltd.
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2.4 Chapter 2 Lab Activity
I hope at this stage, you have some understanding of mechatronics and are more motivated to
study & work in this field. Your lab activity for this chapter is to do a small research project on
mechatronics. This will be a group project of 2-3 students. The class-time allowed to work on this
project will up to your instructor however at least 3-4 hours is recommended. (More time will be
needed if students have no experience with PowerPoint.)
Your group is going to research a local high tech company. Pick a company that relates to
mechatronics. - Each group must pick a different company and it would be more useful if the
company is local (less than 30 miles away) but this distance might have to be increased. Your
group will research the company and create a 5 minute PowerPoint presentation describing…
•

Name and location of the company

•

What do they produce?

•

Information on each of their products. (Images, specifications, etc)

•

Who is purchasing their products – who are their customers?

•

How many employees – what type of employees?

•

How is it a mechatronics product – does it have mechanical, electronic and software
components?

•

Are they hiring? What skills and education are they looking for?

Figure 2-13: Mechatronics Venn Diagram
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Electrical Circuits

When beginning to explore the world of electricity and electronics, it is vital to start by
understanding the basics of voltage, current, and resistance. These are the three basic building
blocks required to manipulate and utilize electricity. At first, these concepts can be difficult to
understand because we cannot “see” them. In order to detect this energy transfer, we must use
measurement tools such as multimeters and oscilloscopes to visualize what is happening with the
charge in a system. Fear not, however, this tutorial will give you the basic understanding of
voltage, current, and resistance and how the three relate to each other.
Electricity is the movement of electrons. Electrons create charge, which we can harness to do
work. Your lightbulb, your stereo, your phone, etc., are all harnessing the movement of the
electrons in order to do work. They all operate using the same basic power source: the movement
of electrons.
The three basic principles for this tutorial can be explained using electrons, or more specifically,
the charge they create:
•

Voltage is the difference in charge between two points.

•

Current is the rate at which charge is flowing.

•

Resistance is a material’s tendency to resist the flow of charge (current).

So, when we talk about these values, we’re really describing the movement of charge, and thus,
the behavior of electrons. A circuit is a closed loop that allows charge to move from one place to
another. Components in the circuit allow us to control this charge and use it to do work.

3.1 Voltage
We define voltage as the amount of potential energy between two points on a circuit. One point
has more charge than another. This difference in charge between the two points is called voltage.
The unit “volt” is named after the Italian physicist Alessandro Volta who invented what is
considered the first chemical battery. Voltage is represented in equations and schematics by the
letter “V”.
When describing voltage, current, and resistance, a common analogy is a water tank. In this
analogy, charge is represented by the water amount, voltage is represented by the water
pressure, and current is represented by the water flow. So for this analogy, remember:
•

Water = Charge

•

Pressure = Voltage

•

Flow = Current
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Consider a water tank at a certain height above the ground. At the
bottom of this tank there is a hose.
The pressure at the end of the hose can represent voltage. The
water in the tank represents charge. The more water in the tank,
the higher the charge, the more pressure is measured at the end
of the hose.
We can think of this tank as a battery, a place where we store a
certain amount of energy and then release it. If we drain our tank a
certain amount, the pressure created at the end of the hose goes
down. We can think of this as decreasing voltage, like when a
flashlight gets dimmer as the batteries run down. There is also a
decrease in the amount of water that will flow through the hose. Less pressure means less water
is flowing, which brings us to current.

3.2 Current
We can think of the amount of water flowing through the
hose from the tank as current. The higher the pressure, the
higher the flow, and vice versa. With water, we would
measure the volume of the water flowing through the hose
over a certain period of time. With electricity, we measure
the amount of charge flowing through the circuit over a
period of time. Current is measured in Amperes (usually
just referred to as “Amps”). Amps are represented in
equations by the letter “I”.
Let’s say now that we have two tanks, each with a hose
coming from the bottom. Each tank has the exact same
amount of water, but the hose on one tank is narrower
than the hose on the other.
We measure the same amount of pressure at the end of
either hose, but when the water begins to flow, the flow
rate of the water in the tank with the narrower hose will be
less than the flow rate of the water in the tank with the
wider hose. In electrical terms, the current through the
narrower hose is less than the current through the wider
hose. If we want the flow to be the same through both
hoses, we have to increase the amount of water (charge)
in the tank with the narrower hose.
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This increases the pressure (voltage) at the end of the narrower hose, pushing more water
through the tank. This is analogous to an increase in voltage that causes an increase in current.
Now we’re starting to see the relationship between voltage and current. But there is a third factor
to be considered here: the width of the hose. In this analogy, the width of the hose is the
resistance. This means we need to add another term to our model:
•

Water = Charge (measured in Coulombs)

•

Pressure = Voltage (measured in Volts)

•

Flow = Current (measured in Amperes, or “Amps” for short)

•

Hose Width = Resistance

3.3 Resistance
Consider again our two water tanks, one with a narrow pipe and one with a wide pipe.
It stands to reason that we can’t fit as much volume through a narrow pipe than a wider one at the
same pressure. This is resistance. The narrow pipe “resists” the flow of water through it even
though the water is at the same pressure as the tank
with the wider pipe.
In electrical terms, this is represented by two circuits
with equal voltages and different resistances. The circuit
with the higher resistance will allow less charge to flow,
meaning the circuit with higher resistance has less
current flowing through it.
This brings us to George Ohm. Ohm defines the unit of
resistance of “1 Ohm” as the resistance between two
points in a conductor where the application of 1 volt will
push 1 ampere, or 6.241×1018 electrons. This value is
usually represented in schematics with the greek letter
“Ω”, which is called omega, and pronounced “ohm”.
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3.4 Ohm's Law
The relationship between Voltage, Current and Resistance in any DC electrical circuit was firstly
discovered by the German physicist George Ohm.
V=IxR
V = Voltage in volts

I = Current in amps

R = Resistance in ohms This is called Ohm’s law.

Let’s demonstrate this with an experiment. For this experiment, we want to use a 9 volt battery to
power an LED. LEDs are fragile and can only have a certain amount of current flowing through
them before they burn out. In the documentation for an LED, there will always be a “current
rating”. This is the maximum amount of current that can flow through the particular LED before it
burns out. In order to perform the experiments listed, you will need:
•

A multimeter

•

A 9-Volt battery

•

A 560-Ohm resistor (or the next closest value)

•

An LED

For this example, we have a 9 volt battery and a red LED with a current rating of 20 milliamps, or
0.020 amps. To be safe, we’d rather not drive the LED at its maximum current but rather its
suggested current, which is listed on its datasheet as 18mA, or 0.018 amps.
If we simply connect the LED directly to the battery, the values for Ohm’s law look like this:

therefore:

and since we have no resistance yet:

Dividing by zero gives us infinite current! Well, not
infinite in practice, but as much current as the battery
can deliver. Since we do NOT want that much
current flowing through our LED, we’re going to need
a resistor. Our circuit should look like this:
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We can use Ohm’s Law in the exact same way to determine the resistor value that will give us the
desired current value:

therefore:

plugging in our values:

solving for resistance:

So, we need a resistor value of around 500 ohms to keep the current through the LED under the
maximum current rating.

Figure 3-1: Setup of the 9V Battery, 560 Ohm Resistor and LED
500 ohms is not a common value for off-the-shelf resistor, so this device uses a 560 ohm resistor
in its place. Here’s what our device looks like all put together (Figure 3-1). Success! We’ve chosen
a resistor value that is high enough to keep the current through the LED below its maximum
rating, but low enough that the current is sufficient to keep the LED nice and bright. This LED /
current limiting resistor example is a common occurrence in hobby electronics. You’ll often need
to use Ohm’s Law to change the amount of current flowing through the circuit. Before we move
onto the next section – let’s practice with a couple of Ohms Law questions…..
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Example 1: Find the current in the circuit below……

Example 2: Find the current in the circuit below……
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3.5 Short and Open Circuits
What is a “Load”? The reason we want to build circuits is to make electricity do useful things for
us. The way we do that is by putting things in the circuit that use the current flow to light up, make
noise, run programs, etc.
These things are called loads, because they “load down” the power supply, just like you’re “loaded
down” when you’re carrying something. The same way you could be loaded down with too much
weight, it’s possible to load down a power supply too much, which will slow down the current flow.
But unlike you, it’s also possible to load down a circuit too little  this may let too much current flow
(imagine running too fast if you weren’t carrying any weight), which can burn out your parts or
even the power supply.
Short Circuit: DON’T DO THIS, but if you connect a wire directly from the positive to the negative
side of a power supply, you’ll create what is called a short circuit. This is a very bad idea.
This seems like the best possible circuit, so why is it
a bad idea? Remember that electrical current wants
to flow from a higher voltage to a lower voltage, and
if you put a load into the current, you can do
something useful like light up an LED.
If you DO have a load in the current, the current flow
through your circuit will be limited to that which your
device consumes, which is usually a very small
amount. However, if you DON’T put anything in to
restrict the current flow, there won’t be anything to
slow down the current, and it will try to be infinite!
Your power supply can’t provide infinite current, but it will provide as much as it can, which may be
a lot. This could cause your wire to burn up, damage the power supply, drain your battery, or other
exciting things. Most of the time your power supply will have some sort of safety mechanism built
into it to limit the maximum current in the event of a short circuit, but not always. This is the reason
all homes and buildings have circuit breakers, to prevent fires from starting in the event of a short
circuit somewhere in the wiring.
A closely related problem is accidentally letting too much current flow through part of your circuit,
causing a part to burn up. This isn’t quite a short circuit, but it’s close. This most often happens
when you use the incorrect resistor value, which lets too much current flow through another
component such as an LED.
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The bottom line: if you notice that
things are suddenly becoming hot
or a part suddenly burns out,
immediately turn off the power
and look for possible short
circuits.

Open Circuit: The opposite of a short circuit is an open circuit. This is a circuit where the loop
isn’t fully connected (and therefore this isn’t really a circuit at all).
Unlike the short circuit above, nothing will get hurt by
this “circuit”, but your circuit won’t work either. If
you’re new at circuits, it can often be hard to find
where the break is, especially if you’re using
breadboards where all the conductors are hidden.
If your circuit doesn’t work, the most likely cause is
an open circuit. This is usually due to a broken
connection or a loose wire. (Short circuits can steal
all the power from the rest of your circuit, so be sure
to look for those as well.)

3.6 Alternating Current (AC) vs. Direct Current (DC)
Where did the Australian rock band AC/DC get their name from? Why, Alternating Current and
Direct Current, of course! Both AC and DC describe types of current flow in a circuit. In direct
current (DC), the electric charge (current) only flows in one direction. Electric charge in alternating
current (AC), on the other hand, changes direction periodically. Alternating current switches
direction 60 times per second in the United States.
Most of the digital electronics that you build will use DC. However, it is important to understand
some AC concepts. Most homes are wired for AC, so if you plan to connect an electronics project
to an outlet, you will need to convert AC to DC. AC also has some useful properties, such as
being able to convert voltage levels with a single component (a transformer), which is why AC was
chosen as the primary means to transmit electricity over long distances. There are many excellent
documentaries on YouTube that cover the development of electricity in the 19th century. Nicola
Tesla was an early advocate of AC power and Thomas Edison was an advocate of DC power.
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The two feuding geniuses waged a "War of Currents" in the 1880s over whose electrical system
would power the world.
If we hook up an oscilloscope to the wall outlet and plot its voltage over time, it will look something
like Figure 3-2. Just to be clear – AC mains (the wall outlet) is potentially deadly: be VERY careful
when experimenting with the grid. The 120VAC from the wall can also damage your oscilloscope
– It’s important to use something called differential probes when measuring high voltages.

Figure 3-2: Graph of Alternating Current
Direct current is a bit easier to understand than alternating current. Rather than oscillating back
and forth, DC provides a constant voltage or current. DC is defined as the “unidirectional” flow of
current; current only flows in one direction. Voltage and current can vary over time so long as the
direction of flow does not change. Everything that runs off of a battery, plugs in to the wall with an
AC adapter, or uses a USB cable for power relies on DC.

Figure 3-3: DC flows from the positive to the negative terminals of the battery
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Your cellphone, laptop, tablet, etc all work from DC power. This is why all households have loads
of these AC adapters shown in Figure 3-4. The AC adapter converts from AC to DC and also
steps down the 120V to 9V.

Figure 3-4: AC Adapter – Converts AC to DC
The device shown in Figure 3-5 is the power supply used in our small trainer. There are 5
connections on the front of the power supply. Wires can be stripped and connected using a
screwdriver. The bottom 3 (Ground, Live & Neutral) are the input AC supply. A power cable is wire
stripped and connected to these terminals. Do not touch these connections especially when it is
plugged in or you will get a large electric shock. It is advisable to apply hot glue around these
terminals to shield them from people’s hands. The top two connections are the 24V DC that we
connect to the PLC (Programmable Logic Controller and this also supplies all the sensors and
actuators in the system.

DC 24v
Output

AC 120v Input

Figure 3-5: Image of the Power Supply used in our Trainer.
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3.7 Chapter 3 Lab Activity
This will be your first lab activity using the low cost trainers. You job will be to create some simple
electrical circuits using the power supply, push-buttons and the light tower.
Objectives:
•

Understand and be able to create basic electric circuits.

•

Reading component datasheets to obtain the correct information

•

Using the multi-meter to measure voltage and current

•

Understanding the different parts of a PLC

•

Learn to wire and power up a PLC.

Equipment Needed:
•

Click Power Supply

•

Click PLC

•

Breakout box

•

Push buttons

•

Light Tower

•

Terminal Strip

•

Wires

•

Wire-cutters

•

Screw-drivers

•

Multi-meter

•

Power Cable

STEP 1: The plan is to take a power-cable, strip it using a snips & wire cutter and connect it to
the power supply. Using the multi-meter, we will measure the input AC voltage and the output DC
voltage. Your instructor will show you how to do this in the lab.
Input AC voltage: _______________

Output DC voltage: _____________

What is the part number and function of the power supply?
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STEP 2: Once you have successfully wired up the power supply – we will transfer 24 VDC to the
terminal strip as shown in the image below. You are going to create something called a power bus
– at least four circuits per 24V and 0V. (Figure 3-6) This allows us to connect multiple wires to the
24V and 0 V. If you have a crimper and ferrules available – use them. Your instructor will
demonstrate how the use the crimping tool. This makes wiring MUCH easier. Please remember –
whenever you make any changes to a circuit – make sure the power is turned off. Using the
multi-meter, check and see if the 24V is present at the bus when the power supply is on. When
you have this completed – show this to your instructor.

Figure 3-6: Wiring the 24 VDC supply to a bus on the terminal strip.
STEP 3: Before we can power the light tower using the push-buttons and power supply, we need
to find out what each of the wires of the light tower correspond to. Find a schematic or data sheet
for the light tower and in the space below, detail what each of the wires on the light tower does.

RED WIRE:

YELLOW WIRE:

VIOLET WIRE:

BLACK WIRE:
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STEP 4: Practice building a simple electrical circuit. We will use the red pushbutton to turn on and
off the red light. Before we build the circuit – draw the electrical schematic using the symbols
provided in the space below. When drawing the schematics – make sure to be neat!
Power Supply – Red PB – Red Light

Before you build the actual electrical circuit – ensure that the instructor has checked your
schematic. Once the schematic is checked you can start building the circuit using the trainer.
Make sure the power cable is unplugged and the trainer does not have power. Once you have
built the circuit – let the instructor check it over, then you can give the circuit power and test the
circuit by pressing the red pushbutton.
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STEP 5: The next step is we’re going to swap out the red pushbutton for the black ON/OFF switch
on the panel. Again – make sure the power is off whenever you are changing the circuit. You don’t
need to create another schematic for this circuit. – Test the circuit again.
What’s the difference between both circuits?

What type of button is the red PB?

What type of button is the ON/OFF switch?

STEP 6: The next challenge is to turn on the green light ONLY when BOTH the green PB and the
red PB are pressed. Using the symbols provided – create the schematic first. Be Neat!
Green PB AND Red PB turn on Green Light

Once you have built the circuit – let the instructor check it over, then you can give the circuit power
and test the circuit by pressing the red AND green pushbuttons.
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STEP 7: The next challenge is to turn on the green light when EITHER the green PB OR the red
PB are pressed. Using the symbols provided – create the schematic first. Be Neat!
Green PB OR Red PB turns on Green Light

Once you have built the circuit – let the instructor check it over, then you can give the circuit power
and test the circuit by pressing the red OR green pushbuttons.

STEP 8: Find the data sheet of the PLC and identity the letters below in the diagram.

A:
B:
C:
D:
E:
F:
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STEP 9: The image below shows the PLC connected via cable to our breakout ZIPLINK
connection. Our inputs and outputs will be connected to the ZIPLINK which in turn is connected to
the PLC via the cable. It is important that we know which connection on the ZIPLINK is connected
to the PLC. We will use a multi-meter to trace which pin on the PLC connects to the break-out
box. This is called continuity and your instructor will show you how to do this in the lab. Make
sure the power supply is OFF.

Please write down each corresponding zip link pins in the columns below. Once you’ve
completed this, show your instructor and then you can pack up.
CLICK PLC

ZIPLINK

CLICK PLC

C1

C3

X1

Y1

X2

Y2

X3

Y3

X4

Y4

C2

C4

X5

Y5

X6

Y6

ZIPLINK

X7
X8
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4

Programmable Logic Controllers

4.1 What is a Programmable Logic Controller?
Programmable Logic Controllers (PLC) are often defined as miniature industrial computers that
contain hardware and software used to perform control functions. They don’t look like your typical
computer – there is no keyboard, monitor or mouse. Their appearance (Figure 4-1) is of a plastic
box with screws on the top and screws on the bottom. Shown below is an Allen Bradley Micrologix
1100. Allen Bradley is a manufacturer of PLCs and has the largest market share of PLCs in the
United States. - Other big manufactures are Siemens, Mitsubishi and ABB. Our low cost
mechatronics trainer uses a PLC from Automation Direct mainly because it is the cheapest PLC
on the market, it’s very reliable and the software is free and easy to download.

Figure 4-1: Allen Bradley Programmable Logic Controller
The PLC shown above has a nice LCD (Liquid Crystal Display) and some push buttons for a user
to interact with the PLC. The screw terminals on the top allow for inputs to be wired in and the
screw terminals on the bottom is for the outputs. (More on this later) PLCs are manufactured to
withstand harsh environments and be very reliable performing their programmed tasks. They need
to complete their programs – over and over again and not mess up!
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4.2 PLC applications
How common are PLCs why are they so important? In our heavily technologically reliant society,
PLC systems are found everywhere, including in our factories, office buildings and even
controlling the traffic on our streets. PLCs are at the very heart of the control of many critical
technologies that most of us don`t give even a second thought to, they are so seamlessly and
invisibly integrated into our daily lives.
Here are some examples of everyday mechanical systems that are controlled by PLCs:
1) Road Traffic Signals
It’s difficult to picture our modern world without traffic signals. Those three colored streetlights are
used and understood by people all around the world. This simple but ingenious application of the
PLC has a long history in major cities and small towns all around the world, since their first
application traffic control in 1926 in London, England. These traffic lights, that we take for granted
every day are monitored and controlled by PLC hardware and software, running dependably and
without fuss 24/7/365 days a year.
Have you ever noticed when you travel at rush hours on a busy street, it is an entirely different
experience than at low traffic periods? If a pedestrian pressed the button to cross at an
intersection, how does that affect flow of the vehicles? Do traffic lights actually “see” an
emergency vehicle and allow it to blaze through an intersection? Using emergency vehicle
transponders, sensors, and plc circuits to control the traffic lights, traffic flow is coordinated and
managed to allow for more timely and direct rescue services.
2) The Automatic Car Wash
In any busy metropolis where car traffic is present there are many gas stations accompanied by
automatic or “touch-less” car wash stations. As you take a trip inside the touch-free carwash, you
will find the water mixed with cleaning solutions, blasting the surface of the vehicle and spinning
wipers for scrubbing. Every process is calculated and carefully controlled, from how many
litres/gallons of soap is used, to the length of time those tall rotating wipers spin. These time and
work saving services are completely automated by PLCs, with little human interaction other than a
press of button at the entrance.
3) The Elevator
The elevator industry is on the rise; pun intended. In every multi-floor building, an elevator is
present, no matter how short or tall. Recall those times when the elevator door opens and you
step inside to find that it was headed in the wrong direction? Has this ever made you wonder who
or what is controlling it to do so? To give you a clue, there is a defined program running in a PLC
that detects the different floors requesting the elevator and directing the elevators in their required
direction. These programs are sets of ladder logic instructions that are loaded into the PLC
controlling the lift. The controllers are usually not located in the elevator itself but at a specific
location on the roof of the building or in a nearby control room. I once naively believed that
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summoning an elevator to my floor was performed on a first come, first serve basis but this is not
the case, if the elevator is already in motion. Most elevators are programmed and controlled by
PLCs to take the most optimized route through any pending button calls and make their directional
decisions based on that.
4) Automatic Doors
Do you recall a time not too long ago when a person might be hit by an automatic door swinging
open? Luckily today, there are better PLC controls with better built-in sensor on both sides of the
door to prevent such occurrences. There are a many ways for an automatic door to function but in
general they operate by way of a detector, for example a beam of light being broken, causing the
system to identify something in front of, or between, the doors.
5) Conveyer Belts
When paying for your purchases at your neighborhood supermarket, the lowly conveyer belt
moves your purchases into the reach of a friendly cashier. Imagine the inconvenience, if a plc
was not there helping control the belt, making the process of checking out simple and painless.
Bigger conveyer belts can be found in airports where they transport people or put your luggage on
carousel until you claim it. There are even giant conveyor belts that transfer construction
materials. Conveyor belts are also used in most manufacturing plants due to their convenience
and uniform motion.

4.3 PLC Inputs and Outputs
The best way to explain PLCs is to use some practical examples. The first example is going to be
a simple garage door (Figure 4-2). How do we want the system to operate?
1. If a person presses the open button – we want the motor to turn clockwise to open up the
garage door. The motor will only run if the button is held down.
2. If the person presses the close button – we want the motor to turn counter-clockwise to
close the garage door. – The motor will only run if the button is held down.
3. If a person presses both buttons – we want the motor to do nothing.
At this stage, we have two inputs – the open & close buttons and two outputs – motor CW and
motor CCW. Each input and output is given a PLC address – Inputs typically begin with X and
outputs begin with Y. Let’s look at the system again… If a person continues to hold the open
button down – the motor will continue to open the door until it breaks the roller door. We need
some way of stopping the motor once the door is completely open. Also if a person keeps their
hand on the close button – the motor will keep on running and this could cause the door to break
down. In mechatronic systems – we use something called limit switches which act as sensors. If
the door opens up completely – it will trigger X3 (open limit switch) and this will turn off the motor.
Also if the door is completely closed it will trigger X4 (close limit) which will turn off the motor. The
thing that controls the operation/logic/brains of the PLC is something called ladder logic

Low Cost Mechatronic Trainer Manual

Page 5 of 105

programming. We will get into this very soon. The main thing is to understand the difference
between inputs and outputs.

Figure 4-2: PLC Inputs & Outputs Example 1 – Rolling Garage Door
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The next example (Figure 4-3) is of an automated mixing machine. Have you ever heard of an
Arnold Palmer? It is an excellent drink especially when it’s very hot out. – The drink is made of
50% lemonade and 50% iced tea. If we want to make a pitcher of this drink, this is no problem but
how can we automate a system to make thousands of gallons of it?? Before we look at this
system – we need to introduce something called a Solenoid. A solenoid is the thing that when it is
turned on, it allows water to flow into your washing machine. It is basically an electrically operated
faucet or tap if you live outside the United States. So let’s have a look at our next system…

Figure 4-3: PLC Inputs & Outputs Example 2 – Liquid Mixing Tank
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What are the ground rules of this system? – We can assume that at the beginning of a cycle that
the tank is empty of all liquids, all 3 solenoids (Y2, Y3, and Y4) are closed and the mixing motor
(Y1) is turned off.
1. Once the START button X2 is pressed, we open the Liquid A Solenoid Y2 until the tank
level A switch X3 is turned on. – Once X3 is turned on, Y2 is turned off. The tank is now
half filled with just lemonade.
2. Once X3 turns on – we open up Liquid B solenoid Y3 until the tank level B sensors turns
on. – Once X4 is turned on, Y3 is turned off. The tank is now fully filled with lemonade and
iced-tea.
3. The mixing motor, Y1 is turned on for a total of 30 minutes and then turned off. The batch
of Arnold Palmer is now ready.
4. An operator will position an empty container under the tank and press the button X1. The
empty tank solenoid Y4 remains open as long as X1 is pressed.

We have just written a sequence of four operations. Before we create a PLC program for this
system – all input sensors (X1 – X4) will wired to the input section of the PLC and all outputs (Y1
– Y4) will be wired to the output section of the PLC. The most common way to program a PLC is
using a programming language called Ladder Logic. Students, technicians, etc create ladder logic
on their laptops or a computer and then it can be downloaded onto the PLC like the example
shown below. The PLC on the left is called a Click PLC and it’s made by Koyo. The laptop is
connected to the PLC using an Ethernet cable.

Figure 4-4: Downloading a program to the Click PLC.
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4.4 Ladder Logic
Ladder Logic is the most widely used method to program PLCs. Shown below (Figure 4-5) is a
simple Ladder Logic program. Compared to other programmable languages you might have seen
– it is not text based like C or Java but more graphically based – this makes it easier for
electricians, technicians and engineers who might not know programming to better understand
and create it. For our example, we have three input buttons (START, STOP & RESET) and three
outputs wired to the PLC (Red, Yellow & Green lights). Hopefully you can see why it is called
Ladder Logic – our program has a total of 4 rungs. Inputs are on the left side of the rungs (called
contacts) and outputs are on the right side of the rungs (called coils). If we download this program
to our PLC – what should happen?
Let’s say the operator presses the start button. (Important: Keeps the finger on the button)
1. 24V is routed through the start button to input X1 on the PLC.
2. This turns the X001 contact on which turns rung 1 to TRUE – this turns on output Y001.
3. When output Y001 turns on – it acts like a switch. 24V is routed through output 1 to the red
light. The red light turns on.
The outputs or coils only turn on when their rung is true. In this example, rungs two and three are
false and as a result – Outputs Y002 and Y003 remain off. Also it’s important to include an END
statement at the end of the program. When the CPU encounters the END statement, it assumes
that is the end of the program.

Figure 4-5: Ladder Logic Example 1
We mentioned before that a PLC is like a miniature industrial computer. Your laptop can run many
programs at the same time. Our CLICK PLC runs only one program at a time but it runs it very
fast.
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Figure 4-6 displays the PLC scan cycle. This is how the PLC and the software inside the PLC
works. We can think of this scan cycle as consisting of 3 important steps. There are typically more
than 3 but we can focus on the important parts and not worry about the others.
Step 1 – Read all inputs. In this step, the PLC checks
each input address in the following manner: If there IS a
signal present (24V) at the input module screw, put a "1"
in the bit associated (by its address) with that screw. If
there is NOT a signal present (OV) at the input module
screw, put a "0" in the bit associated (by its address)
with that screw.
Step 2 - Execute the ladder logic. In this step, the
processor executes the rungs one at a time, in order,
going from top to bottom. If the instructions on a rung
command the processor to turn ON a particular bit, then
the processor will place a "1" in that bit. If the
instructions on a rung command the processor to turn
OFF a particular bit, then the processor will place a "0"
in that bit. It does NOT matter whether the particular bit
being controlled is an output bit - or an internal bit - or
even (believe it or not) an input bit. The processor will
write the commanded "1" or "0" instantly - before moving
on to the next instruction. The processor scans ALL of
the ladder rungs before it goes on to the next step.

READ INPUTS

EXECUTE PROGRAM

WRITE OUTPUTS

Figure 4-6: PLC Scan Cycle
Step 3 - Send the output image table to the output
modules. In this step, the processor takes the "1" or "0" contents of the output bits and sends this
information to the output modules. At this point, any real-world outputs which are marked with "1"
are turned ON. Any real-world outputs which are marked with "0" are turned OFF. Now the
processor goes back to Step 1 - and starts the scan over again. Until you’ve practiced writing and
downloading programs to PLCS – this scan cycle concept might be a little perplexing. Basically a
PLC will read all of the inputs (It checks to see if 24V is present), then go through the ladder logic
program (line by line). The ladder logic might change some of the output steps and then the final
step is to write the outputs to the PLC. Once it does that – it goes back to step 1 (over and over
again).
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Let’s have a look at some more Ladder Logic examples. If we keep the same electrical setup as
before and we download this program (Figure 4-7) – what should happen? Remember - The
outputs or coils only turn on when their rung is true. Will the rung go true if the operator presses
the START button? It will not because the STOP and RESET buttons are still false and are
blocking the logic path across the rung. Output Y001 (RED) will turn on only when START and
STOP and RESET are simultaneously pressed. If anyone of the three buttons is released, the
output will turn off. This is called a Logical AND function.

Figure 4-7: Ladder Logic Example 2
If the ladder logic program in Figure 4-8 is downloaded to our PLC (with the same setup) when will
the RED light turn on? It’s worth mentioning the input symbol – two straight lines (like a capacitor
symbol) is called a normally open contact. The output coil symbol has two round brackets. The
inputs in example 3 are called a parallel branch. If anyone of those contacts is turned on – logic
will flow from the left to the right, turning the rung on and as a result – output Y001 will turn on.

Figure 4-8: Ladder Logic Example 3
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Hopefully now you have some idea
of ladder logic so let’s apply it to
our garage door application. Let’s
see if we can write a program that
can safely open & close the door
without any issues.
Let’s download Figure 4-10 into
our PLC & see how the system
runs.. The open & close buttons
both operate the motor in the
correct direction however there is
two issues.
1) When both buttons are
simultaneously pressed the
motor started to smoke – we
need to find a way that only 1
button will work at a time.
2) The PLC is not taking the limits
into account and as a result the
motor will not automatically
stop at the very top or bottom.
Figure 4-9: Garage door application (again!)

Figure 4-10: Garage Door Program Attempt 1
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Before we can solve these issues – we need to learn about another logic symbol. So what is the
difference between these two symbols? We’ve seen this normally open contact symbol before. If
24v is applied from a push-button, sensor or whatever to input X002 – then this symbol will turn
true and logic will flow.
The normally closed contact is a different beast – It is the opposite of the normally open contact. If
24v is applied to input X002 – the normally closed contact will be false. If we take the 24v away
from X002 – the N.C. contact will turn true & logic will flow.
NORMALLY

NORMALLY

OPEN

CLOSED

CONTACT

CONTACT

Let’s have a look at ladder logic programs below. Note that green boxes indicate the symbol or
contact is True. Just to be clear – the following three images are the same exact program – the
difference is how the program reacts with different inputs.

Open button is pressed:
Input X002 N.O. turns on as
expected. Because close is
not pressed – X001 N.C. will
be true also. Logic will flow
across the run and turn on
the motor CW.

Close button is pressed:
Input X001 N.O. turns on.
Input X002 N.C. is on
because the open button is
not pressed. Logic flows
across the rung and turns on
the motor CCW.
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Both open & close are
pressed: When both
buttons are pressed, logic
will not flow in either rung
because both N.C.
contacts block the flow.
This is what we want –
now the motors will not run
when both buttons are
pressed.

The last thing we need to figure out is to include both limit switches to limit the travel of the rolling
door. We can do this simply by adding a normally closed contact X003 & X004 to each rung.

Figure 4-11: Final Garage Door Ladder Logic
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4.5 Chapter 4 Lab Activity
Objectives:
•

Install the Click PLC software on your laptop or lab PC.

•

Wire inputs and outputs to a PLC

•

Connecting the PLC to the computer via USB

•

Create simple ladder logic programs using the Click PLC software

Equipment Needed:
•

PLC Trainer with Click PLC, Power Supply, Light Tower and Push-Buttons.

•

PC to Panel Programming Cable Assembly EA-MG-PGM-CBL

•

Wires, Snips, Wire-strippers, crimper.

•

Laptop or Lab PC

STEP 1: Before you start the lab – make sure you have all the necessary equipment. The first
thing we will do is install the Click PLC software on your computer. CLICK programming software
can be downloaded at no charge. Chapter 1 in the Automation Direct Click PLC manual is
excellent. – It goes step by step in installing the software and writing your first program. Your job is
to go through this chapter and do each step. The link for the manual is here. It might be worth
printing this out if you have the paper.
https://cdn.automationdirect.com/static/manuals/c0userm/ch1.pdf
The link to download the software is here.
http://support.automationdirect.com/products/clickplcs.html
It’s possible to download a PLC program via an Ethernet connection but we’ve found using the
USB method is easier. If you have any trouble completing chapter 1 – ask your instructor for
assistance.
STEP 2: The diagram in the following page is the schematic of the PLC trainer showing the wiring
or the 3 inputs and 3 outputs. This circuit and how to wire correctly should be explained in class.
There are a few things you should watch out for….
A. The 24v supply is routed through the On/Off button. This should control power to the entire
board.
B. 24v is supplied to one terminal of each of the input buttons – Start, Stop & Reset. The
other terminals are connected to ZIP12, ZIP13 & ZIP14.
C. Terminal 11 on the ZIPLINK is connected to 0v – this acts as the common ground for the
inputs. If this does not make sense – ask your instructor.
D. The three outputs (RED, YELLOW & GREEN) are wired to ZIP18, ZIP19, ZIP20. The
black wire on the light tower is the common ground.
Before you turn on the power- have your instructor check over your work. If everything is correct –
you should see an indicator LED turn on at each input when the buttons are pressed.
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STEP 3: Your first programming challenge is to turn on the green light when START button is
pressed, turn on red light when STOP button is pressed, and turn on amber light when RESET
button is pressed, (All lights stay on while the buttons remain pressed – the lights turn off when
the button is released). Once you have this step working correctly – demonstrate it to your
instructor and neatly write the ladder logic program in the space below.

STEP 4: The green light turns on ONLY whenever ALL three buttons are pressed. Once you
have this step working correctly – demonstrate it to your instructor and neatly write the ladder logic
program in the space below.

STEP 5: The green light turns when ANY of the three buttons are pressed. Once you have this
step working correctly – demonstrate it to your instructor and neatly write the ladder logic program
in the space below.
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STEP 6: The green light turns when the START button is pressed – However the light remains on
when the button is released. When the STOP button is pressed – this turns off the green light. You
might have to do some research on this….

Good job - you’re finished the lab. Last but not least - always make sure your wiring is neat! Not
like the following image. Your instructor will give you some tips on this.

Figure 4-12: Example of untidy wiring
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5

DC Motors & Relays

5.1 Introduction to DC Motors
At this stage, you should have some experience with electrical circuits, PLCs, pushbuttons &
turning on the light-tower. The next step is to actually make something move and the easiest
way to do this is using a DC motor. An electric motor converts electrical energy to mechanical
motion.
DC motors are found in elevators, electric cars, robots, watches, trains, fans, DVD players and
many other places. DC motors run on direct current from a battery or DC power supply. In our
low-cost trainer, we use DC motors in two places – a DC gear motor drives the auger which fills
the cups with candy. The second DC motor drives the linear actuator screw – it is a specialized
motor called a stepper motor. (More on this in another chapter.) Shown in Figure 5–1, is the DC
gear motor that is used in the project. The output speed is 51 RPM @12 V. That is roughly one
rotation per second. A DC gearmotor is comprised of two parts – the actual DC motor (its output
spins very fast approximately 1000 RPM) and the gear train (show with the cover off) to convert
all of this speed into more torque. Torque is basically the turning force of the motor. DC motors
will typically have two electrical connections. If I apply 12v to both connections – the motor will
rotate. If we reverse the connections on the motor, the motor will turn in the opposite direction.
Also the speed (RPM) of the motor is proportional to the input voltage – if the voltage increases,
the RPMs will increase also. Before we get into how the DC motor works – we need to
understand magnetism and especially electro-magnetism.

Figure 5-1: DC Gear Motor used in the project
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Hopefully you paid some attention in science class and you remember that opposite magnet
poles attract and similar magnet poles repel. A simple experiment (Figure 5-2) was setup to
visualize the magnetic field around two permanent magnets. Permanent magnets as the name
suggests will display a magnetic behavior at all times. The iron fillings (very small pieces of iron)
show the direction & shape of the magnetic field between the two poles.

Figure 5-2: Magnetic Field showing the attraction of Permanent Magnets

Before we get into the DC motor – the key is to understand
how electromagnets work. This is going to blow your mind
but when a current flows in a wire – it actually creates its
own magnetic field around the wire. One easy way to
make a strong electro-magnet is to take magnet wire and
wrap it around a steel bolt many times (>200 times). If you
apply a voltage across the wire – current will flow in the
wire and your bolt will turn into an electro-magnet. Using
this electromagnet, it’s possible to lift any ferrous material
(anything that has iron in it - Steel nails, etc).
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In Figure 5-3, you can see the magnetic field
around our electromagnet. This electromagnet
has its own North & South poles too. It’s worth
mentioning that when creating an electromagnet –
the strength of the magnetic field depends on a
few factors.
1. A higher current flowing will result in a
stronger magnetic field.
2. Increasing the number of turns of coils will
increase the strength of the field. This is
the reason we use magnet wire – it is very
thin and makes it easy to have many turns
of wire.
3. The steel bolt (you can check it is steel by
checking it with a permanent magnet) is
called a core and acts as a magnetic
collector which increases the magnetic
field.

Figure 5-3: Magnetic field surrounding an
electro-magnet with Iron Core

Hopefully now, you can appreciate the difference
between a permanent magnet and an electro-magnet. Let us look at a basic DC motor… Let’s
say we attach our electromagnet to a shaft that can freely spin (the blue tube). The permanent
magnets are attached to the L-brackets and are fixed in place.

S

PERMANENT
MAGNET NORTH

PERMANENT
MAGNET SOUTH

N

Figure 5-4: A simple DC motor built by students
Let’s say at this point in time (Figure 5-4) – one side of the electromagnet is North & the other is
South. What will happen? The opposite poles will cause the shaft to spin a little. If we could
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change the direction of the magnet poles every ½ turn – then the motor might keep on turning.
This is the job of the commutator. Shown in Figure 5-5 is an excellent diagram of a DC motor.
You can see the commutator is split so that the current in the loop reverses every halt turn,
which keeps the loop spinning in one direction. Also notice that the brushes make electrical
contact with the commutator as it rotates.

Figure 5-5: Diagram of a DC Motor
It might take a bit for the concept of the DC motor to sink in – there are many excellent videos
on YouTube which explain its operation. The concept of the commutator can be a little
confusing. Basically the permanent magnets and electro-magnets are having a bit of a pushing
match and the permanent magnets are going to win this one because they are fixed in place.
The job of the commutator is just to keep switching the electromagnets field direction so they
keep opposing the permanent magnets.
Looking inside one of the gearmotors – it doesn’t really look like our earlier DC motor diagrams
– but the same components are there – shaft, commutator, permanent magnets & electromagnets. The image shows an opened DC gearmotor. Be careful – if you pry the motor open
with a screwdriver, it’s not possible to fit it back together. If you still find the DC motor completely
confusing – don’t worry one of your lab activities will be to build a DC motor from scratch which
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helps with the understanding.

PERMANENT
MAGNET

SHAFT

COMMUTATOR

ELECTROMAGNETS

Figure 5-6: Insides of the DC Motor

5.2 Introduction to Relays
Relays and electric motors are two of the most important electro-mechanical devices we use. As
a teacher, I’ve found that students easily understand the purpose of the DC motor but have a
difficult time understanding how it works. The relay is different – students easily understand how
it works however have a difficult time understanding its purpose – a relay is an
electromechanical device that uses an electromagnet to pull two electrical connections together
to complete a circuit. It does it in the exact same way your finger mechanically pushes two
contacts together in a push button switch. The most common use of a relay in mechatronics is
having a low voltage DC source turn on & off a higher voltage to other devices in the system. It’s
probably a good idea not to get hung-up on the purpose of the relay – concentrate on how it
works first.
Here is an electrical schematic of a relay circuit. The rectangle at the center of the image is a
symbol of a relay. It has a coil on the left side and some contacts on the right. The low power
side has a DC power supply in series with a switch. The high power side has a 120 VAC supply
with two lamps. The important thing to realize is the low power side & high power side are
electrically isolated. You are probably thinking how the low power side can control the high
power side if they are not electrically connected somehow.
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Figure 5-7: Schematic of a simple relay circuit
Let’s look at the circuit….
1.

2.

If SW1 is open – no current runs in the low power side. The normally closed contact
(between pins 1&3) stays closed and the AC voltage is routed through lamp 2. Lamp 2
turns on.
If we close the switch SW1 – 24 volts DC will flow though the coil (pints 2&7). This
creates an electromagnet which pulls the armature to pin 6. What happens now? The
AC voltage is routed through Lamp 1 and Lamp 1 will turn on.

High voltage circuits should not be directly controlled with our
PLC. – Some PLCs can handle high AC voltage but most cannot.
Instead we can use the low voltage 24v output from the Click
PLC to control the relay, which is capable of handling a high
power circuit.
Relays come in all shapes & sizes. The type that we use in our
trainer is called an Ice-Cube relay. They have 8 pins and are very
common. It is possible to take the plastic cover off without
damaging it – in order to inspect the components inside. Let us
have a look at the main parts….
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The armiture has two positions – it can swing between the N.C. (Normally closed) & the N.O.
(Normally open) contact. In this image, the spring is pulling the armiture up against the N.C.
contact. The coil is a very strong electromagnet and when it is energized with 24v – it pulls the
armiture up against the normally open contact. Its really a pretty simple electro-mechanical
device. It’s a good idea to take one apart and look at the parts closely.
In our trainer – the main reason, we use a relay is to protect our PLC from the high currents that
occur when our DC motor initially starts. When you apply 24v across the motor terminals – a large
inrush current (>2A) occurs very quickly and then it dies down. However this inrush current as it is
called can & will damage the contacts of the PLC. This is why whenever anyone wires a motor to a
PLC or an Arduino Microcontroller – it should be wired through a relay instead. Let’s move onto our
DC motor & relay lab.

Figure 5-8: Inside of an Ice-cube Relay
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5.3 Chapter 5 Lab Activity
Objectives:
•

Wire up a relay and DC motor

•

Practice more Ladder Logic Programming

•

Build a DC motor from scratch

•

Creating a project using basic hand tools, drills, saw, etc.

In this lab, you are going to do two projects. – The first will be to wire up the DC gear motor &
relay. The second will be to build an actual DC motor from scratch. – This might take a couple of
class periods as it is a big enough project. The diagram below shows the relay circuit. Our ice
cube relay is connected to an 8 pin socket shown on the left of the diagram. When our PLC
provides 24v to Y2 (when the output is turned on) – it provides voltage to the coil
(electromagnet) thus closing the main circuit to the gear motor.
•

Your PLC program will turn on the gear motor when the start button is pressed. The
motor will stay on even if the start button is released. The green light is on whenever the
motor is running.

•

The stop button turns off the motor. Whenever the motor is not running – the red light is
turned on.

•

If the above challenge is too easy for students – the next step could be pressing the start
button and turning on the motor for just 5 seconds. (I would let my students figure this
out – this is something they could research online.)

Figure 5-9: Relay and DC Gear Motor Circuit
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5.4 How to build a DC motor with commutator
This is a good mini project to help understand the workings of a DC motor. It is also a good
fabrication project. Shown below is the completed DC motor. Included are a bill of materials and
step-by-step instructions. At any time if you need more in depth help or would like a video follow
along, go to this link below. There will also be a link to this video on the project website.
https://www.youtube.com/watch?v=TQP__R9W76I&t=28s
BRUSHES

COMMUTATOR

PERMANENT MAGNETS

ELECTRO-MAGNETS

Figure 5-10: Building a DC motor with simple components

Bill of Materials for the DC motor project
#

Description

QTY per motor

1

2x4 Lumber Dimensions: 3.5 inches by 4.75 Inches

2

2

3/4” Plywood Dimensions: 3.5 inches by 9 Inches

1

3

0.5 Inch (1/2”) water pipe Dimensions: 12.5 Inches long [Blue]

1

4

0.75 inch (3/4”) water pipe Dimensions: 1.5 Inches long [White]

2

5

Phillips Screws Dimensions: 1.5 Inches long

8
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6

Washers - Fits under your Pan Head Screws

2

7

Washers Inner Diameter: 0.65 inches (Fits around 0.50 Inch water pipe)

2

8

26 gauge Magnet wire

1

9

Threaded Rod ¼-20 bolt Dimensions: 4.5 Inches Long

1

10

¼-20 nuts

2

11

Strong Permanent Magnets

4

12

Paper Clips Medium sized - Roughly 1 Inch long

2

13

Super Glue

1

14

L-Brackets - 3 inches by 3 Inches

2

15

Copper pipe clamp Fits around 0.50 Inch Pipe

2

16

0.875 (7/8”) Inch spade or drill bit

1

17

Glue gun (With glue)

1

18

Table saw/Miter saw/Circular saw/Hand saw/Drill

1

19

Soldering Iron

1

20

Electrical tape

1

STEP 1: Building the motor base.
•

First start by getting the 2 pieces of 2x4
cut with a 0.875 Inch hole drilled by your
spade bit.

•

Next, insert the 2 Inch long ¾” water pipe
into each drilled hole and put hot glue on
both outer edges of each pipe. These act
as bearings for the motor shaft.

•

In order to connect both pieces of 2x4
together, cut a piece of ¾” plywood 3.5” x
9” in length. Using simple wood or drywall
screws – you can screw the 2x4s into the
plywood. (Any type of wood screw with
any type of head will work as long as its 1
inch or longer).
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STEP 2: Now that the base is finished – let’s
get to work on the shaft. Next you are going to
drill a through-hole (Diameter 0.275) approx. 5
inches in from one side of your ½” water pipe.
Try and get the hole to be as center on the pipe
as possible. It is important that this hole is big
enough to fit your ¼-20 threaded rod through.
The threaded rod can be cut to length using a
hacksaw. I would start with smaller drill bits
first and work your way up to the final one. A
vice is recommended but not necessary. Next,
you are going to insert your 4.5” threaded rod
so that it is centered through the hole you just
drilled in your 0.50 Inch water pipe. Your result
should look like the image on the right.

5 Inches in on
water pipe

Next step is to remove one nut from either end of the bolt and take the bolt out of the hole. Insert
the ½” water pipe with the hole drilled in it through the 0.75 Inch water pipes that are glued
inside the base we built earlier. Once that is done, insert the threaded rod back through the ½”
Inch water pipe and re-thread the nut you took off earlier. Once this is done, your result should
look like the image in the following page.
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Next, we are going to make sure that the threaded rod is about 2” from the left 2x4 (shown
below.)

Once the threaded rod is in the correct position - glue a 0.65” ID (inner diameter) washer on the
outside of the 0.50 Inch water pipe. Make sure to press the washer firmly against the 2x4 upright
and run the glue along the outside of the washer. We used a glue gun for this. Repeat this same
step for the other side of the ½” water pipe. Your result should be that the blue shaft can rotate
but cannot slide side to side any more. It is now axially constrained.
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STEP 3: Now we have a base and shaft. Next,
we are going to create the electro-magnet by
winding magnet wire on the threaded rod. Start by
taping an excess of wire about 8 inches long off
on the opposite side of the ½” water pipe from the
bolt we inserted earlier. Look at the image on the
right. We need some excess wire so we can
solder it to the commutator.
Once you tape the wire shown on the right – pick
the top side of the rod and start winding the
magnet wire around it. Whatever direction you
pick to wrap the wire- keep with that direction.
Keep wrapping the wire around the threaded rod
in the same direction. When wrapping you go up
the threaded rod then down the rod and so on...
All the while still wrapping in the same direction.
Continue to wrap the bolt for about roughly 1500
rotations.

Once one side of the threaded rod is covered in magnet wire – cover it with a bit of electrical
tape to keep it in place. Now – we need to wind the other side. Bring the same wire down and
make sure you wind in the same direction as before. Try and wind the same amount as the top
side or the electro-magnet will be unbalanced.
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Once both sides have approximately the same amount of turns (make sure to apply electrical
tape to the other side) - give yourself another 8” of excess wire to solder to the commutator.

There should be two
magnet wire terminals going
to the electromagnet.

STEP 4: At this stage – we have a base, shaft and electromagnet. The next step is creating a
commutator. Shown in the image below is a copper pipe clamp for a ¾” pipe. We use this for
one side of the commutator. Using a sharpie – mark two lines approx. 1” apart. Using a bolt
cutter, hack saw or tin snips – cut the remainder off the clamps. You will need two of these.
Each of the copper sides wraps around the pipe so they might have to be bent a little using a
pliers. Next, we are going to solder the magnet wire leads to the 2 copper rings you just cut
(commutator rings). With your magnet wire you need to burn the outside insulating enamel off
so you can electrically adhere the wire to the copper commutators. This can be done by burning
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it off or scraping it off with a knife. We connect the magnet wire to each side of the commutator
by soldering. (Shown below)

This is called tinning. You are going to need to hold
the soldering iron on the copper for about 10
seconds before it will accept the solder to stick.

Once both magnet wire ends are soldered to each copper commutator – we are going to glue
the commutators onto the main shaft (blue pipe). You are going to want to align the gap of the
commutators up with the electro-magnet we have sticking out of the pipe. We used super glue
for this but hot glue would work well also. Look below for the position.
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STEP 5: Next you are going to connect the
paper clips to two screws into the top of the
2x4 located on the commutator end of the
DC Motor. These paper clips are going to
graze the commutators we just added on
both sides of the blue pipe. Try and get both
paper clips to push up against both sides of
the commutator.

Next you are going to attach permanent magnets to the “L” brackets. We used electrical tape to
attach them to the L-brackets and simple wood screws to attach the L brackets to the base.
Your screws should be about ½” long so that it does not go through the ply-wood base.
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Next, take a standard DC power supply and using
alligator clips attach the leads from the power
supply to each of the screws. It does not matter
which lead goes to what because the magnetic
field will be created either way and the motor
should spin.
Turn on the supply and slowly crank up the
voltage. If you reach 4 volts and it is still not
spinning, give the armature (electromagnet) a little
nudge to get it moving. Once it has started
spinning you can turn up and down the voltage to
increase or decrease the RPM.

If the motor does not spin at all
one or more of these things may
have gone wrong.
1. The poles of the
permanent magnets
might have to be
reversed.
2. The paper clips are not
touching the
commutators. You can
check the continuity
using a multimeter.
3. The commutator
soldering could be bad.
– Use a multimeter to
check for an open circuit.
4. You may have wrapped
your wires around the
bolt wrong. This will
cancel out the magnetic
field.
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6

Electro-Pneumatic Systems

6.1 Introduction to Pneumatics

Figure 6-1

In manufacturing facilities, compressed air is so widely used that it is often regarded as the
fourth utility after electricity, natural gas and water. But compared to electricity, compressed air
is more expensive, so why is it so widely used to drive factory automation systems? The main
reasons are lower upfront and maintenance costs, which combine to make pneumatics the most
popular and cost-effective choice for executing mechanical motion. It’s hard to beat the
simplicity and reliability of pneumatics. Let’s start by defining a pneumatic system. A Pneumatic
System is a system that uses pressurized air to produce and transmit mechanical energy.
Pneumatic systems are used in controlling production lines to control mechanical clamps, rock
drills, hammer drills, grinders, conveyers, automobiles brakes and doors, dentistry applications
etc. A basic Pneumatic system consists of the following four components:
Compressor: A compressor compresses air up to the required pressure. It converts the
mechanical energy of motors and engines to potential energy of compressed air. The task
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performed by a compressor is same as a cycle pump but the same task is accomplished by a
motor.
Control Valves: Control Valves are of two types
Directional control valves are pneumatic switching elements. They are used to control various
pneumatic actuators.
A Flow control valve is a valve which controls the flow of air. These may include non-return
valves, one-way flow control valves, shuttle valves, etc.
Pneumatics pipes: These are nothing but hollow pipes for transporting compressed air from
one Pneumatic component to the other.
Actuators: An Actuator is a component which can undergo linear, rotary or reciprocating
motion. Cylinders are very common actuators in pneumatics, but pneumatics motors also find its
place in pneumatic applications.
Lastly, we must also take into consideration the electrical side of the pneumatic system. While
pneumatics is to help cut down on electrical circuits, it is still a must. There is always the initial
power on and off for each pneumatic system and the power to a compressor. But also, the
cylinders and pneumatic actuators take in the use of combinational logic to help them go about
completing their task. Especially if there are multiple pneumatic components completing one
task.
A basic diagram of how a pneumatic system is put together is below.
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6.2 Pneumatic Cylinders
Pneumatic cylinders use the power of pressurized gas to produce reciprocating linear
motion in the piston. On actuation, compressed air enters into the cylindrical column
through the inlet port (at one end of the piston) and imparts force on the piston. Piston
extends in this process in response to the pressure difference on its two sides.
Pneumatic cylinders vary in size, appearance and function. There are various types of
pneumatic cylinder available, many of which are designed to fulfil specific and
specialized functions. Basically, all the pneumatic cylinders can be broadly classified
into two main types.
A Single acting cylinder has an entry for
compressed air on one side and a spring on
the other side. As shown when air is forced
into the inner chamber it compresses the
spring and makes the piston move forward.
Upon removing the air supply, it immediately
retracts back because of the force due to
spring.

Double acting cylinder has two air inlets for
compressed air at both the ends of the
chambers. On passing compressed air
from one end, the piston moves forward
and pushes the air out from the other end
and vice versa. So, each end of the
cylinder acts as both inlet and outlet for the
compressed air. The force which the piston
rod can deliver is not the same for forward
and backward strokes when both are
powered pneumatically by equal pressure
of compressed air.

6.3 Pneumatic Control Valves
Pneumatic valves, also called directional control valves, are activated in a variety of
ways including manually, solenoid operated and air piloted. In their simplest form, 2-way
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and 3-way valves can be normally open (NO) or normally closed (NC), terms that refer
to their normal states without power applied. Another very common valve is a 4-way
valve which switches supply and exhaust between two outlet ports.
Manually activated valves are typically switched open and closed by a foot pedal, toggle
actuator, handle, knob or push button. An operator controls the activated position of the
valve, and a spring or the operator returns the valve to its home position.
Solenoid operated valves use an electrical coil to control the position of a poppet,
plunger or spool to open or close a valve. Typical solenoid control voltages are 12VDC,
24 VAC/DC, 120VAC or 240VAC. Air piloted valves are operated by an external air
source such as a solenoid operated valve in a remote location. The valve can also be
internally air piloted, enabling use of a smaller integrated electric solenoid to provide an
air pilot signal to control the larger valve spool.

Valve Types
The number of ports and positions define the type of work a valve is designed for, so
selecting these options is a critical design decision. A 2-port or 2-way, 2-position valve
has one inlet port and one outlet port. This type of valve is on or off, with no way to vent
air pressure, unless that is its only function. The number of different pathways for air to
travel in or out of the valve are referred to as “ways” while the different available states
are called “positions”. Valves commonly used in industrial applications are either a 2-, 3or 4-way configuration, 2- and 3-way valves have 2 positions while 4-way valves can be
either 2- or 3-position.
Common pneumatic valve types
2-port (2-way), 2-position (With Spring Return and Solenoid Operated)
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•

5-port (4-way), 2-position (With Spring Return Air Pilot and Solenoid
Operated)

The most common type of valve and simplest valve is a 5-Port (4-way), 2Position. This valve allows for easy manipulation of both double acting and single acting
cylinders.
The 4 position allows for the extension and exhausts of a double action to be
plugged into the top of the valve. This is because one will be used to extend in one
instance while the other port exhausts and this reverse when the valve switches over. In
doing this a double acting can have throttles on its line to slow the retraction of the
cylinder.
The single acting cylinder is different only in the fact that one of the top ports is
plugged. The extension and exhaust still function the same just only on half the valve.

5-Port (4-way), 2-Position (With Spring Return Air Pilot and Solenoid Operated)

•

Below is how the 5-Port (4-way), 2-Position works in a double acting
cylinder.
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6.4 Pneumatic Flow and Pressure
How Air Compressors Work

It’s easy to think of air compressors as a tool that is very common
however, things were not like that in the past. In fact not that long ago
a compressor isn’t something you would have found in a workshop or
factory. Instead, tools used in the shop were powered by a centralized
source which transferred the power in various ways depending on the
tool. Usually it was through a system of wheels, belts or drive shafts. It
was a large mechanical system that was way too bulky and way too
expensive, and therefore only available to professionals. Nowadays
we come across air compressors pretty much everywhere. They’re
common place in gas stations where we generally use them to inflate
tires. They can be found in factories, workshops, even your local mechanic will make use of a
tool like this. Power tools such as sanders, grinders, staplers, nail guns, spray guns, drills,
impact wrenches, and plenty of others are powered by them as well. You can also buy one for
yourself online, at your local hardware store, or home depot. Of course, the biggest advantage
of compressors over a centralized power source is their small size, and the fact they don’t
require a massive motor. They are also quieter, more durable, and some of them are highly
portable. But, I am getting way ahead of myself because you’re here to find out how air
compressors work. So, here we go!

Basic Piston Functionality
Air compressors function based on a very simple principle. When the air is compressed, its
volume decreases whereas the pressure increases.The most common way to achieve this is
with the help of a reciprocating piston. There are compressors which employ rotating impellers
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for the purpose of creating air pressure, but I will discuss the different types in a separate article.
Those which are built around a reciprocating piston are more common, and if you’re familiar with
how internal combustion engines work, you will know piston compressors function in a similar
manner. Each reciprocating piston compressor has a crankshaft, connecting rod, a piston,
cylinder, and a valve head. In order for the entire mechanism to work, you need power. Air
compressors are usually powered by electricity or gas depending on the model. Most
compressors also have a tank which is there to store compressed air for the purpose of keeping
the air pressure within a set range while powering various air tools. But, let’s get back to the
mechanics of it (I used an image of a liquid reciprocating piston pump to explain this (source:
NVC), but with air this works basically the same)
At the top of every compressor cylinder there is a valve head that contains both the inlet and
discharge valve which are basically metal flaps. These open and close and are located on top of
the valve plate. When the piston moves down inside the cylinder in the space above the piston a
vacuum is created. Now, here’s the clever bit. The difference in pressure on the inside of the
cylinder to the outside allows the atmospheric pressure to open the inlet valve. The air then
enters the area where the vacuum used to be, and is compressed by the piston which is now
going up. The inlet valve closes and the discharge valve is opened. The compressed air is
stored inside the tank thereby increasing the pressure.
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The regulator is selected to match the port size of the upstream filter. It adjusts the pressure of
the filtered air between a typical range of 20-130 psi, with lower pressure ranges often available
for applications needing more precision. Most piloted valves require 30 psi to operate. Pulling
the knob up and rotating it changes the air pressure, and this knob locks in the pressure when
pressed down.
Equipment design often dictates the required operating pressure. A minimum operating
pressure must be maintained, with values below this level sensed by a pressure switch to alert
an operator. Although higher pressure than required may make the machine run faster, it can
cause excess wear and tear due to the banging caused by fast cylinder motion. While over 100
psi may be supplied to a machine, operating at 60 to 80 psi is usually a good design goal.
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6.5 Tubes and Fittings
In today’s modern pneumatic systems, there are a variety of choices available to get the
air preparation systems, valves and cylinders connected. Most designers use flexible
tubing or hose rather than rigid tubing, and many different types of both are available.
Fittings offer many choices as well to meet the needs of a wide range of pneumatic
system applications.
TUBING AND HOSE
Flexible tubing is the most common way to connect pneumatic valves to cylinders,
actuators and vacuum generators in modern automated equipment, with hose a close
second. With any type of tubing be careful to not confuse outside diameter (OD) with
inside diameter (ID), and be aware that flexible and rigid tubing are two different types of
materials.

Most tubing used in pneumatic systems is less than 1” OD with common pneumatic
main supply circuits in the 1/4” to 1/2” tube OD range, and pneumatic control circuits in
the 1/8” to 3/8” tube OD range. Pneumatic tubing is available in metric and English
sizes, which of course shouldn’t be mixed on the same machine.
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In automated equipment and machine shop applications, the outside diameter drives the
selection and specification process, matching the tubing to the push lock or other fitting.
If more air flow is needed, larger diameter is the obvious choice, but be aware that the
inside diameter of tubing is affected by the tube wall thickness, with thick tubing walls
reducing ID and air flow.
FITTINGS
Fittings for connection to tubing and hose come in a variety of configurations including
barb fittings, compression fittings, plastic/brass push-to-connect fittings, all metal pushto-connect fittings such as plated brass or stainless steel, brass threaded fittings, and
quick-disconnect air couplings which are mostly used with hose.
Barb fittings are a simple way to connect flexible tubing or hose. The tubing is simply
pushed over a barb that is slightly larger than the inside diameter of the tubing. A hose
clamp is often added to secure the tubing more tightly. While easy to use, barb fittings
have a higher risk of leaking or of the tubing popping off.
With push-to-connect fittings, flexible tubing is easily connected by inserting the tubing
end into the fitting. To release the tubing, the circular release ring is pressed, and the
tubing is pulled out. This has become one of the most popular fittings for machinery and
automation assemblies.

6.6 Chapter 6 Lab Activity
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Objectives:
x

Identify different parts of an electro-pneumatic system

x

Be able to control the speed and pressure of a pneumatic cylinder

x

Understand the operation of a basic pneumatic system

x

Be able to wire up pneumatic system to the PLC

x

Write a simple PLC program to control the electro-pneumatic system

STEP 1: Each group will receive the following 4 pneumatic components. These are the main building
blocks in a pneumatic system. The first step will be to get them into your hands, play with them and do
some research. Answer the questions on the following page.
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What is the part number of this component?
What is its name?
Part number =

Name of device=

Range of Pressure=

Using the internet, see if you can find the pneumatic symbol for this device. Draw it in the
box below.
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It is possible to adjust this device? Explain….
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What is the part number of this component?
What is its name?
Part number =

Name of device=

Using the internet, see if you can find the pneumatic symbol for this device. Draw it in the
box below.

What is the difference between speed and pressure?

Low Cost Mechatronic Trainer Manual
19 of 105

Page

What is the part number of this component?
What is its name?
Part number =

Name of device=

Using the internet, see if you can find the pneumatic
symbol for this device. Draw it in the box below.

What is the function of this device? How is it
actuated?
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What is the part number of this component?
What is its name?
Part number =

Name of device=

Using the internet, see if you can find the pneumatic symbol for this device. Draw it in the
box below.

What is the function of this device?
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STEP 2: At this stage, you should have some idea of the function of the pneumatic
components. Below is a pneumatic schematic showing you how all the components are
connected in a system. Our first job will be to use a pneumatic simulation software called
Fluidsim. Your instructor will show you how to install this and you will be shown how to
create the circuit below. When you have completed the circuit below, press play and see
how it runs.
Here is the link for FluidSim 5 – Download the Demo Version.
https://www.art-systems.de/www/site/en/downloads/fluidsim5.html
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STEP 3: The next step is to build the schematic using the components that are available. Make
sure you are wearing safety glasses when working around pneumatic systems and pressurized
air. Here are some hints that should help.
1. Make sure the pressure is turned down as low as possible
2. Using the power supply and the green pushbutton – connect this to turn on the
directional control valve.
3. You will be provided with pneumatic tubing.
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STEP 4: Once you are able to get the cylinder extending and retracting & are able to control
the speed, we will connect your pneumatic system to your PLC. The next objective is to
write a simple program to control the system. Here are the specs.
x

When the green button is pressed – fully extend the cylinder

x

When the red button is pressed – fully retract the cylinder
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STEP 5: Once you have the PLC connected to the pneumatic system – let’s increase the
complexity of the project.
x

When the green button is pressed – extend the cylinder for 4 seconds. THEN

x

Fully retract the cylinder and turn on the conveyor gear motor for 10 seconds

x

This program should be able to continuously cycle.

x

If the red button is pressed – the motor stops and the cylinder retracts.

x

When the conveyor is running – the green indicator is turned on. When it is stopped – the
red indicator is on.
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