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Introduction 

This book was written for anyone interested in learning more about the Arduino and robotics in general. 
Though some projects are geared toward college students and adults, several early chapters cover 
robotics projects suitable for middle-school to high-school students. I will not, however, place an age 
restriction on the material in this book, since I have seen some absolutely awesome projects created by 
makers both young and old. 

Prerequisites 
Ultimately, you will need to be able to use some basic power tools, hand tools, a voltage meter, and 
soldering iron. Do not worry if you are not yet experienced in these areas, as your first experience will get 
you well on your way (you have to start somewhere)! Just like riding a bike, you will get better at it the 
more you do it. 

If you are an experienced robot builder, you will likely be able to improve upon some of my 
methods. If, however, you are a beginner, you might end up with a few extra holes drilled in the wrong 
spot, a wheel that is not mounted perfectly straight, or a downright ugly robot. Do not worry about trying 
to complete every step perfectly the first time; do your best the first time around and then go back and 
improve upon it later. It is better to have an imperfect robot that you can work on than no robot at all 
because you were too afraid to try! 

In conclusion, this book is intended to provide fun projects for those interested in the Arduino. If 
you are working on one of these projects and you aren’t having fun, you’re doing it wrong. If you get 
stuck on a project, please ask for help—nobody wants you to be frustrated, but learning something new 
can sometimes make you want to drive your head through a wall...don’t do that. Just keep with it, and 
you will eventually figure out your problem. I have created a Google web site to host the files for each 
project and provide a place to ask questions and get help: 
https://sites.google.com/site/arduinorobotics/ 

If you would like to try some other Arduino projects, dealing with various types of sensors, LEDs, 
home automation, and various other projects, you might consider the following Arduino books from 
Apress: 

Practical Arduino by Jonathan Oxer and Hugh Blemings (2009) 

Beginning Arduino by Michael McRoberts (2010) 

 

John-David Warren 
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The Basics 

The Arduino microcontroller (Figure 1-1) is like a little command center that is awaiting your orders. 
With a few lines of code, you can make your Arduino turn a light on or off, read a sensor value and 
display it on your computer screen, or even use it to build a homemade circuit to repair a broken kitchen 
appliance. Because of the versatility of the Arduino and the massive support available from the online 
community of Arduino users, it has attracted a new breed of electronics hobbyists who have never 
before touched a microcontroller, let alone programmed one.  

 

 

Figure 1-1. An Arduino Duemilanove microcontroller 

The basic idea of the Arduino is to create an atmosphere where anyone who is interested can 
participate and contribute with little upfront cost. A basic Arduino board can be found online for around 
$20, and all of the software needed to program the Arduino is open-source (free to use and modify). You 
need only a computer and a standard USB cable. In addition to being inexpensive, the creators of 

J.-D. Warren et al., Arduino Robotics
© John-David Warren, Josh Adams, and Harald Molle 2011
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Arduino came up with an easy-to-learn programming language (derived from C++) that incorporates 
various complex programming functions into simple commands that are much easier for a beginner to 
learn. 

This book integrates some basic robot-building techniques with the simplicity of the Arduino to 
create bots that you can modify and improve with a clear understanding of your work. This book is not 
intended to simply “show” you how to build a bot, but rather to educate the beginning robot builder and 
hopefully inspire creativity so that you can design, build, and modify your own robots. 

One unavoidable obstacle that most people encounter when building a robot is cost. Obviously we 
can spend thousands of dollars adding top-of-the-line parts and expensive commercial products, but 
most hobby builders have neither the time nor the money to build such a robot. With that in mind, this 
book takes every opportunity to show you how to build a part from scratch—or as inexpensively as 
possible to get the job done. If any of these methods seem too involved, do not worry because there are 
substitute parts listed for you to purchase. 

Please understand that each project in this book requires multiple tries before working—some of 
them even take weeks of “debugging.” I can tell you from experience that when you are persistent, you 
will eventually solve your problem—and this will make the experience that much more rewarding. 
Figuring out why a robot is not working often requires a lot of troubleshooting. Troubleshooting requires 
understanding each step in the process from start to finish, and inspecting each step for errors. The 
more you tinker with something, the better you will understand it. 

Lastly, do not be discouraged if some of the information in this book appears to be over your head. 
We try to assume that you are new to robotics and programming, and we focus on providing a practical 
working knowledge of the parts and code used in each project, rather than loading you down with 
electronics theory and complicated instructions. It is best to take a positive “I can do it” attitude before 
you start—this will be your greatest tool. 

To better understand what is happening inside an Arduino, we should first discuss electricity and 
other basics in general (i.e., electronics and circuits). Although levels found in your Arduino (+5 DCV) are 
relatively harmless, if you don’t know how electricity works you won’t know at what point it becomes 
dangerous. As it turns out, the projects covered in this book do not use electrical levels high enough to 
conduct through your body, but electricity should still be handled with caution.  

Electricity 
Electricity is nothing more than harnessed heat. This heat can be used to do a variety of different things 
like lighting up a lightbulb, spinning a motor, or simply heating a room. If electricity can transfer 
through an object easily, it is called a “conductor” (like copper wire). Every conductor has an internal 
resistance to the electricity that keeps it from transferring 100% of the power. Even a copper wire has 
some resistance that slows the flow of electricity, thereby generating heat. Conductors also have a 
maximum amount of power that they can transfer before “overheating” (if the conductor is a copper 
wire, that means melting). With regard to electricity, total power can also be referred to as total heat. 
This is why you might see a lightbulb or microwave that has its heat rating in watts. A watt is not only a 
measurement of heat, but of electrical power.  

Some electrical devices (like the Arduino) consume little electricity therefore producing little heat, 
so no attention is given to heat dissipation. Other devices are made specifically to transfer large amounts 
of electricity (like a motor-controller) and must use metal heat-sinks or fans to aid in removing heat from 
the device. In either case, it is helpful to be able to determine the amount of heat that an electrical device 
produces so we know how to properly handle it.  



CHAPTER 1 Â THE BASICS 

3 

Electrical Analogy 
Electricity is not usually seen (except maybe in a lightning storm), so it is difficult to understand what is 
happening inside of a wire when you turn on a lamp or kitchen appliance. For ease of illustration, 
consider an electrical system to be a tank of water with an outlet pipe at the bottom (see Figure 1-2).  

 

Figure 1-2. An analogous electrical system 

The four images illustrate how resistance and pressure affect the water output from the tank. A 
higher resistance yields less water output, whereas a higher pressure yields more water output. You can 
also see that as the resistance is lowered, much more water is allowed to exit the tank, even with a lower 
pressure. 

The more water that is in the tank, the faster (higher pressure) it pushes the water through the outlet 
pipe. If there were no outlet pipe, the tank of water would simply be a reservoir. The fact that there is an 
outlet pipe at the bottom of the tank enables water to exit, but only at a rate determined by the size of the 
pipe. The size of the outlet pipe determines the resistance to the water leaving the tank—so increasing or 
decreasing the size of the outlet pipe inversely increases or decreases the resistance to the water leaving 
the tank (i.e., smaller pipe = more resistance = less water exiting the tank). 

Both the level (or pressure) of the water and the resistance (or size of the outlet pipe) can be 
measured, and using these measurements, you can calculate the amount of water exiting the tank at a 
given point in time. The difference in the water analogy and electricity flow is that the electricity must 
complete its path back to the source before it can be used.  
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Electrical Basics 
Notice that a higher water pressure yields a higher water output (keeping resistance the same). The same 
is true with the electrical equivalent of pressure, called “voltage” (V), which represents the potential 
energy that can be found in an electrical system. A higher system voltage has more energy to drive the 
components in the system. The amount of “resistance“(R) found in a system impedes (slow) the flow of 
electricity, just as the resistance caused by the outlet pipe slows the flow of water from the tank. This 
means that as the resistance increases, the voltage (pressure) must also increase to maintain the same 
amount of output power. The amount of electrical charge (in coulombs) that is passed through an 
electrical system each second is called the “amperage” (I) or “current,” and can be calculated using the 
voltage, resistance, and Ohm’s law. A “watt” (P) is a measure of electrical power that is calculated by 
multiplying the voltage times the amperage. In this chapter, we further discuss voltage, resistance, and 
amperage. First, let’s look at the relationship among them, Ohm’s law. 

According to Wikipedia (Source: http://en.wikipedia.org/wiki/Ohm's_law), Ohm’s law states that 
the current through a conductor between two points is directly proportional to the potential difference 
or voltage across the two points, and inversely proportional to the resistance between them.  

There is a simple relationship among voltage, resistance, and amperage (current) that can be 
calculated mathematically. Given any two of the variables and Ohm’s law, you can calculate the third. A 
watt is a measure of electrical power—it is related to Ohm’s law because it can also be calculated using 
the same variables. See the formulas in Figure 1-3 where V = voltage, R = resistance, I = amperage, and  
P = watts.  

Â  Note The pie chart in Figure 3-1 is used courtesy of www.electronics-tutorials.ws. If you are interested in 
learning more about electronics, you should definitely visit this website —it has some helpful illustrations and 
descriptions. 

The different views of Ohm’s law include the following: 

V = I * R 

I = V / R 

R = V / I 

Use the following formulas to calculate total power: 

P = V * I 

P = I  * R 
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Figure 1-3. Ohm’s law to calculate power  

There are several other terms that you might come across when working on an electrical system; we 
discuss a few here. As you might know, an electrical system usually has a “power” wire and a “common” 
wire to complete the circuit. Depending on what you are reading, these two sides can be called different 
things. To help avoid the confusion that I experienced when I was learning, Table 1-1 provides a quick 
comparison of the various names for the positive and negative ends of an electrical system. 

Table 1-1. Common Names That Refer to the Positive and Negative Ends of an Electrical System 

Voltage Bias Polarized Terminal Electrical Current Flow Schematic Label Common Name 

Positive Anode Source VCC Power 

Negative Cathode Sink VSS Ground (GND) 

 
We discussed Ohm’s law and the common measurements that are used to describe the various 

properties of electrical current flow. Table 1-2 provides a list of standard electrical units and their 
symbols. These are used in every subsequent chapter of this book, so it is a good idea to get familiar with 
them. 

Table 1-2. Common Electrical Measurement Terms with Their Symbols 

Measurement Unit Symbol 

Voltage (energy) Volt V or E 

Amperage (current) Ampere (amp) I or A 

Resistance Ohm R or Ý
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Measurement Unit Symbol 

Power (electrical heat) Watt P or W 

Capacitance Farad F  

Frequency Hertz Hz 

 
Let’s now talk more about the different parts of an electrical system. 

Circuits 
The starting point of the electricity in a system is called the “source” and usually refers to the positive 
battery lead or power supply. The electricity flows from the source, through the system, and to the sink, 
which is usually the negative battery terminal or ground wire (GND). For electricity to flow, the circuit 
must be “closed,” which means that the electrical current can get back to its starting point.  

The term “ground” comes from the practice of connecting the return path of an AC circuit, directly 
into the ground outside using a copper rod. You might notice that most electrical meters also have a 
ground rod nearby that is clamped to a wire leading into the fuse-box. This ground wire gives the 
returning electrical current a path to exit the system. Even though the DC equivalent of GND is the 
negative battery terminal, we still call it GND.  

Â Note the actual electron-flow of electrical current travels from negative to positive, but unless you are a 
physicist, that is not relevant here. For learning purposes, we assume the conventional electron-flow theory, which 
suggests that electrical current flows from Positive (+) ----> Negative (-) in a system.  

An electrical system is called a “circuit,” and can be simple like a string of Christmas lights plugged 
into a power outlet or very intricate like the motherboard in your PC. Now consider that in a circuit, the 
electricity flows only if something is there to complete the circuit, called a “load” (see Figure 1-6). In 
general, the load in a circuit is the device you intend to provide with electricity. This can be a lightbulb, 
electric motor, heater coil, loud speaker, computer CPU, or any other device that the circuit is intended 
to power.  

There are three general types of circuits: open-circuit, closed-circuit, and short-circuit. Basically, an 
open-circuit is one that is turned off, a closed-circuit is one that is turned on, and a short-circuit is one 
that needs repair (unless you used a fuse). This is because a short-circuit implies that the electricity has 
found a path that bypasses the load and connects the positive battery terminal to the negative battery 
terminal. This is always bad and usually results in sparks and a cloud of smoke, with the occasional loud 
popping sound. 

In Figure 1-4, the lightbulb is the load in this circuit and the switch on the left determines whether 
the circuit is open or closed. The image on the left shows an open-circuit with no electricity flowing 
through the load, whereas the image on the right shows a closed-circuit supplying power to the load. 
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Figure 1-4. Open- and closed-circuits 

Measuring Electricity 
Without a way to measure electrical signals, we would be flying blind—luckily, there is a device called a 
“multi-meter” that is inexpensive and can easily measure voltage, resistance, and small levels of current.  

Multi-Meters 
There are different types of multi-meters that have varying features, but all we need is a basic meter that 
can measure voltage levels up to about 50DCV.  

A typical multi-meter can measure the voltage level of a signal and the resistance of a component or 
load. Because you can calculate the amperage given the voltage and resistance, this is really all you need 
to do basic circuit testing. Although the full-featured digital multi-meter in Figure 1-5 (left) is priced 
around $50, you can usually find a simple analog multi-meter (right) that measures both voltage and 
resistance for under $10. Both meters will do basic testing and although the digital meter is nicer, I 
actually like to keep a cheap analog meter around to measure resistance, because you can see the 
intensity of the signal by how fast the needle moves to its value.  
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Figure 1-5. The Extech MN16a digital multi-meter (left) measures AC and DC voltages, resistance, 

continuity, diode test, capacitance, frequency, temperature, and up to 10 amps of current. An inexpensive 

analog multi-meter purchased at my local hardware store (right) measures DC and AC voltages, resistance 

(1k ohm), and up to 150mA (0.15A) of current. Either work to diagnose an Arduino and most other 

circuits—but you definitely need one. 

The standard multi-meter has two insulated test-probes that plug into its base, and are used to 
contact the electrical device being tested. If you test the voltage of a circuit or battery, you should place 
the red probe (connected to the multi-meter “V, Ý, A” port) on the positive battery supply, and the black 
probe (connected to the multi-meter “COM” port) on the negative battery supply or GND.  

Measuring Voltage 
Voltage is measured as either Alternating Current (AC), which is the type found in your home electrical 
outlets, or Direct Current (DC), which is found in batteries. Your multi-meter needs to be set accordingly 
to read the correct voltage type. Some multi-meters also have a range that you need to set before testing 
a voltage. The analog multi-meter in Figure 1-5 (right) is set to 10DCV, effectively setting the needle 
range from 0-10VDC.  

Trying to read a voltage that is much higher than the selected range can result in a blown fuse, so 
you should always use a voltage range that is higher than the voltage you test. If you are unsure what 
voltage level you are testing, select the highest range setting (300VDC on this multi-meter) to get a better 
idea. The digital multi-meter in Figure 1-7 (left) has DC and AC voltage settings, but the range is 
automatically detected and the exact voltage number appears on the screen—just be sure not to exceed 
the maximum voltage ratings stated in the multi-meter owner’s manual. 

The voltage level of an electrical signal also determines whether or not it is capable of using your 
body as a conductor. The exact voltage level that passes through the human body is probably different 
depending on the size of the person (moisture levels, thickness of skin, etc.), but I can verify that 
accidentally touching a 120v AC wall outlet (phase wire) while standing on the ground produces quite a 
muscle convulsion, even if wearing rubber-soled shoes.  
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Â Caution Voltage levels above 40v can be harmful to humans or pets. Always remember to disconnect the power 
source when working on your circuits and use insulated tools (with rubber grips) to test circuits. You don’t want to 
end up in a hospital bed!  

 

Measuring Amperage 
Most multi-meters have a feature to measure small amounts of amperage (250mA or less) of either AC or 
DC. The digital multi-meter in Figure 1-5 (left) can measure up to 10 amps of current for a few seconds at 
a time whereas the less featured meter can measure up to 150mA of current only. To measure large 
amounts of current (over 10A), you either need a current-sensor, ammeter, or voltage clamp, depending 
on the application. 

This unit of measure depends on the operating voltage and resistance of the circuit. As the operating 
voltage decreases (batteries discharge) or the resistance fluctuates, the amperage draw also changes. On 
a large robot that is constantly moving, the amperage draw changes every time the robot drives over a 
rock or up a slight incline. This is because DC motors consume more amperage when presented with 
more resistance. An LED flashlight on the other hand, consumes a steady amount of current (about 20-
100mA per LED) until the batteries run dead. 

You might have noticed that batteries are rated in Amp/Hours (AH) to reflect the amount of 
electrical current they can supply and for how long. This loosely means that a battery rated for 6v and 
12AH can supply a 6v lamp with 1 ampere of current for 12 hours or the same 6v lamp with 12 amperes 
for 1 hour. You might also notice that smaller batteries (like the common AA) are rated in 
milliamp/hours (mAH). Thus a 2200mAH battery has a rating equal to 2.2AH. 

Measuring Capacitance 
Capacitance is the measure of electrical charge that can be stored in a device, measured in Farads—but 1 
Farad is a huge amount of capacitance, so you will notice that most of the projects use capacitors with 
values in the microfarad (uF) range. A capacitor is an electrical device that can hold (store) electrical 
charge and supply it to other components in the circuit as needed. Though it might sound like a battery, 
a capacitor can be completely drained and recharged multiple times each second—the amount of 
capacitance determines how fast the capacitor can be drained and recharged. 

Some multi-meters can measure the amount of capacitance that is present between two points in a 
circuit (or the value of a capacitor), like the Extech MN16a in Figure 1-5. Most multi-meters do not 
measure capacitance, because it is not usually of great importance in most circuits. Being able to test 
capacitance can be helpful when trying to achieve specific values or testing a capacitor, but generally 
you will not need this feature on your multi-meter.  
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Â Caution Larger capacitors can hold a significant charge for long periods of time, and touching the leads of a 
charged capacitor can cause electrical shock. Capacitors found in CRT computer monitors or televisions, motor-
start capacitors, and even the small capacitors found in disposable cameras can provide a shock that leave your 
arm tingling for several minutes and even burn your skin. It is a good idea to “short” the leads of a capacitor 
together with an insulated screwdriver to discharge any stored current before attempting to handle it. 

Measuring Resistance 
Resistance is measured in ohms and tells us how well a conductor transfers electricity. Current flow and 
resistance are inversely related. As resistance increases, current flow decreases. Thus, a conductor with 
lower resistance transfers more electricity than one with higher resistance. Every conductor has some 
resistance—some materials have such a high resistance to current flow, they are called “insulators” 
meaning that they will not transfer electricity. When electricity is resisted while passing through a 
conductor, it turns into heat; for this reason, we use conductors with the lowest resistance possible to 
avoid generating heat. 

A resistor is an electrical device that has a known resistance value in ohms and is used to limit the 
amount of current that can flow through it (see Figure 1-6).  

 

Figure 1-6. Three resistors: 1/4 watt surface mount resistor (left), 1/8 watt through-hole resistor (center), 

and 1/4 watt through-hole resistor (right)  

Notice that the 1/4 watt surface mount resistor (left) is much smaller than the equivalent ¼ watt 
through-hole resistor (right), even though it dissipates the same amount of power. I typically use 1/8 
watt through-hole resistors as they are small but still easy to work with. 
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You can use a resistor in-line with a component to limit the amount of electrical current delivered to 
the device, in order to ensure it stays within a safe operating range.  

The number on the chip resistor designates its resistance value in ohms, while the color-coded 
stripes on the through-hole resistors designate their resistance value. If you want to manually check the 
resistance of a component, use your multi-meter on the Ohm (Ý) setting – polarity does not matter, 
unless you measure the resistance of a diode or transistor. 

I use a neat web page that enables you to enter the colors of each band on a resistor, and it tells you 
the resistance value in ohms (see Figure 1-7). It is helpful for quick reference while prototyping or 
identifying a loose resistor’s value. Visit http://www.dannyg.com/examples/res2/resistor.htm. 

 
Image used with permission from Danny Goodman. 

Figure 1-7. This screen-shot shows the web application designed by Danny Goodman. I have this web page 

bookmarked in my web browser and use it often to check unfamiliar resistor color codes.  

Calculating Resistor Power Using Ohm’s Law 
Remember that any time resistance is present in a circuit, heat will be generated, so it is always a good 
idea to calculate how much heat will be passed through a resistor (depending on the load) in order to 
select a resistor with a sufficient power rating. Resistors are not only rated in ohms, but also by how 
much power they can dissipate (get rid of) without failing. Common power ratings are 1/8 watt, ¼ watt, 
½ watt, and so on, where larger watt values are typically larger resistors unless using surface mount 
components (see Figure 1-5). 

To calculate the power dissipated in a resistor, you need to know the circuit voltage and the resistor 
value in ohms. First, we need to use Ohm’s law to determine the current that will pass through the 
resistor. Then we can use the resistance and amperage to calculate the total heat that can be dissipated 
by the resistor in watts. 

For example, if we have a 1000 ohm resistor (1kilo-Ohm) and a 12v power supply, how much 
amperage will be allowed to pass through the resistor? And what should the minimum power rating be 
for the resistor? 

First we calculate the amperage through the resistor using Ohm’s law: 
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V = I * R 

I = V / R 

I = 12v / 1000 ohm 

I = 0.012 amps or 12 milliamps 

Now we use the amperage to calculate the total power (heat): 

P = I  * R  

P = (0.012 amps * 0.012 amps) * 1000 ohms 

P = 0.144 watts 

The total power is calculated as 0.144 watts, which means we should use a resistor with a power 
rating greater than .144w. Because common resistor values are usually 1/8w (0.125w), 1/4w (0.25w), 
1/2w (0.5w), and so on, we should use a resistor with a power rating of at least 1/4w (a common size) and 
still safely dissipate 0.144w of power. Using a 1/2w resistor will not hurt anything if you can fit the larger 
size into the circuit–it will simply transfer heat more easily than a 1/4w resistor with the same resistance 
value. 

Now you should be able to figure out if your resistors have an appropriate power rating for your 
application. Let’s talk about the different types of load components. 

Oscilloscope 
Although the multi-meter is great for measuring the voltage, resistance, and amperage, it is sometimes 
helpful to be able to see exactly what is going on in an electrical signal. There is another device that is 
designed to analyze electrical signals, called an “oscilloscope.” The oscilloscope can detect repeated 
patterns or oscillations in an electrical signal, and display the wave-form of the signal on the screen of 
the device. It is effectively a microscope for electrical signals. These machines have been expensive 
($500-$5000) until recently—some hobby grade oscilloscopes have entered the market for under $100.  

The open-source DSO Nano (see Figure 1-8) digital oscilloscope built by Seeedstudio.com and also 
sold (in the United States) through Sparkfun.com (part #TOL-10244). I have had this oscilloscope for 
about a year and use it frequently because it is easy to use and about the size/weight of a cell-phone, all 
for about $89. It contains a rechargeable lithium battery and can be charged through a mini USB cable. It 
also has a memory card slot available for storing readings to view later on a PC. 
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Figure 1-8. The DSO Nano from SeeedStudio.com (and sold through Sparkfun.com) is an excellent choice 

for an inexpensive ($89), but full-featured, digital pocket oscilloscope.  

Although an oscilloscope is an invaluable tool to have when diagnosing electronic signals, it is not 
necessary to have for the projects in this book. You can get by with readings from a simple multi-meter. 
There are also other budget oscilloscope options available, including a DIY kit from Sparkfun.com for 
around $60 (part #KIT-09484).  

Loads 
The “load” in a circuit refers to a device in the circuit that uses the electricity. There are many different 
examples of a load from a DC motor to an LED or a heater coil, and each will create a different reaction 
in the circuit. For instance, a heater coil (found in a hair dryer or space heater) is simply a coiled resistive 
wire made from a metal that can become glowing red when it is hot, but it does not melt. Whereas an 
electric motor uses electricity to energize an electro-magnetic field around a coil of wire, causing the 
motor shaft to physically move. There are two types of loads on which we focus: inductive and resistive. 

Inductive Loads 
If you apply power to a device and it creates moving energy, it is likely an inductive load–this includes 
motors, relays, and solenoids. Inductive loads create an electro-magnetic field when energized and 
usually take some time to deenergize after the power is disconnected. When the power is disconnected 
using a switch, the magnetic field collapses and dumps the remaining current back to the power 
terminals. This phenomenon is called Back-EMF (Electro-Motive Force) and it can damage the 
switching components in a circuit if they are not protected by rectifying diodes. 

Resistive Loads 
A resistive load uses electrical current to produce light or some other form of heat, rather than 
mechanical movement. This includes LEDs, heater elements, lightbulb filaments, welding machines, 
soldering irons, and many others. Resistive loads use a constant amount of electricity because their load 
is not affected by external influence. 
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Electrical Connections 
When building an electrical circuit, you should determine the desired operating voltage before selecting 
components with which to build the circuit. Although lowering AC voltage levels requires the use of a 
transformer, specific DC voltage levels can be achieved by using different wiring methods to connect 
several individual battery packs. There are two different types of electrical connections: series and 
parallel.  

Series Connections 
To arrange a circuit in “series” means to place the devices in-line with or through one another. We often 
use a series connection with batteries to achieve a higher voltage. To demonstrate this circuit, we use 
two 6v 10-Ah batteries with the positive (+) terminal of the first battery connected to the negative (-) 
terminal of the second. The only open terminals now are the negative (-) terminal of the first and the 
positive (+) terminal of the second, which will produce a difference of 12v.  

When two batteries are arranged in a series circuit (see Figure 1-9), the voltage is doubled but the 
Amp/Hour capacity stays the same. Thus the two 6v 10AH batteries work together to produce a single 
12v 10AH battery pack. This technique can be helpful to reach specific voltage levels. 

 

Figure 1-9. Two batteries arranged in a series circuit produce twice the voltage but the same Amp/Hour 

capacity. 

Parallel Connections 
To arrange a circuit in “parallel” means to place all common terminals together. This means that all the 
positive terminals are connected together and all the negative terminals are connected together. If we 
place the two 6v 10AH batteries from the previous example into a parallel circuit (see Figure 1-10), the 
voltage will stay the same but the Amp/Hour capacity will double resulting in a single 6v 20AH battery 
pack. 
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Figure 1-10. Two batteries arranged in a parallel circuit produce the same voltage but with twice the 

Amp/Hour capacity. 

Series and Parallel Connection 
It is also perfectly acceptable to arrange several battery packs in both series and parallel at the same 
time, in order to achieve a specific voltage and Amp/Hour rating (see Figure 1-11). Notice that there are 
two sets of 6V, 10AH batteries arranged in series to produce 12V, and then the two series packs are 
arranged in parallel to produce the same voltage, but with 20AH capacity.  

  

Figure 1-11. By making two sets of series connections and placing them in parallel, you can create a 12v 

battery pack with 20AH of current capacity using four 6v 10AH battery packs. 

When building a battery pack, it is important to use batteries of the same voltage and AH capacity to 
build larger cells. This means that you should not pair a 12v battery with a 6v battery to achieve 18v. 
Instead use three 6v batteries with the same capacity to achieve 18v and avoid uneven 
charging/discharging. 

Electronics 
The field of electronics deals with controlling the flow of electrical current through a circuit, specifically 
using the electronic switch. Prior to the invention of the electronic switch, electrical circuits were turned 
on and off using mechanical switches, which requires mechanical motion (i.e., your hand moving the 
switch up or down) to connect or disconnect the circuit. Although mechanical switches are perfectly 
acceptable and even preferred for some applications, they are limited to how fast they can be switched 
due to the physical motion that must occur during the switching process. Even an electro-mechanical 
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switch (called a relay) does not qualify as an electronic device, because it uses electricity to generate a 
mechanical motion used to activate the switch.  

The electronic switch forgoes the mechanical switching action by using an electrical reaction within 
the device, thus there are no moving parts. Without a physical movement, these devices can be switched 
extremely fast and with much greater reliability. The substances that these switches are made from 
conduct electricity only under certain circumstances—usually a specific voltage or current level must be 
present at the input and output of the device to open or close it. When the device is turned on, it 
conducts electricity with a specified amount of resistance. When the device is turned off, it does not 
conduct electricity and instead acts as an insulator. This type of electronic component is called a “semi-
conductor” because it can become a conductor or insulator depending on the electrical conditions. 

Semi-Conductors 
The use of semi-conductors in place of mechanical switches is what makes a circuit “electronic,” 
because they enable electrical signals to be switched at extremely high speeds, which is not possible with 
mechanical circuits. There are many different semi-conductors, and we discuss a few important types 
that are used in most of our circuits. 

 Diode: Like a one-way valve for electrical current, this device enables only 
electrical current to pass through it in one direction–extremely useful by itself, but 
also the basis for all solid state electronics. 

 Light Emitting Diode (LED): This type of diode emits a small amount of light when 
electrical current passes through it. 

 Light Dependent Resistor (LDR): This type of semi-conductor has a changing 
resistance, depending on the amount of light present. 

 Bipolar Junction Transistor (BJT: This is a current-driven electronic switch used for 
its fast switching properties.  

 Metal-Oxide Semiconductor Field-Effect Transistor (moset): This is a voltage-driven 
electronic switch used for its fast switching properties, low resistance, and 
capability to be operated in a parallel circuit. These are the basis for most power 
amplifier circuits. 
 

These devices all have multiple layers of positively and negatively charged silicon attached to a chip 
with conductive metal leads exposed for soldering into the circuit. Some transistors and mosfets have 
built-in diodes to protect them from reverse voltages and Back-EMF, so it is always a good idea to review 
the datasheet of the part you are using. 

Datasheets 
Each device should have its own datasheet that can be obtained from the manufacturer–usually by 
downloading from its website. The datasheet has all of the important electrical information about the 
device. The upper limits, usually called “Absolute Maximum Ratings,” show you at what point the device 
will fail (see Figure 1-12). The lower limits (if applicable) tell you at what level the device will no longer 
respond to inputs–these usually will not hurt the device, it just won’t work. 
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Figure 1-12. Here you can see the first page of a sample datasheet from Fairchild Semiconductor for the 

popular 2n2222 NPN transistor switch. First it shows the available packages and pin-configurations, and 

then a brief listing of the absolute maximum ratings.  

There is also a section called “Electrical Characteristics” that tells you at what level the device 
operates properly. This usually shows the exact voltage or current level that will turn the device on or off. 
These ratings are helpful in determining what other component values (i.e., resistors and capacitors) 
should be selected or whether the device will work for the intended purpose. 

The datasheet usually tells you far more than you know what to do with, ending with graphs and 
package dimensions. Some datasheets even have circuit layout recommendations and suggest ways to 
interface the component with a micro-controller. For popular or commonly used component parts, you 
can also check the manufacturer’s website for additional documents that further describe how to use the 
component–these are called “application notes,” and can be insightful. 

Integrated Circuits 
Some semi-conductors include multiple components housed on the same chip, which are called 
Integrated Circuits (IC). An Integrated Circuit can contain thousands of transistors, diodes, resistors, and 
logic gates on a tiny chip (see Figure 1-13). These components are available in the larger “through-hole” 
packages and newer versions are being made on super-small “surface mount” chips. 
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Figure 1-13. Here you can see an 8-pin Dual Inline Package (DIP) IC (left), and a 16-pin DIP IC (right). 

The Arduino’s Atmega168/328 is a 28-pin DIP IC (14 pins on each side). 

Packages 
We use different types of semi-conductors in various packages. The component package refers to the 
physical shape, size, and pin-configuration in which it is available. Different packages allow for various 
heat dissipation depending on the semi-conductor. If you are going for high power, larger cases usually 
dissipate heat better. For low power circuits, it is usually desirable to be as compact as possible, so 
smaller package sizes might be of interest. The most common packages that we use are the TO-92 and 
the T0-220 (see Figure 1-14), which house anything from temperature sensors to transistors to diodes.  

 

Figure 1-14. The smaller TO-92 IC package (left) is used for low-power voltage regulators, signal 

transistors, and sensor ICs. The larger TO-220 package (right) is used for higher power voltage regulators, 

power Mosfet switches, and high-power diodes.  

The TO-92 is a smaller package that is usually used for low-power transistor switches and sensors. 
The TO-220 packaged is commonly used for high-powered applications and is the basis for most power 
Mosfet transistors, capable of handling close to 75 amperes before the metal leads on the chip will fail. 
The TO-220 package also has a built-in metal tab used to help dissipate more heat from the package, and 
allowing a heat sink to be attached if needed. 

Through-Hole Components 
Throughout this book, we look for the easiest way to build and modify our projects. Usually that means 
using parts that can be replaced easily if needed and also using parts that are large enough for a beginner 
to feel comfortable soldering into place.  

With respect to semi-conductor components, the term “through-hole” refers to any component 
whose leads are fed through holes drilled in the PCB and soldered to a copper “pad” on the bottom of 
the board. These parts are typically large enough to easily solder to a PCB, even for a beginner. Many 
through-hole components have pins that are much longer than needed, so it is recommended to solder 



CHAPTER 1 Â THE BASICS 

19 

the component in place and finish by snipping the excess from the bottom of each pin to avoid any 
short-circuits on the under-side of the PCB. 

IC Sockets 
An “IC socket” is a plastic base that has metal contacts, which are intended to be soldered to the PCB 
(see Figure 1-15). The IC is then inserted into the socket after soldering is complete, alleviating the risk of 
overheating the IC during the soldering process. This is also helpful if something were to go wrong in the 
circuit, which causes the IC to fail. It is easily replaced without the need for additional soldering. We use 
IC sockets anytime we are able to for these reasons. 

 

Figure 1-15. An IC socket used to solder onto a PCB, in order to place the actual IC into once the circuit is 

built. These sockets are usually less than $1 each, so I try to use them whenever possible. 

Surface-Mount Components (SMT or SMD) 
With the technological leaps that manufacturers have made in recent years, smaller has become better. 
This has led to decreasing the size of components and ICs so that they can create smaller devices that do 
the same thing as their larger counterparts.  

Although these devices are internally the same, their lead pins are much smaller and might be a bit 
frustrating for a beginner when trying to solder them to a PCB (see Figure 1-7 (left) for a surface-mount 
resistor). The main difference between these and through-hole components is that they are soldered to 
the top of the PCB and no holes need to be drilled in the PCB. They also typically sit close to the PCB and 
require little room to mount them, making them desirable for space-saving applications.  

Some surface mount parts have exposed terminals that are able to be soldered by normal means, 
but,  others have their terminals exposed only on the underside of the chip, which requires that they are 
soldered in an surface mount reflow oven. Although a make-shift reflow oven can be emulated using a 
toaster-oven, we attempt to stay away from surface mount parts in the circuits we build in this book to 
avoid the added difficulty present with SMD parts. 
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Â Note In Chapter 8, I could not find a through-hole part that was needed to complete the project, so I had to use 
a surface-mount chip. I looked for the biggest one available so it would be easy to solder, and it was easier than I 
expected.  

With a few electronics terms and definitions out of the way, we should move on to some Arduino-
specific topics. 

Arduino Primer 
The Arduino is a programmable, AVR-based micro-controller with a robust set of features, 20 I/O pins, 
and it is inexpensive at around $30 for an assembled board. The basic Arduino connects to your 
computer using a standard USB cable, which provides both a serial connection to your PC and the 5v 
power supply needed to operate (no batteries required when using USB cable).  

The Arduino team even developed a program to run on your computer (available for Windows, Mac, 
and Linux) that is used to compile your code and easily upload it to the Arduino board. The Arduino 
board has a USB adapter chip (FTDI) that enables your computer to recognize it as a serial device once 
plugged in. The most current drivers and software needed for programming can be downloaded at the 
www.arduino.cc website free of charge. Check out the “Getting Started” section of the Arduino home 
page to see step-by-step instructions for installing the Arduino software to your specific operating 
system: 

http://arduino.cc/en/Guide/HomePage 
 

The Arduino software is referred to as an Integrated Development Environment (IDE). This is the 
programming software that is used to upload code to the Arduino micro-controller. The IDE contains a 
text-editor and compiler that translates the simplified Arduino programming language (that we write) 
into a more complicated binary hex file that can be uploaded directly to the micro-controller. 

The Arduino language is a variant of the C++ programming language, but uses built-in libraries to 
simplify complicated coding tasks to make it easier for beginners to pick up. If you have no prior 
programming experience, you will benefit greatly from the Arduino reference pages. These pages show 
each Arduino command and how to use it with an example snippet of code. You can either visit the 
Arduino website to view these pages, or check the Arduino IDE under “Help > Reference”: 

http://www.arduino.cc/en/Reference/HomePage 
 

Because the Arduino language is an open source project, it is constantly being improved and 
updated. New versions of the Arduino IDE are released often, so it is best to update your system with the 
newest release available. Most of the projects in this book use the IDE 0019–0021, which can be 
downloaded at the Arduino homepage. 

Arduino Variants 
The Arduino comes in many different shapes and sizes, but there are only two models that use 
completely different chips: the Standard and the Mega. The Standard is the basic Arduino and refers to 
the Atmega8/168/328 chip, whereas the Mega is a different Arduino board with more I/O pins and uses 
the beefier Atmega1280 chip. Because the Arduino design is open source, anyone can design a new 
version of the Arduino board and distribute it as he pleases. For this reason, several other manufacturers 
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have created Arduino “clones” that operate as the standard Arduino, but are made by a third party or 
offered as a kit to build yourself.  

There are also Arduino boards that do not have an onboard USB converter, so you must use a 
special USB (FTDI) programming cable to program them (see Figure 1-18—left). The FTDI programming 
cable is about $20 from Sparkfun.com (part #DEV-09718). The upside to using the FTDI chip on a 
separate programming cable instead of the Arduino board itself is that you can then easily make your 
own Arduino-type boards, using only an Atmega328 chip, 16mHz resonator, and a few other easy-to-find 
components. If you add a few header pins, you can even program your homemade Arduino boards in-
circuit (see Figure 1-16). 

After buying the FTDI programming cable from Sparkfun.com, I went on an unintended but 
inspired building spree and made about 15 different Arduino clones that had different pin 
configurations, screw-terminals, R/C headers, powered Servo plugs, and even a few stackable Arduino 
extension boards. Although none of my homemade boards had onboard USB functionality, several had a 
6-pin FTDI programming header to enable in-circuit programming. This way, I had to purchase only $8 
in parts to build each board. If you enjoy prototyping, this is the cost-effective way to go. 

You might notice in Figure 1-16, that the homemade Arduino board has very few parts. This is 
because there are only three absolutely necessary parts to make a homemade Arduino board work: the 
Atmega168 chip, 16MHz resonator, and +5v voltage regulator. The capacitors, power LED, header pins, 
and reset button are not required, but recommended for reliability and easy integration into a project. 

 

  

Figure 1-16. Three different types of Arduino boards 

Note that a homemade variation on the left uses the same Atmega168 chip as the Standard Arduino 
but is programmed using an FTDI programming cable; the center board is a Standard Arduino 
Duemilanove; and the last board on the right is an Arduino Mega. 

Standard Arduino 
The standard Arduino was originally based on the Atmel Atmega8 chip, a 28-pin microcontroller with 20 
total available Inputs/Outputs (I/O). Of the 20 controllable pins, 6 are used as Analog inputs, 6 can be 
used as PWM outputs, and there are 2 external interrupts available for use. The standard Arduino runs at 
16mHz and has three adjustable timers to allow for changing the PWM frequencies (discussed later in 
this chapter).  

There are two other variations that are pin-compatible with this chip, the Atmgea168 and the 
Atmega328 each containing more onboard memory than the previous. The newer versions of the 
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standard Arduino come with the newer Atmega328 chips instead of the older Atmega8/168 chips. If you 
have an older model Arduino and would like to upgrade to the newer chip with more memory, you can 
purchase a new Atmega328 chip for around $5.50 and simply plug it into your existing Arduino (these 
chips are pin-compatible and physically the same). This should be an issue only if you have a sketch that 
uses more memory than the Atmega8 has available–a problem for more advanced users and larger 
projects. 

One of the key advantages to this chip is that it is available in a through-hole package IC that can be 
removed from the Arduino board and is easily mounted on a breadboard or soldered onto perforated 
prototyping board to make a standalone Arduino clone for permanent use in a project. The through-hole 
Atmega328 chip is perfect for prototyping, paired with a 28-DIP IC socket. 

Â Note If you somehow destroy a pin on your Arduino, it can most likely be remedied by replacing the 
Atmega168/328 chip with a new one–they are about $5.50 each and you can buy them with the Arduino 
bootloader preinstalled from Sparkfun.com (part #DEV-09217). I have had this happen several times and am still 
using my first Arduino board! 

Arduino Mega 
The Arduino Mega is the other model that uses a beefier Atmega1280 chip, which is like a standard 
Arduino on steroids, featuring 70 total I/O pins (see Figure 1-16—right). Of these there are 16 Analog 
inputs, 12PWM outputs, and 6 external interrupts available. The same software is used for all Arduino 
models and each command in the Arduino language works on each device.  

This model is available only with the Atmega1280 surface mounted to the board and cannot be 
removed, thus limiting its versatility compared to the standard Arduino. The initial cost of this board was 
around $75 but several companies have introduced Arduino Mega clones that can be found for around 
$45. If you can afford an extra Arduino, it is nice to have around when more I/O pins are needed without 
changing any hardware. 

Clones 
Although there are only two models that use different base processing chips, there is an endless number 
of Arduino clones circulating around the Internet for you to build or buy in many cases. An Arduino 
clone, is not an officially supported Arduino board, but instead each clone board might have its own 
specific pin setup, size, and intended purpose. All that is required to be compatible with the Arduino, is 
that it uses the Arduino IDE software to upload the Arduino code. 

There are even clones that stray away from the standard hardware specifications, but are still 
supported by the Arduino IDE, like the Arduino Pro Mini that operates at 3.3v and 8MHz instead of 5v 
and 16MHz as the standard. You can use any of the Arduino clones with the Arduino IDE software, but 
you must select the correct board from the Tools menu. 

In short, it does not matter what Arduino you buy to get started with this book–as long as it 
mentions Arduino, it should work just fine. We specifically use the standard Arduino for several projects, 
an Arduino mega for one project, an Ardupilot (GPS enabled Arduino) for one chapter, and several 
homemade Arduino clones. Now let’s look at the Arduino IDE to get a better understanding of how it 
works. 
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Arduino IDE 
Assuming you have already followed the instruction to download and install the Arduino IDE, you now 
need to open the program. The first time you open the Arduino IDE on your computer, it might ask you 
where you would like to place your “sketchbook” (if using Windows or Linux). If using a Mac, your 
sketchbook should be automatically created at user/documents/Arduino. Your sketchbook is the folder 
that the IDE will store all of the sketches that you create within the IDE. After you select your sketchbook 
folder, all of its contents will appear in the File > Sketchbook menu.  

Upon opening the IDE, you will notice a blank white screen ready for you to enter code, and a blue 
colored toolbar at the top of the screen that provides shortcut buttons to common commands within the 
IDE (see Figure 1-17). Table 1-3 provides a description of each one. 

 

Figure 1-17. The IDE has a toolbar at the top that contains shortcuts for common tasks. You can hover 

your mouse cursor over each button when using the IDE to see a description. 

Table 1-3. Arduino IDE Toolbar Buttons 

 

Compile: This button is used to check the “syntax” or correctness of your code. If you have 
anything labeled incorrectly or any variables that were not defined, you will see an error code 
in red letters at the bottom of the IDE screen. If, however, your code is correct, you will see 
the message “Done Compiling” along with the size of your sketch in kilo-bytes. This is the 
button you press to check your code for errors. 

 

Stop: If you are running a program that is communicating with your computer, pressing this 
button will stop the program. 

 

New: This button clears the screen and enables you to begin working on a blank page. 

 

Open: This button lets you open an existing sketch from file. You will use this when you need 
to open a file that you have downloaded or have previously worked on. 

 

Save: Select this button to save your current work. 
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Upload: This is the magic button, which enables you to upload your code to the Arduino. The 
IDE compiles your code before it tries to upload it to the board, but I always press the 
Compile button before uploading. You might get an error message if you have the wrong 
board selected from the Tools > Board menu. 

 

Serial Monitor: The serial monitor is a tool for debugging (figuring out what is wrong). The 
Arduino language includes a command to print values that are gathered from the Arduino 
during the loop function, and print them onto your computer screen so you can see them. 
This feature can be extremely helpful if you are not getting the result you anticipated, 
because it can show you exactly what is going on. We use this feature extensively to test the 
code before installing into a project.  

The Sketch 
The sketch is nothing more than a set of instructions for the Arduino to carry out. Sketches created using 
the Arduino IDE are saved as .pde files. To create a sketch, you need to make the three main parts: 
Variable declaration, the Setup function, and the main Loop function. 

Variable Declaration  
Variable declaration is a fancy term that means you need to type the names of each input or output that 
you want to use in your sketch. You can rename an Arduino input/output pin number with any name 
(i.e., led_pin, led, my_led, led2, pot_pin, motor_pin, etc.) and you can refer to the pin by that name 
throughout the sketch rather than the pin number. You can also declare a variable for a simple value 
(not attached to an I/O pin) and use that name to refer to the value of that variable. Thus, when you 
want to use the value of the variable later in the sketch, it is easy to recall. These variables can be 
declared as several different types, but the most common that we use is an integer (int). In the Arduino 
language, an integer variable can contain a value ranging from -32,768 to 32,767. Other variable types are 
used in later examples (i.e., float, long, unsigned int, char, byte, etc.) and are explained when used. 

Following is an example variable declaration: 

 int my_led = 13;  
 

Instead of sending commands to the pin number of the Arduino (i.e., 13), we rename pin 13 to be 
“my_led.” Anytime we want to use pin 13, we call my_led instead. This is helpful when you have many 
references to my_led throughout the sketch. If you decide to change the pin number that my_led is 
attached to (i.e., to pin 4), you change this once in the variable declaration and then all references to 
my_led lead to pin 4—this is meant for easier coding. 

The Setup Function  
This function runs once, each time the Arduino is powered on. This is usually where we determine which 
of the variables declared are inputs or outputs using the pinMode() command.  
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Example setup() function: 
 
void setup() { 
  pinMode(my_led, OUTPUT); 
} 
 

We just used the setup() function to declare my_led as an output (OUTPUT needs to be all CAPS in 
the code). You can do other things in the setup() function like turn on the Arduinos Serial port, but that 
is all for now. 

The Loop Function  
This function is where the main code is placed and will run over and over again continuously until the 
Arduino is powered off. This is where we tell the Arduino what to do in the sketch. Each time the sketch 
reaches the end of the loop function, it will return the beginning of the loop. 

In this example, the loop function simply blinks the LED on and off by using the delay(ms) function. 
Changing the first delay(1000) effects how long the LED stays on, whereas changing the second 
delay(1000) effects how long the LED stays off.  

The following is an example loop() function: 

void loop() { 
                                 // beginning of loop, do the following things: 
  digitalWrite(my_led, HIGH);    // turn LED On 
  delay(1000);                   // wait 1 second 
  digitalWrite(my_led, LOW);     // turn LED Off 
  delay(1000);                   // wait 1 second 
                                 // end loop, go back to beginning of loop 
} 
 

If you combine these sections of code together, you will have a complete sketch. Your Arduino 
should have an LED built in to digital pin 13, so this sketch renames that pin my_led. The LED will be 
turned on for 1,000 milliseconds (1 second) and then turned off for 1,000 milliseconds, indefinitely until 
you unplug it. I encourage you to change the delay() times in the Listing 1-1 and upload to see what you 
find. 

Listing 1-1. Blink example 

//Code 1.1 – Blink example 
// Blink the LED on pin 13 
 
int my_led = 13;                 // declare the variable my_led 
 
void setup() { 
  pinMode(my_led, OUTPUT);       // use the pinMode() command to set my_led as an OUTPUT 
} 
 
void loop() { 
  digitalWrite(my_led, HIGH);    // set my_led HIGH (turn it On) 
  delay(1000);                   // do nothing for 1 second (1000mS) 
  digitalWrite(my_led, LOW);     // set my_led LOW (turn it Off) 
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  delay(1000);                   // do nothing again for 1 second 

} 
                                 // return to beginning of loop 
 
// end code 
 

You can copy this code example into your Arduino IDE screen and press the Compile button (see 
Figure 1-18). With your Arduino plugged in to the USB port, you should be able to press the Upload 
button to send the code to the Arduino. If you type the code manually, you do not have to add the 
comments because they will not be compiled into code. This code does not require any input after it is 
uploaded–but you can change the delay() time and reupload to see the difference.  

Â Note You will notice that in many sketches, there are comments throughout that are denoted by adding two 
backslashes (//) and then some text. Any text added after the two backslashes will not be converted into code and 
will are for reference purposes only: // This is a comment; it will not be processed as code. 

     

Figure 1-18. Screen of the Arduino IDE program with the Blink example sketch in Listing 1-1 

Signals 
There are several types of signals that the Arduino can both read and write, but they can be 
distinguished into two main groups: digital and analog. A digital signal is either +5v or 0v but an analog 
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signal can be any linear voltage between 0v and +5v. You can also read and write digital pulse signals and 
Serial commands using the Arduino and various included functions.  

Digital Signals 
The Arduino Uno/Diecimila/Duemilanove has 14 digital input/output pins labeled D0-D13. Each digital 
pin on the Arduino can be configured as either an INPUT or an OUTPUT by using the pinMode() 
command in the setup() function. A digital signal on the Arduino can be only in two states: HIGH or 
LOW. This is true whether the digital signal is an input or an output. When a pin is at 5v it is considered 
HIGH, and when it is at 0v or GND, it is considered LOW.  

Digital Inputs 

Digital inputs are useful if you want to determine when a button has been pressed (i.e., a bump sensor), 
whether a switch is on or off, or if you want to read a pulse from a sensor to determine its hidden value. 
To determine whether an input is HIGH or LOW, you use the digitalRead(pin) command. Sometimes a 
digital input signal might not always have a full 5v available, so the threshold to drive an input pin HIGH 
is around 3v, and anything below this threshold is considered to be LOW. 

R/C receivers used for hobby airplanes/boats/cars output “servo signals,” which are pulses of 
electricity that are driven HIGH for a short but specific length of time before going back to LOW. The 
duration of the pulse specifies the position of the R/C transmitter control sticks. If you try to check this 
type of signal with your voltage-meter, you won’t see the needle move. That’s because the pulse is too 
short to register on the meter, but any digital input on the Arduino can read a pulse length like a servo 
signal using the pulseIn() command.  

We can read information from a digital input, not only by whether it is HIGH or LOW, but by how 
long it is HIGH or LOW. The Arduino is good at precisely measuring the length of short electrical pulses, 
down to about 10 microseconds! This means that quite a bit of information can be encoded into a digital 
input in the form of a pulse or Serial command. 

Digital Outputs 

A digital output is equally simple, yet can be used to do complicated tasks. If you have an Arduino, you 
have seen the Hello World! sketch, which simply blinks the LED on pin D13 that is built in to the board—
this is the most simple use of a digital output. Each pin on the Arduino is capable of supplying or 
sourcing about 40mA of current at 5v.  

Often the current supplied by an Arduino pin is not sufficient to power anything more than an LED, 
so a level-shifter or amplifier can be used to increase the voltage and current that is switched ON and 
OFF by the Arduino to a more usable level for controlling motors, lights, or relays. Digital pins are also 
the basis for serial data transfer, which can send multiple commands through a single digital output 
(Listing 1-2). 

Listing 1-2. Setting up a digital input and output in the same sketch 

// Code Example: Input and Output  
// This code will set up a digital input on Arduino pin 2 and a digital output oné 
 Arduino pin 13. 
// If the input is HIGH the output LED will be LOW  
 
int switch_pin = 2;    // this tells the Arduino that we want to name digitalé 
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 pin 2 "switch_pin" 
int switch_value;      // we need a variable to store the value of switch_pin, so we makeé 
 "switch_value" 
int my_led = 13;       // tell Arduino to name digital pin 13 = "my_led" 
 
void setup(){ 
    pinMode(switch_pin, INPUT);                    // let Arduino know to use switch_piné 
 (pin 2) as an Input 
    pinMode(my_led, OUTPUT);                       // let Arduino know to use my_ledé 
 (pin 13) as an Output 
} 
 
void loop(){ 
    switch_value = digitalRead(switch_pin);        // read switch_pin and record the valueé 
 to switch_value 
 
    if (switch_value == HIGH){                     // if that value "is equal to (==)"é 
  HIGH... 
        digitalWrite(my_led, LOW);                 // ... then turn the LED off 
    } 
    else {                                         // otherwise... 
        digitalWrite(my_led, HIGH);                // ...turn the LED on.    
    } 
 
} 
// end code 
 

This code example makes use of a simple if statement to test the value of the switch_pin. You can 
use a jumper wire connected to pin 2 of the Arduino (switch_pin)—connect the other end of the jumper 
wire to either GND or +5v to see the LED change values. If the input value is HIGH, the Arduino sets the 
my_led pin LOW (Off). If the input value is LOW, the Arduino sets the my_led pin HIGH (On). To learn 
more about if/else statements with examples, see the Arduino Reference pages at 
http://arduino.cc/en/Reference/Else. 

Special Case: External Interrupts 

When using the digitalRead() command for an input pin on the Arduino, you receive only the value that 
is available at the exact moment when the command is called. However, the Arduino has the capability 
to determine when the state of a pin changes, without using the digitalRead() command. This is called 
an interrupt. An interrupt is an input method that notifies you when the state of particular pin changes, 
without you checking. The standard Arduino has two external interrupts on digital pins 2 and 3. Whereas 
the Arduino Mega has six external interrupts on digital pins 2, 3, 21, 20, 19, and 18. 

The interrupt must be initiated once in the setup and must use a special function called an Interrupt 
Service Routine (ISR) that is run each time the interrupt is triggered (see Code 1.3). The interrupts can be 
set to trigger when a pin changes from LOW to HIGH (RISING), from HIGH to LOW (FALLING), or 
simply any time the pin CHANGES states in either direction.  

To better illustrate this process, imagine that you are mowing the grass in your backyard before 
lunch. You know that lunch will be ready shortly and you don’t want to miss it, but you also don’t want 
to stop your lawn mower every 5 minutes to go inside and check the food. Instead, you ask the cook to 
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come outside and tell you when lunch is ready. This way, you can continue mowing the grass without 
worrying about missing lunch.  

You are interrupted when lunch is ready (the pin changes states), and after you are done eating (the 
Interrupt Service Routine), you can return to mowing the grass (the main loop).  

This is helpful because regularly checking the state of a pin that does not regularly change states can 
slow down the other functions in the main loop. The interrupt will simply STOP the main loop for only 
as long as it takes to run through the ISR, and then immediately return to the exact place in the loop 
where it left off. You can use an interrupt pin to monitor a bump-sensor on a robot that needs to stop the 
motors as soon as it is pressed, or use an interrupt pin to capture pulses from an R/C receiver without 
pausing the rest of the program. 

Listing 1-3 requires the use of a Hobby R/C radio system. The R/C receiver can be powered using 
the Arduinos +5v and GND, whereas the R/C signal should be connected to Arduino pin 2. If you do not 
yet have an R/C receiver, you can test this example later. 

Listing 1-3. Using an interrupt pin to capture an R/C pulse length 

// Code Example – Using an Interrupt pin to capture an R/C pulse length 
// Connect signal from R/C receiver into Arduino digital pin 2 
// Turn On R/C transmitter ed when using the Arduinos two external interrupts is that  
// If valid signal is received, you should see the LED on pin 13 turn On. 
// If no valid signal is received, you will see the LED turned Off. 
 
int my_led = 13;  
 
volatile long servo_startPulse;    
volatile unsigned int pulse_val;  
int servo_val;   
 
void setup() {  
  Serial.begin(9600);  
  pinMode(servo_val, INPUT);  
  
  attachInterrupt(0, rc_begin, RISING);     // initiate the interrupt for a rising signal 
} 
 
// set up the rising interrupt  
void rc_begin() {           
  servo_startPulse = micros();     
  detachInterrupt(0);  // turn Off the rising interrupt 
  attachInterrupt(0, rc_end, FALLING); // turn On the falling interrupt 
}  
 
// set up the falling interrupt 
void rc_end() {  
  pulse_val = micros() - servo_startPulse;  
  detachInterrupt(0);  // turn Off the falling interrupt 
  attachInterrupt(0, rc_begin, RISING); // turn On the rising interrupt 
      } 
 
void loop() {  
  servo_val = pulse_val; // record the value that the Interrupt Service Routine calculated 
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  if (servo_val > 600 && servo_val < 2400){ 
 digitalWrite(my_led, HIGH);   // if the value is within R/C range, turn the LED On 
      Serial.println(servo_val); 
  } 
  else { 
       digitalWrite(my_led, LOW);  // If the value is not within R/C range, turn the LED Off. 
  } 
      } 
 

This Arduino code looks for any valid R/C servo pulse signal from an R/C receiver plugged into 
Arduino digital pin 2, which is where the Arduino “external interrupt 0” is located. If a valid pulse is 
detected (must be between 600uS and 2400uS in length), the LED on digital pin 13 will turn on. If no 
pulse is detected, the LED will stay Off. 

Because Listing 1-3 uses an interrupt, it captures only the R/C pulses when they are available 
instead of checking for a pulse each loop cycle (polling). Some projects require many different tasks to 
be carried out each loop cycle (reading sensors, commanding motors, sending serial data, etc.), and 
using interrupts can save valuable processing time by only interrupting the main loop when something 
changes at the interrupt pin. 

The only problem I have encountered when using the Arduinos two external interrupts is that they 
are available only on digital pins 2 and 3 of the Arduino, which conflicts with the use of digital pin 3 as a 
PWM output.  

Analog Signals 
We have established that a digital I/O signal must either be LOW (0v) or HIGH (5v). Analog voltages can 
be anywhere in between (2v, 3.4v, 4.6v, etc.) and the Arduino has six special inputs that can read the 
value of such voltages. These six 10-bit Analog inputs (with digital to analog converters) can determine 
the exact value of an analog voltage. 

Analog Inputs 

The input is looking for a voltage level between 0-5vdc and will scale that voltage into a 10-bit value, or 
from 0-1023. This means that if you apply 0v to the input you will see an analog value of 0; apply 5v and 
you will see an analog value of 1023; and anything in-between will be proportional to the input.  

To read an analog pin, you must use the analogRead() command with the analog pin (0-5) that you 
would like to read. One interesting note about Analog inputs on the Arduino is that they do not have to 
be declared as variables or as inputs in the setup. By using the analogRead() command, the Arduino 
automatically knows that you are trying to read one of the A0-A5 pins instead of a digital pin. 

A potentiometer (variable resistor) acts as a voltage divider and can be useful for outputting a low-
current analog voltage that can be read by the Arduino using an analog input (see Figure 1-19). Listing 1-
4 provides an example of how to read a potentiometer value. 
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Figure 1-19. This typical turn-style potentiometer has three terminals. The outer two terminals should be 

connected to GND and +5v respectively (orientation does not matter), whereas the center terminal should 

connect to an analog Input pin on the Arduino. 

Listing 1-4. How to read an Analog input 

// Code Example – Analog Input 
// Read potentiometer from analog pin 0 
// And display 10-bit value (0-1023) on the serial monitor 
// After uploading, open serial monitor from Arduino IDE at 9600bps. 
 
int pot_val;    // use variable "pot_val" to store the value of the potentiometer  
 
void setup(){ 
    Serial.begin(9600);  // start Arduino serial communication at 9600 bps 
} 
 
void loop(){ 
    pot_value = analogRead(0);  // use analogRead on analog pin 0 
    Serial.println(pot_val);    // use the Serial.print() command to send the value to theé 
 monitor 
} 
 
// end code 
 

Copy the previous code into the IDE and upload to your Arduino. This sketch enables the Serial port 
on the Arduino pins 0 and 1 using the Serial.begin() command–you will be able to open the Serial 
monitor from the IDE and view the converted analog values from the potentiometer as it is adjusted. 

Analog Outputs (PWM) 

This is not technically an analog output, but it is the digital equivalent to an analog voltage available at 
an output pin. This feature is called Pulse Width Modulation and is an efficient way of delivering a 
voltage level that is somewhere between the Source and GND. 

In electronics, you hear the term PWM used quite frequently because it is an important and usable 
feature in a micro-controller. The term stands for Pulse Width Modulation and is the digital equivalent 
to an Analog voltage you find with a potentiometer. The Arduino has six of these outputs on digital pins 
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3, 5, 6, 9, 10, and 11. The Arduino can easily change the duty-cycle or output at any time in the sketch, by 
using the analogWrite() command.  

To use the analogWrite(PWM_pin, speed) command, you must write to a PWM pin (pins 3, 5, 6, 9, 
10, 11). The PWM duty-cycle ranges from 0 to 255, so you do not want to write any value above or below 
that to the pin. I usually add a filter to make sure that no speed value above 255 or below 0 is written to a 
PWM pin, because this can cause erratic and unwanted behavior (see Listing 1-5). 

Listing 1-5. How to command a PWM output  

// Code Example – Analog Input – PWM Output  
// Read potentiometer from analog pin 0 
// PWM output on pin 3 will be proportional to potentiometer input (check with voltage meter). 
 
int pot_val;     // use variable "pot_val" to store the value of the potentiometer  
int pwm_pin = 3; // name pin Arduino PWM 3 = "pwm_pin" 
 
void setup(){ 
    pinMode(pwm_pin, OUTPUT); 
} 
 
void loop(){ 
 
    pot_value = analogRead(0);  // read potentiometer value on analog pin 0 
 
    pwm_value = pot_value / 4;  // pot_value max = 1023 / 4 = 255 
 
    if (pwm_value > 255){       // filter to make sure pwm_value does not exceed 255 
        pwm_value = 255; 
    } 
    if (pwm_value < 0){         // filter to make sure pwm_value does not go below 0 
        pwm_value = 0; 
    } 
 
    analogWrite(pwm_pin, pwm_value);  // write pwm_value to pwm_pin 
} 
// end code 
 

This code reads the potentiometer as in Listing 1-4, but now it also commands a proportional PWM 
output signal to Arduino digital pin 3. You can check the output of pin 3 with a voltage meter–it should 
read from 0v-5v depending on the position of the potentiometer.  

If you have a 330ohm resistor and an LED laying around, you can connect the resistor in series with 
either LED lead (just make sure the LED polarity is correct) to Arduino pin 3 and GND to see the LED 
fade from 0% to 100% brightness using a digital PWM signal. We cannot use the LED on pin 13 for this 
example, because it does not have PWM capability. 

Duty-Cycle 

In a 1kHz PWM signal, there are 1,000 On/Off cycles each second that are 1 millisecond long each. 
During each of these 1mS cycles, the signal can be HIGH part of the time and LOW the rest of the time. A 
0% duty cycle indicates that the signal is LOW the entire 1mS, whereas a 100% duty-cycle is HIGH the 
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entire 1mS. A 70% duty-cycle is HIGH for 700 microseconds and LOW for the remaining 300 uS, for each 
of the 1,000 cycles per second–thus the overall effect of the signal is 70% of the total available. 

The duty-cycle of a PWM output on the Arduino is determined using the analogWrite(pin, duty-
cycle) command. The duty cycle can range from 0-255 and can be changed at any time during the 
program–it is important to keep the duty-cycle value from exceeding 255 or going below 0, because this 
will cause unwanted effects on the PWM pin. 

Most motor speed controllers vary the duty cycle (keeping the frequency constant) of the PWM 
signal that controls the motor power switches in order to vary the speed of the motor. This is the 
preferred way to control the speed of a motor, because relatively no heat is wasted in the switching 
process.  

Frequency 

Frequency is rated in Hertz (Hz), and reflects the number of (switching) cycles per second. A switching 
cycle is a short period of time when the output line goes from completely HIGH to completely LOW. 
PWM signals typically have a set frequency and varying duty-cycle, but you can change the Arduino 
PWM frequencies from 30Hz up to 62kHz (that’s 62,000Hz) by adding a single line of code for each set of 
PWM pins. 

At 30Hz, the output line is switched only from HIGH to LOW 30 times per second, which will have 
visible effects on a resistive load like an LED making it appear to pulse on and off. Using a 30Hz 
frequency works just fine for an inductive load like a DC motor that takes more time to deenergize than 
allowed between switching cycles, resulting in a seemingly smooth operation.  

The higher the frequency, the less visible the switching effects are on the operation of the load, but 
too high a frequency and the switching devices start generating excess heat. This is because as the 
frequency increases, the length of the switching-cycle is decreased (see Table 1-4), and if the switching 
cycle is too short, the output does not have enough time to switch completely from HIGH to LOW before 
going back to HIGH. The switch instead stays somewhere in between on and off, in a cross-conduction 
state (also called “shoot-through”) that will generate heat. 

It is simple to determine the total length of each duty-cycle by dividing the time by the frequency. 
Because the frequency determines the number of duty-cycles during a 1-second interval, simply divide 1 
second (or 1,000 milliseconds) by the PWM frequency to determine the length of each switching cycle. 

For quick reference, here are some common time/speed conversions: 

 1000 milliseconds = 1 second  

 1000 microseconds (uS) = 1 millisecond (mS) 

 1,000,000 microseconds (uS) = 1 second 

 1000 hertz (Hz) = 1 kilohertz (1 kHz)  
 

Table 1-4 shows all of the available frequencies for the Arduino PWM pins and which pins each 
frequency is available on. 

Table 1-4. PWM Frequency Versus Cycle-Time Chart  

PWM Frequency in Hertz Time per Switching Cycle  Arduino PWM Pins  

30Hz  32 milliseconds 9 & 10, 11 & 3 
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PWM Frequency in Hertz Time per Switching Cycle  Arduino PWM Pins  

61Hz 16 milliseconds 5 & 6 

122Hz 8 milliseconds 9 & 10, 11 & 3 

244Hz 4 milliseconds 5 & 6, 11 & 3, 

488Hz 2 milliseconds 9 & 10, 11 & 3 

976Hz (1kHz) 1 millisecond (1,000 uS) 5 & 6, 11 & 3, 

3,906Hz (4kHz) 256 microseconds 9 & 10, 11 & 3 

7,812Hz (8kHz) 128 microseconds 5 & 6 

31,250Hz (32kHz) 32 microseconds 9 & 10, 11 & 3 

62,500Hz (62kHz) 16 microseconds 5 & 6 

 
For more information on changing the system timers to operate at different PWM frequencies, visit 

the Arduino playground website: 

http://www.arduino.cc/playground/Main/TimerPWMCheatsheet 

Homemade PWM Example 

To simulate frequency and duty-cycle using manual timing (for learning and experimenting purposes), 
combine the Listings 1-1 (Blink) and 1-4 (Potentiometer) to enable you to change the frequency and 
duty-cycle of a pseudo-PWM output on pin 13 (the built-in LED). All you need is a potentiometer 
connected to Analog pin 0 of your Arduino. 

Using manual timing and the built-in LED on Arduino pin 13, we can simulate a PWM signal at 
different frequencies and with different duty-cycles from 0% to 100%, as shown in Listing 1-6. 

Listing 1-6. Pseudo-PWM example 

//Code Example – Pseudo-PWM example (home-made Pulse Width Modulation code) 
// Blink the LED on pin 13 with varying duty-cycle  
// Duty-cycle is determined by potentiometer value read from Analog pin 0 
// Change frequency of PWM by lowering of variable "cycle_val" to the followingé 
 millisecond values: 
// 10 milliseconds = 100 Hz frequency (fast switching) 
// 16 milliseconds = 60 Hz (normal lighting frequency) 
// 33 milliseconds = 30 Hz  (medium switching) 
// 100 milliseconds = 10 Hz  (slow switching) 
// 1000 milliseconds = 1 Hz  (extremely slow switching) -  unusable, but try it anyways. 
 
int my_led = 13;   // declare the variable my_led 
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int pot_val;       // use variable "pot_val" to store the value of the potentiometer  
int adj_val;       // use this variable to adjust the pot_val into a variable frequency value 
int cycle_val = 33;  // Use this value to manually adjust the frequency of the pseudo-PWMé 
 signal 
 
void setup() { 
  pinMode(my_led, OUTPUT);    // use the pinMode() command to set my_led as an OUTPUT 
} 
 
void loop() { 
  pot_val = analogRead(0); // read potentiometer value from A0 (returns a value from 0 - 1023) 
  adj_val = map(pot_val, 0, 1023, 0, cycle_val); // map 0 - 1023 analog input fromé 
 0 - cycle_val 
 
  digitalWrite(my_led, HIGH);    // set my_led HIGH (turn it On) 
  delay(adj_val);                // stay turned on for this amount of time 
  digitalWrite(my_led, LOW);     // set my_led LOW (turn it Off) 
  delay(cycle_val - adj_val);    // stay turned off for this amount of time 
  
} 
 
// end code 
 

Listing 1-6 shows how to adjust the duty-cycle for an LED that is blinking at 60Hz (16 switching 
cycles each second). This example sketch is for educational purposes only. Because the value of 
cycle_val also dictates how many steps are in the LEDs fading range, you will lose duty-cycle resolution 
as you increase frequency. I chose 60Hz to demonstrate a frequency that is about the same as the 
lightbulbs in your home. At this switching speed, your human eye cannot easily detect the pulsing and 
the LED appears to be solidly emitting light proportional to the duty-cycle. 

If you want to manually increase the frequency of the pseudo-PWM signal in the previous sketch, 
you can change the cycle_val variable to something a bit higher (lower frequency). – To change the 
frequency from 60Hz to 30Hz, you need to change the cycle time by changing the variable cycle_val from 
16 milliseconds to 33 milliseconds. You can still operate the potentiometer to achieve the same duty-
cycles, but the results will be noticeably less smooth. As the PWM frequency falls below 60Hz, you can 
see a pulsing sensation in the LED at any duty-cycle (except 100%).  

Now that we have discussed several of the basic Arduino functions, let’s discuss the basics of circuit 
building. 

Building Circuits 
It is one thing to be able to program the Arduino and test an electrical circuit, but what happens if you 
can’t find the exact circuit that you need? It might be easiest for you to build the circuit yourself. First 
you need to know how to read electrical blueprints, called schematics. An electrical schematic shows a 
universal symbol for each electronic component (along with a name and value) and a depiction of how it 
connects to the other components in the circuit. 

Circuit Design 
Circuit designing can be done on a notepad or piece of paper, but replicating handmade circuits can be 
time-consuming and tedious. If you care to invest a small amount of time in your project, you can use an 
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open-source or freeware program to create both a schematic and circuit-board design (PCB) for your 
circuit. I now prefer to do all of my circuit designing on the computer–even if I am not planning on 
etching a PCB from the design, I at least like to make a schematic for the circuit. 

There are several good computer programs that can be used to design circuits. For beginners, I 
recommend the open-source program called Fritzing, which makes use of a nicely illustrated parts 
library to give the user a visual feel for how the circuit will look, as well as a proper schematic for each 
project. There is even an Arduino board available in the parts library for you to use in your schematics–I 
used this program to generate several of the smaller schematics and illustration examples. 

Download Fritzing at: http://fritzing.org/ 
For the more serious user, Eagle CAD is an excellent circuit design program that can be used as 

freeware or paid versions, and has extensive parts libraries and professional design tools. This program 
is also used in several chapters to open and print PCB design files from your computer. 

Download Eagle Cad at: http://www.cadsoft.de/ 
Eagle Cad enables you to create reliable, compact, and professional-looking PCBs that are tailored 

to fit your exact needs. You will spend a bit more time on the preparation of the circuit, but you will then 
be able to reproduce as many copies as you like easily–a tedious task using the simpler point-to-point 
wiring method. Don’t be afraid of all the buttons available in the program. If you scan the mouse over a 
button, it will tell you what it does. Think of Eagle as a really geeky paint program.  

This program is a printed circuit board (PCB) editor and has a freeware version available for hobby 
use (with board size restrictions). It enables you to open, edit, and print both Schematics and PC Board 
files with up to two layers and a 3.2”x4.0” silkscreen area. Don’t be fooled by the restricted size; it is more 
than large enough to build any of the circuits used in this book and plenty of others. If you did, however, 
want to build your own PC motherboard or something similar, you might need to buy the professional 
license for an unlimited PC board size. 

We further discuss using design software to create circuits in Chapter 6. For now we focus on some 
different types of components and their function. Although there are many component parts available, 
there are only a handful of parts that are used in the projects throughout this book. Let’s look at some 
pictures, electrical symbols, and descriptions of each. 

Schematics 
A schematic is a graphical representation of a circuit that uses a standard symbol for each electrical 
device with a number to represent its value. It can be helpful to ensure proper polarity and orientation of 
each device as it is placed into the circuit for soldering. A schematic can also stay the same, even if the 
values or packages of the devices used in the circuit change. See Table 1-5 for some common electrical 
components and symbols found in a schematic. 
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Table 1-5. Common Component Symbols That You Might Encounter When Reading a Schematic 

Component Schematic 
Symbol Description 

 

 

VCC: The common symbol for a battery power supply. A battery is a 
portable type of power supply that uses cells to store electrical charge. 
Cells can be arranged in different orders to produce specific voltage 
levels. Here is a 9v battery, typically used in a remote control or smoke 
detector. 

 

 

Switch: A simple switch used to open or close a circuit. This type of 
switch, called a “momentary button switch” closes the circuit when the 
button is pushed. Upon releasing the button, the circuit will be opened 
again. These buttons are commonly used in electronic circuits for low-
power applications. 

 
 

Diode: The symbol for a diode, the back side of the triangle (left side) is 
called the “anode” or positive end, and the striped end (right side) is 
called the “cathode” or negative end. The diode acts as a one-way valve 
– there are many different types of diodes, and they also used to 
construct logic-gates, transistors, and nearly every other type of semi-
conductor made. Get used to this symbol, as you see it often. 

  

Light Emitting Diode (LED): LEDs are commonly used in electronics 
circuits as indicator lights because they are inexpensive, consume little 
current, last a long time, and are very bright for their size. I have a bag 
of various colored LEDs on my workbench, because it is inevitable that 
I will use at least one in each project. 

 

Resistor: A resistor is a wire component with a specific resistance, used 
to resist the flow of current through a circuit or to a device in the 
circuit. Resistors are not polarized, meaning that current can flow in 
either direction and it does not matter what orientation they are 
installed. 
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Component Schematic 
Symbol Description 

 

 

Variable resistor (potentiometer): This is what you typically think of as a 
volume knob. A variable resistor uses a wiper mechanism to slide a 
contactor across a plane of linear variable resistance.  

Typically, there are three pins on a potentiometer and the outer two 
are connected to +5v and GND (in either order), whereas the center tab 
is the variable analog voltage output of the potentiometer–the center 
tab should be connected to the input of the Arduino, or other control 
circuitry. 

  

Transistor switch NPN: A transistor is the simplest type of digital 
switch. There are several different variations of transistors, but we use 
only BJT and Mosfet types. Pictured is a 2n3904 NPN bipolar junction 
transistor commonly used in electronic circuits as a switch for current 
levels up to about 200mA. 

The BJT is commonly used as a high-frequency, low-power electronic 
switch that is easily controlled using an Arduino. The N-type transistor 
is considered a low-side switch that is often used in conjunction with 
P-type transistors. 

  

Transistor switch PNP: The PNP transistor is similar to the NPN type, 
but it can be used only as a high-side switch. Pictured is the 2n3906 
PNP transistor, which is also capable of switching loads up to 200mA 
and designed to complement the 2n3904 NPN type. 

By combining PNP and NPN transistors together, you can create an 
amplifying circuit or signal buffer (see Chapter 3 for more 
information).  

 

Capacitor: A capacitor is a device that can hold a specific amount of 
electrical charge, used to supply current to the rest of the circuit or 
absorb voltage spikes for signal smoothing. This electroclytic capacitor 
is rated at 100uF and 25v. You should always select a capacitor with a 
voltage rating that is at least 10v higher than the system operating 
voltage. Exceeding the voltage limit results in an exploding capacitor! 

Some capacitors are polarized and have a designated GND terminal 
(denoted by a stripe or shorter lead pin), whereas others are non-
polarized and can be placed in either direction. 

 
 

Ceramic resonator: This ceramic resonator takes the place of a crystal 
and two capacitors, because it has two capacitors built-in. You simply 
connect the center pin to GND and the outer pins to the Xtal1 and 
Xtal2 pins of the Atmega168 chip (in either order). This device provides 
a base for all of the timing functions on the Arduino—think of it as a 
digital metronome. 
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Component Schematic 
Symbol Description 

 

 

Motor: This symbol usually indicates a standard two-wire DC motor. 
This DC motor with gear-box attached is a small hobby type motor that 
can be used in a robotic project. There are typically two wires used to 
operate this type of motor, where reversing the polarity to the wires will 
reverse the direction of the motor output shaft. 

 
 

Voltage regulator: The LM7805 linear voltage regulator chip is useful to 
convert any DC voltage input from 6v–25v into a regulated output 
supply of +5v. It can supply only around 1 ampere of current, so you 
don’t want to use this to power DC motors on a robot—but it works 
extremely well for prototyping on a breadboard or to power the 
Atmega168 in a homemade Arduino circuit. 

 

 

GROUND (GND): This symbol universally signifies the GND signal in a 
circuit. Every circuit has a GND signal, because it is the return path that 
completes the circuit–all of the GND signals in a circuit should be 
connected together, and lead back to the negative terminal of the 
power supply. 

 
In Figure 1-20, we use some of the symbols from Table 1-5 for a simple circuit schematic with a 

battery (VCC1), switch (S1), current limiting resistor (R1), and an LED light (LED1). In the schematic you 
can see the symbols for each component connected with black lines, denoting an electrical connection. 
To see what the schematic looks like when connected, see Figure 1-21. 

     

Figure 1-20. This schematic shows the circuit symbols for four different components in a simple circuit.  

The previous schematic is intended to show the electrical connections of the hardware components 
shown in Figure 1-21. If everything is connected as shown in the schematic, the circuit will work as 
intended. This enables users to assemble circuits without regard for their physical size or appearance. 
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Figure 1-21. This image shows an illustration of the circuit from the schematic in Figure 1-22. You can see 

the battery pack (VCC1), the switch (S1), the current limiting resistor (R1), and the red LED light (LED1). 

Upon pushing the button, the circuit is closed and the LED turns on. Releasing the button turns the LED 

off.  

Prototyping 
Prototyping describes the art of building a design or concept in a raw form that is not intended to be 
perfect, but rather to test the feasibility of an idea. Even if you are comfortable enough with your math 
calculations to be able to determine the approximate weight and speed of your bot, you won’t actually 
know how it works until you build it and try it out. This is where the prototype comes in handy. 

You can build a temporary frame with whatever you feel comfortable building with (wood, PVC, 
metal, etc.). As long as it is sturdy enough to temporarily mount the motors and batteries to, you should 
be able to get a good idea of the actual speed and handling of the bot, and adjust the drive gearing, 
battery capacity, or system voltage accordingly.  

Prototyping not only refers to installing motors and gears, but also to designing, building, and 
testing electronic circuits as well. We also discuss some handy tools available that make testing and 
building circuits much easier. 

Breadboard  
A breadboard is a plastic experiment board that can be purchased at most electronics supply shops for 
under $20 (see Figure 1-22). It is a valuable tool to the electronics experimenter because you can add or 
remove components for testing by simply placing them into the plastic grid with no soldering required. 
Breadboards cannot carry large amounts of current so they should not be used for high-powered 
projects, but I recommend using a breadboard to test any circuit you build before creating a permanent 
model. 
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Figure 1-22. This is a typical Breadboard found at Sparkfun.com (part #PRT-00112) or any electronics 

supply house.  

Perforated Prototyping Board (Perf-Board) 
After you get your circuit working on a breadboard, you will be ready to make a hard-copy to use as a 
prototype. This can be done fairly easily with perf-board and a soldering iron. Perf-board is a predrilled 
PCB (printed circuit board) with 0.1-inch hole spacing for easy integration with most through-hole 
components (See Figure 1-23). Each hole in the perf-board has its own copper pad for you to solder to, 
and each pad is separated from the next (except with special designs). This method requires the use of 
point-to-point wire connections, which can be tedious if the circuit is large in which case etching your 
own PCB might be a better solution (again, see Chapter 6). Perf-board can, however, be an excellent 
platform for the beginner circuit builder to test a variety of prototypes without having to design and etch 
a proper PCB. 
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Figure 1-23. A standard piece of perforated prototyping board with an individual copper pad for each 

through hole. You can build complete circuits on this type of board using component parts, copper wire, 

and electrical solder. This type of board typically costs under $5.00 each, so they are useful for prototypes. 

Printed Circuit Boards 
After verifying that a circuit works as intended on your perf-board prototype, you might want to make 10 
copies of the circuit board to sell or use in other projects. To hand-wire 10 of these boards is not only 
tedious, but the wire used in point-to-point soldering projects can break or snag, compromising 
reliability. 

To avoid the tedious process of hand-wiring every circuit board that you attempt to build, you can 
alternatively make what is called a “printed circuit board” or PCB for short. A PCB can be handmade or 
made on a computer, but it involves creating a circuit design on a piece of copper coated fiberglass 
board called “copper clad,” and dissolving the copper left around the design (see Figure 1-24). All of the 
wires on a PCB are contained in the copper traces that are created from the circuit design. 

With a copper circuit etched onto the board, you can solder component parts directly to the 
copper—this is called a circuit board. The Arduino is printed on a piece of two-sided copper clad board 
and coated with a blue epoxy to protect the copper traces from short circuit. Using easy-to-find 
materials, you can make your own printed circuit boards at home in just a few hours (See Chapter 6). 
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Figure 1-24. The printed circuit board shown is one of my first few homemade motor-controllers designed 

on the computer. Using a total of 28 Mosfet switches to drive two DC motors, this is the original board used 

on the (200lb) Lawnbot in Chapter 10.  

Before completing an electronic circuit, you need to solder each component to the PCB. 

Soldering 
Electrical soldering generally refers to the fusing of an electronic component to a PCB with the use of an 
iron and an electrical solder, which provides a secure connection to the PCB. The idea is to get both the 
component lead and the copper PCB pad hot enough that the solder will melt when it touches them. As 
tempting as it is, you shouldn’t heat the solder wire with the soldering iron, because it will fuse only to 
the component lead and copper pad if they are hot as well.  

There are many different types of solder available, but for electrical connections you should use a 
rosin-core electrical solder as shown in Figure 1-25. By using a thinner diameter solder wire, it does not 
require extremely high heat to fuse to the copper pad and component leads. 
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Figure 1-25. This is a roll of rosin-core electrical solder used for circuit construction. 

It is best to let the iron heat up completely before attempting to solder. Soldering can be frustrating 
when the iron is not hot enough and the solder will not melt! You want only enough solder on the copper 
pad to completely fill any gaps around the component lead, but you don’t want to use too much solder, 
because it will bubble out and possibly touch another component lead or copper trace. 

You can get a soldering iron for under $10 at most hardware stores or Radio Shack. Though these 
work for most projects, they take awhile to heat up (around 10 minutes) and are difficult to solder in 
tight spots because they typically have a large tip.  

An adjustable temperature soldering iron with multiple heating elements heats up in around 1 
minute and typically has smaller available tips for soldering on small projects or tight spaces (see Figure 
1-26). I highly recommend getting one of these if you can afford it: they are typically from $50-$150. 

 

Figure 1-26. I had been using cheap soldering irons for years, and then my wife decided to buy me a “nice” 

soldering iron. The Hakko 936 is probably not the nicest available, but it is immeasurably better than the 

$7-$10 soldering irons that I had been wasting my time with before. It heats up in a matter of minutes and 

can get much hotter than a typical iron, making soldering a breeze. 
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Soldering can take some time to get used to, so I recommend buying some perforated prototyping 
board and using it to practice on before attempting to build your own PCBs. You can also buy electronic 
kits from various suppliers that come with all needed parts, PCB, and instructions–they only require that 
you have a soldering iron and an hour or two of assembly time. I bought several kits when I was learning 
to solder, and they provided both an entertaining project and valuable hands-on learning experience. 

Soldering Shortcuts 

When soldering perf-board, we sometimes have a clear path on the copper-side of the board from one 
electrical lead to another. To make soldering easier and to keep the circuit free from cluttered wires, we 
can use some soldering shortcuts to simplify the connections (see Figure 1-31). 

 Option 1—Pooling solder: You will notice that if you heat adjacent (but separated) 
copper pads and apply solder, the solder will tend toward both pads while 
avoiding the gap between them. This is because the solder cannot stick to the 
fiberglass PCB without any copper coating. If you add “too much” solder to these 
two pads, you will notice that the molten solder will try to jump the gap over to the 
other pool of molten solder on the other pad. If you are careful, you can let the 
solder solidify between the two pads creating a simple solder connection. This can 
be a helpful method of creating a jumper-wire between two or three adjacent 
pads. This is not, however, an acceptable method for high-power connections 
because the solder is not capable of transferring large amounts of current. 

 Option 2—Wire traces: You can alternatively use a piece of solid bare copper wire 
(16-20awg), placed directly on the copper pads that you would like to connect (see 
A, B, and D in Figure 1-27). If the connection will span several pads, it is desirable 
to apply a small amount of solder to each pad that the wire touches to ensure that 
it will not move after the circuit is complete. You can also bend the wire around 
other components to make a curved or angled line. This method yields results 
similar to a homemade PCB trace. Because each wire is connected directly from 
one lead to another, there can be no crossing wires from other components on the 
underside of the PCB. This method is acceptable for higher-current applications, 
though an appropriate wire gauge should be used for the amount of current to be 
transferred. 

 

Figure 1-27. How to create traces using copper wire  
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Trace A is a bare wire with no insulation, but is soldered only at each end. Trace B is bare wire, but is 
soldered at each copper pad, making it far more secure than trace A. Trace C is does not even have a 
wire–it is just solder that is pooled across all six pads. Trace D is a wire that has its insulation in tact, but 
soldered only at each end. Trace C is difficult to accomplish across more than two or three pads and is 
not acceptable for hacceptable for high-power applications. 

Building a Robot 
The actual hands-on building of the robot is my favorite part of the process. This is where you get to 
express your creativity by designing and building whatever you can imagine. This process usually starts 
with a few pieces of metal or wood and some nuts, bolts, screws, glue, tape, and whatever else you can 
find to make your bot come to life.  

First you need to decide what you want your robot to do and set an objective (even if it is simply 
wandering around). You can build an autonomous robot that uses sensors for guidance or a radio-
controlled bot that uses your inputs for control. If you have never built a robot before, you should 
probably start small. Several of the chapters in this book use hobby-type servo motors to drive the robot, 
which are easily interfaced directly to the Arduino without needing a motor-controller. By incorporating 
fewer parts in a project, it is easier and quicker to assemble and modify if needed. 

Whatever you do, don’t try to be perfect the first time around. It is better to have a decent idea and a 
prototype than to have only a bunch of really good ideas. As good as an idea might sound in your head, 
you won’t know if it actually works until you try it. Several of the bots in this book went through 
MULTIPLE frames before finding one that worked and that I liked. If your bot does not work as expected 
on the first try, take notes and try it again; this is how great robots are built. 

Make, test, tinker, break, remake–tis’ the cycle of design. 

Hardware 
Having the right tools available can make the building process much easier, but not everyone has a fully 
stocked workbench. Because nice tools are expensive, you will probably want to buy tools as you find 
that you need them. This way you don’t have tools you will never use. 

Basic Building Tools 
Although many of the power tools are mostly optional, the following are a few basic tools that I would 
recommend getting before you get started. You can go as far as you want with this, but these items 
should make your list (see Figure 1-28): 

 Hammer  

 Crescent-wrench 

 Pliers (standard and needle-nose)  

 Wire-strippers and crimpers 

 Vice-grip pliers 
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 Screwdrivers—Phillips-head and flat-head  

 Measuring tape 

 

Figure 1-28. My basic tool kit: multi use 6-in-1 screwdriver (top-center), 25-foot tape-measure (top-right), 

(from left to right) hammer, crescent wrench, lines-man pliers, needle-nose pliers, wire strippers, wire-

crimpers, wire-snippers, and vice-grip pliers. 

After you have a basic tool set, you can begin to acquire more advanced tools as you need them (or 
as you can afford). You will also likely need the following items to build every project in this book–you 
don’t have to own each tool as long as you have access to them. 

 A computer: Although not typically found on your workbench, you need a 
computer to run the Arduino software and upload code. Your computer does not 
have to be the latest and greatest to run the Arduino IDE, pretty much any 
computer with a USB port will do. Both the Arduino software and Eagle Cad can 
be used on Windows, Linux, or Mac. 

 Voltage-meter (multi-meter): This does not have to be expensive, typically the 
cheapest one you can find will measure AC/DC voltage, resistance, and around 
250mA of DC current. I prefer an Analog meter so I can see every movement of the 
needle and how it is reacting to the signal I am testing–my digital meter jumps 
straight to the reading, which makes reading precise values easy, but changing 
voltages more difficult. 

 Electric drill: If you don’t already have one, you need to get one. You can get an 
electric drill for under $20 at just about any hardware store. If you want to spring 
for something nice, pick up an 18v cordless drill kit for about $75. It is also helpful 
to have a drill press if you plan to etch your own PCBs. A drill press can usually be 
purchased for around $60. You also need some drill bits if you are planning on 
using metal. 

 Saw: You will likely need multiple saws, but their type depends on how much work 
you want to do. The cheapest saw you can get away with using to cut metal is a 
hacksaw, but cutting through thick metal pieces takes some patience. A 
reciprocating saw (sometimes called a saber-saw or saws-all) is a good choice for 
cutting just about anything from metal to wood to PVC. A jigsaw works if you 
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already own one. Although they are slightly less versatile for robotics projects, 
there are times when a jigsaw will be handy.  

 Soldering-iron: If you plan to make any of the circuits in this book, you need one. 
Remember to keep the tip clean with a wet sponge or wire brush periodically while 
soldering. You can use a $7 iron from Radio-Shack, but I highly recommend an 
adjustable temperature controlled model if you plan on soldering often. They heat 
up much quicker and get much hotter, but can cost from $50-$150. 

 Welder: This is not required, but it can be helpful with the larger projects. A 
standard 110-volt wire feed type works well. Always remember to wear a welding 
mask to avoid damaging your eyes, and never look directly at the welding arc! 

Materials 
We will be working with several different materials in this book including wood, metal, plastics, and 
fiberglass. It is always a good idea to wear protective eyewear and gloves when cutting any of these 
materials. You can work with whatever you feel comfortable using, though I personally prefer metal. 

 Wood: Wood is the easiest and cheapest material that is also strong enough to 
support the weight of a large robot. As tempting as it is to use a few 2x4s from the 
lumberyard for the frame of a robot, they have a tendency to warp and split, which 
makes the idea less appealing for a project that we put a lot of time into. It can, 
however, be useful for prototyping. 

 Plastics: I like to use acrylic Plexiglas sheets in place of glass for transparent 
applications and small robot bases because it is easy to drill and tap and can be 
cut with a jigsaw. PVC (pipe) can be useful for projects where lightweight strength 
is needed. Plexiglas, PVC, and most other plastic can be formed or shaped using a 
heat gun. 

 Metal: It is hard to beat metal for building a robot frame. It is extremely strong, 
durable, and can be joined by either welding or using bolts/nuts. Cutting is a bit 
more difficult, requiring either a hacksaw (and some elbow grease) or a 
reciprocating saw with a fine-tooth metal blade. Once built, a metal frame will last 
for years and will not warp or change shape. Most hardware stores sell 48-inch 
long sections of assorted angle-iron and metal rods from $5-$25 depending on 
size and thickness. 

 Fiberglass: Fiberglass is an outstanding material for creating specific shapes that 
would be nearly impossible to make from metal or wood. It is also extremely 
strong and rigid once set, as well as waterproof. The process involves laying a 
fiberglass cloth and then applying a two-part resin on top of the cloth. It only takes 
about 1 hour to harden, but it does make some strong fumes. A 1-gallon can of 
fiberglass resin is around $25 from most hardware stores (this lasts a long time) 
and the special fiberglass-cloth (sometimes called “mat”) is around $5 for 8 sq. ft.  

Work Area 
Ideally we have unlimited space to work in, but usually your space is dependent on your living 
arrangements. When I lived in an apartment, I had parts of projects laying around everywhere and used 
my back porch as a metal-working station, much to the dismay of my neighbors. Now that I have a 
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house, I try to keep all of my projects confined to the garage and do most of my cutting/grinding/noise-
making outside where there is good airflow. 

There are several things that you should consider when selecting where to build your projects. 
These considerations are often overlooked, but are important to your safety and those around you. 

 Testing space: Things don’t always go according to plan, so it is a good idea to have 
plenty of room whenever you are testing an active robot that can pose a physical 
threat to others. Several of the robots in this book are large enough to seriously 
injure people and pets if it were to lose control. Do not test large robots inside or 
near people! 

 Ventilation: Breathing in contaminants can be harmful to your lungs and brain. 
Breathing in sawdust might simply be uncomfortable, but breathing acid etchant 
fumes or solder smoke might prove to be a health hazard. Always work in a well-
ventilated area or outside. If you are soldering, etching, welding, or working with 
fiberglass, it might be a good idea to use a respirator mask to protect your lungs 
and a fan to extract the dangerous fumes from your work area. 

 Safety: Always mind your bots. It is a good habit to disconnect a power wire from 
the bot anytime that it is not used to prevent accidental startup and possible 
danger. Don’t underestimate the capability of your bots to wreak havoc and 
destruction (even if that is its purpose) on unsuspecting items nearby.  

 Children: If you have a work space that children can access, make sure you keep 
your soldering iron out of reach and unplugged, keep any blades or sharp objects 
out of reach, keep small components away from those who might mistake them 
for a new type of candy, and make sure any robots capable of harming a small 
person are disabled beyond turning Off the kill-switch (i.e., disconnect the battery 
supply). Several of the projects in this book use motors intended to carry a person. 
These motors are strong enough to do physical harm to people if the robot were to 
get out of control. For this reason, I suggest that you keep people and pets at least 
20 feet away from your moving bots (unless thoroughly tested), for their own 
safety. 

Summary 
To recap this chapter, we first discussed the basics of electricity including an electrical flow analogy, 
electrical properties, circuits, and types of connections. After talking about electricity, we moved into 
electronics and discussed semi-conductors, data sheets, integrated circuits, and IC packages. 

Then a small introduction to the Arduino micro-controller including the Arduino IDE, two main 
Arduino variants (Standard and Mega), the components of a sketch, and finally the different types of 
common signals available on the Arduino.  

With a brief discussion about electronics circuit design and some of the different types of schematic 
symbols used for various electronic components, we went over the basic tools you need for the projects 
in this book and the materials that are used. 

In the next chapter, we discuss how to interface the Arduino with a variety of different devices. 





C H A P T E R  2 
 
      
 

51 

Arduino for Robotics 

With some of the basics of electricity, Arduino, and general robot building out of the way, we jump right 
in to some of the specific interfacing tasks that are needed to complete the projects in this book. In 
Chapter 1, the code examples use low-power components that can be connected directly to the Arduino 
(LEDs, potentiometers, R/C receivers, button switches, and so on). This chapter focuses on how to 
interface your Arduino to mechanical, electronic, and optical switches, as well as some different input 
control methods, and finally some talk about sensors. 

First we discuss the basics of interfacing relays, transistors, and motor-controllers to the Arduino. 
We then discuss the various methods of controlling your Arduino—focusing on the popular methods of 
wireless control. Lastly, I give you my two cents about the many different types of sensors available for 
robotic use. 

There are no code examples in this chapter, but the information presented is useful to understand 
the interfacing methods, control types, and sensors used throughout this book. Let’s start by introducing 
some switching components that can enable the Arduino to control high-powered devices. 

Interfacing Arduino 
Because the Arduino can supply only around 40ma of current through any one of its Output pins, it is 
severely limited to what it can power by itself. A typical 5mm red LED requires about 30ma of current, so 
the Arduino has no problem lighting it up to 100%—but anything more, and it will struggle. To use the 
Arduino to control a high-powered device requires the use of an “amplifier.” Also called a “signal-
buffer,” an amplifier simply reproduces a low-power input signal, with a much higher output power to 
drive a load. 

A basic amplifier has an input and an output—the input is a low-power signal (like the Arduino) and 
is used to drive the larger output signal that will power the load. A perfect amplifier is able to switch the 
high-power signal as quickly and efficiently as the Arduino switches the low-power signal. In reality, 
amplifiers are not perfectly efficient and some heat is dissipated in the switching process, which often 
requires the use of a heat sink on the switching device and possibly a fan to remove heat (like the CPU in 
your computer). 

There are different types of amplifying circuits that can be interfaced with the Arduino depending 
on the type of signal output used. For slow-switching signals using the digitalWrite() command, you can 
interface the Arduino to a high-power relay. For fast-switching PWM signals using the analogWrite() 
command, you must use a solid-state switch, which allows for full 0-100% digital output control. You can 
also purchase a preassembled electronic speed controller and use the Arduino to provide the input 
control signals. 

First let’s talk about an electrically activated switch called a relay, which can conduct very large 
amounts of current and can be controlled using the Arduino. 

J.-D. Warren et al., Arduino Robotics
© John-David Warren, Josh Adams, and Harald Molle 2011
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Relays 
A relay is an electrical switch that uses an electro-magnetic solenoid to control the position of a 
mechanical power contactor. A solenoid is similar to a motor because it uses a magnetic field to produce 
physical movement of the solenoid cylinder—but instead of spinning like a motor output shaft, the 
solenoid cylinder moves back and forth in a linear motion. Most relays are encased in a plastic or metal 
housing to keep the moving parts free from outside interference and dust (see Figure 2-1). 

 

Figure 2-1. Here you can see a variety of relays in small to large sizes. The three smaller relays on the 

bottom row are called “signal” relays, meaning their contacts are rated for less than 2 amps of current. The 

three relays on the top row are called “power” relays, ranging from 5 amp to 25 amp contact ratings. Lastly, 

the mammoth relay on the far right is an automotive power relay, which is rated at 60 amps. 

There are two parts to a relay: the solenoid and the contactor, and each is electrically isolated from 
the other. These two parts can essentially be treated as separate (but related) parts of a circuit, because 
each has its own ratings. The solenoid inside a relay has an electrical coil with a magnetic plunger that 
provides the movement needed to flip the contactor switch on and off. The relay coil should have the 
coil resistance listed as well as the operating voltage so that you can calculate how much current it will 
consume when in use. The contactor in a relay is where the high-power signal is switched. The contactor 
switch also has a voltage and current rating that tells you how much power you can expect the relay to 
conduct before the contacts fail. 

Types of Relays 
Relays are available with several different operation types depending on your application, so it is useful 
to understand how each type operates to make sure you get the right relay for the job. 



CHAPTER 2 Â ARDUINO FOR ROBOTICS 

53 

 Normally-Open (NO): This simply means that the two power contacts of the relay 
are connected when the relay coil is turned on and disconnected when the relay 
coil is turned off. 

 Normally-Closed (NC): This is the opposite of Normally-Open; the power contacts 
are connected when the relay is off and disconnected when the relay is on.  

 Latching: This means that the contactor switch in the relay is not spring-loaded, 
and it stays in whatever position it is placed into until the polarity is reversed to 
the coil, which returns the contactor switch to its original position. This is 
comparable to a standard home light switch—it stays on until you turn it off. 

 Non-latching: This is the “normal” type of relay that we use for failsafe switches. 
The relay contactor switch is spring-loaded and returns to the preset position 
unless power is applied to the coil. This is comparable to a momentary button 
switch—it stays on only while you press the button; otherwise, it springs back to 
the off position. 

Relay Configurations 
In addition to having different operating types, relays can have their contacts arranged in various 
configurations depending on the use. There are four common types of relays that we briefly discuss—
each of these relays has only solenoid coil, but a varying number of power contacts. Any of these relay 
configurations can be Normally-Open or Normally-Closed as well as latching or Non-latching as 
described. 

 Single Pole, Single Throw (SPST): This type of relay uses one coil to control one 
switch with two contacts—there are four total contacts on this relay (see Figure  
2-2).  

 

Figure 2-2. This SPST relay has one pole, with one contact (a simple switch). 

 Single Pole, Double Throw (SPDT): This type of relay uses one coil to operate one 
switch with three contacts (see Figure 2-3). The middle contact is for the load, the 
upper contact is for Voltage1, and the lower contact is for Voltage2 (or GND). This 
relay has five total contacts and is useful for switching one contact (Pole 1) 
between two different sources (Throw 1-1 and 1-2) —also called a three-way 
switch. 
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Figure 2-3. This SPDT relay has one pole, with two contacts (a three-way switch). 

 Double Pole, Single Throw (DPST): This type of relay uses one coil to operate two 
independent SPST switches at the same time (see Figure 2-4). This relay has six 
total contacts and is useful for switching two loads at the same time—the two 
loads being switched can be associated (like a set of motor wires) or separate (like 
a dual-voltage power switch). 

 

Figure 2-4. This DPST relay has two poles, and each pole has one contact (a double switch). 

 Double Pole, Double Throw (DPDT): This type of relay uses one coil to operate 
two independent DPDT switches at the same time (see Figure 2-5). This relay has 
eight total contacts and can be configured as an H-bridge circuit, which is 
discussed in Chapter 3 (for controlling the direction of a load). 

 

Figure 2-5. This DPDT relay has two poles, and each pole has two contacts (a double three-way switch). 
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Uses 
Relays have the advantage of using thick copper contacts, so they can easily be used to switch high 
currents with a relatively small amount of input current. Because the solenoid takes some time to move 
the contactor, PWM does not work with a relay. The PWM signal appears to the relay as an Analog 
voltage, which is either high enough to turn the relay coil on or it just stays off—but it is not generally a 
good idea to use a PWM signal on a relay. 

You can, however, use a relay to switch high-power loads using the Arduino—including AC and DC 
lighting, motors, heaters, appliances, and almost anything else that uses electricity. The relay is 
extremely useful in robotics, because it can both switch a high-power load and be controlled 
electronically (and thus remotely), which opens many possibilities for its use. You can use a power relay 
as an emergency power disconnect on a large remote-controlled robot or a remote power switch for an 
electric motor or lights.  

Using two SPDT (three-way) relay switches, we can control the direction of a DC motor. In Figure 2-
6, you can see that if both relay coils (control 1 and control 2) are activated, the upper motor terminal 
will be connected to the positive voltage supply and the lower terminal will be connected to the negative 
voltage supply, causing the motor to spin in a clockwise direction. If power is removed from both relay 
coils, the upper motor terminal will be connected to the negative voltage supply and the lower terminal 
to the positive voltage supply, causing the motor to spin in a counter-clockwise direction.  

 

Figure 2-6. These figures show how a DC motor can be controlled using two SPDT relay switches (or one 

DPDT relay switch). 

Before we can use the relay, we need to calculate how much power is needed to drive the relay coil. 
If the relay coil draws more current than 40mA that the Arduino can supply, an interface switch will be 
needed to turn on the relay coil using the Arduino. 

Calculating Current Draw 
To determine the amount of current that a relay draws, you must first determine the coil resistance by 
checking the relay datasheet. If this information is not available, you can measure the resistance with a 
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multi-meter. Using the coil resistance and voltage rating of the relay, use Ohm’s law to calculate the 
current draw from the coil.  

In Figure 2-7, you can see a sample of the datasheet from the Omron G5-CA series relays. As you can 
see, the relay is available with three different coil voltages (5v, 12v, or 24v). The coil resistance for each 
model is listed below along with the rated current. The 5v version of this relay coil has a rated current of 
40mA, which is low enough to be powered by the Arduino without using an interface circuit. 

 

Figure 2-7. This is a sample portion of a relay datasheet; you can see both the coil and contact ratings. 

Even though this particular datasheet displays the rated current of the relay coil, some relays have 
only the operating voltage listed. In this case, you must manually measure the resistance of the relay coil 
using your multi-meter and then use Ohm’s law to calculate the current draw. 

From the datasheet in Figure 2-7, we use Ohm’s law to verify the current draw for a 5v relay with a 
coil resistance of 125 ohms. 

V = I * R 

I = V / R 

I = 5v / 125 ohms 

I = 0.040 amps (40mA) —The datasheet is correct!  
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Back-EMF Considerations 
Remember from Chapter 1 that a relay coil (solenoid) is an inductive type load and produces a jolt of 
Backwards Electro-Motive Force, anytime the solenoid is turned off. This Back-EMF can severely 
damage electronic switching components that are not protected with a standard current rectifying 
diode, like the 1n4004 diode used in Figure 2-8. The diode is placed across the terminals of the load (in 
this case, the relay coil) to prevent the Back-EMF from damaging the Arduino output pin. 

 

Figure 2-8. This schematic shows the use of a diode around the relay coil to protect the Arduino output pin 

or other switching device from Back-EMF produced by the relay coil. 

Although the relay in Figure 2-7 can be driven directly by the current available from the Arduino, 
most power-relays require a bit more than 40mA to turn on. In this case, we need a signal interface 
switch to provide power to the relay coil using the Arduino. To do this, we first need to discuss solid-
state (electronic) switches.  

Solid-State switches 
A solid-state switch is one that switches an electrical load using doped silicon chips that have no moving 
parts. Transistors, Mosfets, photo-transistors, and solid-state relays are all examples of solid-state 
switches. Because solid-state electronics have no moving parts, they can be switched much faster than 
mechanical ones. You should check the manufacturer’s datasheet for the part you are using, but PWM 
signals can typically be applied to these switches to provide a variable output to the load device. 

There are two places that we can put a switch in the circuit to control power to the load. If the switch 
is between the load and the positive voltage supply, it is called a high-side switch. If the switch is 
between the load and the negative voltage supply, it is called a low-side switch, as shown in Figure 2-9.  



CHAPTER 2 Â ARDUINO FOR ROBOTICS 

58 

 

Figure 2-9. Here you can see the difference between a high-side and low-side switch. 

Transistors  
A transistor is an electronic switch that uses a small input signal to switch a large output signal, using a 
common voltage reference. Transistor switches differ from normal switches (like relays) because they 
cannot be placed just anywhere in the circuit. A low-side switch must use a negatively doped transistor, 
whereas a high-side switch must use a positively doped transistor.  

There are three common types of transistors that we use: the Bipolar Junction Transistor (BJT), the 
Metal-oxide Semi-Conductor Field Effect Transistor (MOSFET), and the photo-transistor. All of these 
devices are transistor (electronic) switches and operate as such, but each is activated using a different 
means. The BJT is activated by supplying a specific amount of electrical current to its base pin. The 
MOSFET acts like a BJT, but instead of current, you must supply a specific voltage level to the MOSFET 
gate pin (usually 5v or 12v). The photo-transistor is the most different of the three, because this 
transistor is not activated by an electrical signal, but by light. We can interface all three of these types of 
transistors directly to the Arduino. 

All types of transistors have a voltage and current (amperage) rating in their datasheet—the voltage 
rating should be strictly adhered to, because going over this limit will likely destroy the transistor. The 
current rating should be used as a guide to determine at what point the switch becomes unusably hot. As 
mentioned, you can install a heat sink and cooling fan to remove heat from the transistor, which 
increases its current rating.  

Bipolar Junction Transistor (BJT) 
The most common type of transistor, the BJT, is a current-driven amplifier/switch whose output current 
is related to its input current, called “gain.” It is usually necessary to use a current-limiting resistor 
between the Arduino and BJT transistor to keep it from receiving too much current and overheating. 
Transistors also have no diode protection in case of Back-EMF from an inductive load, so if driving a 
motor or relay solenoid, you should use a protection diode as shown in Figure 2-10. If no Back-EMF 
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protection diode is used, the Arduino output pin can potentially be damaged if the transistor switch is 
harmed. 

A basic BJT has three pins: the Base (input), Collector (output), and Emitter (common). The emitter 
is always connected to either the positive or negative voltage supply (the polarity depends on the type of 
transistor) and the collector is always connected to the load. The base pin is used to activate the switch, 
which connects the emitter and collector pins together. There are two types of BJT transistors that are 
labeled by the arrangement of the three doped silicon layers on the semi-conductor chip. 

 Positive Negative Positive (PNP): Intended to be used as a high-side switch, the 
emitter of a PNP transistor connects to the positive voltage supply, the collector 
connects to the load, and the base is used to activate the switch. To turn this 
transistor off, its base pin must be equal to its emitter pin (positive voltage supply, 
or simply remove power to the base pin). Turning this transistor on is counter-
intuitive because you have to apply a negative current, or a 0v (GND) signal to the 
base pin.  

 Negative Positive Negative (NPN): Intended to be used as a low-side switch, the 
emitter of an NPN transistor connects to the negative voltage supply (GND), the 
collector connects to the load, and the base is used to activate the switch. To turn 
this transistor off, its base pin must be equal to its emitter pin (negative voltage 
supply). This transistor is turned on by applying a positive current to the base pin 
(see datasheet for specific transistor rating). 

 

Figure 2-10. This schematic shows a BJT used as a low-side switch to drive an inductive load (motor) with 

a Back-EMF protection diode around the switch. Notice that the transistor is driven through a current-

limiting resistor (R1). 

Most BJTs require logic-level signals (+5v), to be applied to the base pin in order to activate the 
switch. Because a BJT is current-driven; when power is removed from its base pin the transistor quickly 
turns off. The current needed to switch on different transistors varies, but we will only use transistors 
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that can be driven at levels provided by the Arduino. The common 2n2222a NPN transistor can be fully 
switched on with only a few milliamps of current and it can switch nearly 1 ampere, so it can be used as 
a simple low-side amplifier switch. The 2n2907a is the PNP counterpart to the 2n2222a that is commonly 
used as a simple high-side switch. Both of these parts are available at Radio Shack, Sparkfun.com, and 
Digikey.com and are inexpensive (less than $1 each).  

Mosfets 
A MOSFET is a type of transistor that is voltage-driven instead of current-driven like the BJT. This type of 
switch is also capable of extremely high PWM speeds and typically has very low internal resistance, 
making them ideal for use in motor-controllers. Mosfets usually include an internal protection diode (as 
shown in Figure 2-11) to isolate the output voltages from the input signal and protect from Back-EMF 
produced by the load, so it is generally acceptable to interface the Arduino directly to a MOSFET switch; 
this is one less part that must be added into the circuit. 

 

Figure 2-11. This schematic shows a MOSFET switch (with built-in diode) used as a low-side switch to 

drive an inductive load (motor). Notice that there is no current-limiting resistor needed, but instead a 

pull-down resistor (R1) is used to keep the MOSFET switch turned off when not used. 

A MOSFET transistor is similar to a BJT transistor because they have corresponding pins and types. 
The MOSFET pins are labeled Gate (input), Drain (output), and Source (common), which correspond to 
the BJT transistors Base, Collector, and Emitter, respectively (see Figure 2-12). Also, a MOSFET is not 
labeled as NPN or PNP, but rather N-channel or P-channel to denote its mode of operation. For 
practical purposes, these terms are interchangeable. Because MOSFET switches are voltage-driven and 
consume very little current, it is not necessary to use a current-limiting resistor in series with the gate 
pin of a MOSFET (as with a BJT), but it is good practice to use a resistor from the gate to source pin (see 
R1 in Figure 2-11) to fully turn the switch off when not in use. 
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Figure 2-12. Although they might physically look the same, the BJT (transistors) on the left are current 

driven, and the MOSFETs (transistors) on the right are voltage driven. Below each transistor, the pins are 

labeled—notice that the similar transistor packages have corresponding pins. 

Logic-Level vs. Standard 

A normal MOSFET requires around 10v applied to the Base pin to fully turn on. Because driving anything 
above 5v with an Arduino requires using a level-shifter or amplifier, we use what is called a logic-level 
MOSFET for direct integration. A logic-level MOSFET can be turned on with a 5v “logic level” signal, 
which can be easily interfaced to the Arduino. Remember that a MOSFET requires a specific voltage level 
to be activated, but little current. 

Mosfets are also sensitive to excessive gate-to-source voltages. If the limit is exceeded for even a 
second, it can destroy the MOSFET, so care should be taken to work within the voltage limits of the 
MOSFET. The maximum voltage that can be applied to the gate pin is listed in the datasheet as the “Gate 
to Source Voltage” or “Vgs” —this number is usually between 18vdc and 25vdc.  

To drive a standard gate MOSFET, there are many different MOSFET-driver ICs that use logic-level 
input signals and a secondary power source (usually 12v) to send the amplified output signal to the 
MOSFET gate pin. Many MOSFET drivers are intended to provide the MOSFET gate pin with large 
amounts of current very quickly to allow for high frequency PWM switching speeds. Because of the 
higher PWM frequencies available with a high-current driver, we use MOSFET driver ICs in several of the 
projects in this book.  

Mosfet Capacitance 

Mosfets have tiny capacitors attached to their gate pins to maintain the voltage present at the gate. The 
capacitor charge enables the MOSFET to stay activated, even after the power is removed from the gate 
pin. Each time the MOSFET is switched, the gate capacitor must fully charge and discharge its current. 
For this reason, it is a good idea to ensure that the gate is forced to its off state by using a “pull-down” 
resistor to drain the capacitor when not actively powered by the Arduino (see R1 in Figure 2.11). Using a 
10kOhm pull-down resistor from the gate pin to the source pin (gate to GND on n-channel, gate to VCC 
on p-channel) will be sufficient to keep the mosfet turned off when not in use.  
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As the PWM frequency that is applied to the MOSFET switch increases, the time allowed for the gate 
capacitor to charge and discharge decreases. As this happens, the gate-capacitor will require more 
current from the driver to fully charge and discharge in the shorter amount of time. If the current 
available from the driver is not sufficient to fully charge and discharge between switching cycles, the gate 
will be left in a partially conducting state, which can result in excess heating.  

Saying that a MOSFET needs a lot of available current to switch quickly might seem confusing, 
because MOSFETs require a specific voltage to turn on and typically very little current. Although the 
40mA that the Arduino PWM output pin can supply is plenty of current to fully switch a MOSFET on or 
off slowly, it is not enough to fully charge and discharge the MOSFETs gate-capacitor at high PWM 
frequencies where the MOSFET capacitor needs to be fully charged and drained 10,000 to 32,000 times 
per second! 

Using a MOSFET driver IC (specialized signal-buffer) is the best way to drive a MOSFET switch 
because it can provide much more current during each switching cycle than the Arduino is capable of. A 
MOSFET driver can deliver enough current to the MOSFET to completely charge and drain the gate 
capacitor even at high PWM frequencies, which is important to reduce heat that is generated in the 
switch when it is not driven efficiently. You can also omit the pull-up or pull-down resistors from the 
gate pin when using a MOSFET driver to control a MOSFET—instead you should use a pull-down 
resistor at each input pin on the MOSFET driver IC, being driven from an Arduino PWM output pin. 

On-State Resistance—Rds(On) 

One of the most important properties of a MOSFET is the internal resistance between its Drain and 
Source pins (Rds) when the switch is on. This is important because the resistance of the switch 
determines the amount of heat that it will create with a given power level. We can determine the 
maximum Rds(On) value by checking the manufacturer’s datasheet. The maximum power that is 
dissipated is determined using the Rds(On) resistance and the continuous current (in amps) that will 
pass through the switch. 

 

Calculating heat using Rds(On) and amperage of DC motor: 
How much total power will be passed through a MOSFET with an Rds(On) = 0.022 ohms (22 

milliohms) and a continuous current draw of 10 Amperes? Use the Ohm’s law pie chart from Figure 1-3 
in Chapter 1—we want to know the heat produced in Watts, and we know the resistance of the MOSFET 
and the continuous current level passing through the circuit. So we need to use the formula: Watts = 

Current  x Resistance. 

W = I  * R 

W = 10 amps  * 0.022 ohms 

W = 100 amps * 0.022 ohms 

W = 2.2 watts 

This means that a single MOSFET with an Rds(On) = 0.022 ohms dissipates 2.2 watts if you try to 
pass 10 amperes through the switch. In my experience, dissipating more than 2 watts from a MOSFET in 
the TO-220 package results in excessive heating of the MOSFET. Any time more heat dissipation is 
needed, it is a good idea to add a heatsink or cooling fan to reduce the operating temperature and get rid 
of more heat. A good heat sink and fan can greatly increase the amount of power (or heat) allowed to 
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safely pass through the MOSFET. If cooling methods do not suffice, you can arrange multiple identical 
MOSFETs in a parallel circuit to multiply the amount of current the switch device can handle. If you 
place multiple MOSFETs in parallel, it still operates only as one switch because they are opened and 
closed simultaneously, and their common pins are connected. 

Parallel Mosfets 

One of the most useful features of a MOSFET is the capability to arrange multiple switches in parallel for 
increased current capacity and decreased resistance. This is done by simply connecting the Drain 
terminals together and the Source terminals together (see Figure 2-13). The Gate terminals should be 
driven by the same control signal, but each MOSFET should have its own gate resistor to divide the total 
available current equally to each MOSFET used in parallel—these resistors can be a very low value from 
10 ohms to 330 ohms. 

 

Figure 2-13. Three MOSFETs (Q1, Q2, and Q3) are arranged in a parallel circuit (all like pins tied together) 

to allow three times the current flow and a third of the resistance as using only one MOSFET. The resistors 

(R1, R2, and R3) are in place only to evenly distribute the available current from the Arduino, but are not 

required.  

� Note The voltage limits of the MOSFETs do not change even when using the parallel method. If the voltage limit 
is exceeded, you will likely blow up every MOSFET that is connected! 
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The total current that can be transferred through a parallel set of MOSFETs is equal to the amount of 
current that can be passed by a single MOSFET, times the number of MOSFETs used in parallel. In 
addition, the total resistance of the parallel set of MOSFETs is equal to the Rds(On) rating divided by the 
number of MOSFETs in the parallel circuit. This means that by using two MOSFETs in parallel, you 
decrease the resistance by half—and when the resistance is decreased, so is the heat dissipation.  

Photo-Transistors 
A photo-transistor operates like a standard NPN transistor, except that it is activated using infrared light 
from an LED instead of electrical current. These transistors are commonly used for line-following robots 
to detect reflective light differences on colored surfaces. If the infrared emitter and detector are enclosed 
in an IC package, the device is an optical-isolator, because the low power device (infrared emitter) is 
electrically isolated from the high power switch (photo-transistor), enabling the input and output 
circuits to be separated (they have different power sources).  

This type of switch is like a transistor/relay hybrid; it has electrical isolation like a relay, but the 
switch is interfaced as a transistor; the unique feature that you get with a photo-transistor is an 
electrically isolated switch with PWM switching capabilities. In Figure 2-14, the base is driven using light 
from an infrared LED connected to the Arduino (using current-limiting resistor R1), the collector (pin 4) 
is connected to the negative load terminal (as a low-side switch), and the emitter (pin 3) is connected to 
the GND supply. 

 

Figure 2-14. This optical-isolator (IRED and photo-transistor pair) is used as a low-side switch to drive a 

motor. Because the only thing connecting the Arduino to the Load is a beam of infrared light (no common 

GND signal), it is not required that you use a protection diode on the switch (though it is recommended). 
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Interfacing a Motor-Controller  
The term motor-controller refers to an amplifier that is designed to control the speed and direction of a 
motor using a specified set of signal commands. There are two types of motor-controllers that we 
discuss: motor-controller ICs and Electronic Speed Controllers (ESC).  

A motor-controller IC is an integrated circuit chip that is designed to use a low-power input signal to 
provide a high-power output signal commanding both speed and direction to a DC motor. These usually 
require a few extra components (a few resistors, a capacitor, and a +5v power supply from Arduino) but 
take care of the motor-control. 

An ESC is a complete motor speed controller circuit that accepts one or more types of input signals 
and outputs an appropriate speed and direction to the motor using PWM. These are usually 
prepackaged units that cost more to buy, but require less work to get going. If you are in a hurry, these 
are handy. The majority of ESCs are made for use with hobby airplane, car, and boat equipment and use 
a Servo pulse input signal. There are also an increasing number ESCs that are geared toward use in 
robotics, with a variety of different interfacing options.  

Motor-controller ICs 
There are several packaged IC chips that are inexpensive and easy to build into a circuit. The common 
L293D dual motor-controller is a 16-DIP IC chip that contains two protected driver circuits capable of 
delivering up to 600mA of continuous current to each motor at up to 36VDC (see Figure 2-15). The 
L298N is a similar chip that can deliver 2 amps to each motor. These chips (and others) accept standard 
0-5v input signals and have internal logic gates to prevent accidental overloading and commanding the 
controller into a destructive state.  

Notice in Figure 2-15 that there are four sets of inputs and outputs, labeled 1A (input) and 1Y 
(output) through 4A and 4y. The digital state of these input pins determines the digital state of their 
corresponding amplified output pin. In practice, when you apply a 5v signal (VCC1) to pin 1A, you get a 
12v signal (VCC2) at pin 1Y. There is also an “enable” pin for each set of input/outputs. The 1-2 Enable 
pin controls the state of both 1Y and 2Y output pins simultaneously, and the 3-4 Enable pin controls the 
3Y and 4Y outputs. You can use digital pins on the Arduino to control the four input pins and set the 
motor direction, while using a PWM signal on each Enable pin to set the speed of each motor.  

 

Figure 2-15. A schematic of the L293D dual 1-amp motor-controller IC and how it can connect to the 

Arduino 
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If a motor-controller IC fits your needs but you don’t want to build your own circuit, there are 
several commercial kits and preassembled circuits available that use small motor-controller ICs. The 
AdaFruit motor-shield in Chapter 4 features two L293D motor-controller ICs (see Figure 2-16) capable of 
powering up to four DC motors with 600mA of continuous current each. Simply plug the shield onto 
your Arduino and go—this shield is also wired for two Servo motor connectors (see Chapter 3 for more 
information) that can be used in addition to the four DC motors.  

 

Figure 2-16. The Adafruit motor-shield is an easy-to-use motor-driver for the Arduino that can drive a 

variety of different motors, from left to right: DC motor, Servo motor, Stepper motor. 

Electronic Speed Controllers (ESCs) 

An ESC is a motor-controller with its own control circuitry. These are intended to be driven using a 
specified input signal and do not require a micro-controller. There are many different preassembled 
ESCs for use with both hobby type vehicles (cars, boats, and planes) and robotics that accept a specific 
input signal and command the motor appropriately. Though many of these units are designed to accept 
a Servo pulse signal from a standard hobby R/C system or an analog voltage from a potentiometer, you 
can use the Arduino to emulate a Servo pulse or analog potentiometer value. This can enable you to 
control a specialized ESC motor-controller with the Arduino, using any input method. 

The Sabertooth 2x25 motor-controller from Dimension Engineering (see Figure 2-17) is a versatile 
replacement for any of the motor-controllers made in this book. You can use the Arduino to send control 
signals to the Sabertooth to command each motor, using a variety of different signals. Over-current 
protection is built in to the board, so it simply shuts itself down when it gets too hot. 
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Figure 2-17. This is the Sabertooth 2x25 dual 25-amp motor-controller. Though it doesn’t look like much, 

it can provide two DC motors with enough power to move several hundred pounds with decent speed. 

There are many different speed-controllers available, each requiring a different control interface; 
some are PWM controlled, some use Serial commands, and others use analog voltages. Many hobby 
ESCs use a Servo pulse as the input signal to control each motor. There are four main motor-control 
interfacing methods that we will use, and I will briefly describe each:  

 Simple PWM control: Uses a PWM signal to determine the 0-100% output of one 
motor. The duty-cycle of the PWM signal determines the proportional output 
speed of the motor, in one direction. This is a common control method with 
homemade motor-controllers that interface directly to the transistor switches and 
with some types of MOSFET driver ICs. You either need two PWM signals or a 
high-speed signal inverter to drive the motor in both directions. 

 Bi-directional Analog control: Uses a 0-5v analog (or PWM) signal to determine 
the speed and direction of a motor. In this mode, the center position of 2.5v is 
considered Neutral. Below 2.5v spins the motor proportionally in Reverse with a 
0v value yielding 100% Reverse. Above 2.5v spins the motor Forward with a 5v 
value yielding 100% Forward—this is called “Analog.”  

 R/C control: Uses a special “Servo” pulse signal that encodes the position of an 
R/C transmitter control stick. The signal is a pulse of electricity that has a specific 
on time, which ranges from 1 millisecond to 2 milliseconds where the neutral 
position yields a 1.5 millisecond pulse. This type of interface is meant to directly 
connect to most hobby R/C radio systems. 

 Serial command: Uses a serial cable connected to a computer (USB) to receive a 
series of serial control pulses used to control the motors.  
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User Control  
There are many different views of exactly what defines a “robot.” Some people think that it isn’t a robot 
unless it has some intelligence, such as the capability to make decisions based on its environment. Most 
industrial robotic equipment is designed to do a specific task with good accuracy, over and over again—
but these robots are controlled by a humans and do not have decision-making capabilities. Some 
consider robotics to include the automation of a process, even if it is human controlled. In the interest of 
variety, we extend the scope to include all of these things as robots. 

A robot’s control method varies depending on its application. A stationary robot might need only 
commands when the user wants a specific action to be carried out, whereas a fast-moving mobile robot 
needs several control updates each second. An autonomous robot can also have R/C control to allow for 
multiple uses. The Arduino chip has enough room to code multiple control methods on the same robot. 
The control method can be as simple as a set of buttons mounted to the bot or as complex as using a 
GPS chip to guide the bot to a set of latitude and longitude coordinates on its own (see the section, “The 
Robo-Boat,” in Chapter 9). There are many different methods of control but we discuss only a few 
common types. 

Tethered (Wired) Control 
Tethered control is easy to interface to an Arduino because you simply connect wires from each button, 
switch, or potentiometer directly to the Arduino input pins. You can even build your own controller box 
using a few potentiometers, some button switches, and a few feet of 8-conductor Thermostat wire from 
the hardware store. Using an 8-conductor wire and a common GND signal, you can easily have six or 
seven independent analog or digital channels on a tethered controller.  

A medical power wheelchair typically has a joystick controller for the operator to control its 
movements, with a few other buttons to adjust anything from the top speed of the motors to the incline 
of the seat. The variable resistors and buttons in these controllers are wired directly into the micro-
controller of the chair. The project in Chapter 11 is a ridable segway style bot that you can activate and 
steer from the handlebar—all of the connections are hard-wired into the Arduino. 

Sometimes using a tethered controller is not possible on a robot, and you must look for a wireless 
solution. There are several to choose from with different applications and cost, so let’s discuss a few. 

Infrared Control (IR) 
A set of infrared sensors can be used to control a robot, just like you use a remote control to change the 
channel on your TV. A TV remote control sends a specific infrared code for each button that is pressed, 
that way your TV set knows what to do depending on what button is pressed (i.e., Volume up/down, 
channel up/down, and so on). Using this same concept, you can read infrared codes on your Arduino 
using an IR receiver IC (see Figure 2-18) and use these codes to command a robot with a different 
robotic action for every different button that is pushed. 
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Figure 2-18. Using an infrared receiver IC pulled from an old VCR (pictured), you can send signals to the 

Arduino with your TV remote control. 

This type of control uses light emitted from an infrared emitting diode (IRED) that looks and 
operates just like an LED, except you can’t see any visible light (with your naked eye) when the IRED is 
turned on. Because infrared devices use light to transfer the signal, this type of control method must 
have a clear line of sight between the emitter and receiver. With a clear transmission path, an IR sensor 
has an effective range of around 20 feet. There are even some R/C cars, indoor micro-helicopters, and 
robot toys that use an infrared wireless link, like the popular Robosapien from WowWee robotic toys 
(www.wowwee.com). 

Radio Control Systems 
Let me start by saying that I am by no means a radio expert, so I am not qualified to go into detail about 
the many different possibilities of radio signal transmission—but I have tried several different popular 
radio control methods and I can tell you which have worked best in my experience for robot use. 

Radio control is probably the most common method for human control of a robot, because it is not 
strictly limited to line of sight operation and has an effective range of up to several miles. Most radio 
control equipment is intended for use in hobby airplanes, boats, and cars, but the Arduino makes an 
excellent interface to implement R/C control of a robot. A typical hobby grade radio control system 
consists of a “transmitter” that is used to capture your inputs and send them through the air, and a 
“receiver” that is used to capture these signals from the air and convert them into usable electrical 
signals (see Figure 2-19). 
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Figure 2-19. This hobby grade 2.4GHz radio system includes a six-channel transmitter and receiver pair 

for under $40 from HobbyPartz.com (part# 79P-CT6B-R6B). 

There are three types of radio systems that can be used for robot control: Amplitude Modulation 
(AM), Frequency Modulation (FM), and Spread Spectrum (2.4gHz). Although each of these types of 
signal modification is different, each one accomplishes the same goal: send the transmitter values to the 
receiver. For more advanced projects, there is also Xbee, a popular 2.4GHz wireless link. 

Amplitude Modulation (AM)  
AM radio systems are probably the most widely used, but mainly for remotely controlled toy cars and 
boats (27mHz and 49mHz are popular). These radio systems use long wire antennas to transmit their 
signals and are affected by interference from buildings, trees, and other radios nearby (on the same 
frequency). AM radio systems typically have no more than three usable control channels, making them 
less popular for use with robots. These systems can be used for small robots, but should be avoided 
where extreme reliability and range is required. These systems can be interfaced to the Arduino, but 
should be avoided unless you already own one. 

Frequency Modulation (FM)  
In the USA, all FM 75mHz radio systems are intended for use on ground vehicles (such as cars and boats) 
and all FM 72mHz radio systems are intended for use on air vehicles (such as airplanes and helicopters). 
These radio systems usually require a matching set of crystals placed into the transmitter and receiver to 
determine what “channel” the radio is operated on—the crystals simply tune the radio Tx and Rx to the 
same specific frequency so they can operate without interference. FM radio systems usually have a good 
range in open areas (up to 1 mile) and are not as prone to interference as AM systems, making them 
usable for robotics.  
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Spread Spectrum 2.4gHz 
The 2.4GHz frequency range is common for wireless data transmission. Not only is this frequency band 
large enough to transmit large amounts of data (like audio, video, and Web), it can also provide a secure 
connection for R/C systems that is free from interference. There are many devices that use this 
frequency including wireless camera systems, wireless network routers, R/C systems, and even the 
Bluetooth wireless protocol. Spread Spectrum radios operate at 2.4gHz frequency, which is typically 
above the level of interference from metal fences and motor noise and they have no usage restrictions, 
making them suitable for use on any type of robot.  

2.4gHz R/C systems use a process called “binding” to establish a semi-permanent connection 
between the transmitter and receiver. Binding is the replacement for matching frequency crystal pairs, 
used in legacy R/C systems. The spread spectrum standard uses a process called “frequency hopping” to 
constantly change frequency channels (both the transmitter and receiver simultaneously) to prevent any 
other nearby radios from crossing signals. An R/C system is the cheapest way to get a secure 2.4GHz 
connection that can be interfaced directly to the Arduino.  

Xbee 
Xbee operates as a wireless Serial data connection (with selectable data rates), capable of both sending 
and receiving data. Xbee radios are made by Digi International (www.digi.com) and use the “Zigbee” 
wireless communication protocol. With a variety of applications, these radios are easy to interface to the 
Arduino, requiring only a 3.3v power supply and a connection to the Arduino Serial tx and rx pins (D0 & 
D1).  

Using a set of Xbee radios, you can create your own custom programmable R/C controller or 
telemetry link to obtain information about your bot during operation (i.e., battery voltage, amperage 
draw, speed, and so on). You can even use a pair of Xbee radios to wirelessly program an Arduino!  Xbee 
radios are available with different power levels to accommodate longer distance transmissions, 
providing an effective range that is comparable to the common 2.4GHz R/C link. Because of the 
versatility of this robust wireless link, there are several chapters that discuss using a pair of Xbees for 
both robot control and monitoring (see Figure 2-20). 

 

Figure 2-20. A pair of 2.4GHz Xbee radios (center) with breakout boards from Sparkfun.com 

There are many retailers that sell Xbee radios and shield adapter boards to enable easy interfacing 
with the Arduino. A basic Xbee radio costs about $25 each and the adapter boards can range from $10–
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$25 each. An adapter board is needed because the pin spacing of each Xbee radio is 0.05 inch, which is 
not compatible with a breadboard or perforated prototyping boards, which use 0.1 inch spacing. In 
Figure 2-20, you can see two standard Xbee radios (Sparkfun.com part# WRL-08665), a Sparkfun Xbee 
Explorer Regulated breakout board (Sparkfun.com part# WRL-09132) to connect to the Arduino, and a 
Sparkfun Xbee Explorer USB breakout board (Sparkfun.com part# WRL-08687) for connecting to your 
computer. The makers of the Xbee radios have also created a software program called X-CTU, which is 
used to change settings on the Xbee radios while connected to your computer—the X-CTU software is 
free to use, but currently works only in Windows. 

Sensor Navigation 
Although creating a control link that converts user input into robotic output can be extremely useful, 
there are some tasks that require the robot to make decisions of its own without consulting a human. 
The first three robotic projects in this book (chapters 4, 5, and 7) use some type of external awareness to 
direct the robot to its destination without using any user guidance. 

Believe it or not, you are actually an autonomous (self-controlled) being that uses several different 
“sensors” to help determine the environment around you. Your eyes, ears, nose, hands, and mouth each 
have their own sensation that your brain can interpret into some form of intelligence. From these 
sensors, your brain is able to make informed decisions about how your body should proceed and keep 
you safe from harm. Along the same lines, a robotic sensor is a device that is attached to a robot to gather 
information about its surrounding area. Without sensors, the robot would not have any way of knowing 
what is around it or how to proceed. This is the easiest way to add intelligence to your bot.  

There are many types of sensors and each reads the environment differently, so it is common to add 
several types of sensors to one robot to effectively navigate around obstacles and gather important 
information. A sensor can measure light, distance, proximity, heat, gas, acceleration, angle, humidity 
and moisture, contact, and rotational position (among others). We focus on the sensors that are readily 
available and offer the most versatility for the price. 

Contact Sensing 
The most simple type of sensor that can be implemented is the contact switch, which simply tells the 
robot whether or not it is touching something. This type of sensor is commonly called a “bump-switch” 
and is used on the iRobot Roomba robotic vacuum cleaner to determine when it has bumped into a wall 
or other object. The main caveat of this sensor type is that it requires the robot to make physical contact 
with an object before it is detected. 

Bump Switch  
The bump switch is a simple form of sensor because it consists of as few as two electrical contacts (see 
Figure 2-21). If the contacts are touching, the switch is closed; otherwise, it is open. We use this form of 
switch as a method of telling the robot when it has run into something. If we place them at several spots 
on the bot, we not only know when the bot has bumped into something, we can also determine the best 
direction to travel to keep from hitting the same objects again.  

This type of sensor is also useful as an over-travel switch. These are commonly installed on garage-
door openers. When the door opens to a certain point, it touches the over-travel switch and the main 
board receives a command to stop the lifting motor. This is how it knows where to turn it off. 
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Figure 2-21. A typical tactile bump-switch with lever 

This type of sensor (or any switch) is read as a digital input using the digitalRead() command (see 
Listing 1-1 in Chapter 1). 

Distance and Reflection Sensing 
Range detection is useful when trying to determine whether an object is near without the robot having to 
touch it. A good range detector can calculate the distance from an object with accuracy down to the 
nearest inch. Range detection sensors use reflected sound or light waves to measure the distance 
between the sensor and any obstacle within range. Different range detection methods result in different 
effective ranges, accuracy, and prices. Range detection sensors can have an effective sensing range from 
1 centimeter to 25 feet and cost anywhere from just a few dollars for an IR range finder to several 
thousand dollars for a Laser range finder. We use infrared detection for Linus in Chapter 4 and ultrasonic 
range finders on Wally in Chapter 7. 

IR Sensor 
IR detectors use an infrared emitter to send out IR light “packets” and a detector to check for reflections 
of that light that have bounced off any nearby objects. By measuring the amount of time that the light 
takes to return to the detector, the sensor can determine the distance from that object. IR finders can 
detect objects at distances up to 5 feet away—use an ultrasonic range finder for farther distances. The 
Sharp GP2 series of infrared proximity sensors are available at Sparkfun.com (part# SEN-08958) for 
under $15 and can be used for short-range object detection up to 5 feet (see Figure 2-22). 
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Figure 2-22. This is the Sharp GP2 IR finder (Sparkfun.com part# SEN-08958). 

A simple infrared emitter and detector pair can be used at close ranges (under 3 inches) to 
determine the approximate reflectivity of a surface to infrared light. These simple IR emitter and 
detector pairs are the basis for the line-following robot in Chapter 4. The emitter and detector are 
mounted side by side and facing the same direction. The emitter is constantly sending a stream of 
infrared light toward the ground, whereas the detector is constantly reading the reflections of the light 
that is bouncing off the ground.  

We use a piece of reflective tape as a guidance track for the bot to follow. As the bot moves away 
from the reflective tape, the IR sensors on each side begin to receive less IR light and therefore adjust the 
motor outputs to keep the bot centered on the tape. Using this simple guidance scheme, we can easily 
modify the path that the bot will follow by altering the path of the reflective tape. There are several 
different types of infrared emitter and photo-transistor packages that work for a line-following robot (see 
Figure 2-23). 

 

 

Figure 2-23. These are three different types of infrared emitter and detector pairs. The IR pair on the far 

right is the type used in Linus, the line-following robot from Chapter 4. These sensors range in price from 

$1 to $3 each from Digikey.com. 
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� Note Many household appliances that use a remote control contain a useful IR receiver like the one you can find 
at Radio Shack or Digikey. If you happen to have a broken VCR, DVD player, TV, or stereo that you don’t mind 
dismantling, you can de-solder the IR sensor from the PCB and save a few bucks. They typically only have three 
pins: +5v, GND, and Signal. 

Ultrasonic Range Finder 
The ultrasonic range finder uses high frequency sound waves that are reflected off nearby objects to 
calculate their distance. Some ultrasonic sensors require a microprocessor to both send and receive a 
signal from the sensor, whereas other sensors calculate the distance within the sensor and have a 
proportional output signal that is easily read by the Arduino. 

Ultrasonic range finders are available in a variety of beam angles that determines the width of the 
detectable area. A narrow beam angle is better suited to detect objects farther away, whereas a broad 
beam angle better detects objects at short distances. These sensors are typically between $30–50 and can 
be easily read by the Arduino. 

The Maxbotix brand of ultrasonic range finders have built-in processing that enables it to output 
independent serial, analog, and PWM signals at the same time to increase interfacing flexibility (see 
Figure 2-24). These range finders accurately measure distances from about 6 inches to 25 feet, and are 
well suited for obstacle avoidance and detection on robots. I prefer to use this brand of ultrasonic range 
finder because it is reliable and easy to interface to the Arduino using any of the three built-in output 
signals. 

 

Figure 2-24. The MaxBotix LV-EZ0 ultrasonic range finder with an effective range of 6 inches to 25 feet 

(Sparkfun.com part# SEN-08502) 

Laser Range Finder 
This type of range finder uses a laser to scan the objects around it, much like a laser scanner at the 
grocery store checkout. A laser range finder can have a viewing angle of up to 240 degrees, giving it a 
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much wider view of its surroundings than other sensors. Each time the laser makes a rotation, it takes 
distance readings at set intervals. When the rotation is complete, the signal is compiled to create a 
snapshot of the surrounding area. Although this sensor has advanced features, the maximum detection 
range is around 15 feet and they are expensive (usually costing around $1,000). Until the price comes 
down a bit, we won’t test any of these units. 

Orientation (Positioning) 
There are several different sensors that can determine one or more aspects of a robot’s position or 
orientation. A GPS sensor can tell you where the sensor is on a map using latitude and longitude 
coordinates, whereas an accelerometer and gyroscope can tell you the angular position (tilt) or 
rotational speed of your robot. Using these sensors, we can create an auto-leveling platform for a Segway 
type robot or upload a set of GPS coordinates for a robot to navigate to. 

Accelerometer 
An accelerometer measures gravitational force or acceleration. By tilting an accelerometer along its 
measured axis, we can read the gravitational force relative to the amount of tilt. Accelerometers are 
available with up to three axis of sensing and can be directly interfaced to the Arduino with an Analog 
output signal. Many devices currently use accelerometers for input control, shock detection, 
stabilization platforms, and auto-leveling or tilt interfaces—you can find these devices inside of digital 
cameras, cell phones, laptop computers, and Nintendo Wii controllers to name a few. 

Most accelerometers available today are small surface mount components, but there are many 
different breakout boards that have the sensor and all necessary filtering components (resistors and 
capacitors) soldered into place, so you can easily interface them to an Arduino. Sparkfun.com has a large 
selection of these “Arduino-ready” sensor boards in different configurations ranging from $20 to $50. 

There are three axes that can be measured by an accelerometer and they are labeled X, Y, and Z, 
which correspond to the roll, pitch, and yaw respectively (see Figure 2-25). A single axis accelerometer 
measures either the X or Y axis, a dual axis accelerometer measures both X and Y axes, and a triple axis 
accelerometer measures all three axes. Each measured axis represents a separate Degree of Freedom 
(DOF) from the sensor—thus a triple axis accelerometer might be labeled as 3 DOF. 

 

Figure 2-25. This figure shows the three axes of rotation: roll, pitch, and yaw with their corresponding 

accelerometer symbols X, Y, and Z. 

Accelerometers are used for measuring gravitational changes, but they are also extremely sensitive 
to vibrations and sudden movements or shocks, which can cause the output signal to become distorted. 
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If an accelerometer is used for angle approximation, it is helpful to have another device that can correct 
for its short-term errors caused by vibrations. A “gyroscope” sensor can measure angular changes, but 
using a different method that is less susceptible to sudden gravitational changes. 

Gyroscope 
A gyroscope is a sensor that is used to detect changes in rotational speed along its measured axis. These 
devices are often used in conjunction with accelerometers to produce a stable angle approximation of a 
robot for auto-leveling projects. Like an accelerometer, gyroscopes are also labeled by what axis they 
measure: X, Y, or Z. 

Gyroscopes take excellent measurements in the short term, but suffer from a long-term mechanical 
error called “drift” that leads them away from their starting point, even without moving. To correct this 
drift, we need to use an accelerometer with a stable long-term angle reading to use as a reference point 
for the gyroscope. 

Inertial Measurement Unit (IMU) 
To get around the hassle of buying a separate accelerometer and gyroscope, manufacturers combine 
multiple accelerometers and gyroscopes on the same circuit board to save space and cost. A circuit 
board that incorporates multiple sensors that are physically aligned with each other is called an inertial 
measurement unit (or IMU). The IMU shown in Figure 2-26 has two gyroscopes and one accelerometer 
to measure a total of six axes. By combining the readings from the accelerometer X axis and the 
gyroscope X axis, we can create a filtered angle measurement for a single axis auto-leveling platform in 
Chapter 11. 

 

Figure 2-26. This is the Sparkfun Razor 6 DOF inertial measurement unit (part# SEN-10010) used in 

Chapter 11. This IMU contains two gyroscopes and one accelerometer that together provide six separately 

measured aspects of the IMUs orientation. 

Sparkfun.com has an excellent tutorial/buying guide for accelerometers, gyroscopes, and IMUs, 
explaining their features and capabilities. If you are interested in learning more about these sensors, it is 
definitely worth reading: 

Sparkfun.com IMU tutorial: http://www.sparkfun.com/tutorials/167 
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Global Positioning Satellite (GPS) 
Global Positioning Satellite (GPS) systems are sensors that use the signals from multiple tracking 
satellites in space to calculate its own position, and then outputs a specific set of latitude and longitude 
coordinates. The GPS sensor must be able to pick up at least three GPS satellite signals to determine its 
own position, though most connect to as many as 20 satellites at a time to get the best signal. The sensor 
itself can be purchased from $50–$150 and provides position, time, and speed detection. Most units 
need only a power and ground signal to begin outputting a serial data stream, which can be read by the 
Arduino. 

The signal output by the EM406 GPS sensor (shown in Figure 2-27) is a NMEA standard string that 
must be decoded to obtain the valuable information like the latitude, longitude, speed, and direction. 
This signal is transmitted through a standard Serial connection to the Arduino and can be used in 
conjunction with other sensors to autonomously guide a robot from one point to another. Although a 
GPS can provide information about the speed and direction of your bot, it must be moving to calculate 
these values. By simply taking the difference between two position readings, we can determine what 
direction the bot is traveling and adjust its power accordingly to steer it to the correct ending 
coordinates. 

 

Figure 2-27. The EM406 GPS sensor from Sparkfun.com (part# GPS-00465) can be connected directly to 

the Arduino to create an autonomously navigating vehicle (like the Robo-boat in Chapter 9). 

GPS is unique in that the satellites can be accessed from almost anywhere in the world, but because 
the satellites that it connects to are in space (really long way away!), the ground-level accuracy can vary 
from 10–30 feet. This means that you can’t expect your bot to stop at the same spot each time using only 
standard GPS guidance. Your robot might end up 10 feet away from where you intended and its path 
might vary a few feet from your expectations. GPS also cannot detect movable objects or trees that might 
be in its path, so if your robot is to travel on the ground, it is a good idea to have other object detecting 
sensors installed to assist the GPS guidance (like ultrasonic range finders or bump sensors). 

Real Time Kinetic (RTK) GPS 

To eliminate the gap in accuracy from a standard GPS system, there is a system called Real Time Kinetic 
(RTK) GPS, which uses a separate “base station” with a known position to calculate the exact position of 
the GPS receiver down to 1 centimeter! This type of GPS typically requires more setup to get it running, 
placing it above the scope of this book. If you need 1 centimeter accuracy from a GPS unit, it is possible. 
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Non-Autonomous Sensors 
Some sensors are not used for autonomous control, but rather to enable a user to do things not 
otherwise possible. A wireless camera for instance can enable a robot operator to be in one location, 
while the robot is operated in a different location. You can also use ultrasonic range finders, bump 
sensors, GPS positioning, temperature sensors, or hardware monitoring devices to assist your operation 
of the bot.  

In Chapter 8, we build a dual motor-controller for a large mobile robot that has built-in current 
sensors installed to monitor the amount of power going through the controller. If the amperage exceeds 
a level that is pre-defined in the code, the Arduino immediately shuts down power to the motors (for a 
few seconds) to prevent overheating. This type of protection is essential for any robot that will have an 
unknown workload. Having your robot stop responding for a few seconds to cool down is better than it 
getting overheated and failing (requiring repair). 

Camera 
By far the most instantly rewarding sensor to put on your bot is the wireless camera. There are several 
systems for under $100 that include both the wireless color camera (with audio) and the receiver that 
plugs into a TV, computer, or a small LCD monitor mounted to your R/C transmitter. These systems are 
commonly built on either a 900MHz or 2.4GHz radio link that can transmit a video signal anywhere from 
300–800 feet depending on the strength of the radio and obstructions between the transmitter and 
receiver. 

You can use a 2.4GHz wireless camera (see Figure 2-28) with a microphone to transmit an audio and 
video signal from your bot to a command station where you watch and control. This keeps you safe 
while the bot goes where you need it to. Again, this sensor is best utilized with other types of sensors to 
notify the robot if it has hit something or if it is approaching an object that the camera cannot see.  

 

Figure 2-28. This 2.4GHz wireless camera from Sparkfun.com (part# WRL-09189) is an excellent way to 

add a remote set of eyes and ears to your robot for about $75. 
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Current Sensor 
A current sensor is used to measure the amperage passing a given point at a given time. If either motor 
draws an excess amount of current, we can program the Arduino (which controls the motor-controller) 
to stop driving that motor for a specified amount of time (1–2 seconds) to keep from overheating. By 
protecting the motor-controller, it is far less likely to fail.  

There are several types of current sensors, but I prefer to use a current sensor IC, like the ACS-712 (5 
amp) or ACS-714 (30 amp) from Allegro MicroSystems (Figure 2-29). Although only available as an 8-
SOIC (Small Outline IC) surface mount package, it is easily interfaced to both the Arduino and a motor. 
The IC only needs +5v and GND signals to begin outputting an analog voltage at the VOUT pin, which is 
easily read using the Arduino on any analog input pin—you can even use the Arduino regulated +5v 
supply to power the current sensor IC. 

 

Figure 2-29. The ACS-712 bi-directional current sensor can be used in series with one of the load terminals 

to measure the amperage level. It can easily be read using an Analog input on the Arduino. 

In Figure 2-30, you can see a simple schematic depicting how you might connect the ACS714 
current sensor to your Arduino. The current sensor IC needs a 5v power supply and a bypass capacitor 
connected from the filter pin to GND. You must then route at least one of the motor supply wires 
through the current sense pins of the sensor (as shown in Figure 2-30). 
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Figure 2-30. A simple schematic for the ACS-712/714 current sensor IC in a circuit 

In Chapter 8: The Explorer-Bot, we use the ACS-714 bi-directional 30-amp current sensor (big 
brother to the ACS-712 shown in Figure 2-29) to sense the current passing through either drive motor. 
Using the Arduino to monitor the analog output voltage of the current sensor, we can tell the Arduino to 
stop sending motor commands if the reading from the current sensor is above a certain level—this is 
called “over-current” protection and can keep a motor-controller from destroying itself. 

Summary 
This chapter briefly discussed the various interfacing and control methods that are used in this book, as 
well as some of the different sensors. 

Relays are reliable and easy to interface, but produce Back-EMF and must use a protection diode to 
drive directly from the Arduino. Transistors are available in several forms and can be driven directly by 
the Arduino, but must be specifically placed as either a high-side or low-side switch. ESCs are available 
for those who do not want to build their own circuits, but typically cost more to buy than building a 
similar motor-controller using transistors or relays. 

We then talked about some various control methods using both wired and wireless links, including 
infrared controllers and radio control. Radio control is implemented using a variety of different 
methods, the most common of which is 2.4GHz. We use 2.4GHz hobby radio control systems and Xbee 
wireless serial links to both control and monitor robotic functions. Wireless radio control is used on the 
Explorer-bot, Lawnbot, and Battle-bot projects in this book. 



CHAPTER 2 Â ARDUINO FOR ROBOTICS 

82 

Lastly, we explored some of the sensor types to create an autonomous (self-guided) robot. We use 
contact switches on the Bug-bot, infrared detectors on the Line-bot, ultrasonic sensors on the Wall-bot, 
and GPS on the Robo-boat to guide these four bots around their course without any user input. Sensors 
can also be used to assist a human for easier or improved control, as with the Explorer-bot or the Seg-
bot. 

In the next chapter, we discuss the various types of electric motors, batteries, and wheels that are 
popularly used in robotics. 
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Let’s Get Moving 

At this point, you are probably sick of blinking LEDs and want to use your Arduino to start driving some 
motors, right? Well, this chapter discusses some of the important robotic parts that we must use in order 
to get an Arduino robot moving. First we start with the various types and applications of electric motors, 
then we discuss the circuits that make them move. Lastly this chapter includes a brief description of the 
materials that we need to use to complete the projects in this book.  

Electric Motors 
There are many different types of robots that have different levels of intelligence and mobility, but the 
common thread that you will find in almost every robot is a motor of some kind. An electric motor is 
used to convert electrical heat into rotational motion using a carefully arranged set of magnets and coil 
windings. By energizing the magnets with electricity, the coil winding spins—a motor typically has an 
output shaft attached to this magnet, so you can mount a wheel or gear on the end. 

A motor has several ratings such as speed (RPM), voltage, amperage, and total power. We can 
usually determine whether or not a motor will suit our particular needs by combining the specifications 
that are important to our project. The speed in RPM of the motor gives us an idea of how fast it will be 
able to move, the voltage determines its potential power, and the watt rating tells us what combination 
of voltage and amperage we can use to power the motor without overheating it. 

This book focuses on mobile robotics, so only DC power sources are used. Although AC motors are 
useful (washing machines, air conditioning equipment, kitchen appliances, power tools, and so on), 
they are most efficiently operated when plugged into an appropriate AC power source. Because we use 
DC batteries for all of our bots, we use only motors that use DC power (though there are several types—
see Figure 3-1). 

 

J.-D. Warren et al., Arduino Robotics
© John-David Warren, Josh Adams, and Harald Molle 2011
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Figure 3-1. DC motors come in all shapes and sizes. The large motor is made for an electric scooter, the 2 in 

the center are small hobby motors, and the 2 on the right are DC servo motors. 

Each different type of DC motor is used for a specific range of applications, though they can also be 
manipulated for use in a variety of different robotic tasks. The simplest of electric motors is the standard 
brushed DC motor, which is commonly used for high-speed applications, or high torque when gearing is 
used. Brushed DC motors are not only used in many of the projects in this book, but they are also 
commonly used in gear motors and servo motors.  

There are also DC motors that do not have brushes, but operate by constantly changing the electro-
magnetic field around the output shaft using a special driving sequence. Both stepper motors and 
brushless DC (BLDC) motors use this concept and typically have between three and six wires for 
operation. These types of motors cannot be driven directly by a constant power source; they instead 
require the use of a series of amplifiers and a micro-controller input signal. 

Brushed DC Motor (Permanent Magnet Type) 
The Permanent Magnet Direct Current (PMDC) motor, commonly known as just a brushed DC motor, is 
used in electronic devices, robotics, and toys (see Figure 3-1). The typical DC motor has only one motor 
coil with two wires for operation. This is by far the easiest type of motor to drive, control, and 
manipulate. You can also reverse the rotational direction of a DC motor output shaft by reversing the 
polarity of the voltage to the motor terminals. 

Most DC motors have brushes that physically touch a set of spinning electrical contacts, called 
commutators that are electrically connected to the motor coil winding. When each brush touches a 
different commutator, the electrical current is passed through the motor coil, which forces the motor 
output shaft to spin about its axis. Permanent Magnet DC motors typically have two magnets attached to 
the inside of the motor casing and the coil winding and commutator mounted to the output shaft—the 
brushes are typically spring loaded to keep them securely mated to the commutator contacts while 
spinning (see Figure 3-2). 
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Figure 3-2. A typical DC motor disassembled for viewing. The inside of the motor casing (left) has two 

permanent magnets attached and a hole for the output shaft to come through. The coil winding (center) is 

wrapped around the commutator, which is mounted to the output shaft. The brushes (right) are attached 

to the ends of the motor terminals, which are mounted to the motor’s plastic end cap. 

A DC motor consumes as much power as it needs at a given voltage and consumes more (current) as 
its workload increases. A typical DC motor draws anywhere from 50mA to 50 amps of current and have 
speeds ranging from 1,000RPM to 20,000RPM. Using gears, we can transform the available power of a 
motor from high-speed, low-torque (ideal for flat grounds) into low-speed, high-torque (ideal for hills), 
or vice versa, which can extend the usability of the motor’s power. 

Because brushed DC motors use physical contact to transfer power from the motor terminals 
through the coil, periodic changing of the motor brushes is necessary for frequently used motors. Many 
DC motors have easily accessible brushes that can be replaced in a matter of minutes. 

Brushless Motors 
A brushless DC (BLDC) motor uses an electro-magnetic field created by energizing one of three common 
motor coils in sequence in order to spin the output shaft. The fact that there are no brushes means that 
these motors have a longer life cycle and higher reliability, giving them an advantage over the standard 
brushed DC motor. Because of their abnormal coil setup, they cannot be operated with the same 
simplicity of a standard brushed DC motor, and instead must use a specialized three-phase driver 
circuit. 

Hobby grade BLDC motors are rated by how many RPMs they produce per volt that is present at the 
motor terminals, denoted “Kv”. For instance, a brushless motor with a 1000Kv rating operated at 12 
volts, produces 12,000RPM (12 volts í 1000Kv = 12,000RPM). These motors are commonly used to 
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replace brushed DC motors where longevity and reliability are preferred over being easy to drive and 
inexpensive. They have almost completely replaced DC motors for use in computer hard drives, cooling 
fans, and CD/DVD ROM drives (see Figure 3-3). We use a brushless DC motor to power the Robo-boat in 
Chapter 9. 

 

Figure 3-3. Brushless DC motors are commonly used for PC cooling fans and hobby airplanes. The 

brushless PC fan in this picture was dismantled due to a broken fan blade. You can also see the brushless 

DC hobby airplane motor with a BLDC 30A motor controller. 

Stepper Motors 
Stepper motors are brushless DC motors that have two or more independent coils instead of three 
common coils like a BLDC motor. These coils must be energized at set intervals to keep the motor shaft 
spinning, much like the BLDC motor. This means that you cannot simply apply power to the wires and 
watch the motor spin. These motors must be driven using a special sequence and timing provided by the 
Arduino. 
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Stepper motors have a defined number of steps or magnetic intervals; each time a coil is switched in 
sequence, the motor shaft rotates one step. The number of degrees per step determines how many steps 
are in each rotation of the output shaft. The more steps the motor is capable of, the higher the resolution 
or more precision it has. This is common with Computer Numeric Controlled (CNC) machines that use 
two or more stepper motors to control the exact X and Y coordinates of the machine head—they can 
return to any exact spot on the grid by counting the X and Y steps to that position.  

Stepper motors are available in the following two basic types:  

 Bipolar: These stepper motors have two coils that are typically identified by having 
exactly four wires (see Figure 3-4). Each set of wires is connected to a motor coil 
and can be identified by measuring the coil resistance with a multi-meter. Each 
coil in the stepper motor must be switched in a special sequence in order to turn 
the output shaft—requiring that each of the four motor wires must be driven by its 
own signal amplifier to operate the motor (or a dual motor-controller). 

 Unipolar: These stepper motors also have two coils, but they additionally have 
two windings in each coil—so this motor has three wires per coil (x2), totaling six 
wires. You can usually connect the two common wires from each coil together, 
resulting in a five-wire motor—some motors have this already done internally. 
This motor has a constant positive power supply to the common wire from each 
coil and an N-type transistor switch at each of the negative coil wires. With the 
appropriate switching sequence from the Arduino, this type of stepper motor is 
easy to drive. 

 

Figure 3-4. A few bipolar stepper motors, noted as having four wires on each motor 

Stepper motors are commonly used for high-precision applications like computer printer heads, 
CNC machines, and some robotic applications.  
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Gear Motors 
The power of a motor at a given energy can be arranged to have either high speed or high torque. Think 
of an 18-speed mountain bike to visualize how this works: If you put the bike in first gear, your pedaling 
will provide a high torque that can enable you to ride up a steep hill with ease at the expense of going 
slowly. If you put the bike in eighteenth gear, it will be nearly impossible to pedal up a steep hill but will 
yield excellent speed on flat ground or going downhill. 

The power produced by an electric motor can be manipulated in the same way. To convert the 
power, we must use a series of gears connected to the motor’s output shaft or buy a motor with gears 
built onto the output shaft, called a gear-motor. A gear motor reduces the speed of the motor output 
shaft from its normally high speed (1,000–20,000RPM) to a slower output speed that is more manageable 
for a mobile robot (see Figure 3-5). 

 

Figure 3-5. Here you can see a small DC gear motor (left) and again with the DC motor removed from the 

plastic gear box. 

A gear motor can be any type of electric motor, as long as it has a gear box that reduces the output 
speed of the motor shaft. Each gear motor should have what a gear ratio that specifies the ratio of input 
speed to output speed of the motor output shaft. For instance, a gear motor with a 100:1 gear ratio 
implies that the actual DC motor output shaft must spin 100 times to make the geared output shaft 
complete one revolution.  

Servo Motors 
A servo motor is a special type of DC motor that uses an encoder to determine the position of the output 
shaft. Hobby servo motors consist of a small DC motor, speed-reducing gear box, potentiometer shaft 
encoder, and motor drive circuitry, making them easy to interface directly to the Arduino (see Figure 3-
6). The motor drive circuitry is not only used to decode the input signal (R/C servo pulse), but also to 
drive the DC motor. 

These motors can move to a specific position  quickly and require only three wires to interface with 
the Arduino (signal, power, and ground). The signal used to operate the servo is a precisely timed pulse 
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of electricity that ranges from 1 milliseconds to 2 milliseconds – where a 1.5mS pulse yields the center 
position of the servo motor. The servo motor looks for an update with a new pulse about 50 times per 
second, or every 20 milliseconds.  

 

Figure 3-6. A dismantled view of the larger Servo motor from Figure 3-1 reveals the gears, potentiometer, 

circuit board, and DC motor that are normally packed inside the plastic casing. 

These motors are intended for use in hobby cars, planes, boats, and helicopters, but have made 
their way into robotics for their precision, durability, and ease of use. You can find a general-purpose 
servo motor at your local hobby store for around $15 or at several online retailers for around $5 each.  

Hobby servo motors were designed to emulate the position of an R/C transmitter control stick. If the 
control stick is moved to its upward most position, the servo motor output shaft will likewise move 90 
degrees in one direction. If the control stick is moved to its downward most position, the servo motor 
output shaft will move 90 degrees in the other direction. The total range of most hobby servo motors is 
about 180 degrees total (1/2 of a complete rotation). Trying to make the output shaft move any farther 
than its stopping point will likely result in a stripped gear. 
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Continuous Rotation  
It is true that the output shaft of most hobby servo motors can rotate only from 0–180 degrees—but by 
hacking the internal components of the servo, we can alter its operation to rotate continuously like a 
normal gear-motor. To do this, we simply disconnect the shaft encoder (potentiometer) and place a 
resistor divider in its place (a pair of resistors connected together), which tells the controller board that 
the motor is at the center position at all times. If any pulse signal above 1.5ms is received, it will move 
the motor forward continuously—likewise if the pulse is below 1.5ms, it will spin in reverse. This can 
give us the ability to control either forward or reverse continuous rotation of a servo motor.  

You can also modify a hobby servo motor to operate as a standard DC gear motor (as in the Chapter 
4) by completely removing the servo control circuitry and building your own. This method requires 
removing the potentiometer and all the electronic components, leaving only the two wires from the DC 
motor itself and all of the gearing. If there are any plastic stops that keep the output shaft from rotating 
completely, they should be removed as well. This enables you to drive the motor with full-speed control 
using a simple transistor amplifier. 

Linear Actuators 
A linear actuator is an electric DC motor that converts rotational motion into a linear motion. This is 
usually accomplished using an Acme threaded rod or other screw drive mechanism. These motors are 
useful for vertically lifting loads or moving an object back and forth (like a steering wheel). These can be 
used to automatically open a door or gate, raise/lower a hinged load, or move an object back and forth 
(see Figure 3-7). 

 

Figure 3-7. Linear actuator motor from a power wheelchair, used adjust the incline of the seat 
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The stroke of a linear actuator refers to the maximum distance it can extend. The speed of the 
actuator tells you how fast it will travel, usually rated in inches/second. The power of the actuator is 
determined by the power rating of the motor that is driving it and is usually rated by the maximum load 
capacity in pounds that the actuator can lift. It is typically fine to use a relay to control a linear actuator 
for simple On/Off control, unless you need extremely precise control in which case you should use a 
motor-controller.  

Calculating Power 
Because the amperage of a motor varies depending on the load, most DC motors list the voltage level at 
which it can safely operate. Although DC motors are usually forgiving and can be slightly over-powered 
without causing problems, an excess voltage level can burn up the motor coil.  

As discussed in Chapter 1, the amperage that is consumed by a motor is dependent on the voltage 
level and the internal resistance of the motors coil. After the operating voltage is decided, you can 
measure the motor’s coil to determine its resistance, and lastly use the voltage and resistance to 
calculate the amperage of the motor. With the amperage and voltage known, you can select a properly 
sized motor-controller for the motor. 

Driving 
The DC motor is the simplest motor to power; apply a positive signal to one wire and a negative signal to 
the other and your motor should move, as shown in Figure 3-8. If you swap the polarity of the wires, the 
motor will spin in the opposite direction.  

The speed of the motor is dependent on the positive supply voltage level—the higher the voltage, 
the faster the motor shaft spins. The power of the motor is its capability to maintain its speed, even 
under a load and that is determined by the amperage available from the power source—as the workload 
of the motor increases, more amperage is drawn from the batteries. 

 

Figure 3-8. To power a DC motor, simply connect one wire to the Positive supply and the other wire to the 

Negative supply. 

Some of our robots have powerful motors that can operate at up to 24vdc—if the entire 24 volts is 
applied to the motor all at once, it is likely to spin the tires or pop a wheelie! We don’t want to break any 
of our equipment or hit anyone nearby because our bot launches when we turn the motors on, so we will 
use a motor-controller to vary the voltage to the motor from 0v to the power supply voltage (in most  
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cases, 6v, 12v, or 24v). This enables the bot to start slowly and work its way up to full speed, which causes 
less strain on the batteries during start-up and provides more precise control. 

We can vary the voltage level to the motors by using a pulse-width modulation PWM signal to 
determine the output duty-cycle, or percentage of On time. Because using PWM means that the output 
is either fully on or fully off, the motors receive as much amperage as the power supply allows for the 
given duty-cycle, and the power can be varied from 0% to 100% for full speed control. 

Finding the Right Motor 
DC motors are in virtually any device that has moving parts—you can harvest useful DC motors from old 
cassette tape players, VCRs, toys, and cordless tools. Salvaging a DC motor is usually easy because they 
are rarely ever soldered to a printed circuit board (PCB), so you simply unplug the wires and remove any 
fasteners that are holding the motor in place. If the wires are soldered into place, just cut them leaving as 
much wire connected to the motor as possible (unless you plan on soldering your own wires to the 
motor terminals). Once removed, you can test the motor by powering it with a 6v or 12v battery 
(depending on its size).  

As previously mentioned, gear-motors reduce the speed of a motor shaft to a usable RPM for driving 
a robot. When salvaging parts, you might come across a motor assembly that has plastic or metal 
reducing gears attached to the motor; you can re-use these gears and create your own makeshift gear-
motor. Gear-motors and gear assemblies can also be found at surplus and commercial websites. 

Surplus: 

 www.allelectronics.com 

 www.goldmine-elec.com 

 www.alltronics.com 
 

Commercial: 

 www.Sparkfun.com 

 www.trossenrobotics.com 

 www.pololu.com 

 www.superdroidrobots.com 

 www.robotmarketplace.com 
 

You can find 12v automotive windshield-wiper motors at your local junkyard that can be used as 
drive motors for a medium-sized bot. You can also find powerful motors at your local thrift-store by 
looking for cordless drills that have bad battery packs or cosmetic blemishes, but working motors and 
gear boxes.  

The H-Bridge 
When driving a DC motor in only one direction, we do not need any special circuitry to switch the motor 
on or off; a simple switch in series with one motor terminal will do. But to reverse the polarity of the 
voltage of the motor terminal, we need a half-bridge circuit or push-pull driver. This circuit uses two 
switches (S1 and S3 as shown in Figure 3-9) to provide a path from one motor terminal to either the 
Positive voltage supply or the Negative voltage supply (Ground). By using only one of these switches at a 
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time, a short-circuit is avoided—the other motor terminal is permanently connected to either VIN or 
GND 

 

Figure 3-9. Various half-bridge states 

The bridge is used to route the correct polarity to the motor terminals at the appropriate time. To 
avoid a short-circuit, you should never close both switches on the same side of the bridge (both the 
positive and negative) at the same time (see Figure 3-12). To control the polarity to both motor 
terminals, we need two identical half-bridges arranged in an H-bridge (see Figure 3-10). 

 

Figure 3-10. Notice how the circuit looks like the letter “H,” which is why they call it an H-bridge. 

For the motor to spin, the battery current must flow from the Positive supply, through the Motor, 
and to the Ground supply to complete the circuit. To make this happen we must open one switch from 
each side of the bridge, one Low-side and an opposite High-side—that means we can either turn on S1 
and S4 to go Forward, or we can turn on S2 and S3 to go in Reverse. The direction of the current flow 
through the motor terminals determines the direction that the motor spins. We can manipulate the flow 
of the current by closing the two corresponding switches together to give us directional control of the 
motor. If all four switches are open (disconnected), the motor is coasting, meaning there is no path for 
the current to travel. 

Generating a Brake 
There is also an acceptable condition called electric-braking, which refers to connecting both motor 
terminals to the same voltage supply—as opposed to leaving them disconnected. Because most DC 
motors act as a generator if you spin the motor shaft, by connecting both terminals to either the Positive 
supply or the Ground supply, we are essentially trying to force the generated electricity back into the  
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same supply (see Figure 3-11). This results in the motor resisting to spin—that is, it will keep the motor 
shaft from moving by forcing opposing voltages into the same supply. We can tell the Arduino to keep 
both Low-side switches closed to form an electric brake when the bot is in Neutral to make sure it does 
not roll down a hill or move without being commanded. Alternatively, if all switches are left open in 
Neutral (coasting), there will be no resistance to the motor generating electricity—so if it is on a hill, it 
will roll. 

 

Figure 3-11. Acceptable H-bridge states 

 

Figure 3-12. Shoot-through H-bridge states—bad! 

Implementation 
To create an H-bridge circuit, we simply need four switches—two of the switches must control the path 
of the current from the positive supply to each motor terminal, and the other two must control the path 
of the current from the negative supply to each motor terminal. These switches are labeled as S1, S2, S3, 
and S4 in the illustrations. We can use any type of switch that we want in the H-bridge, depending on 
our application. Relay switches work fine for single speed (On/Off) operation, whereas bipolar 
transistors or mosfets are more appropriate for full-speed control using PWM.  

If you are making a smaller H-bridge with BJT transistors, you should include protection diodes 
from the drain to source of each transistor to protect them from Back EMF. Mosfets have built-in “body 
diodes” that are capable of handling the same voltages and amperage as the mosfet itself, so these are 
usually safe to interface directly to the Arduino. 
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There are four different homemade approaches to building an H-bridge circuit that we discuss, each 
with their own benefits and drawbacks. We start with the most simple implementation and progress to 
the most complex. 

Method 1: Simple Switches 
We can make a full H-bridge using (2) three-way (SPDT) switches from the hardware store, a DC motor, 
and a 9v battery. This simple bridge has built-in short-circuit protection so it cannot be commanded 
into a shoot-through state. It can, however, be placed into any acceptable H-bridge state: forward, 
reverse, electric brake (positive), electric brake (negative), or neutral. Each switch in the circuit has three 
positions, On/Off/On, and switches the center contact between the two outer contacts (or in this case, 
the positive and negative battery wires). 

 

 

Figure 3-13. Here you can see a basic H-bridge circuit using two SPDT switches, a DC motor, and a 9v 

battery. Notice how the top terminals of each switch share a common positive supply wire, while the 

bottom terminals share a common negative supply wire. The center terminals of each switch are used to 

route the power signals to the motor terminals. 

This method shows the simplicity of a basic H-bridge circuit, but does not provide speed control (it 
is either on or off). Although this might be a rugged circuit, its use is limited, so it is usually only good for 
testing and educational purposes.  
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Method 2: DPDT Relay with Simple  
This method is wired the same as Method 1, but we combine the two SPDT switches and use one DPDT 
Relay, so it can be controlled by the Arduino. Also we can use the Arduino to provide a simple PWM 
signal for speed control of the motor (see Figure 3-14). The simplest way to do this is to add a Logic-level 
N-channel mosfet (or several in parallel) to control the entire circuit’s path to ground. By using a PWM 
signal on the Ground supply to the H-bridge (Relay), we can control the speed of the motor from 0–
100%, whereas the relay switches the motor’s direction. The relay acts as both the High-side and Low-
side switches in the bridge, so there are actually two low-side switches in this configuration—the relay 
used to route the power terminals and the N-channel mosfet used to provide the PWM speed control.  

This provides complete 0–100% speed control and requires as few as four parts other than the relay: 
(2) logic level N-channel mosfets, (1) diode (for relay coil), and (1) small prototyping PCB (or you can 
make your own). Depending on the mosfet, you can expect to carry about 10 amperes at 24vdc with no 
heatsink or fan; an n-channel logic-level mosfet can be found at Digikey.com for between $0.50–$5.00 
each and with an amperage rating from 100mA–200amps. I usually select power mosfets with the highest 
amperage rating in my price range (anything above 75 amps), a higher voltage rating than I plan to use in 
my project (usually 30v–55v is good), and the lowest possible on-state resistance (check the datasheet for 
Rds(On)). 

 

Figure 3-14. A relay-based PWM speed control circuit 

We can build this circuit with (2) FQP50N06L N-channel mosfets from Digikey. One mosfet is 
needed to provide PWM speed control, and the other mosfet is needed to interface the relay coil to the 
Arduino for direction control. 
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The relay mosfet can be controlled by any Arduino digital output pin, whereas the speed control 
mosfet should be controlled by an Arduino PWM output. Next we connect the mosfet Drain pin to the 
Relay as shown in Figure 3-14, and the mosfet Source pin to the main Ground supply. The prototyping 
PCB makes this easier to put together and you can add screw-terminals for easy wiring. The voltage and 
current limits of this circuit are dependent on the mosfet and relay ratings, giving this circuit potential 
despite using a mechanical relay switch. 

Method 3: P-Channel and N-Channel Mosfets 
Moving up, we have a basic solid-state H-bridge that uses P-channel mosfets for the high-side switches 
and n-channel mosfets for the low-side switches. This H-bridge has no internal protection against short-
circuit, so you must be careful not to open both switches on the same side of the bridge because this will 
result in a shoot-through condition. This design can easily be implemented on a prototyping PCB as well 
as adding multiple mosfets in parallel to increase the current capacity. This H-bridge can be built using 
only two p-channel power mosfets, two n-channel power mosfets, two n-channel signal mosfets, and a 
few resistors (see Figure 3-15). 

 

Figure 3-15. Notice the 10k pull-up resistors on the P-channel mosfets and the 10k pull-down resistors on 

the N-channel mosfets. This keeps the mosfets in the off state when not in use. 

This method enables for a full solid-state circuit without using any mechanical switches or relays. If 
this circuit is operated within the voltage and current limits of the mosfets, it will easily outlast either of 
the previous methods. Even though this bridge is more complex than the previous two, it still has 
limitations; this design is not optimized for high PWM frequencies or high voltages, but costs little and is 
easy to build. 
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Method 4: N-Channel H-Bridge 
Most p-channel mosfets have higher Rds(On) values, lower amperage ratings, and higher prices than 
their n-channel counterparts, making it difficult to design a symmetrical H-bridge. 

As you might recall, to turn on an n-channel mosfet (logic-level), the Gate pin must be 5v higher 
than the Source pin (usually Ground). By connecting an n-channel mosfet backward, we can get it to 
conduct as a high-side switch. To do this, we connect the mosfet Drain pin to the Positive voltage supply 
and the Source pin to the motor or load. The only catch is that we must now get the Gate pin to be at 
least 5v above the Positive supply voltage through boot-strapping. 

So how do we make a voltage that is higher than the Positive supply voltage of the batteries? A 
charge pump is used to collect voltage through a diode and into a capacitor each time the PWM signal is 
cycled. This is called a bootstrap circuit and is effectively a simple voltage doubler used to provide the 
mosfet Gates with an elevated voltage level. There are several H-bridge driver ICs that include all of the 
circuitry needed for this operation and require only an external capacitor and diode. We use this type of 
driver chip to enable the Arduino to control each switch in the H-bridge individually. This type of H-
bridge allows for high current capacity and fast PWM switching speeds, which are useful features for a 
robot motor-controller. 

For more information about n-channel H-bridges and circuit diagrams, check out the Open Source 
Motor Controller (OSMC) project. You can download complete circuits and PCB files, ask questions, or 
design your own variation and submit your progress to share with the group. 

http://www.robotpower.com/products/osmc_info.html 

H-Bridge ICs 
To build your own H-bridge, but leave the designing to a professional, you might be interested in an H-
bridge IC. An H-bridge IC is a complete H-bridge circuit that is contained on a tiny integrated circuit 
chip. These are usually fitted into a circuit with very few extra components, typically only a few resistors 
and a regulated power supply for the logic controls. When using an H-bridge IC, you can usually expect 
shoot-through protection, thermal overload protection, and high frequency capabilities. Although these 
H-bridge chips are far less likely to be destroyed by user error than a completely homemade design, they 
also have much lower power ratings than a homemade H-bridge, typically under 3amps of continuous 
current. 

There are several H-bridge IC chips that include all four switches and a method of controlling them 
safely. The L293D is a Dual H-bridge IC that can handle up to 36 volts and 600 milliamp per motor. The 
L298N is a larger version of the L293D that can handle up to 2amps (see Figure 3-16). There are a few ICs 
that can control up to 25amps, but they are expensive and hard to find. There are several H-bridge ICs 
that work for some of the smaller projects in this book, but the larger bots require a higher powered H-
bridge capable of conducting 10amps or more. 
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Figure 3-16. Here is the popular L298N dual 2amp H-bridge motor-controller on a homemade PCB. The 

other components include a 7805 5v regulator, a few EMF protection diodes, a capacitor, and some 

direction LEDs. This board can be used to control the speed and direction of two independent DC motors. 

Changing PWM Frequencies 
We talked about how higher PWM frequencies eventually lead to switching losses and cross-conduction, 
so what is a good PWM frequency to use? If you leave your Arduino alone and don’t change anything, the 
PWM outputs will run at 1kHz (pins 5 and 6) and 500Hz (pins 11, 3, 9, and 10). This is considered a 
relatively low PWM frequency for motor-controllers because at this frequency, there is an audible 
“whine” that you can hear from the motor coils being switched.  

Because most motor-controllers can easily handle a 1kHz PWM signal, you might want to leave the 
Arduino at its default values. If however, you want your motors to be silent during operation, you must 
use a PWM frequency that is above the audible human-hearing range, typically around 24,000Hz 
(24kHz). A problem arises because some motor-controllers are not capable of switching at such high 
frequency—switching losses increase as the PWM frequency increases. Because it is a difficult design 
task, motor-controllers that can operate at silent switching speeds (24kHz or higher) are usually more 
expensive and well built. 

The frequency of each PWM output pin on the Arduino is controlled by one of three system timers 
that are built into the Arduino. Think of each system timer in the Arduino as a digital metronome, that 
determines how many beats will be in each second. The value of each timer can be changed using one 
line of code and a specific setting selected from Table 3-1. 

To change the frequency of a PWM pin, select an available frequency from Table 3-1 and replace the 
<setting> in the following code with the appropriate setting from the chart. Then add the following line 
of code into the setup() function of your sketch, depending on the timer you want to change: 
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TCCR0B = TCCR0B & 0b11111000 | <setting>; //Timer 0 (PWM pins 5 & 6) 
TCCR1B = TCCR1B & 0b11111000 | <setting>; //Timer 1 (PWM pins 9 & 10) 
TCCR2B = TCCR2B & 0b11111000 | <setting>; //Timer 2 (PWM pins 3 & 11) 

Table 3-1. Available PWM Frequency Settings for Each Arduino System Timer 

Arduino Timer  <setting> Divisor Frequency (Hertz) 

0 (pins 5 and 6) 0x01 1 62500 

0 (pins 5 and 6) 0x02 8 7812.5 

0 (pins 5 and 6) 0x03 64 976.56 

0 (pins 5 and 6) 0x04 256 244.14 

0 (pins 5 and 6) 0x05 1024 61.04 

1 (pins 9 and 10) 0x01 1 31250 

1 (pins 9 and 10) 0x02 8 3906.25 

1 (pins 9 and 10) 0x03 64 488.28 

1 (pins 9 and 10) 0x04 256 122.07 

1 (pins 9 and 10) 0x05 1024 30.52 

2 (pins 3 and 11) 0x01 1 31250 

2 (pins 3 and 11) 0x02 8 3906.25 

2 (pins 3 and 11) 0x03 32 976.56 

2 (pins 3 and 11) 0x04 64 488.28 

2 (pins 3 and 11) 0x05 128 244.14 

2 (pins 3 and 11) 0x06 256 122.07 

2 (pins 3 and 11) 0x07 1024 30.52 

 
This tableTable 3-1 shows the available frequencies with their corresponding settings—you might 

notice that some frequencies are available only on certain timers, making each PWM pin unique. For 
example,  to change the frequency on PWM pins 9 and 10 from the default 500Hz to an ultra-sonic  
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switching speed of 32kHz, change the setting for system timer 1 in the setup() function, as shown in the 
following: 

void setup(){ 
    TCCR1B = TCCR1B & 0b11111000 | 0x01;  
} 

By changing timer 1 to a setting of “0x01”, PWM pins 9 and 10 will now operate at 32kHz frequency 
anytime the analogWrite() command is used on either pin. Alternatively, you can set these same PWM 
pins to operate at their lowest available frequency (30Hz) by changing the <setting> to “0x05”. 

If you operate the PWM output at a too low of a frequency (below 100Hz), it will significantly 
decrease the resolution of the control—that is, a small change in the input will cause a drastic change in 
output and changes will appear choppy and not smooth as they do at higher frequencies. If in doubt, 
simply stay with the Arduino default PWM frequencies because they are sufficient for most robotics 
projects, even if you can hear your motors. 

■ Note Changing the Arduino system timer 0 affects the output of certain Arduino timing functions that rely on 
timer 0, such as the delay(), millis(), and micros() functions. 

Back EMF 
Back Electro-Motive Force (Back EMF) is the term used to describe the energy that must be disposed of 
when the electro-magnetic field of an inductor collapses. This collapse happens each time the motor is 
stopped or changes directions. If the voltage cannot escape through a rectifying diode, it can damage an 
unprotected transistor and possibly damage the Arduino pin that is driving it. A simple rectifier diode 
(1n4001) works for most relay coils and small BJT transistor-based H-bridges up to 1amp. 

A protection diode should be placed between the motor terminal and the power supply. If using an 
H-bridge, a diode must be placed between each motor terminal and both the positive and negative 
power supply for a total of four diodes (see Figure 3-17). If you have an H-bridge that has no protection 
diodes, you can add the diodes directly onto the motor terminals as shown in Figure 3-18. 
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Figure 3-17. Protection diodes should be placed around the switches to protect them from motor back 

EMF, D1–D4 in the image. 

 

Figure 3-18. Notice this implementation of Back-EMF protection diodes, soldered directly onto the motor 

terminals—this alleviates the need for diodes built in to the motor-controller. 
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Current Sensing 
Sometimes, the best way to protect a homemade H-bridge is to install a current-sensing device to 
monitor the level of amperage that is passing through the H-bridge. By reading the output of a current-
sensor with the Arduino, we can send a stop command to each motor if the current level exceeds a given 
point. The over-current protection feature uses current sensing to disable the driver if the power reaches 
an unsafe level to protect it from overheating. Using this feature nearly eliminates user errors that can 
result in a destroyed motor-controller. 

The simplest way to measure the amperage level in an H-bridge is to measure the voltage drop 
across a power resistor. This resistor must be placed in series with motor and the positive voltage supply, 
and the motor must be powered and running while you are measuring the voltage across the resistor 
(see Figure 3-19). Knowing the exact value of the resistor in ohms and the measured voltage across the 
resistor, we can use Ohm’s law to calculate the amperage that is passing through the resistor, and 
therefore the circuit.  

The only problem with this method is that the resistor creates heat in the process (wasting 
electricity). For this reason, it is ideal to pick the lowest value resistor possible (0.01–1 ohm) and it must 
have a power rating that is sufficient for the amount of current you will pass through it.  

 

Figure 3-19. By measuring the voltage across a current-sensing resistor, we can calculate the amount of 

current that a motor is using. 

For example, if the voltage drop across a current sensing resistor is 0.5 volts, and the resistor value is 
0.05 ohms, how much current is passed through the resistor, and what will the power rating need to be 
for the resistor? 

First we measure the current through the resistor: 

V = I * R 

0.5v = I * 0.05 ohms 

I = 0.5v / 0.05 ohms 

I = 10 amps 
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If you measure 0.5 volts across a 0.05-ohm current sensing resistor, the amount of current that is 
passing through the resistor is 10amps.  

Now to calculate the power dissipation of the resistor: 

W = I  * R 

W = (10amps * 10amps) * 0.05 ohms 

W = 5 watts 

As you can see, the resistor must be rated for 5 watts to be able to handle 10 amperes flowing 
through it without failing.  

There are better options available for current sensing in an H-bridge, like the hall-effect based ACS-
714 current sensor that can accurately measure up to 30amps in either direction, and outputs a 
proportional analog output voltage that can be read using the Arduino. This sensor is mentioned in 
Chapter 2 as a non-autonomous sensor. It is available on a breakout board for use with an existing 
motor-controller or as an IC that can be soldered directly into a motor-controller design (like the ones 
used on the Explorer bot in Chapter 8). With this motor feedback mechanism, we can use the Arduino to 
monitor the motor output current and create a custom over-current protection method to keep the 
motor-controller from overheating. 

Commercial H-Bridges (Motor-Controllers) 
If you do not plan to build your own motor-controller, you will still need to decide which one to buy. It is 
important to select a motor-controller with a voltage limit that is at least a few volts above your desired 
operating voltage, because a fully charged battery is usually a few volts higher than its rating. This is 
important because if the maximum voltage limit is exceeded even for a few seconds, it can destroy the 
mosfets, which will result in a broken H-bridge. The amperage rating is a bit more forgiving, in that if it is 
exceeded the H-bridge will simply heat up. Remember that using a heat sink or cooling fan can increase 
the maximum amperage limit by removing the dangerous heat, so many commercial units have 
heatsinks or fans built-in to aid in heat dissipation.  

A commercial H-bridge can range in price from $10–$500+, but we will assume that you are not 
made of money, and focus mainly on the budget motor controllers. Most units accept PWM, Serial, or 
R/C pulse signals and some have the capability to read several different signal types using on-board 
jumpers to select between modes. You can find units that handle anywhere from 1amp to 150amps of 
continuous current and have voltage ratings from 6VDC to 80VDC.  

Small (Up to 3amps) 
This size H-bridge powers small hobby motors, typically not larger than a prescription medicine bottle. 
There are many different H-bridges available from online retailers that can handle several amps and 
range in price from $10–$30 (see Table 3-2). The L293D and L298N are two common H-bridge ICs that 
many small commercial motor-controllers are based on. The Sparkfun Ardumoto is an Arduino 
compatible dual motor-controller shield that is based on a surface mount version of the L298N H-bridge 
IC shown in Figure 3-16, and is capable of handling up to 2amps per channel (see Figure 3-20). 
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Figure 3-20. The Sparkfun Ardumoto is a motor-controller shield that is built around the L298N dual H-

bridge IC. 

This class of speed controllers also includes hobby Electronic Speed Controller (ESC. These H-
bridges usually work only with voltages up to around 12v, because most hobby vehicles do not operate 
above 12v. They can, however, handle quite a bit of current, but accept only R/C servo pulse signals for 
control. These are available for both brushed and brushless DC motors, and are usually inexpensive and 
compact. 

Table 3-2. This Chart Shows the Pricing of Some Small Commercial H-Bridges 

Company Model Channels Amperage Rating Price 

AdaFruit Industries Motor-Shield 4 1-A $19.50 

Sparkfun.com Ardumoto 2 2-A $24.95 

Medium (Up to 10amps) 
This power range accommodates motors up to the size of a soda can. These begin to pack some real 
power but are usually useful for only robotics as gear-motors to provide more torque and lower speeds. 
There are also several different commercial H-bridges to choose from in this category, usually ranging 
from $30–$100 (see Table 3-3). At this power level, the motor-controller can generate a lot of heat, so it 
might be a good idea to use a heat-sink or fan to keep things cool and extend your operating range. 

After you get above 5amps, the options for packaged ICs start to get thin—most medium-powered 
commercial H-bridges use an H-bridge driver IC and a set of four n-channel power mosfets.  

Table 3-3. A List of Suggested Medium-Sized Commercial Motor-Controllers 

Company Model Channels Amperage Rating Price 

Pololu.com  24v12 1 12A continuous $42.95 

Dimension Engineering Sabertooth 2x12 2 12A continuous $79.99 

Basic Micro Robo Claw 2x10A 2 10A continuous $79.95 
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Large (Over 10amps) 
This class of H-bridge powers the largest DC motors that we use, in the range of 15amps to 150amps. 
This type of motor is found in electric scooters, power wheelchairs, and power tools and can be used to 
power larger robots weighing as much as 500 pounds! This means it can probably carry you around.  

There are several options for large H-bridges ranging from around $60 to $500+ (see Table 3-4). 
These motor-controllers are usually full-featured and include heat-sinks or fans to keep them cool. You 
will want to be careful when connecting the power to these bridges because most do not usually include 
reverse-polarity protection and connecting the wires incorrectly is not covered under the warranty!  

Table 3-4. A List of Sugd Large-Sized Commercial Motor-Controllers 

 Company Model Channels Amperage rating Price 

Pololu.com 24v23 CS* 1 23A continuous $62.95 

Basic Micro Robo Claw 2x25A 2 25A continuous $79.95 

Dimension Engineering Sabertooth 2x25 2 25A continuous $124.99 

Dimension Engineering Sabertooth 2x50 2 50A continuous $249.99 

RobotPower.com OSMC (assembled) 1 160A continuous $219.00 

* This H-bridge has a built-in Current Sensor IC that can be read using the Arduino. 

The Open Source Motor Controller (OSMC) 

The OSMC is an open-source H-bridge based around the Intersil HIP4081 H-bridge driver. This chip has 
built-in logic to control an all N-channel mosfet H-bridge at up to 1MHz PWM frequencies (that’s 
1000kHz!). It cannot be commanded into a destructive state, so you can use a variety of input 
techniques.  

The driver chip can handle input voltages from 12v to 80v and supply around 2amps of current to 
the mosfets. This is enough to drive the 16 mosfets used on the current OSMC design at around 16kHz 
PWM frequency. The use of four parallel mosfets per leg of the H-bridge brings the total current rating 
up to 160amps at up to 48vdc (voltage rating limited by mosfets). A single OSMC can drive only one DC 
motor and costs around $219 pre-assembled, but it can be used for any of the robots that we build. We 
provide a completely through-hole design that you can build yourself for less than half of the price as a 
standard OSMC, if you want to build your own. 

There is a Yahoo! Group devoted to the development of this design as well as several variations that 
users have contributed. Because the OSMC is open-source, you can edit, modify, and altogether change 
the design to fit your needs. If your design works, it is always polite to share your new design with the 
OSMC community. 

http://tech.groups.yahoo.com/group/osmc/ 
Because 160amps might be a bit more than most people need, you can install only as many mosfets 

as you need. I built two homemade OSMCs and only installed two mosfets per leg (eight total per board) 
on a 150lb bot, and I can run the bot continuously for several hours without the H-bridge heating up.  
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Because the OSMC design does not use heat-sinks, it is a good idea to add a cooling fan above the 
mosfets if you will push much current through them.  

Now that we have a better idea of what type of motors and motor-controllers we need, let’s take a 
closer look at the power supply that move the motors—batteries. 

Batteries 
The type and size of battery you choose for you robot determines not only how long it will run between 
charges, but also how fast it will drive the motors, and how much current can be discharged at once. 
Batteries are rated by their output Voltage and Amp/Hour rating, which tells us how long the battery will 
supply power given a particular load. It is important to know that most rechargeable batteries can 
supply voltage levels that are around 10%–15% higher than their rated voltage when fully charged. For 
this reason, it is a good idea to choose a motor-controller with a voltage rating that is several volts above 
your project’s maximum operating voltage. 

You might recall that arranging the batteries with both series and parallel connections can provide 
multiple output voltages and higher Amp/Hour ratings. We often use these techniques to achieve a 
specific voltage with several smaller battery cells. Different battery compositions have varying cell 
voltages: NiCd and NiMh are 1.2v per cell, LiPo batteries are typically 3-7v per cell, and Lead Acid 
batteries are 2v per cell. We discuss only re-chargeable batteries, because they are more efficient for 
robotics projects.  

Nickel Cadmium (NiCad) 
NiCad batteries have been around for several years and offer good performance and a life cycle of several 
thousand charges. These batteries are also used for cordless power tools, older cordless telephones, and 
consumer rechargeables (see Figure 3-21). NiCad is, however, prone to a condition called “memory” that 
occurs when it is repeatedly charged before being allowed to fully discharge. This causes the battery life 
to be reduced considerably and is different than reduced battery-life due to age. If you have any of these 
batteries that are still good, they can be used for small- to medium-sized robots—otherwise, NiMH 
batteries are generally a better option for around the same price. 
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Figure 3-21. NiCad batteries are typically available in standard alkaline battery sizes: AA, AAA, C, D, and 

so on, but have a cell voltage of 1.2v instead of 1.5v like a standard alkaline battery cell. 

Nickel Metal Hydride (NiMH) 
These rechargeable batteries are commonly used with cordless power tools, cordless telephones, cell 
phones, toys, and many consumer rechargeable batteries (AA, AAA, and so on) are still made using 
NiMH. These batteries offer high amp-hour ratings for their size, often in the range of 1000mAh to 
4500mAh, and can typically be found in 1.2v cells, which can be arranged in a series to produce whatever 
voltage you need (see Figure 3-22). They can be re-charged many times but are prone to decreased 
output as they get older. 
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Figure 3-22. NiMh batteries are also available in standard.  

Lithium Polymer (LiPo) 
Lithium Polymer batteries are one of the newer battery types used for their high power to weight ratio. 
With a typical cell voltage of 3-7v, these batteries are lightweight yet powerful and are able to deliver 
large amounts of current very quickly. LiPo batteries have recently become much more affordable, 
making them a viable option for many robotic projects, though proper charging and discharging is 
required to prevent overheating. They are typically arranged in series packs with up to six cells, totaling 
22.2v (see Figure 3-23). 
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Figure 3-23. A few different sizes of hobby LiPo battery packs that I use for robotics projects. Shown are two 

7.4v packs (2-cell), two 11.1v packs (3-cell), and one 18.5v pack (5-cell). 

If a Lithium Polymer cell is discharged below 3-0 volts, it can become volatile and possibly catch 
fire. LiPo batteries must also be charged properly or again risk catching fire. For this reason, it is 
recommended that you learn more about lithium batteries before using them in a project. Although 
LiPpo’s are lightweight and pack a lot of power, they can be dangerous if the proper precautions are not 
taken. Many people shy away from using these batteries in favor of a more forgiving chemistry. 

Lead-Acid  
This is the type of battery you can find in your car, boat, Power-wheels, solar power systems, and backup 
power applications. They are typically heavy and bulky, but have excellent power output and the highest 
amp/hour ratings that we use, usually ranging from 5AH to around 150AH. These batteries are typically 
available only in 6v, 8v, 12v, and 24v cells of which the 12v variety is the most common. They have 
internal lead plates arranged in series, each producing around 2 volts. The thickness of these plates 
determine the use of the battery. 

There are several different types of lead-acid batteries to choose from, though we are interested only 
in the deep-cycle and AGM types for use on our bots. 

 Deep-cycle: This type of battery has thick lead plates that are designed to provide 
smaller amounts of current for longer periods of time, and they can be drained 
and re-charged many times. These are commonly used for powering lights, radios, 
pumps, and other accessories on boats, RVs, solar, and backup power systems. A 
typical deep-cycle battery has a rating from 20Ah to 150Ah. This type of battery 
works well for powering large robots for several hours between charging. 
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 Starting: This type of battery has a lot of thin lead plates that can deliver massive 
amounts of current very quickly. This is ideal for powering automotive starters 
that draw larger currents in a short amount of time in order to start an engine. If 
this type of battery is allowed to completely drain several times (more than 5%–
10% discharge), it can render it useless! These batteries are not suitable for 
draining and re-charging very many times, so we avoice this type for our robotics 
projects. 

 Wet-cell battery: This includes most automotive batteries because they have 
removable caps that enable you to add water or acid if needed. These batteries are 
by far the largest and heaviest and must be mounted upright to keep them from 
spilling, but are good for larger robots where extended run-time is required. 

 Gel-cell battery: This battery is similar to the wet-cell in terms of power, capacity, 
and size. These batteries, however, are sealed from the manufacturer to keep them 
from spilling—this enables them to be mounted in almost any position. A gel-cell 
battery is typically more expensive than a standard wet-cell battery but also has a 
longer life. 

 Absorbed Glass Mat (AGM): This battery is typically used for medium applications 
including backup lighting and some solar power setups. These batteries are sealed 
from the manufacturer and can be mounted in any position. They are also 
commonly referred to as Sealed Lead Acid or SLA batteries (see Figure 3-24). They 
are affordable and typically rated from 2Ah to 75Ah. These are similar in operation 
to deep-cycle batteries and are designed to be recharged many times. These are 
usually a bit heavy for small bots, but are an excellent choice for a medium- to 
large-size robot and have the best run-time for the price. 
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Figure 3-24. A few standard AGM sealed lead-acid batteries. Pictured are two 6v, 4.5AH batteries (top) and 

one 12v, 7AH battery (bottom). 

Each battery type has its own advantages. Notice in Table 3-5 that although NiCad and NiMh 
batteries are good choices for most projects, LiPo batteries are the lightest and lead-acid are the 
cheapest. Each has its own place in our projects, and we will use each type throughout this book. 

Table 3-5. Battery Comparison 

Type of Battery Voltage Volts/Cell Cells Price Weight Amp/Hours 

Lithium Polymer 11.1v 3-7v 3 $32.00 14oz 5000mAh 

NiCad 12v 1.2v 10 $49.99 32oz 5000mAh 

NiMH 12v 1.2v 10 $49.99 32oz 5000mAh 

Lead Acid (SLA) 12v 2.0v 6 $15.99 64oz (or 4lbs) 5000mAh 
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Charging 
It is best to buy a good battery charger that has multiple charging voltages and currents. A typical 
adjustable automotive battery charger is selectable from 6v–12v and has several amperage levels, usually 
2amps and 15amps.  

As a rule of thumb, a normal charging rate is not more than 1/10th of the Amp/Hour rating. This 
means that a battery that is rated for 5000mAh should not be charged with a current that is more than 
500mA (5000mAh / 10 = 500mA). If an automotive battery charger delivers too much current for your 
batteries, you might need to use a hobby-type charger that it compatible with multiple types of batteries. 

I use a Dynam Supermate DC6 multi-function battery charger to charge all of my NiCad, NiMh, 
LiPoly, and small lead-acid batteries, because it offers both balance charging and selectable current 
levels for charging a variety of different battery types (see Figure 3-25). It requires a DC power source 
from 11V–18V, and can charge batteries up to 22.2V. Most hobby chargers also come with several 
different charging adapters to accommodate for the various plug types commonly found on 
rechargeable batteries. 

 

Figure 3-25. A Dynam DC6 multi-battery charger. This charger is compatible with LiPo, NiMh, NiCd, and 

Lead-acid—as well as having an adjustable charging rate. 

Lithium batteries require special attention to keep them from overheating and catching fire, so it is 
recommended that you buy the appropriate charger for the battery pack you have chosen. Lithium 
batteries have no “memory” effect, so you can charge them as often as you like without completely 
discharging them.  
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Materials 
As with everything else, there are several different materials you can choose from to build your robot. 
Each has its own place and you shouldn’t count any one material out of your supply, because it might be 
the best solution to a future problem. My theory is that the more tools that you have available, the more 
solutions you have to a given problem. I consider the term “tools” to go further than just hammers and 
drills to include your materials, creativity, and general skill-set—welding, woodworking, plastic-
molding, fiberglassing, 3-d printing, sewing, machining, PCB fabricating, or whatever moves you. 

Wood 
Wood is by far the easiest material to come by. You can theoretically make a robot from tree limbs if you 
were so inclined, or plane the limbs into planks and make a finished wood frame. Wood is generally used 
only for cheap prototyping and proof-of-concept project, because it is susceptible to bending and 
warping without proper treatment (not good for precisely mounted parts). Sheets of wood can be used 
to build a platform for holding electronics, because it is non-conductive and easy to drill holes in when 
mounting PCBs. Wood is also good for making wedges or spacers that might be too difficult to make 
using steel.  

Metals 
There are two types of metal that are of special interest to any robot builder: steel and aluminum. Both of 
these make strong and rigid frames that are resistant to warping and if properly painted, should last for 
many years. They can be either bolted together or welded and are strong enough for even the largest 
robots. 

 Steel: This metal can be put together using bolts (requires drilling holes) or 
welding (requires welder). Either way can be very strong and likely outlast all other 
parts on the bot. Steel is however heavy, so it is generally not good to use for 
smaller bots because smaller motors won’t be able to carry a steel frame around. 
Large bots benefit from a steel frame because it is strong and can support quite a 
bit of weight. 

 Aluminum: This meatl has the same general uses as steel, but it is much lighter. 
You can build small, medium, and large bots with aluminum. Welding aluminum 
requires special equipment, so you might have to plan on bolting these pieces 
together. 
 

If using bolts, you need to pre-drill holes the same size as the bolts you use. You should buy drill bits 
made for drilling through steel and use the highest speed setting on your drill. You can also drill 
aluminum, wood, and plastics with a steel drill bit. Metals can also be “tapped” to add screw threads to a 
drilled hole, which can be helpful to decrease the number of bolts needed to secure each piece together. 

If you need to cut steel or aluminum, you can use an angle-grinder, reciprocating-saw (with steel 
blade), cutting-torch, metal miter saw, jigsaw, or hacksaw depending on your tool selection. A 
reciprocating saw is usually the fastest and cleanest cutting of the saws (it is my personal choice for 
quick cuts), whereas an angle-grinder is good for cleaning up rough edges. 
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Nuts and Bolts 
Regardless of what material you choose to build your robot, you are going to need some nuts and bolts 
to hold everything together. Using a nut and bolt to secure two pieces of metal, wood, plastic, or 
fiberglass together can provide excellent strength in addition to being removable if needed. 

A bolt is a metal rod with precision threads, and is available in almost any length and diameter that 
you can think of, in both metric and SAE sizes. You can find bolts with various shaped heads and thread 
types but they all serve the same purpose—holding two or more objects together. 

A nut is the threaded metal ring that mounts to the bolt. Like bolts, nuts are also available in various 
shapes and sizes, and with different thread types. You will likely need a pair of pliers or a wrench to 
tighten a nut to a bolt, and it is advisable to use a lock-washer to prevent the nut from loosening during 
use. 

 

Figure 3-26. Here you can see a variety of nuts and bolts, like the ones used throughout this book. 
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Plastics 
PVC is a commonly available plastic that can be cut, drilled, tapped, and even welded using a stream of 
hot air. We use PVC plastic to make a motor-mount in Chapter 9, and clear plexiglass (clear acrylic) 
sheets in multiple projects as a non-conductive mounting base and protective cover.  

Chain and Sprockets 
Chain is used to transmit power from a drive sprocket on the motor, to a receiver sprocket mounted on 
the wheel. Chain comes in several different sizes, but we use only #25 roller chain plexiglass also labeled 
as 1/4in pitch. This type of chain is commonly found on electric scooters. Sprockets are also labeled by 
their pitch, so it is important to get matching sprockets and chain or they won’t fit together. You can 
choose a gear-ratio for the motor sprocket and wheel sprocket pair by selecting the number of teeth on 
each sprocket. Using a small motor sprocket and a large wheel sprocket is a good way to gear down a 
drive-train, allowing for reduced speed and increased torque.  

Chains are usually sold with universal connecting links so you can size the chain to fit your needs. 
When using a chain and sprocket setup, it is important to maintain proper chain tension. Too much 
tension can result in a broken chain and not enough tension creates a slack in the drive transmission 
that can result in broken sprockets teeth. Each of the projects that use chain drive transmissions need to 
have adjustable motors or wheels to tension the chains plexiglass this can complicate the building 
process, so it is usually desirable to use motors with the wheels attached when available. 

Wheels 
The wheel is the final stage of the drive-train. It is what makes contact with the ground to propel the 
robot. As you might know, a larger wheel diameter travels farther than a shorter wheel diameter. 
Logically, this makes sense because each time the motor output shaft makes one complete revolution, 
the bot must travel the same distance as the outer circumference of the wheel. So a larger wheel travels 
faster than a smaller one, using the same motor RPM. 

For smaller bots, you can make your own wheels from plexiglass or wood, or buy a toy car from your 
local thrift-store that has a salvageable set of wheels on it. Larger bots require finding wheels typically 
manufactured for a lawnmower, wheel-barrow, lawn-tractor, or other similarly sized vehicle that can 
carry the same payload. Wheels often require modification to fit onto a motor output shaft or attach a 
sprocket. 

Summary 
At this point you should be able to identify the various types of DC motors and determine what type of 
motor you need for your project. In this chapter you learned that standard brushed DC motors are 
usually identified by having two wires and are by far the most common and the easiest to drive, but have 
brushes that wear out after extended use. Brushless motors typically have three wires and require special 
circuitry to operate, but have excellent high-speed durability and reliability. Stepper motors have four, 
five, or six wires and also require a special drive circuit to operate, but have a specific number of steps in 
each rotation, making them ideal for position tracking applications. Servo motors use an encoding 
device to determine the location of the output shaft, making them ideal for angular position emulation. 
A linear actuator is a DC motor that converts rotational motion into linear movement. Any of these  
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motors can be mated to a gear box to convert its energy from high-speed/low-torque to low-speed/high-
torque. 

We then discussed the various types of H-bridge motor control circuits and their allowed states. You 
should now understand how to command a simple H-bridge circuit into Forward, Reverse, or Electric-
braking (positive or negative), and how not to command a Shoot-through condition (short-circuit). We 
then moved on to discuss how to change the PWM frequency for each timer on the Arduino as well as 
how to deal with Back-EMF and the benefits of current sensing in an H-bridge. We finished talking about 
H-bridges with a few suggestions for various sizes of commercial H-bridge motor-controllers. 

Lastly, we talked about the various types of batteries and materials that we will use in our projects. 
Although NiCad and NiMh have a high-energy capacity, are commonly available, and easy to work with, 
they can also be expensive. Lead-acid batteries are inexpensive and provide excellent power, but can be 
heavy and thus are not suitable for small bots. Lithium Polymer (LiPo) batteries are extremely 
lightweight, provide excellent power, and have come down considerably in price since becoming 
available, but are sensitive to over-discharging and thus require more complex circuitry to ensure that 
they are not completely drained. 

Enough talk, let’s start building some robots! First up is a small autonomous robot that loves to 
follow lines... I named him Linus because I’m a Linux geek (Thanks, Mr. Linus Torvalds!) and it seemed 
to fit his behavior. 
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Linus the Line-Bot 

Let’s begin with a small robot for our first project that introduces the basic concepts of automated 
control. This robot decides where to go based on its surroundings and can change its path if the 
environment is changed. Linus’ purpose is to follow a black line on a white surface (see Figure 4-1). His 
aspirations are quite low, but he is still fun to experiment with and easy (and cheap) to build. 

  

 

Figure 4-1. The mostly finished Linus sitting on his track 

J.-D. Warren et al., Arduino Robotics
© John-David Warren, Josh Adams, and Harald Molle 2011
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The cost of this project as shown is around $80. This includes a commercial motor-driver board, two 
hobby servo motors, a homemade IR sensor board, and several other items that might be used for 
multiple robots (Figure 4-2).  

You also have the option to substitute your old usable parts like previously used servo motors (or 
gear-motors), or maybe you already have a motor-controller, at which point the price for this bot will 
drop quite a bit. If you want to save some money, you can also skip ahead to Chapter 6 to find out how to 
make your own PCBs on your PC with free software. You can also build these circuits on prototyping 
board from Radio Shack. 

We start by making an infrared sensor board so that Linus can detect the color of the surface 
beneath him, and then go through the process of modifying a hobby servo motor for continuous 
rotation. Next we fit the rear wheels onto the motor output shafts and make a bracket for the front caster 
wheel. We then modify a tin container for use as our frame, and install the motors, infrared sensor 
board, Arduino with motor-controller shield, and batteries. After everything is wired up, we load the 
code onto the Arduino, make a track for Linus to follow, and start testing to see how fast we can get him 
to go around the track without losing his path. With Linus complete, you can then add LED interior 
lighting, a speed adjustment potentiometer, or paint his frame to add some style. Let’s look at the parts 
required to build Linus. 

Parts List for Linus 
For every project in this book, you are expected to have an Arduino ($35), so we won’t include that in 
each project price. In Chapter 6, we build a “poor-man’s Arduino” that is intended to replace your main 
Arduino when a project is completed so you don’t have to keep buying new Arduinos–unless you are 
rich. The price per board to build yourself is around $8-$15 each, but they can be programmed only with 
an FTDI cable ($15 from Sparkfun.com), because there is no USB interface built onto the homemade 
boards. 

I also do not include tools or other standard materials (like wire) into each project price, because 
these will last for several projects. A roll of solid 22AWG wire should get you through most of the book, as 
should a roll of rosin-core solder. It is also handy to have a few pieces of scrap metal or aluminum on 
hand. A 36-inch long piece of flat aluminum stock enables you to make several brackets, supports, or 
motor mounts, so I keep a few different sized pieces in my parts bin. 

This project uses some basic robotic components: sensors, motors, wheels, a frame, batteries, a 
motor-controller, and your Arduino micro-controller (Figure 4-2). If you already have a robot base with 
several of these components, you might complete this project for as little as $15 to build the infrared 
sensor board. 



CHAPTER 4 Â LINUS THE LINE-BOT 

121 

 

Figure 4-2. Here you can see the unassembled parts used to build Linus. 

You can also substitute parts to save money as you please: a set of gear-motors you might have for 
the servo motors I used, a homemade H-bridge for the AF motor-controller, or pre-built IR sensors from 
Sparkfun.com (item: ROB-09453) instead of building your own. With a little tweaking, any of these 
alternatives should work. You can also save money by ordering some parts from Digikey.com, because 
you will get far more in quantity for nearly the same price as buying from Radio Shack. See Table 4-1 for 
a complete list of parts. This chapter presents one way to build a line-following robot. 

Table 4-1. The Parts List  

Part  Description Price 

AF motor-shield AdaFruit.com (part# 81)–This Arduino shield is capable of driving up 
to four DC motors. 

$19.95 

(2) hobby servo motors HobbyPartz.com (part# EXI-Servo-B1222) –Standard sized EXI  
hobby servo motors  

$6.45 ea.

(5) IR emitter/detectors Digikey (part# TCRT5000L)–These are standard infrared 
emitter/detecter pairs. 

$1.06 ea.
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Part  Description Price 

Perforated prototyping 
board 

Radio Shack (part# 276-158)–Or similar, any piece of 0.1-inch 
perforated copper clad prototyping board will work. 

$2.99 

(5) 10k ohm resistors Digikey (part# P10KBACT)–50 pack of resistors $1.78 

(7) 150 ohm resistors Digikey (part# P150BACT) –50 pack of resistors $1.78 

Frame Thrift store–I used a tin keepsake box from a children’s card game; 
cookie tins work, too. 

$0.39 

(25) nuts and bolts Hardware store–#6 bolts with nuts, 1/2 inch to 2 inch in length $3.00 

(2) drive wheels Thrift store–Salvaged from toy motorcycle $1.99 

Caster wheel  Hardware store–Used for rolling cabinets, and so on. $1.99 

Battery Clearance rack–6v, 1000AH or equivalent. Can be NiMh, NiCd, or 
non-rechargeable.  

$1.00 

Power switch Radio Shack (part# 275-612)–Standard SPST switch to toggle power $2.99 

(2) LEDs Digikey (part # C503B-BAN-CY0C046) –I used two Blue LEDs 
connected to the motor output terminals. Use any color you like. 

$1.08 

5k Potentiometer Radio Shack (part # 271-1715) –This is used to adjust the speed of 
Linus without reprogramming. 

$2.99 

Spray paint Hardware store–Used to add some color, not required. $5.00 

Grand total As tested $67.12 

 
This, of course, includes the AdaFruit motor-shield, the batteries that can be removed to use in 

other projects, and the spray paint that will last for several bots. These parts should be used for easy 
prototyping, whereas handmade circuits should replace the Arduino and AF motor-shield after the Line-
bot is fixed for permanent use (after testing is complete). After you finish the projects in this book, you 
will easily be able to build an Arduino and motor-controller replacement at home and for far less than 
buying a new Arduino and AF motor-shield. 

How Linus Works 
The infrared emitter sends a continuous beam of infrared light that is reflected from the ground back to 
the infrared detector. Depending on the reflectiveness of the ground color, the detector receives varying 
amounts of reflected infrared light. The detector is actually an infrared photo-transistor that uses 
infrared light to activate the transistor base. The more infrared light that gets to the detector, the more 
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the transistor conducts. We use five IR sensors in a straight line to determine the exact position of the 
non-reflective line beneath the robot. By adjusting the two drive motors based on the line sensor 
readings, we can keep the bot centered on the line as it drives around the track. 

The Track 
The track must be a solid color with no variations. A few pieces of white poster-board work best with 
black electrician’s tape for the line (see Figure 4-3). The line provides a contrast of color that the sensors 
can differentiate. You can make whatever line shape you want for your bot to follow: it can be twisty, 
have intersections and loops, or be a simple circle. The neat thing about Linus is that he responds 
differently each time around the track. Because he responds to his sensors, if there is a split in the track, 
he might go left the first time around and right the next! It is interesting to watch the decision-making 
processes of this little machine. 

 

Figure 4-3. This is the first track I designed to test Linus, which worked very well. 

Now that you know how Linus maneuvers around the track, let’s get started building the infrared 
sensor board. 

Building the IR Sensor Board 
The IR sensor board consists of five infrared emitter and detector pairs. You can make your own IR 
emitter/detector pairs using individual IR LEDs and IR phototransistors from Radio Shack (part # 276-
142), but they are over $3 per pair, which is about $15 for the all five sensors! Digikey.com has several 
different IR emitter/detector pairs for about $1 each–that cuts the cost down to $5 for the infrared 
sensors (see Figure 4-4).  
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Figure 4-4. The parts needed to build the IR sensor board: (5) IR sensors from Digikey.com, (5) 150 ohm 
resistors, (5) 10k ohm resistors, some wire, and a piece of prototyping board from Radio Shack  

The infrared emitter LED (the blue or clear one) sits next to an infrared phototransistor detector 
(that looks like a black LED) with a small divider between them. The small divider makes sure no IR light 
is read by the detector that is not first reflected from the surface (in our case, the floor or track). The 
sensors should not be placed directly beside each other (without a gap) in order to avoid interference 
from the next sensor. They should also not be placed so far apart that there are “dead spots” in between 
that are not read by any sensor. See Figure 4-5 for a view of the completed infrared sensor board. 
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Figure 4-5. The IR sensor board with all five sensors installed 

I chose to place my sensors about 0.5 inch apart, which works well. If you place the black line 
between sensor 2 and sensor 3, you will see both outputs affected (the output value of those sensors will 
be lower than the rest). If you, however, place the black line directly under sensor 3, only sensor 3 will 
show an altered value–sensors 2 and 4 are just far enough away from sensor 3 to not detect any of the 
black line. If the sensors were closer together, both sensor 2 and sensor 4 would pick up on the black 
line, even if it was centered directly beneath sensor 3. Determining the spacing of each sensor is a matter 
of testing–if you don’t feel like testing it, start by spacing the sensors 0.5 inch apart. 

To make things easier, I chose to use a piece of Radio Shack perforated copper clad prototyping 
board that is wide enough to enable proper spacing between each IR sensor. This board is approximately 
2 3/4 inch by 3 inch and most of it is unused except the top and bottom few rows. To get started building 
this circuit, you first need to see the schematic diagram (see Figure 4-6) that shows how each sensor 
should be connected in the circuit as well as a pinout of the actual IR sensor, shown in Figure 4-7.  
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Figure 4-6. This is the schematic of the IR sensor board.  

 

Figure 4-7. IR sensor schematic (detector or photo-transistor = Left, Emitter = Right) 

The following nine steps will walk you through building the IR sensor board: 

1. Place IR sensors on prototyping board. Each IR pair has two LEDs with four total 
leads. The top of the pair is the Emitter (the blue-colored LED), and the bottom is 
the Detector or photo-transistor (the black-colored LED). The indented end of the 
sensor package should be closest to the edge of the board. as shown in Figure 4-8.  
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Figure 4-8. Placing the sensors 

The Anode of each Emitter diode (marked “A” in Figure 4-7) and the collector of each photo-
transistor (marked “C” in Figure 4-7 on left) should both be tied directly to +5v. The cathode 
of each IR Emitter (marked “C” in Figure 4-7 on right) should be connected to Ground 
through a 150 ohm resistor, and the emitter pin of each photo-transistor (marked “E” in 
Figure 4-7) should be connected to Ground through a 10k ohm resistor–the output for each 
IR pair is also tied to this pin. 

2. After placed, solder each lead to the PCB to secure it down as shown in Figure 4-9. 
To avoid overheating any one sensor, it is recommended to solder the first leg of 
each sensor, then go back to the beginning and solder the second leg of each 
sensor, and so on. This gives each sensor some time to cool down between 
soldering each leg to the prototyping board. 
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Figure 4-9. Soldering each sensor into place on the prototyping board 

3. After securing each sensor, solder the two pins together on the right side of each 
sensor pair, the anode of the emitter and collector of the photo-transistor (see 
Figure 4-10). You can bend the right-side leads until they are touching each other 
flat against the board–then solder them together, clipping off the extra with a set 
of plier snips. 

 

Figure 4-10. Make a “solder-bridge” between the anode of the emitter and the collector of the photo-
transistor 
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4. Next add 10k pull-down resistors from the photo-transistor (Detector) output pin 
to Ground (see Figure 4-11). By placing the pull-down resistors on each sensor 
output pin, we are ensuring that the Analog inputs of the Arduino will be defaulted 
to a value of 0, unless there is IR light activating the photo-transistor. We do this 
because the IR photo-transistor acts as a simple switch, enabling +5v to pass 
through it when turned on. When the switch is in the off state, we need to use a 
pull-down resistor to give the Arduino analog Input a default value (GND) so it is 
not left “floating.” 

 

Figure 4-11. Install the (5) 10k ohm resistors from the emitter pin of each photo-transistor to a common 
Ground. 

5. Add 150 ohm current-limiting resistors for the IR Emitter LEDs. Supplying 5v 
through the 150-ohm resistor enalbes 33mA to go to each IR Emitter, which is just 
below the maximum current rating. Place each 150-ohm current limiting resistor 
from the cathode pin of each IR emitter to Ground as shown in Figure 4-12. 

 

Figure 4-12. Install the (5) 150 ohm resistors from the Emitter’s Cathode pin to Ground. 
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6. Connect all +5v pads together. You must use some jumper wires to connect each 
+5v pad to the next, and finally to the power wire (white wire) soldered to the 
bottom-right of the board (see Figure 4-13). Looks are not important because this 
board will be hidden in the frame, but make sure each connection is secure. 

 

Figure 4-13. Run red wire to each +5v pad, down to the white +5v supply wire. On the other side of the 
board, connect all of the Ground pads together, down to the black Ground supply wire. 

7. Connect Ground wires together. I connected the Ground wires together on the 
other side of the board, but you can place them on the same side as the other 
wires if you prefer. The ground wires should likewise connect each Ground pad 
together and then finally the Ground supply wire at the bottom-right of the board 
(black wire), as shown in Figure 4-14. 
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Ground Wires

 

Figure 4-14. The top-side Ground supply wires can be routed on the bottom side if you like, as long as each 
Ground pad is connected. 

8. Connect signal Input wires. I found a five-wire plug from an old VCR that easily 
plugs in all five sensors at once. You can also use plain solid wire, each wire should 
be about 8 inches long to give enough length to reach the Analog ports on the 
Arduino. These signal wires should be soldered to the top of each 10k resistor 
(between the resistor and the photo-transistor output) in order, as shown in 
Figure 4-13. 

9. Lastly, I put some black electrical tape over the exposed wires on the front of the 
board to keep from shorting anything out when face down in the metal tin frame 
(see Figure 4-15). 

Electrical tape is an excellent insulator and can easily cover nearly any electrical connection. 
I always keep several rolls of this tape on hand. 
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Figure 4-15. Electrical tape to cover the Ground and signal wires from shorting out on the tin frame 

The IR sensor board is now ready to be tested and then installed into Linus. To test the IR board, 
simply plug the power wire into the Arduino +5v and the Ground wire to Arduino Ground. Now point 
your digital camera at the sensors and look through the viewfinder. You should see the infrared LED’s 
showing a pale blue color, which means they are working. 

All that is left to do is connect the sensor output wires into the Arduino analog inputs. I programmed 
Linus such that when the IR board is facing down (as it does when installed), the far left IR sensor is 1 
and the far right sensor is 5–the center is 3 and so on. Sensor 1 goes to Arduino analog input 0, and go in 
order from there (i.e., Sensor 3 goes in analog input 2, and 5 goes in analog input 4). 

Modifying a Servo for Continuous Rotation 
Servo motors are intended to operate with a range of about 180 degrees. This means that they will not 
spin in a complete circle without modification. By modifying these motors, you will not be able to use 
them as they were intended, because this procedure is mostly non-reversible. I chose to do this because 
you end up with small, reliable gear motors that cost around $6 each and is available at most hobby 
shops. 
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Â Note If you have some other gear motors that you want to use, that is fine. You might have to adjust the speed 
of the motors or battery voltage of the circuit, but it should work the same. 

There are two methods that you can use to modify a servo motor. Both methods involve physically 
removing the plastic “stops” that keep the servo shaft from rotating beyond 180 degrees. These are here 
because the shaft is attached to a potentiometer and if rotated beyond 180 degrees, the potentiometer 
shaft would break. Both methods also involve removing the potentiometer from operation, either by 
physically removing it altogether and soldering two resistors in its place, or by pushing it down so it is 
not moved by the rotating of the servo output shaft.  

Method 1: Direct DC Drive with External Speed Controller  
The first method (the one I used) involves removing all electronics inside the servo motor, leaving only 
the DC motor and the gearing. The three-wire pigtail is soldered directly to the motor terminals (red and 
white wires soldered to one terminal, black wire soldered to the other terminal). This is straightforward 
and easy to do, but requires using an external motor-driver to power the motors. These motors consume 
little current, so even an L293D dual motor controller IC will work (under $3 from Sparkfun.com–sku: 
COM-00315). 

If you want to modify your servo motors to be standard gear motors, the following six steps guide 
you through this process. 

1. Remove four screws from the rear of the servo motor housing as shown in Figure 
4-16. You need a small Phillips head screwdriver. Be careful when pulling the 
motor housing apart because the gears tend to fall out. 

 

Figure 4-16. Remove servo motors rear screws and cover using a small Phillips head screwdriver. 
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2. Remove motor with PCB and potentiometer as shown in Figure 4-17. This might 
take some finesse to keep from breaking any plastic pieces on the housing, but be 
gentle and you should have no problems. 

 

Figure 4-17. Remove circuitry, and de-solder motor from PCB, then cut the red, white, and black wires 
from the PCB. 

3. Remove plastic stop. This is located under the output shaft. You have to remove 
the protruding piece of plastic that keeps the shaft from spinning 360 degrees. I 
used a soldering iron to melt the protruding piece of plastic away from the output 
shaft (gently). The idea here is to make sure the motor shaft can spin freely (see 
Figure 4-18). 

 

Figure 4-18. Using a soldering iron, melt away the plastic stop from the main black gear. It protrudes from 
the rest of the gear and keeps it from spinning continuously. 
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4. De-solder motor from PCB. The motor terminals on the Futaba S3003 Servo are 
soldered to the PCB and must be de-soldered. You can probably do this with a 
soldering iron if you don’t have a de-soldering iron–though Radio Shack sells a 
decent de-soldering iron for around $12. You can save the circuitry boards if you 
want to try reversing this procedure in the future, though I have not tried this. 

5. Solder servo wires directly to motor terminals as shown in Figure 4-19. I soldered 
the red and white wires to the terminal with the red dot beside it and the black 
wire to the other terminal.  

 

Figure 4-19. Solder the red and white wires to the motor terminal with the red dot beside it, and the black 
wire to the other terminal. Now it is ready to be re-assembled. 

6. Re-assemble and test. Make sure you have all the gears in their respective places 
(as in the picture), then tie a knot in the motor wire so that you make sure and 
keep some slack inside the motor compartment (see Figure 4-19). This keeps you 
from accidentally ripping the wires from the motor terminals. Now power the two 
terminals with +5v and Ground to make sure the motor output shaft spins.  

Method 2: Servo Pulse Drive with Internal Motor Driving Circuitry 
The second method involves removing only the potentiometer and soldering (2) 2.5k ohm resistors in its 
place, in the form of a resistor divider. This tells the servo circuitry that the motor is always at the center 
position. The servo circuitry determines which direction to spin the motor based on the value of the 
potentiometer. If the servo receives any pulse above 1.5 milliseconds it moves forward, and any pulse 
below 1.5 milliseconds make it reverse. Because it will never reach its destination on the potentiometer 
(remember we replaced it with fixed resistors), it will spin continuously until a different pulse is received. 

To modify your servo motors to operate as DC gear motors that still use the servo drive circuitry, the 
following six steps guide you through this process. 
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1. Remove four screws from rear of servo motor housing. You need a small 
Phillipshead screwdriver. Be careful when pulling the motor housing apart 
because the gears tend to fall out. 

2. Remove motor with PCB and potentiometer. This might take some finesse to keep 
from breaking any plastic pieces on the housing. 

3. Remove plastic stop. This is located under the output shaft. You have  to remove 
the protruding piece of plastic that keeps the shaft from spinning 360 degrees. I 
used a soldering iron to melt the protruding piece of plastic away from the output 
shaft (gently). The idea here is to make sure the motor shaft can spin freely. 

4. Remove potentiometer from PCB (see Figure 4-20). You can either clip the leads or 
de-solder it completely. Either way, you want to place two 2.5k-ohm resistors in its 
place. You need to solder the first resistor from the center potentiometer pin to the 
left pin. The second resistor goes from the center pin to the right pin. This outputs 
a neutral 2.5v signal at all times to trick the servo motor into running continuously 
in the direction commanded. 

 

Figure 4-20. You can cut the leads on the black potentiometer or de-solder them. Then, solder (2) 2.5k-ohm 
resistors from each outer pin to the center pin and solder together. 

5. Replace PCB into servo housing. Make sure the gear teeth slide in without force, or 
remove the gears first and replace them after the motor/PCB are in place.  

6. Re-assemble and test. Make sure you have all the gears in their respective places.  

To test the servo motor using its own circuitry, you need to use a servo command. Upload the code 
in Listing 4-1 to your Arduino and test the servo modified with method 2. 

Listing 4-1. Test a Servo Motor Connected to Arduino Pin 2 

// Connect servo motor signal wire to Arduino pin 2, red wire to +5v,  
// and black wire to GND - then upload to test. 
 
#include <Servo.h>                // Include the Arduino Servo library  
 
Servo Servo_Motor1;               // create servo called “Servo_Motor1” 
 
void setup()  
{  
  Servo_Motor1.attach(2);         // attaches the servo to pin 2  
}  
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void loop()  
{  
    Servo_Motor1.write(0);        // tell the Servo_Motor1 to go in Reverse   
    delay(1000);                       // wait 1 second 
    Servo_Motor1.write(179);   // tell the Servo_Motor1 to go Forward 
} 

The advantage of using method 2 is that because you did not remove the servo driver circuitry, you 
do not need a motor-controller to power the motors. You can control them with a simple pulse from any 
Arduino digital pin. This can save you $20 on the parts list. 

The downside is that to keep the servo spinning the correct direction, you must send a pulse from 
the Arduino about every 20ms. Because this can complicate the coding somewhat, I chose to modify my 
servo motors using method 1 and drive them with a motor-driver. This way any gear-motor can be used 
with the same code. 

Regardless of how you chose to modify your servo motors, we still need to attach wheels to them. 
Now we discuss how to connect the wheels to the servo adapter plate. 

Fitting the Drive wheels 
I have had extremely good luck finding old R/C toys at my local thrift store. Each car, boat, or motorcycle 
usually yields several DC motors, wheels, gear-boxes, and sometimes a servo motor or other interesting 
piece. This is where Linus’ wheels come from (see Figure 4-21). 

 

Figure 4-21. Some wheels from a thrift-store R/C car with the servo mounting bracket 

Though there are many wheels you can buy that mount directly to a servo motor, I opted to use the 
mounting hardware that came with my servo motors (the four leg cross shape bracket) and mounting 
them to two large wheels that I pulled from an old R/C motorcycle from the thrift store. You can use any 
diameter wheel you like (larger = faster), as long as you can attach the servo-mounting bracket to it. I 
used small #6 bolts to hold the bracket to the wheel and it is quite secure with only two bolts, as shown in 
Figure 4-22. 
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Figure 4-22. Both wheels with the servo brackets mounted and the motors next to them 

If using a salvaged set of wheels, follow the following four steps to mount the wheels to the servo 
mounting brackets. 

1. Line up the bracket in the center of the wheel and mark two holes–one at each end 
of the bracket. 

2. Drill holes through both the bracket and the wheel.  

3. Secure bolts tightly with screwdriver. Make sure the bracket hub points out so it 
can mount to the servo output shaft. 

4. Repeat for other wheel. 

With the rear wheels installed, we only need a front caster wheel to have a rolling frame. In the next 
section, we focus on making a bracket to use when mounting the front caster wheel.Making a Caster 
bracket 

The tin I used was relatively small and space was fairly tight, so I chose to mount the front caster 
wheel to the front of the tin using an “L” bracket made from aluminum pieces. My first attempt uses two 
pieces of aluminum strips that I bent using a vise. I later used the same process for a piece of 2-inch wide 
piece of flat aluminum to make one large bracket instead of two small ones, but either way will work. 

To build a caster wheel-mounting bracket, perform the following steps: 
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1. Make sure the bracket gives the wheel enough room to completely spin around 
without hitting anything. Then bend the brackets to length in a vise or with a pair 
of pliers, leaving about 1 inch-1.5 inches on the back side of the bracket to mount 
to the tin frame (see Figure 4-23). 

 

Figure 4-23. Bend the brackets so that there is enough room to swing the caster completely around. Then 
mark the mounting brackets, using the caster wheel-mounting holes with a permanent marker. 

2. Drill holes for the caster mounting plate to mount to the aluminum brackets, as 
shown in Figure 4-24. My caster wheel required (2) 1.75 inches by 1.25 inches “L” 
brackets. 
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Figure 4-24. Drill holes through “L” bracket where marked. 

3. Use bolts or rivets to secure the caster wheel to the “L” brackets, as shown in 
Figure 4-25. With the brackets mounted, the caster wheel is ready to be mounted 
to the frame. 
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Figure 4-25. The caster wheel with all four bolts secured to the mounting bracket. 

At this point, the two rear wheels should be able to mount to the servo motors and the front caster 
wheel should have a bracket mounted and ready to install onto the frame. Next, we need to build the 
frame.  

Making a Frame 
I actually modified an aluminum tin from the thrift store to use as Linus’ frame. Anytime I build a robot, 
I look through my current stock of materials and scraps to see whether anything can be re-used for my 
new bot. If not, I make a trip to the local thrift store to check out their supply of used goods. This trip, I 
found a pile of old cookie tins that are now empty and sold for around $0.39 each! As it turns out, a 
cookie tin can serve as an excellent lightweight metal frame for a small robot. I bought several of 
different shapes and sizes to give myself some options later.  

The tin I decided to use was a Poke’mon children’s card game tin that has a nice little clear plastic 
window on the lid, so you can see the electronics neatly tucked away inside. The lid serves as a stabilizer 
for the rest of the frame, tying the whole thing together–but also allows for easy access to the electronics 
if needed. 

There are several modifications needed for the tin in order to mount motors, the Arduino, and the 
IR board inside, which are outlined in the following steps: 
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1. First, we need to measure, mark, and cut the holes for the drive motors. The 
bottom of the tin should sit about 0.25 inch above the ground so that the frame 
does not scrape when driving. First, measure the radius of the wheel, and then 
subtract 0.25 inch from that measurement. This tells you exactly how high on the 
tin that the center of the wheel axle (motor output shaft) should be mounted. Use 
a permanent marker to mark this spot, measured from the bottom and toward the 
rear of the frame. 

Next it is time to measure the servo motor and mark these dimensions, centered around your 
previous mark. The dimensions of my motor mounting holes were 0.75 inch W by 1.625 
inches L, though I added a little padding to make sure I could move the motor around 
slightly if needed. Measure the same distance on the other side of the tin. 

Now using a Dremel rotary tool or similar, carefully cut the holes that you marked using a 
metal cutoff wheel (see Figure 4-26). This metal is sharp when cut, so wear gloves and don’t 
cut yourself! 

 

Figure 4-26. Using a Dremel rotary tool (or similar), cut holes the size of your motors. 
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2. Test fit the servo motors into the mounting holes. If they fit, place the wheels onto 
the motors and make sure there is about 0.25 inch clearance between the bottom 
of the frame and the ground (this should be the same on each side). After proper 
clearance is achieved, you can mount the motors with (4) #6 bolts and nuts (see 
Figure 4-27). You can also mount the wheels to the motors at this time, using the 
screws that came with your servo motors. Simply slide the wheel onto the output 
shaft, and insert the screw through the center of the wheel hub. Tighten the screw 
down so that the wheel cannot wobble or move side to side. 

 

Figure 4-27. The wheel holes have been cut, the wheel test-fitted, and the rear ground-clearance looks good 
(about 0.25 inch to 0.5 inch). 

3. Now we mount the caster wheel assembly to the front of the frame, as shown in 
Figure 4-28. Drill a hole in the back of the bracket on each side to mount into the 
tin frame. Now center the caster wheel bracket on the front of the frame and 
adjust the height until it is the same as the rear (0.25 inch) and mark each caster 
bracket mounting hole to the frame. After marked, drill holes through the frame 
and mount the front caster wheel.  
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Figure 4-28. The caster wheel assembly is mounted in the frame along with the motors. 

Â Note I went back and removed the 2 “L” brackets I previously made with a single 2-inch wide piece of 
aluminum flat bar (shown in Figure 4-28). I cut it to length and bent it in a vice as I did the previous brackets. I felt 
that the new piece looked nicer, but you can use whichever method you like. 

4. Next we need to cut an access hole for the IR sensors to peek through the bottom 
of the frame. This hole enables us to mount the sensor board inside of the frame. I 
had to clip the edges of my IR sensor board PCB with a pair of pliers to make it fit 
inside the odd-shaped tin. Measure the total outline of the IR sensors and mark a 
rectangle on the bottom of the tin (I positioned my sensor board at the front of the 
frame). This is where the IR sensors will poke through the bottom of the frame and 
detect the Line on the ground. Carefully cut this shape out with a Dremel tool (see 
Figure 4-29). 
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Figure 4-29. The hole cut for the IR sensor board to fit through the frame toward the ground 

5. Place the IR board with the sensors down, into the frame and through the access 
hole that you cut in the front base of the frame. With the sensors poking through 
the access hole, mark four mounting holes in the IR board with a marker. You can 
place mounting holes anywhere that does not interfere with the wires in the 
circuit. Drill the marked holes with a 1/8-inch bit and mount #6 bolts through the 
frame, from the bottom pointing upward. Now place the IR board onto the bolts 
and secure it with another nut on each side (see Figure 4-30). Make sure the IR 
sensors are evenly protruding from their access hole in the base–they should each 
be about 0.25 inch from the ground. 
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Figure 4-30. Mount the IR sensor board into the frame, face down, and tighten nuts. 

6. Mounting the Arduino. Now we need to add some mounting bolts to the base of 
the frame to hold the Arduino. Place your Arduino in the bottom of the tin 
(centered), and mark a hole for the USB programming port to protrude from the 
back of the frame (you might also want to mark a hole for the DC power port). 
Using a 1/2-inch bit, drill a hole for each port at the marked spots. With the USB 
port extending slightly through its new access port in the back of the frame, mark 
the three mounting holes on the base of the frame with a permanent marker. Drill 
these holes with a 1/8-inch drill bit and mount (3) #6 bolts (0.5 inch-1 inch long), 
securing each tightly (see Figure 4-31).  
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Figure 4-31. Install mounting bolts for Arduino in the frame. 

7. Now place the Arduino on the mounting bolts and secure with one more nut. The 
USB port should poke through the back of the frame for easy programming.  

8. Install Adafruit motor-shield. This simply plugs on top of the Arduino. You should 
connect the VIN jumper that enables the Arduino to use the same power supply as 
the motor-controller, which will simplify the wiring. 

Congratulations, you are finished building a basic Linus, the Line-bot. It is now time to make the 
electrical connections (see Figure 4-32).  
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Figure 4-32. Bottom view of the finished Line-bot 

Making Connections 
It is time to connect each of the sensor signal wires into the Arduino analog ports, according to Table  
4-2. Each analog input pin is accessible from the top of the AF motor-shield. By connecting each infrared 
sensor to an analog input of the Arduino, Linus will have five different points of detection. 

Table 4-2. Where to Connect Each Sensor to the Arduino 

Sensor Number Arduino Analog Port  

Sensor 1 A0 

Sensor 2 A1 

Sensor 3 A2 

Sensor 4 A3 
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Sensor Number Arduino Analog Port  

Sensor 5 A4 

Speed control Potentiometer (if used) A5 

 
With the sensors connected, we still need to connect them to a power source. The Arduino is an 

excellent option here, because it has a built-in 5v regulator–simply connect the IR sensor board power 
wires to the Arduino +5v and GND pins. 

Lastly, we need to connect both motors to the motor-controller. The left motor should connect to 
M1 on the AF motor-shield, and right motor should connect to M3 on the motor-shield. If the motor 
does not spin forward when powered, you need to reverse the polarity of the motor by swapping the 
terminal wires connected to the motor-shield. With all of the electronics installed, we need to find a 
battery to fit in our frame (see Figure 4-33). 

 

Figure 4-33. Inside view of the Line-bot 

With all of the electronics mounted inside of Linus, we need to add only a power supply to get him 
moving.  
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Installing Batteries 
You can use any type of batteries that you can find, provided that they are between 5v–8v, and fit inside 
the frame. I am using (2) 6v 1000mAH NiCad rechargeable R/C batteries packs from Radio Shack. They 
were on clearance for $0.50 each with a charger, so I bought a few and arranged them in parallel 
(positive terminals tied together and negative terminals tied together) to produce 6v with 2000mAH–that 
means it will run at the same speed as one battery pack (6v), but with twice the run time (1000mAH í 2).  

I placed my batteries into the front of the frame above the IR shield. They fit nicely in front of the 
motors, though I wedged a small piece of styrofoam between the battery pack and the inside of the 
frame to keep everything secure.  

If you don’t want to use a battery pack, you can buy a battery holder from Radio shack, which 
enables you to place four “AA” batteries (either re-chargeable or regular) into the pack to produce 
between 4.8v–6v depending on the batteries used (Radio Shack part #270-391-$1.79). 

Keep in mind that servo motors were designed to run on voltages from 4.5v – 7.5v. Using a voltage 
above this level can damage the servo motor. 

Install Power Switch 
I used a SPST toggle switch to switch the positive supply wire between the batteries and electronics. By 
mounting the switch at the rear of the frame above the Arduino USB port, you can easily kill the power 
with the flip of a switch. The positive wire coming from the battery should be soldered to one post the 
switch, and the other post should be connected to the power supply of the AF motor-shield. If you set 
the VIN jumper on the AF motor-shield, your Arduino will be powered using the same source as the 
motor-controller. The Arduino ground wire can be connected directly to the battery ground supply. 

With everything installed in the frame, it is time to load the code and start testing. 

Loading the Code 
Now that we are done with the hard part, it is time to load the code to your Arduino. First open the 
Arduino IDE and copy the code to a blank sketch (you can also download the code so you don’t have to 
type it all out). After copied, press the Compile button to make sure there are no errors. Now select your 
Atmega chip from the “Tools • Board” menu (I am using the Arduino Duemilanove with the Atmega328 
chip). Now plug in the Arduino to your PC USB port and press the Upload button. Instead of  

 
Download Code: https://sites.google.com/site/arduinorobotics/home/chapter4_files 
 
The plan is for Linus to try to line up his center IR sensor (sensor 3) directly on top of the black line 

on the track (Listing 4-2). If the value of sensor 3 is below the threshold (reading a black surface), we 
know that the bot is centered on the line and we can command it to drive both motors straight forward. 

If sensor 3 rises above the threshold value, we will then check both the left-center sensor (sensor 2) 
and the right-center sensor (sensor 4) to see whether either is below the threshold. If so, we proceed 
forward with both motors, and if not we proceed to the next test. 

If by some chance, sensors 2, 3, and 4 are all above the threshold, we proceed to check sensors 1 and 
5 (the far left and far right sensors) to see whether either of them are below the threshold value. If so, we 
turn back from that direction to return to center. 

You might have to calibrate your Max and Min values for each sensor, because they might differ 
from mine. They are denoted as “s1_min” and “s1_max” for sensor 1, and so on. To test the max value, 
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place the assembled bot onto your white poster-board track–with no black tape beneath it, which should 
enable all five sensors to read their highest value. Now place each sensor above the black tape, and 
record both the minimum and maximum values for each sensor. Remember, sensor 1 should be the far 
left sensor, and sensor 5 is the far right (see Table 4-1 for the parts list). 

Listing 4-2. Full code listing for Linus. 

// Linus the Line-bot 
// Follows a Black line on a White surface (poster-board and electrical tape). 
// Code by JDW 2010 – feel free to modify. 
 
#include <AFMotor.h>  // this includes the Afmotor library for the motor-controller 
 
AF_DCMotor motor_left(1);  // attach motor_left to the Adafruit motorshield M1 
AF_DCMotor motor_right(3); // attach motor_right to the Adafruit motorshield M3 
 
// Create variables for sensor readings 
 
int sensor1 = 0; 
int sensor2 = 0; 
int sensor3 = 0; 
int sensor4 = 0; 
int sensor5 = 0; 
 
// Create variables for adjusted readings 
 
int adj_1 = 0; 
int adj_2 = 0; 
int adj_3 = 0; 
int adj_4 = 0; 
int adj_5 = 0; 
 
 
// You can change the min/max values below to fine tune each sensor on your bot 
 
int s1_min = 200; 
int s1_max = 950; 
 
int s2_min = 200; 
int s2_max = 950; 
 
int s3_min = 200; 
int s3_max = 950; 
 
int s4_min = 200; 
int s4_max = 950; 
 
int s5_min = 200; 
int s5_max = 950; 
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// this threshold defines when the sensor is reading the black line 
int lower_threshold = 20;  
 
// value to define a middle threshold (half of the total 255 value range) 
int threshold = 128;  
 
// this threshold defines when the sensor is reading the white poster board 
int upper_threshold = 230; 
 
// this value sets the maximum speed of linus (255 = max).  
// using a speed potentiometer will over-ride this setting. 
 
 
int speed_value = 255;   
 
// end of changeable variables 
 
void setup()   
{ 
  Serial.begin(9600); // start serial monitor to see sensor readings 
 
// declare left motor  
  motor_left.setSpeed(255); 
  motor_left.run(RELEASE); 
 
// declare right motor 
  motor_right.setSpeed(255); 
  motor_right.run(RELEASE); 
} 
 
void update_sensors(){ 
 
// this will read sensor 1 
  sensor1 = analogRead(0);  
  adj_1 = map(sensor1, s1_min, s1_max, 0, 255); 
  adj_1 = constrain(adj_1, 0, 255); 
 
// this will read sensor 2 
  sensor2 = analogRead(1);     //  sensor 2 = left-center 
  adj_2 = map(sensor2, s2_min, s2_max, 0, 255); 
  adj_2 = constrain(adj_2, 0, 255); 
 
// this will read sensor 3 
  sensor3 = analogRead(2);         // sensor 3 = center 
  adj_3 = map(sensor3, s3_min, s3_max, 0, 255); 
  adj_3 = constrain(adj_3, 0, 255); 
 
// this will read sensor 4 
  sensor4 = analogRead(3);     //  sensor 4 = right-center 
  adj_4 = map(sensor4, s4_min, s4_max, 0, 255); 
  adj_4 = constrain(adj_4, 0, 255); 
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// this will read sensor 5 
  sensor5 = analogRead(4);  // sensor 5 = right 
  adj_5 = map(sensor5, s5_min, s5_max, 0, 255);  
  adj_5 = constrain(adj_5, 0, 255); 
 
// check value for speed potentiometer if present  (to read the pot, uncomment line below) 
//speed_pot = analogRead(5) / 4;   
 
} 
 
void loop(){ 
 
  update_sensors(); // update sensors  
 
  //speed_value = speed_pot;  // Leave commented out, unless using potentiometer  
 
 
// first, check the value of the center sensor 
  if (adj_3 < lower_threshold){ 
 
// if center sensor value is below threshold, check surrounding sensors 
    if (adj_2 > threshold && adj_4 > threshold){ 
 
      // if all sensors check out, drive forward 
      motor_left.run(FORWARD); 
      motor_left.setSpeed(speed_value); 
 
      motor_right.run(FORWARD); 
      motor_right.setSpeed(speed_value); 
    } 
    // you want the bot to stop when it reaches the black box. 
 
    else if (adj_1 < 1){ 
      if (adj_2 < 1){ 
        if (adj_3 < 1){ 
          if (adj_4 < 1){ 
            if (adj_5 < 1){ 
     
          //  if all sensors are reading black, stop Linus. 
              motor_left.run(RELEASE); 
              motor_right.run(RELEASE); 
 
            } 
          } 
        } 
      } 
    } 
  } 
 
// otherwise, the center sensor is above the threshold 
// so we need to check what sensor is above the black line  
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  else { 
 
 
     // first check sensors 1 
     if (adj_1 < upper_threshold && adj_5 > upper_threshold){ 
      motor_left.run(RELEASE); 
      motor_left.setSpeed(0); 
 
      motor_right.run(FORWARD); 
      motor_right.setSpeed(speed_value); 
    }   
 
    // then check sensor 5 
    else if (adj_1 > upper_threshold && adj_5 < upper_threshold){ 
      motor_left.run(FORWARD); 
      motor_left.setSpeed(speed_value); 
 
      motor_right.run(RELEASE); 
      motor_right.setSpeed(0); 
    }   
     
    // if not sensor 1 or 5, then check sensor 2 
    else if (adj_2 < upper_threshold && adj_4 > upper_threshold){ 
      motor_left.run(RELEASE); 
      motor_left.setSpeed(0); 
 
      motor_right.run(FORWARD); 
      motor_right.setSpeed(speed_value); 
    } 
 
    // if not sensor 2, then check sensor 4 
    else if (adj_2 > upper_threshold && adj_4 < upper_threshold){ 
      motor_left.run(FORWARD); 
      motor_left.setSpeed(speed_value); 
 
      motor_right.run(RELEASE); 
      motor_right.setSpeed(0); 
    } 
 
 
  } 
 
  ///// Print values for each sensor 
 
  /////sensor 1 values 
  Serial.print("sensor 1:  "); 
  Serial.print(sensor1); 
  Serial.print("  -  "); 
 
  Serial.print("Adj 1:  "); 
  Serial.print(adj_1); 
  Serial.print("  -  "); 
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  /////sensor 2 values 
  Serial.print("sensor 2:  "); 
  Serial.print(sensor2); 
  Serial.print("  -  "); 
 
  Serial.print("Adj 2:  "); 
  Serial.print(adj_2); 
  Serial.print("  -  "); 
 
  /////sensor 3 values 
  Serial.print("sensor 3:  "); 
  Serial.print(sensor3); 
  Serial.print("  -  "); 
 
  Serial.print("Adj 3:  "); 
  Serial.print(adj_3); 
  Serial.print("  -  "); 
 
  /////sensor 4 values 
  Serial.print("sensor 4:  "); 
  Serial.print(sensor4); 
  Serial.print("  -  "); 
 
  Serial.print("Adj 4:  "); 
  Serial.print(adj_4); 
  Serial.print("  -  "); 
 
  /////sensor 5 values 
  Serial.print("sensor 5:  "); 
  Serial.print(sensor5); 
  Serial.print("  -  ");  
 
  Serial.print("Adj 5:  "); 
  Serial.print(adj_5); 
  Serial.print(" "); 
 
  Serial.print("speed:  "); 
  Serial.print(speed_pot); 
  Serial.println(" "); 
 
 
} 
 
// end of code 

 
Lastly, we need to make a track to test Linus on. The track will only require a roll of black tape and 

your imagination. 
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Making the Track 
The track is the fun part, because it can be any shape or size that you want. I chose to use two pieces of 
white poster-board from the craft store, using black electrical tape for the line (Figure 4-34). I placed the 
poster-board together end-to-end and taped the underside with clear packing tape. You can add as 
many pieces of poster-board as you want, the bigger the better. You can make different tracks on each 
side of the poster-board, so you might want to buy a few rolls of electrical tape. 

 

Figure 4-34. Track 1: Linus continuously drives around making different decisions at each turn. If he ever 
makes it into the black box, he gets to rest. 

Although it is fun to watch the bot meander around the track at its own will, at some point you want 
to give it a break. So I wrote a section of code that tells the motors to stop if all sensors are reading black–
then by placing a black square of electrical tape about (4 inch í 4 inch) at the end of the track, the bot 
will stop when it reaches this point.  

The track in Figure 4-34 lets Linus wander around for as long as he wants and his path changes 
depending on what angle he enters each line intersection. The only drawback is that it takes Linus a long 
time to pick the path leading to the black box.  

Unlike the above track, the track in Figure 4-35 is a definite length and might be better suited for 
calculating speed and tweaking Linus’ settings. This track is also reversible, so when you get to the center 
black box, you can turn around and go back to the beginning black box. 
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Figure 4-35. Track 2: This track starts at the top and ends in the middle. You can turn Linus around and 
have him go back the way he came, but he will stop either way. This track is good for lap time testing (to 
see whether modifications in the code result in a faster lap time). 

Testing  
After you have your track designed, place your bot on the line and turn on the power. You should see 
Linus start moving, and if everything is wired up correctly, following the black line. You can hold the 
front of the bot with the IR sensors just above the black line while the rear wheels slightly off the ground. 
When sensor 3 is directly above the black line, you should see both wheels spinning. If you move the bot 
to the right slowly, you should see the left wheel stop while the right wheel spins at full speed attempting 
to correct the position. If you move the bot to the left, you should see the right wheel stop while the left 
wheel spins.  

If you want to experiment, you can change the following variables to see Linus exhibit a different 
behavior on the track: 

// this threshold defines when the sensor is reading the black line 
int lower_threshold = 20;  
 
// value to define a middle threshold (half of the total 255 value range) 
int threshold = 128;  
 
// this threshold defines when the sensor is reading the white poster board 
int upper_threshold = 230; 
 
// this value sets the maximum speed of linus (255 = max).  
// using a speed control potentiometer will over-ride this setting. 
int speed_value = 255;   
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These variables determine how far from the black line the bot will allow before trying to correct its 
position and the maximum speed of Linus. If you mess it up, you can always re-download the original. 

Add-ons 
Now that you have your line-bot assembled and working, you can start adding whatever you want. I 
added two blue LED lights (one on each motor) that light up whenever that motor is turned on. I also 
painted the frame with flat black spray paint, and added a white “racing-stripe” down the center of the 
lid. I later added a potentiometer to the front to easily adjust the “speed_value” variable mentioned 
previously without re-programming.  

LED Lights 
To add LEDs to each motor, simply connect the LED to the motor terminals. You can buy pre-biased 
LEDs (that already have a resistor built-in), but you want to make your own by, soldering a resistor (330 
ohm to 1k ohm) to either lead of the LED. After the resistor is installed, connect one LED to each motor 
terminal (see Figure 4-36). You have to connect the LED’s positive lead to the motor’s positive lead and 
negative to negative. If you plug it in backwards, it shouldn’t hurt the LED at 6 volts, but it won’t light up. 

 

Figure 4-36. LED with resistor soldered to one leg 

After soldering the LED leads and resistor, and connecting it to the motor terminals, you need to 
secure the LED in place so it doesn’t wobble around (see Figure 4-37 and 4-38). You can drill a small hole 
on each side of the tin just above the motor and mount the LED pointing outside so you can see them 
light up.  
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Figure 4-37. LED with resistor hot-glued to the top of the servo motor casing 

 

Figure 4-38. Both blue LEDs lit up as the bot is driving forward with both motors 
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As I mentioned, my tin has a small clear plastic window in the lid, so I chose to mount my LEDs on 
top of each Servo motor inside the tin. The LEDs can be seen through the plastic window as each motor 
spins (see Figure 4-39). To keep them secure, I used a hot-glue gun with a few dabs on each LED lead to 
keep it secure to the top of the motor. This glue holds very well but with a flat head screwdriver, but can 
be removed if desired in the future with no harm to your motors. 

 

Figure 4-39. Both blue LEDs lit up with the lid on top–you can see through the plastic window. 

Painting 
I decided that I didn’t really want Linus to sport a Poke’mon paint job, so I took his rear wheels off, taped 
him up, and spray painted his frame (see Figure 4-40). I thought I would keep it simple, so he got a gray 
primer coat, then a flat black base coat (see Figure 4-42), then a stripe down the center with some flat 
white paint. I also sprayed the bottom black to make sure nothing reflected from the bottom of the silver 
Tin. 
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Figure 4-40. I used three cans of Rust-oleum spray paint. Each can of paint lasts for several different 
projects, so they are worth buying. 

Prep the bot for painting with some white paper to cover the electronics and green painters tape to 
cover the motors, caster wheel, IR sensors, and anywhere else paint might get on something it shouldn’t 
(see Figure 4-41). I had to tape off the clear plastic window on the lid so it would still be see-through. 
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Figure 4-41. The bot is prepped with tape and ready for spraying. 

 

Figure 4-42. The first coat of flat black paint, after the gray primer 
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You should spray thin, light coats with the spray paint and wait about 30-40 minutes before re-
coating. Lastly, adding a stripe to the lid means putting tape everywhere, except where you want the line 
to be (see Figure 4-43). In this case, I wanted my stripe to be about the same width as the line on the 
track, so I did a rough measurement with a roll of electrical tape on each end and put masking tape 
everywhere else. I then primed the stripe gray, and then painted it white when that was dry. When the 
last coat of paint dries, you can put Linus remove all masking tape and mount the wheels back on to the 
motor output shafts, as shown in Figure 4-44. 

 

Figure 4-43. Priming the stripe on the lid 

And here is the finished product of the spray paint job. 
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Figure 4-44. The finished paint job for Linus 

Adding Speed Regulator (Potentiometer) 
Because our five sensors are only using up five of the six Arduino analog inputs (A0-A4), we still have one 
available (A5). The speed of the bot can be changed in the code by adjusting the value of the 
“speed_value” variable, but by adding a potentiometer connected to last remaining analog pin, we can 
adjust the top speed of the bot on the fly without re-programming the Arduino. The speed control 
potentiometer is not necessary, though it makes testing the line-bot much easier.  

 

Figure 4-45. A potentiometer and three strands of solid copper wire to use for the speed control 
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If you choose to add this potentiometer, you will need to plug the left pin into Ground, the center 
pin into Arduino analog pin 5 (the last one), and the right pin to Arduino +5v, according to Table 4-3. 
Then simply remove the comment lines beneath the “update_sensors();” line at the beginning of the 
main loop as shown in the following code. This tells the Arduino to update the “speed_value” variable to 
equal the potentiometer reading, each time the sensors are updated. 

Change this: 

void loop(){ 
 
  update_sensors(); 
 
  // speed_value = speed_pot;   

to this: 

void loop(){ 
 
  update_sensors();  // this line remains unchanged. 
 
  speed_value = speed_pot;  // removed comment lines from beginning of this line. 

Table 4-3. Potentiometer wiring chart. 

Wire Potentiometer Pole Arduino Connection 

Red Left pole Arduino +5v 

Green Center pole Arduino A5 (analog input 6) 

Black Right pole Arduino Ground 

 
To mount the potentiometer, use a 3/8-inch drill bit (or the recommended size for the 

potentiometer you are using) to drill a hole in the front of the frame, just above the caster wheel bracket 
(see Figure 4-46). Slide the potentiometer through the hole, and use the washer and nut to secure it to 
the frame.  
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Figure 4-46. The speed control potentiometer mounted through the front of the frame 

Now adjusting the top speed of the bot is as simple as turning a knob. This comes in handy if you are 
using a battery pack above 6v, and find that the bot moves too quickly or you would like to test it at a 
slower speed.  

You can see the finished Linus in Figure 4-47. 
 

 

Figure 4-47. Top view of the finished Line-bot with the potentiometer mounted 
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Summary 
In this chapter, we used infrared light to detect the reflectivity of a surface. We found that darker colored 
surfaces (like black tape) reflect less infrared light than a lighter colored surface (like a white poster-
board). Using a homemade infrared sensor board with five basic IR emitter/detector pairs, Linus is able 
to determine what sensor is directly above the black line. 

We also discovered how to modify a standard hobby servo motor for continuous rotation, as well as 
how to remove the servo circuitry to operate as a standard DC gear motor. We then mounted the drive 
wheels to the servo adapter plates to secure to each motor, and made a mounting bracket for the front 
caster wheel. 

The frame for this robot is a tin container that was used to hold a children’s card game, and was 
modified using a Dremel rotary tool using a metal cut-off wheel attachment. The motors, front caster 
wheel, and Arduino were then mounted into the frame. After completing the frame, we installed the 
AdaFruit motor-shield atop the Arduino, a 6v battery for power, and made the connections from the IR 
sensor board and battery to the Arduino, and the motors to the motor-controller. 

With everything installed, we loaded the code to the Arduino, made a track using poster-board and 
electrical tape, and began testing Linus. By changing the speed variables and light thresholds, we are 
able to change the way the robot responds to the track. After we got Linus working, we added accent 
lighting inside the Linus frame, a speed control potentiometer, and finally gave him a nice paint job. 
In the next chapter, we build another autonomous robot using ultrasonic “ping” sensors to detect and 
maintain a specific distance from the wall, as the maneuvers around a room autonomously...let’s get 
ready to build Wally the wall-bot. 
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Wally the Wall-Bot 

In the previous chapter, I showed you a simple use of infrared sensors to detect the color variations of 
the floor surface and choose a direction accordingly. Although an IR sensing robot is autonomous, you 
must place a line on the ground for the bot to follow. Using a different type of sensor called an Ultrasonic 
range finder, you can measure distances from 6 inches to 25 feet. In this chapter, we create a robot 
named Wally (Figure 5-1) that uses these sensors to autonomously navigate around a room without 
touching anything other than the floor. 

First we build a homemade motor-controller on perforated prototyping board, using N-channel and 
P-channel mosfets to form a dual H-bridge. We then modify the base of a dual motor toy to be controlled 
using the Arduino. Here you will be able to choose any robot base that you want. After selecting a base, 
we modify it to hold the motor-controller, Arduino, three ultra-sonic sensors, and a battery pack. After 
assembled and wired, we can load the code and start testing.  

 

 

Figure 5-1. Wall the Wall-bot ready to go 

J.-D. Warren et al., Arduino Robotics
© John-David Warren, Josh Adams, and Harald Molle 2011
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How Wally Works 
Wally the wall-following robot attempts to determine the distance of a nearby wall and follow the wall to 
its end point. This is accomplished by using three independent ultrasonic range finding sensors to 
determine the distance from the robot to the wall, and adjusting the speed and direction to keep these 
readings within the specified range. Two of the sensors are mounted on Wally’s right side—one at the 
front corner and the other at the rear corner, both facing the wall (right). By placing two sensors on the 
right side, we not only know how far Wally is from the wall, but we can determine when the two sensors 
are parallel to the wall. 

From the sensor placement we can determine that if the front-right and rear-right sensor readings 
are equal, the bot is parallel with the wall. If the front-right sensor is less than the rear-right sensor, the 
bot is heading toward the wall. Lastly, if the front-right sensor is greater than the rear-right sensor, the 
bot is heading away from the wall (see Figure 5-2).  

 

 

Figure 5-2. This image shows Wally heading away from the wall.  

Because we want the bot to sense the wall without actually touching it, I set the desired distance to 
be around 8 inches from the wall. This tells Wally that if he is more than 8 inches from the wall, he needs 
to steer back toward the wall. If he is closer than 8 inches to the wall, he should steer away from the wall. 
When both right sensors are equal to 8 inches, Wally will drive straight forward until the wall path 
changes. The idea is to stay exactly 8 inces from the wall, using it as the path around the room.  

The center sensor is used to determine when a wall ends and serves to keep Wally from hitting 
anything in front of him. When the front center sensor falls below 12 inches (i.e., he is approaching the 



CHAPTER 5 Â WALLY THE WALL-BOT 

171 

corner of a room), Wally is instructed to turn left a bit and see whether the path is clear. If so, he will 
continue following the new wall; if not, he will keep turning until there is enough room. 

The end result is a small robot that will autonomously drive around a room, staying approximately 
8–10 inches from the wall. When the bot reaches a corner (inside or outside corner), he will determine 
which direction to turn to keep following the wall. You can add obstacles to the wall to try and confuse 
Wally, but when properly tweaked, he will not be fooled and will continue on his journey around your 
room until he runs out of battery power. 

The sensors used on Wally can be any type that can calculate precise (+/– 1 inch) distance 
measurements from 6 inches to 5 feet. Though there are several range finders to choose from (using both 
IR and ultrasonic ranging), I selected some ultrasonic range finders from Maxbotics (Sparkfun part 
#SEN-00639) that have an built-in signal processor and output a simple Analog voltage that can be easily 
read by the Arduino using the analogRead(pin) command. The Analog output signal of each sensor is 
calibrated to centimeters, so if you want to convert the output to inches, simply divide by 2.54 (because 
there are 2.54 centimeters in 1 inch). 

To read this sensor on your serial monitor, upload the following code to your Arduino, power the 
sensor with +5v and GND, and connect the Analog signal from the sensor into the Arduino A0 pin. 

void setup(){ 
Serial.begin(9600); 
} 
void loop() { 
int center_sensor = analogRead(0) / 2.54; // read sensor from pin A0 and convert to inches 
Serial.println(center_sensor);  // displays the sensor reading in inches. 
} 
 

Though these sensors produce mostly reliable readings, it is recommended that you install a 100uF 
capacitor between the sensors +5v and GND to reduce glitches in the readings caused by unstable 
supply voltages. The capacitor acts as a small battery that supplies power to the sensor during power 
dips and voltage spikes, smoothing the overall operation.  

The parts for Wally were mostly scavenged or homemade, with the exception of the ultrasonic 
sensors and the Arduino. Wally’s frame came from a tank-steering toy with tracks (yes, tank tracks) from 
the thrift store. The term “tank-steering” refers to the use of two independent motors (one left and one 
right) that control both the speed and direction of the bot—there is no steering wheel on this type of 
drive-train. The frame does not have to have actual “tank tracks” on it (Linus was a tank-steering robot). 
I have found at least 10 different tank steering R/C cars at my local thrift store that work for Wally (all for 
under $3 each), though the gearing of the frame you choose is important. A slower moving drivetrain 
works better for Wally. 

The motor-controller is a high-speed dual H-bridge made from 12 mosfets (8 power and 4 signal), 16 
resistors, and 2 mosfet driver ICs. The mosfet drivers are simple high-speed signal buffers—they have 2 
inputs, 2 outputs, VCC, and Ground. The mosfet drivers act as an amplifier for driving the low-side N-
channel mosfets with a 0–100% PWM signal for full-speed control. The high-side P-channel mosfets use 
a small signal transistor to turn them on, but they are controlled by digital pins, not using PWM. 

This simple H-bridge (x2) provides access to control all four switches of each H-bridge 
independently (called four-quadrant control), allowing for electric-braking (through either the high- or 
low-side mosfets), but incorporates no shoot-through protection so you must make sure you connect 
everything properly to avoid problems. Because the bridge uses a mosfet driver, you can switch the 
mosfets at ultrasonic PWM frequencies for silent operation (32kHz on the Arduino).  



CHAPTER 5 Â WALLY THE WALL-BOT 

172 

Â Note Without the mosfet drivers, the H-bridge will still work, but the Arduino cannot supply the required current 
for such high PWM frequencies, so the switching speed is limited to around 1kHz. 

Parts List for Wally 
We need to order a handful of parts from an online electronics supplier, a few ultrasonic sensors from 
Sparkfun.com, and find a robot “base” or salvaged frame with wheels and motors (see Table 5-1). This 
project should work well with any tank-drive robot base.  

Table 5-1. The Parts List for Wally  

Part Description Price 

(3) Ultrasonic 
sensors 

Sparkfun (part #SEN-00639)—Maxbotics LV-EZ1 ultrasonic range 
finder. Range is 6 inches to 20 feet. 

$25.95 ea 

Frame Thrift-store. I found a slow-moving toy with tank-steering for $3. It 
happens to have tank tracks (not required). Your frame should include 
both drive motors and all gearing. DFRobot.com (part #ROB0037). 

$3.00–
$41.00 

Batteries  6–12v, rechargeable recommended—at least 1Ah capacity. $5.00 

Arduino I used my Arduino MEGA, though any Arduino will work.  

Hot-glue gun This is not required, but makes mounting the sensors extremely easy.  
It is also removable without much effort for testing sensor placement. 

$3.00 

Aluminum bar I used three small pieces of 1/8-inch thick x 3/4-inch wide aluminum  
flat bar from the hardware store. Total length used is 24 inches. 

$3.00 

Nuts and bolts I use #4 or #6 nuts and bolts, approximately 2 inches long, to mount  
the Arduino and motor-driver boards to the robot frame. These 
nuts/bolts are sold in 5 pcs/pack for under $1 each—I bought 2 packs. 

$2.00 

Power switch Radio Shack (part #275-634). This is optional, but recommended. 
Simply place it in series with the positive supply from the battery. 
Digikey (part #EG4810). 

$2.99 

Male header pins Sparkfun (part #PRT-00116) —I used these to connect the motors to  
the H-bridge. 40 pins per unit, I only used 6, but they are handy to  
have around. 

$2.50 
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Part Description Price 

Motor-driver This board controls both drive motors forward/reverse, with full-speed 
control at up to 32kHz PWM. Parts can be purchased at Digikey and 
Radio Shack.  

 

(4) N-channel  
signal transistors 

Digikey (part #2N7000) —These are 200ma logic-level N-channel  
mosfets used to interface the P-channel power mosfets. Almost any 
logic-level N-channel mosfet will work here. 

$0.39 ea 

(4) N-channel 
power mosfet 

Digikey (part #FQP50N06L) —Any N-channel power mosfet will work. 
Rated for 52 amps at 60 volts. 

$1.25 ea 

(4) P-channel  

power mosfet 

Digikey (part #FQP47P06) —This mosfet has a high Gate-to-Source 
voltage (Vgs) of +/–25v, though any P-channel power mosfet will work. 
Rated for 47 amps at 60 volts. 

$2.26 ea 

(2) TC4427 

mosfet drivers 

Digikey (part #TC4427) —This mosfet driver is used to switch the N-
channel power mosfets at high PWM speeds (32kHz) for silent 
operation.  

$1.33 ea 

(4) 10k resistors Digikey (part #ERD-S2TJ103V) —Sold in 10 packs for under $1. These  
can also be purchased at Radio Shack in a 5 pack for $0.99. 

$0.78 

(4) 150-ohm 
resistors 

Digikey (part #ERD-S2TJ151V) —Sold in 10 packs for under $1. These  
can also be purchased at Radio Shack in a 5 pack for $0.99. 

$0.78 

(2) 8-pin IC sockets Digikey (part #A24807) —These can also be purchased at Radio Shack. $0.33 ea 

(2) Female 6-pin 
headers 

Digikey (part #3M9516) —These headers are the same type that are  
used on the Arduino analog A0-A5 pins, and make wiring the motor-
controller to the Arduino easy. 

$0.94 ea 

Perforated PCB 
prototyping board 

Radio Shack (part #276-147) or (part #276-168). $3.99 

The Motor-Controller 
The motor-controller is important because without one your robot won’t move. You can use any type of 
motor-controller that can support the motors on your bot, though I built a simple dual H-bridge on 
Radio Shack perforated copper-clad board with some components ordered from Digikey.com. 

Wally requires forward and reverse control of each motor in order to turn fully at the end of a wall, 
so a full H-bridge must be used to control each motor. The simplest of solid-state H-bridges can contain 
as few as four transistors, but limitations in PWM frequency and heat generated from cross-conduction 
quickly make this type of bridge unappealing. Adding a few extra parts to the simple four-transistor H-
bridge can provide a versatile and inexpensive motor-controller. 

I decided to build the H-bridge for Wally to meet the following minimum criteria: 
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 Continuous amperage = 5 amps 

 Voltage rating = 12vdc 

 Speed control capable (PWM) 

 Easy to build 

 Silent PWM switching speed (32kHz) 

The High-Side Switches 
The H-bridge uses P-channel mosfets for the high-side switches and N-channel mosfets for the low-side 
switches. Remember that a P-channel mosfet (like a PNP transistor) is turned on by supplying a voltage 
to the Gate pin that is around 5–10v below the positive supply voltage, usually Ground. To invert the 
signal required to turn the P-channel mosfets on, I used small N-channel signal mosfets to provide the 
GND supply to turn them on, whereas a 10k-ohm pull-up resistor (to V+) keeps them turned off when 
not used. These mosfets are intended to be controlled using a digital output pin and are not set up to be 
driven using a PWM signal. 

The Low-Side Switches 
The N-channel mosfets on the low-side of the bridge are the logic-level type and can be driven directly 
by the Arduino, but the 40mA supplied by the Arduino PWM pins is hardly enough to drive the mosfets 
at higher PWM frequencies. To remedy this, I used a mosfet driver chip that amplifies the Arduino PWM 
signal to supply around 2 amps to the mosfet Gate pins—that’s about 100 times more current than the 
Arduino can supply! Because of this, the N-channel mosfets can be driven at much higher frequencies 
without causing any problems.  

The motor-controller schematic shown in Figure 5-3 illustrates the operation of each H-bridge in 
the circuit. Because the circuit contains two full H-bridges, you must build two of the circuits in the 
schematic onto your prototyping board. 
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Figure 5-3. One side of the schematic for our simple H-bridge motor-controller. The complete circuit 

contains two of these schematics side by side, using a common V+ and GND. 

The mosfet driver uses the positive voltage supply from the batteries to power the N-channel mosfet 
Gate pins, and the voltage limit of the TC4427 mosfet driver IC is only 18v, so the maximum voltage of 
this circuit is 18vdc. I tested this circuit with both 6v and 12v battery packs with excellent results. 
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Using the parts list and circuit schematic, we can start building the motor-controller. 

Building the Circuit 
To get started building this dual H-bridge, you need the following materials: a soldering iron, rosin-core 
solder, wire, a prototyping board, two 8-pin IC sockets, two female 6-pin headers, four N-channel power 
mosfets, four P-channel power mosfets, and four N-channel signal mosfets. After you have the motor-
controller parts together (refer to Table 5-1), the following steps guide you through the building process. 

 Place the 8-pin IC sockets (onto the prototyping board and solder each tab): 
Next connect the pin 3 of each IC socket (bottom row, center right pin) 
together with a black wire because this is the Ground pin for each IC. Also tie 
the pin 6 of each IC (directly above the GND pin) to each other with a red wire 
because this is the V+ for each IC. I tied the two sets of wires into the center of 
the board between the IC sockets (see Figure 5-4). 

 

Figure 5-4. You should start building the H-bridge by placing the two IC sockets onto the prototyping 

board and connect the common V+ and GND pins of each to the center of the board. 

 Pins 1 and 8 (the top left and bottom left pins) of the TC4427 mosfet driver IC 
are not internally connected to anything—there are only six active pins in this 
8-pin package. To further illustrate this, I clipped the leads from pins 1 and 8 
completely off to show that they are not needed (see Figure 5-5). 
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Figure 5-5. The TC4427 mosfet driver IC uses six of its eight pins. To prove that they are not needed, I 

clipped pins 1 and 8 from the IC. If you solder these pins onto the board, they serve only as anchors to keep 

the chip secure. 

 Install mosfets: Repeat these instructions for each side of the motor-
controller.Start by placing the N-channel power mosfets (FQP50-N06L) about 
4–5 holes above the IC sockets—pin 5 (top right) of the TC4427 IC controls the 
lower right mosfet Gate pin, whereas pin 7 controls the lower left mosfet Gate 
pin. I used a 150-ohm resistor (each) between these pins and the mosfets Gate 
pin—these resistors are not required. Space the lower mosfets about 3–4 holes 
apart to give them room (you want to leave some room on the bottom to 
solder), as shown in Figure 5-6.  

 Next place the P-channel power mosfets directly above the N-channel power 
mosfets, such that their tabs can be soldered together. The tab of a mosfet is 
almost always tied to the center pin (drain) of a TO-220 mosfet. By soldering 
the corresponding P and N channel mosfets drain tabs together, there is no 
need to connect the center pins of the mosfets beneath the PCB (you can even 
clip them off), though I soldered them to the PCB pad to help hold the mosfet 
in place. The motor terminal wires are soldered directly to these tabs (see 
Figure 5-6). 
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Figure 5-6. All of the mosfets in the left H-bridge are installed—the same should be done for the right H-

bridge.  

 Lastly place the N-channel signal mosfets (2n7000) above the P-channel power 
mosfets (FQP47-P06). The drain pin from the 2n7000 should connect to the 
Gate pin of the FQP47-P06, the Source pin of the 2n7000 should connect to 
Ground, and the Gate pin of the 2n7000 should be connected to the Arduino 
Input. I ran out of color coded wire, so I had to use black wire for the (4) 
2n7000 connections—they are the wires going from each side of the IC sockets 
upward toward the 2n7000 signal mosfets in Figure 5-7. 

 Install resistors: Remember that the mosfets have tiny capacitors inside of 
them that must be drained each time it is switched in order to fully turn off. 
This is easily done with a pull-up or pull-down resistor. Resistors can be 
installed any direction. 

 The P-channel mosfets are turned off by setting the Gate pin voltage equal to 
the Source pin, which is connected to the positive voltage supply. So you want 
to place a 10k pull-up resistor from the Gate pin to the Source pin of each P-
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