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Introduction

The authors’ journey developing this book started in 2013 when they 

discovered the Arduino microcontroller. It is interesting how something big 

really starts with one step as they found the Arduino incredibly powerful. 

Users are able to program it with computer code, and then it executes its 

instructions for as long as it has power. The authors started evaluating 

various applications of the Arduino around the house and in their hobby 

endeavors. In 2017, they started experimenting with the Raspberry Pi 

minicomputer which enables users to take projects to a whole new level 

with a low-cost computer that interfaces with sensors. Since a Raspberry 

Pi is very affordable, a real computer can now be dedicated to operating a 

system permanently. While requiring some technical steps to set up, both 

of these tools can be used to gather data, automate tasks, and provide a 

lot of fun. The authors found it very satisfying to watch a device do several 

tasks, especially when they set it up. This book chronicles some science 

and engineering projects the authors developed over the past few years 

and provides helpful hints, along with a few things to avoid.

There are two primary areas of focus or goals of this book. The first goal 

is to help the reader explore the Arduino and Raspberry Pi. The second 

goal is exploring science and engineering in interesting and fun ways.

The projects and concepts in this book are meant to accomplish 

the first goal by providing information to get an Arduino or Raspberry 

Pi system set up, running, and ready to capture data. The text provides 

enough detail for users with average assembly or electrical skills to 

complete them. Additionally, the goals of learning are to gain knowledge 

and skills. When the reader engages in a project that requires them to 

try new things, it reinforces how they learn and gain confidence and 

encourages them to try even more complex tools and techniques.
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The second goal is exploring concepts of STEM (Science, Technology, 

Engineering, Mathematics) and working through examples to demonstrate 

basic scientific and engineering concepts. Finally, the authors provide 

some detail on the mathematics needed to understand and explain the 

science demonstrated.

Science and engineering provide critical skill sets for the modern world 

that can be used in everyday life. People use these skills to develop the 

technology that the modern world relies on. This book can establish these 

skill sets for a fruitful and rewarding career.

The authors hope this book inspires the reader to expand and explore 

their own STEM projects by including a wide range from beginner to 

advanced. From these examples, the reader can learn many techniques, 

tools, and technologies and apply them beyond the ones listed here; but 

first, the authors introduce STEM.

 What Is STEM?
STEM (Science, Technology, Engineering, Mathematics) is a program 

based on educating students in science, technology, engineering, and 

mathematics in an integrated, interdisciplinary approach to learning.

School systems today strive to improve education in STEM. This goal is 

an area where educators can use outside help developing and improving 

students’ knowledge when they actively contribute, design, and build 

hands-on projects. In many ways, the young mind is excited and motivated 

building projects. They develop an in-depth understanding of what is 

required and how it works. The authors believe this is the best way to learn 

and remember these concepts, which results in a solid STEM foundation 

for students.

A question not often understood is how the scientific method is different 

from an engineering approach. Understanding the difference between 

science and engineering can be seen in the original Star Trek series.  
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Mr. Spock was the science officer, and Montgomery Scott (Scotty) was 

the chief engineer. Their jobs and how they approached new scenarios 

or problems really provide a great explanation about the differences 

and similarities between science and engineering. Let’s examine some 

examples.

Mr. Spock used the term fascinating when describing a new event 

or phenomenon. The role of science is to expand knowledge and 

investigate new events. This fascination with new and unique areas is 

key for a scientist. Scotty, the engineer, on the other hand always had to 

fix the warp engines, the transporter, or some other critical system. The 

normal role of an engineer is to develop and implement solutions to 

problems. In one of the episodes, Scotty indicated he would rather read 

his engineering journals to learn about how others solved problems 

than go on shore leave!

 Science
Researchers use the scientific method as a tool to understand questions 

in their area of interest. Based on the information they have initially, 

they develop a hypothesis and then methods to test the validity of the 

hypothesis. When sufficient test data are gathered and analyzed, the 

researcher either accepts or rejects the hypothesis. In many cases, positive 

or negative results point to the next step or direction of exploration and 

contribute to the general body of scientific and engineering knowledge.

 Engineering
The primary goal of engineering is to evaluate alternatives and choose 

the optimal solution to minimize or eliminate specific problems or issues. 

Solutions are not necessarily new, but may be repurposed concepts 

applied to different problem areas. Other aspects of engineering include 
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planning the work, selecting components to meet requirements, and 

following through on managing and completing a project. Often projects 

or systems fail because the planning, scheduling, and logistics of activities 

are not adequately engineered for an optimum solution. These skills are 

important and necessary in any job.

Science and engineering use many of the same tools and techniques, 

but it is important to understand the distinction between scientific 

experimentation and the engineering process of developing optimal 

solutions. For one thing, they both use the language of mathematics to 

describe percentages, results, probability, and other physical parameters. 

However, science’s goal is to expand knowledge which is different than 

engineering’s goal of selecting an optimum solution and proceeding with 

solving the problem. One other difference is a scientific test often gains 

new knowledge, whereas an engineering test often demonstrates how a 

system performs a function. In many ways, they are synergistic as science 

often provides new tools and ideas for engineers to use to solve problems.

In the authors’ minds, the roots of some key technological 

advancements that exist now can be traced back 50 years to the original 

Star Trek TV show. For example, in the show, they used tricorders to gather 

data about aliens, equipment failures, medical problems, and a host of 

other out of this world challenges. They had communicators that allowed 

them to contact crewmembers all over alien worlds. Finally, they had the 

replicators that allowed them to produce any type of food they desired. 

Today we don’t have tricorders, but we do have some examples that 50 

years ago would have been amazing. Today there are personal computers, 

cell phones, 3D printing, and incredible sensors based on the early 

transistors of the 1960s. The Arduino and the Raspberry Pi, two examples 

of new technology, can be built into devices similar to the incredibly 

versatile Star Trek tricorders.
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Both Mr. Spock and Scotty realized they needed each other (science 

and engineering) to accomplish the goals of exploration and keep 

the Enterprise flying safely through space. In today’s complex world, 

integrating science and engineering is key to researching problems and 

developing solutions.

In the following chapters, the authors will demonstrate all of the 

components of STEM needed to research scientific questions, use new 

technology (Arduino and Raspberry Pi), employ engineering techniques, 

and use mathematics to quantify the scientific data. As Star Trek boldly 

went forth to explore new worlds, the authors hope the students of today 

do the same!
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CHAPTER 1

Key Technology Tools
This chapter will highlight some of the basics about the Arduino and the 

Raspberry Pi. It will help the reader get started if they are unfamiliar with 

these powerful devices. It is amazing what these devices can do and this 

chapter provides some basic aspects for getting them set up to run.

 Arduino Basics
The Arduino is a powerful microcontroller that is ready to program and 

acts as an intermediary device between a personal computer and various 

sensors. It is relatively new technology that is a great tool for gaining 

insight into physical properties and other scientific parameters.

The Arduino board was first developed in Italy in 2004 as a tool to help 

train students in programming. It is an open source tool and as such has 

developed a large base of helpful web sites and user groups. It represents 

a breakthrough as an easy-to-use, relatively inexpensive, programmable 

interface between a computer and various sensors. The software 

development package and all of the online resources help make this an 

ideal data logging tool for science fair/college projects.

The Arduino, Adafruit, SparkFun, Hacktronics, and other web sites are 

great places to start. There are also several introductory books to help the 

researcher get started using this device. Getting started with Arduino by 

Banzi is a very good beginner’s book on Arduino.

Other sources of information for the Arduino novice are maker faires 

and user group activities.
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There are several versions and sizes, but for the projects in this book, 

the Arduino Uno and the Integrated Development Environment (IDE) 

version 1.89 were utilized. Figure 1-1 shows an example of the Arduino 

Uno. The authors recommend for the person unfamiliar with Arduinos 

to use an official version and not a clone. The authors have never 

experienced a problem with an official Arduino, but there are many clones, 

and the authors have experienced problems with one of them.

Figure 1-1. Arduino Uno

 Arduino Setup
Setting up an Arduino is relatively straightforward; the reader should 

follow these basic steps to get the device running:

 1. The Arduino is connected to a computer via a USB 

connection to the input port (see Figure 1-3).

 2. Load code using the IDE (see Figure 1-2).

 3. Open the serial monitor to get data.

These steps sound basic, and after the reader completes these steps a few 

times, they will see how easy it is to connect and run an Arduino. In many cases, 
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the challenges occur with the code. If the reader is copying code from a source, 

it is important to type it in exactly as it looks. Even then there could be errors, but 

that is part of the adventure, and it’s very rewarding when the code runs.

Figure 1-2. Arduino IDE

 Ports and Interfaces
Figure 1-3 shows the main ports of the Arduino Uno.
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There are five primary port groupings that are used to connect to the 

Arduino:

Computer port: This is the primary port that is 

directly connected to the computer. It is a  micro- 

USB port that powers and enables the user to 

upload the sketches or programs to the Arduino.

Battery power port: This port allows an Arduino 

to be unplugged from a computer and use battery 

power to operate. A standard wall power supply that 

provides 9–12 V DC can also be used.

Sensor power ports: These plug connections 

provide 3.3 V and 5 V DC power. There is also a reset 

connection and input voltage connection.

Analog device ports: These connections are for 

analog inputs.

Digital device ports: These are for digital inputs 

and outputs.

Figure 1-3. Arduino Ports
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IDE (Integrated Development Environment):  
The IDE is the program that is used to develop the 

code. It is the programming tool that runs on a 

computer and has features to help the developer 

write code. The IDE tool must be downloaded from 

the Arduino web site.

Sketch: The code that runs on an Arduino is called 

a sketch. Once the code is developed in the IDE, it is 

uploaded to the Arduino.

Libraries: These are code modules that are installed 

on the Arduino and called up by the program when 

needed. Libraries add a lot of functionality and do 

not require any additional coding.

There are other components and hardware that can be used with the 

Arduino:

Shields/breakout boards: These are add-on boards 

that are either inserted into the standard Arduino 

board ports or connected via wires.

Sensors: A sensor is a device that senses some type 

of data. It can be used to directly measure a physical 

aspect, or it can be used with some mathematics to 

infer a physical measurement.

Effectors: An effector imparts some change in the 

physical world when activated. Motors, solenoids, 

and servos are some examples.

LCDs: Liquid Crystal Display can be used to show 

data.

LEDs: Light-Emitting Diodes or other incandescent 

lights can also indicate an event has occurred.
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 Lessons Learned About the Arduino
The Arduino is relatively easy to use, but the authors found there are a few 

key points that will help when using this powerful device:

• Each Arduino attaches to a specific com port. The port 

may have to be changed or selected in the tools tab 

under “port” to get the IDE to recognize the Arduino.

• If the code is being pasted into the IDE, do not copy 

from Microsoft Word or another word processor. First, 

put it in a text editor such as Notepad, Notepad++, 

or some other C/C++ IDE editor and then copy it 

from there. Important note: Notepad and Notepad++ 

are not development tools like the IDE. One other 

very important item of note is when the code was 

transcribed into the book format some of the code text 

that must be on one line may show up on two lines in 

this book. The authors have tried their best to highlight 

the code that should be on one line in the IDE by 

bolding it in the Listing. Please contact the authors if 

there are questions at contact@pdanalytic.com.

• It is a good idea to test the devices with a basic program 

to be sure they work, before moving to a more complex 

program.

• If the final code is complex, get each piece of code 

working before adding more modules. This way, it is 

easier to find the module where the problem is located.

• The authors recommend for long timing events or 

complex programs to not use the “delay command,” 

because it locks the Arduino and prevents it from doing 

anything else. Instead, use the “milli command” that 
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tracks time intervals between events and still allows 

other actions to occur. The milli code might be a little 

more complex, but it allows the Arduino to perform 

other functions simultaneously. Using the delay 

command for short events or simple programs like 

the ones in this book, such as a switch debounce, is 

recommended.

• A feature built into the Arduino IDE is the “auto-format 

command.” It can be found under the tools tab or using 

“Alt+T.” This command helps identify missing items and 

also helps organize the code for improved readability.

• One more key aspect of Arduino coding is the “loop 

command.” There are a few different types, but common 

ones such as “void loop” and the “for command” 

perform several operations and then repeat them.

• Check the wiring twice before applying power. It can be 

difficult to see which port a wire is plugged into when 

there are several wires.

• It is hard to know what code is on an Arduino. One easy 

way that helps determine what is loaded on an Arduino 

is saving code with a descriptive name, date, and even 

time information. This helps programmers who may 

need to go back to a previous code version.

• One other very helpful trick is to put the descriptive 

name of the code on a piece of tape and stick it on top 

of the computer port. This helps when working on, or 

programing, several different Arduinos.

• One of the advantages of the Arduino is that once it is 

programmed, it remembers the code. When a power 

source is plugged into the battery power port, it will 
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operate the Arduino. According to the Arduino web site, 

any power source that can supply 9–12 V DC, 250 mA, or 

more will work. The plug must be 2.1 mm with the center 

pin providing positive voltage and the exterior of the plug 

the negative terminal. Some power supplies do not deliver 

enough current or do not provide stable power. If an 

Arduino is behaving strangely, try a different power supply.

• Some programs need special ways to use and 

communicate with the Arduino. To do this, the reader 

should understand these special connection ports on 

the Arduino Uno: analog A5 is the SCL (Clock port) and 

A4 is the SDA (Data port).

 Raspberry Pi Basics
The Raspberry Pi 3 is a powerful minicomputer. This piece of technology 

comes with a lot of features like any other modern computer. It is an 

experimental/hobbyist device developed around 2011 in the United 

Kingdom to teach programming. For its low cost, it has many capabilities 

and allows the user to configure it in many ways. There are several models 

on the market. For this book, the authors choose the Raspberry Pi 3 

Model B V1.2 (Figures 1-4 and 1-5). There is a new Raspberry Pi 4 that 

was recently released that has more features. The authors researched the 

setup and use of the Raspberry Pi 4, and it appears to be the same as the 

Raspberry Pi 3. We believe these projects will work the same if you have a 

Raspberry Pi 4.
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