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Introduction

This chapter will get you started building and
designing prototypes for embedded systems. You will
learn basic principles that you'll follow in Chapters

3 and 4 as you build the Stalker Guard and Robot
Insect. Prototypes in this book are just the beginning.
Once you know the techniques, you'll be able to build
prototypes for your own inventions.

Building Philosophy

When you break a programming problem down into smaller pieces, be sure
to test and validate each piece as you go. If you don't do this, you could find
yourself wildly off track by the time you've gotten through a few pieces.

Prototype

This book provides techniques for building prototypes, or test versions of a
device. A prototype such as the one shown in Figure 1-1 provides a proof of
concept—a concrete realization of a device’s intended functions.

Try to finish a functional prototype as quickly as possible. Once you've docu-
mented a working prototype, you can build in improvements in later versions.

You can make a working end result by stripping out unnecessary functions
and taking shortcuts. If it makes testing quicker, use rubber bands and duct
tape when you have to. Don't try to optimize your code in the first version.

It's much easier to build an impressive version once the first prototype is fin-
ished. Usually, you'll find that many challenging problems you face in the pro-
totype don't even need to be solved for the final version. In the same way,
building a prototype can reveal new opportunities for development.

IN THIS CHRPTER

Building Philosophy

Reusing Parts
Buying Components
Useful Tools
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Figure 1-1. Jari Suominen testing a proto-
type made of Legos



Building Philosophy

: How does Arduino say “hello” to the
I world? By blinking an LED. You'll
|
1

learn more in Chapter 2.

Figure 1-2. Juho Jouhtiméki and Elise
Liikala building a motion-sensitive soft toy

Figure 1-4. Jari Suominen'’s strobo owl,
which uses aesthetics from printed circuit
boards and components

2

Having a prototype can also help you secure funding for your project. Who
would you believe more: someone who talks about a walking robot, or some-
one who has actually built one?

Start with Hello World

Starting a project with Hello World is usually a good idea, because it’s the
simplest possible program. Typically, Hello World will print a row of text to a
computer screen or blink an LED. It is used for testing to make sure the devel-
opment environment works.

If your next, more complicated iteration doesn't work, you can search for the
cause of the problem within the added code. Hello World lets you know that
the microcontroller, development environment, interpreter, and USB port all
function correctly.

Build in Small Steps

Complex problems (see Figure 1-2, Figure 1-3, and Figure 1-4) are hard to solve,
but you can usually make them easier by breaking them down into smaller
pieces. You can then solve the problem one manageable piece at a time.

A student of ours once built a burglar alarm after studying embedded systems
for a week. The alarm buzzed whenever an infrared sensor detected move-
ment. Users could log into the system wirelessly by presenting an ID in the
form of a keychain. Once the system approved the login, the user could then
move freely in the space without triggering an alarm.

Figure 1-3. Welding a robot hand

A project like this can sound quite complex to a novice, but it really consists
of three clearly separate components (motion detector, buzzer, RFID reader).
First, the student programmed and tested the motion sensor. That section was
finished when the program could detect movement and sound the alarm.

The three components of the system do not affect one another in any way, and
the only unifying factor is the code. Program code can check with the motion
detector to determine whether movement is present and, if so, it can switch
on the buzzer.

Chapter 1



Test in Steps

“l wrote the code for a singing and dancing robot that can walk up stairs. The code
is 30,000 lines long. | just tried compiling it, but it doesn’t work. Do you have any
advice?”

Conduct testing as early as possible. If, for example, you build a walking robot,
the first thing to test is whether you can make the servo motor move. The next
test can make the servo move back and forth.

After you have tested the functionality of a specific version of code, save it
separately from the version you are working on.

Revert to the Last Known Good Version

When you have developed your code into a confusing and nonfunctional
state, the solution is easy. Go back to the last working version.

More specifically, go back to a working stage when the situation was already
becoming confusing. This method removes the problem areas and lets you
start over with a functional clean slate, helping you isolate what went wrong.

Read the Friendly Manual

RTFM is an old Internet acronym. (Actually, the F is not always friendly, so we
usually stick with just RTM.) The point of the expression is that most answers
are out there, written in a manual. When you're surrounded by parts (see
Figure 1-5), you're going to need answers.

Friends and students sometimes wonder how we know so much. How do we
know the Arduino operating voltage or the way to install SSL encryption to the
Apache web server?

Figure 1-5. Mikko Toivonen, surrounded by robots and microcontrollers

The answer is easy. You can find instructions for almost anything if you know
where to look.

Instructions don't always come with devices and parts, but you can often find
them on manufacturer's web pages (such as http://www.parallax.com) or by
searching in Google. Good search terms include device names (e.g., “ping ul-
trasonic sensor”) or a sequence of numbers on a circuit board (e.g., “H48C").

Introduction
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Reusing Parts

Figure 1-8. Jenna Sutela and David Szauder
demoing functions of a wearable prototype

Not every device is safe to salvage:
for example, a CRT (Cathode Ray
Tube) TV retains a hazardous voltage
for a long time after you unplug it
from the wall.

You could also combine a search sequence with a technology—for example,
“H48C arduino.” Some web pages are devoted specifically to Arduino—for
example, http://arduino.cc and our site, http://BotBook.com.

Document

Most things appear easy once you know them. The details of a project seem
obvious on the day you complete them (“of course | remember when | pro-
grammed the 16-servo walker”). But a week after building, coding details
begin to disappear from your memory. After a year or so, it can be hard for
someone who builds many projects to remember anything about a specific one.

For this reason, it is worthwhile to document all projects. Typing notes avoids
the potential problem of illegible handwriting, and shooting stages with a
digital camera provides an accurate visual snapshot of each stage.

You might also consider publishing your results on the Web. Some projects
that would otherwise be collecting dust in your drawer might actually be use-
ful to others. You might even find your own instructions (long since forgotten)
when looking to solve a new problem with similar logic. Two sites where you
can publish projects are Make: Projects (http://www.makeprojects.com) and In-
structables (http://www.instructables.com).

Reusing Parts

Prototype mechanics (see Figure 1-6) need all kinds of parts, such as frames,
limbs, and joints. Finding appropriate materials can seem daunting. Custom-
izing more complicated parts using homebrew methods isn't always easy, and
even basic materials—such as lightweight and sturdy metal plates—can be
significantly expensive at hardware stores.

As a starting point, we recommend using recycled parts. Old devices are
filled with usable materials, so remove all salvageable parts before you throw
them away.

One additional perk that comes with using recycled parts is a unique aesthetic.
Old parts often have interesting shapes, curves, and worn areas (Figure 1-7).

Chapter 1



Computer DVD drives and hard drives can make great frames for robots, be-
cause their covers are often made of lightweight, easily drillable, and sturdy
material. You can also remove DC (direct current) motors and gears from DVD
drives. Nowadays, there is more readily available computer junk than you can
gather and store in your home. Educational institutions and corporations are
particularly good sources, as they're continuously throwing out old devices.

Flea markets can also hold great finds. Mechanical typewriters deserve a spe-
cial mention here. Though they are relatively hard to disassemble, they house
an unbelievable amount of small springs, metal pieces of different shapes, and
screws.

Disassemble devices as soon as you find them and then discard or recycle un-
necessary parts. This way, you'll avoid turning your home into a graveyard of
retired devices, and more importantly, the parts will be immediately usable
when you really need them. When you are searching for a suitable attachment
piece for a servo, you probably don't want to start a six-hour disassembly op-
eration. Parts usually won't find a new purpose until you've removed them
from the original device, at which point inspiration might strike. You might
even wonder how a specific “whatchamacallit” fits a new purpose so perfectly.

When you begin working on some difficult new mechanism, think about where
you might have seen something similar. You'll often find everyday solutions
to many problems. For example, parts purchased from bicycle or automotive
shops can sometimes work in other projects. Figure 1-8 shows a hand with
fingers that are moved with servo motors; every joint in each finger bends.
The fingers were made by attaching sections of a steel pipe to a bicycle chain.
They bend when a brake cable is pulled down. Typewriter parts welded to the
opposite side of the structure pull the fingers back into a straight position.

iqu
gul

-

Also keep your eyes open in military surplus stores, where you can find inex-
pensive, sturdy, and personalized enclosures for prototypes. Various parts and
accessories in these shops can also, with a bit of creativity on your part, give
devices significantly more street cred. For example, Figure 1-9 shows a porcu-
pine robot cover built from an MG/42 machine gun ammunition belt.

Introduction
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Buying Components

Ifyou're in the US, you will generally
be able to find all the parts you need
within the country. However, if you
ever need to order large amounts

of something (such as hundreds or
thousands of LEDs), you may find
yourself purchasing from an overseas
supplier (for example, many bulk LED
sellers on eBay ship from Hong Kong).

When choosing a country to

order from, take into consideration
customs rules and additional fees
incurred by international orders.
Shipping costs can also be high in
some countries, and some compa-
nies won't even ship overseas. Also,
consumer protections might not
apply to international orders in the
event that the package is broken or
the product is different from what
you ordered.

Regardless of all the scaremonger-
ing, ordering internationally usually
works out without major problems.
We have received everything we have
ordered, and the products haven't
had any major faults.

Figure 1-8. Porcupine robot cover made from a machine gun ammunition belt

Buying Components

If you can't find exactly what you're looking for in recycled materials, order
component parts online. Many unique components can't be found locally at
all, or will be overpriced if you do find them. Luckily, comparing prices and
ordering online is quite easy.

Because online stores often change, make sure to check the latest links avail-
able at http://BotBook.com/.

We purchased parts for this book from a variety of sources. We ordered most of
the sensors and full-rotation servos from the United States. Arduinos and some
of the sensors came from Sweden. We rounded up ordinary components—
such as resistors, LEDs, and wiring—from electronics stores in Helsinki. Stan-
dard servos came from a Finnish online store specializing in radio-controlled
cars and airplanes. Some servos were ordered from Hong Kong. Here are a few
sources to consider:

Maker SHED
MAKE Magazine's store can be found online at http://www.makershed
.com/ and in real life at Maker Faire (http.//makerfaire.com/). Maker SHED
carries Arduinos, project kits, tools, parts bundles, books, and much more.
Keep on eye on Maker SHED for special parts bundles or kits dedicated to
projects in this book.

Adafruit Industries
The Adafruit store (http://www.adafruit.com) specializes in Arduinos, mi-
crocontrollers, electronic and robotic components (including servo mo-
tors), tools, and kits. It also has a comprehensive set of Arduino tutorials
and produces its own Arduino-compatible boards such as the Boarduino.

SparkFun Electronics
Among many other things, SparkFun (http://www.sparkfun.com/) is a great
source for all kinds of sensors—from light and temperature sensors to ac-
celerometers and gas sensors. What's more, it sells the sensors mounted
to breakout boards so you can easily connect them to an Arduino without
having to do tricky surface-mount soldering. SparkFun has much more,
including tools, parts, and Arduinos.

Chapter 1



Useful Tools

Useful Tools

When building prototypes, you're going to need some tools (Figure 1-10). The
following sections cover the tools that we have found a consistent need for.
They are not all mandatory, but depending on your own projects or needs, you
may have a use for them in the future.

Hearing Protectors and Safety Glasses

When using power tools, you must cover your ears with proper hearing pro-
tectors and wear safety glasses to protect your eyes from harmful flying debris
and material fragments (Figure 1-11). Note that metal can fly forcefully, even
when you're cutting or bending with pliers.

Figure 1-10. Wire stripper and side-cutter
pliers are sufficient for building prototypes
on a prototyping board

Figure 1-11. Hearing protectors and safety glasses

Needlenose Electronics Pliers

You should immediately purchase good needlenose pliers (Figure 1-12), which
can be used to grab small components and parts. The tip for the pliers should
be sharp enough to fit into even the smallest of spaces. Figure 1-12. Needllenose electronics pliers
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Useful Tools

Figure 1-13. Diagonal-cutter pliers

Figure 1-14. Metal saw

Diagonal-Cutter Pliers

Diagonal-cutter (or side-cutter) pliers, shown in Figure 1-13, are used for cut-
ting wires and are also suitable for other small cutting jobs. Always keep at
least one set of side cutters in good shape, and use a secondary pair for tasks
that cause more wear.

Metal Saw

A metal saw is a basic, functional tool for shaping and cutting metal (Figure
1-14). Keep a spare blade on hand to keep promising building processes from
being interrupted by a broken blade.

Wire Strippers

Wire strippers are used to remove the plastic around a wire to expose a con-
ducting metal within specific areas. Do not use your teeth to strip wires! It
is much more expensive to fix dental enamel than to spend just a few dollars
on good wire strippers. The adjustable wire strippers on the left side of Fig-
ure 1-15 are much more useful than the multigauge model on the right, but
they’re not as common.

Figure 1-1S. Wire strippers
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Screwdrivers

You'll need many different types of screwdrivers, especially when opening de-
vices. Using the wrong screwdriver tip for a particular screw could destroy
either the screw or the screwdriver and is just not worth the potential damage.
The easiest and most economical thing to do is to buy a kit that comes with a
handle and various attachable bits (Figure 1-16). Many electronic devices re-
quire a Torx driver and can't be opened with a flat- or Phillips-head screwdriver.

Alligator Clips

Alligator clips (Figure 1-17) can be useful for quickly connecting components
and cables. They can also connect multimeter probes, enabling hands-free
measurements.

Electric Drill

You'll need an electric drill for many projects. A hammer drill, shown in Figure
1-18, is also suitable for drilling into concrete, but a rechargeable cordless drill
is easier to handle.

A drill bit can break easily, especially when you're drilling metal with thin bits,
S0 you must wear eye protection when working with a drill. Always position
the drill directly into the hole; drilling at an angle will bend the bit and cause
it to break under rotation.

Figure 1-18. Electric drill
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Figure 1-16. Screwdriver kit with a variety
of bits

Figure 1-17. Alligator clips



Useful Tools

Figure 1-18. Leatherman
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Leatherman

A portable handy tool such as a Leatherman (Figure 1-19) is useful during sev-
eral phases of project building. In this case, it makes sense to invest in the
name-brand tool rather than buying cheap imitations. A high-quality multi-
purpose tool can withstand heavy use, and its individual parts function in the
same way as separate tools.

: Maker SHED sells an assortment of MAKE-branded Leatherman Squirt tools,
I such as the MAKE: Circuit Breaker Leatherman, a set of electronics tools that
I can fit on a keychain. See http://www.makershed.com/SearchResults.

: asp?Search=leatherman for more information.

Mini Drill
A mini drill (Figure 1-20) is not absolutely necessary, but it makes many tasks

easier. Compared to an electric drill, a mini drill is lightweight and relatively
precise to work with.

By using an appropriate bit, you can use a mini drill for drilling, sanding,
sharpening, shining, cutting, and more. Of course, it doesn't replace a normal
drill, because it doesn't have sufficient torque for drilling larger holes.

Figure 1-20. Mini drill
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Headlamp

A headlamp (Figure 1-21) can be handy for focusing light in the direction
you're working. Additional light is useful to have, even in well-lit spaces.

Hot-Glue Gun

A hot-glue gun (Figure 1-22) can adhere items together quickly. The result-
ing connection is not necessarily very strong, and glued items can bend away
from each other, but it works sufficiently well in many prototyping phases. In
addition, the fact that hot glue hardens quickly, and items glued with it can
be (at least in theory) removed from each other relatively easily, can make the
building process less stressful. Still, hot glue is not a replacement for Blu-Tack,
and another downside is that if you're unsuccessful in your first attempt to
join items together using hot glue, you'll usually need to scrape and shine the
surfaces before trying again.

Nail Punch and Hammer

Drilling metal at home without a drill press can be quite challenging, espe-
cially with smooth metal surfaces on which a bit can slide and go through the
wrong spot. A nail punch (Figure 1-23, left) can fix this problem. It can create
a small dent on the spot where you want to drill a hole, making drilling much
easier.

A hammer is a useful tool in its own right, but it's not always the right tool for
the job. If you have something to dislodge or to set in place, look for a gentler
tool first, so you don't break your project into many little pieces. As Abraham
Maslow said, “l suppose it is tempting, if the only tool you have is a hammer, to
treat everything as if it were a nail.’

Figure 1-23. Nail punch and hammer
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Figure 1-22. Hot-glue gun
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Useful Tools

Figure 1-25. Multimeter
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Soldering Iron

A soldering iron (Figure 1-24) joins metal sections of components together
with molten metal (usually lead, but lead-free solder is available as well). The
tip of a soldering iron must be sufficiently thin to enable precise attachment
of small parts. Irons with a built-in thermostat are more expensive, but having
the capability to adjust the temperature lessens the likelihood of destroying
more sensitive components. You will learn the basics of soldering in Chapter 3.

Figure 1-24. Soldering iron

Multimeter

A multimeter (Figure 1-25) is used for measuring current, voltage, and resis-
tance. You can use it to test a value of a resistor or whether two sections of a
circuit are connected. You also can test the condition of a battery by measur-
ing its voltage.

The multimeter shown in Figure 1-25 has two ranges for measuring voltage:
DC (direct current) and AC (alternating current). All Arduino circuits in this
book use direct current. The correct measurement range for voltage and re-
sistance is the smallest possible range onto which measured readings can fit.

A continuity test works technically in the same way as measuring a value of
a resistor. Instead of displaying a resistance value, the continuity test beeps
when an unrestricted flow of electricity is detected between two measure-
ment probes.

Chapter 1



Useful Tools

Figures 1-26 and 1-27 illustrate some common uses for a multimeter. The
Interactive Painting project in Chapter 5 covers measuring resistance in more
detail.

Voltage, (DC) (V)

R color
BIE S ven :

CcmM1100

Figure 1-26. The most common functions of a multimeter

s

Figure 1-27. Studying a remote controller by measuring a voltage difference between two
terminals of a button
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Electronic Circuit Theory Review

14

Electronic Circuit Theory Review

We'll end this chapter with just enough theory to get you started with the
practice.

Voltage Creates an Electrical Current

Voltage refers to a difference in electrical potential between two parts of a
circuit. For example, the terminals of a battery can have a 9-volt voltage
between them.

If two parts of a circuit with different electrical charges are connected, volt-
age potential creates a current flow. For example, current will start flowing
through a lamp that is connected between the two terminals of a battery,
causing the lamp to light up.

A unit of voltage is a volt (V). The Arduino microcontroller used in this book
functions with a minimum 7V and maximum 12V power adapter (or it can be
powered from a 5V USB connection). Voltages inside computers are within a
similar range. US AC sockets provide 110 volts and European AC sockets pro-
vide 230 volts.

A lamp will be brighter with a 9V battery than with a smaller 4.5V battery.
Larger voltage creates a larger current. If a component is used with a voltage
higher than what it is rated for, it will usually burn out. If you supply 5 volts
to an LED that is rated for 2.4 volts, it will probably make a popping sound,
release a little smoke, and cease to function. A running joke among electrical
engineers and technicians is that once you've released the “magic smoke”
inside an electronic component, you can't put it back in.*

A Resistor Resists the Flow of Current

If a resistor is added between a lamp and a battery, the lamp will be dimmer.
A resistor resists the flow of current.

All components create at least a bit of resistance. A filament of an incandes-
cent light bulb is sufficient by itself to resist the current flow.

A resistor may be all that’s needed to avoid releasing the magic smoke inside an LED.
Forexample, a 1 kOhm resistor is generally more than sufficient to protect a red LED.
Ifyou have the specifications for your LED, you can calculate the value of the resistor.

Evil Mad Scientist Laboratories has a handy papercraft pocket LED calculator that
you can print out and carry with you: http://www.evilmadscientist.com/article.
php/ledcalc.

* http://en.wikipedia.org/wiki/Magic_smoke
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Short Circuits Are Dangerous

If you bridge a battery’s positive and negative terminals with a wire, it forms
a short circuit. The current flows rapidly through the wire, and the wire and
battery will both become warm and may possibly leak or explode. Why do we
mention this? Because it’s possible to create a short circuit in your own proj-
ects if you don't use the correct resistor values. When you follow the instruc-
tions to build a project, you must be sure to use the resistor values specified
to avoid creating the hazardous condition that comes with a short circuit.

Closed Circuits Allow Electricity to Flow

When a device is powered, its circuit is closed and electricity will flow through
the device. An open circuit means that electricity cannot flow through a device.
For example, a device that is shut down by its power switch is an open circuit.
Electricity can't flow when the circuit is opened by the switch.

Figure 1-28 shows a closed circuit: two batteries powering an LED. The magic
smoke didn't come out because the batteries and LED are well matched: the
LED has a voltage of 2.6V, which is more than the voltage delivered by two AA
rechargeable batteries. Standard AA batteries (1.5V each) might overpower
the LED. Still, if you intended to run this circuit for hours on end, it would be
advisable to include a low-rated resistor, even a 10 or 100 Ohm.

Ground = Zero Voltage Level

To make it easier to discuss topics related to voltage, a single point in a circuit
is usually compared to the negative terminal of a power supply. The voltage
level of a negative terminal is 0V, against which all other points of the circuit
are measured. For example, the positive terminal of a 9V battery can be said
to have 9V of voltage.

Ground has many names, all of which mean the same thing: 0V, minus terminal,
earth, and GND. Black wire is often used to connect to the ground (red is used
for positive voltage). In a circuit, ground is marked with its own symbol (shown
in Figure 1-29) to avoid having to always draw a line to the minus terminal.

In this chapter, we've covered prototyping principles, techniques, and tools,
and reviewed some basics of electrical theory. Now we'll move on to Chapter 2,
where we introduce Arduino, the open source prototyping platform that will
be the brain of your projects.
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Figure 1-28. Simple closed circuit powering
an LED

Figure 1-28. Symbol for ground
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