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Introduction

This book explores engineering concepts by building examples with
LEGO. Fundamental principles are presented of how machines work and
why they are built the way they are. There are two reasons why it may be
interesting to learn these engineering concepts. The first reason is for the
simple joy of tinkering with machinery. It can be a captivating experience to
contemplate the inner workings of a machine that can be held in the hand
to take apart, modify, and reassemble. LEGO makes such tinkering easy and,
nowadays, sophisticated with the interplay of mechanical, electronic, and
computer aspects found in MINDSTORMS Robot Inventor or SPIKE Prime.

The second reason is that the basic designs explored in this book
can serve as a basis for customized inventions. One of the exercises
or projects may provide an idea for a new project or solve a particular
design challenge for a device. For example, examples are included for two
fundamental drivetrains for a robot or vehicle: tank drive and rear-wheel
drive. Building these two fundamental approaches provides the experience
to decide on which is better suited to a customized project. Drivetrains are
just one example of basic designs covered in this book. Building exercises
are also laid out to build structures, gear systems, sensors, computer
control, and mechanisms to spin, push, point, and shoot.

All of the parts used in the exercises and projects of this book are
in the MINDSTORMS Robot Inventor set, also referred to by the part
number 51515. With this set, there’s no need to buy any other parts. The
electronic controller, called the Hub, for Robot Inventor is programmed
by connecting to a host computer or smart device that the user provides,

The original version of this book was revised. A correction to this book is available
at https://doi.org/10.1007/978-1-4842-9280-8_10

xvii



INTRODUCTION

from which an app is run to control and program inventions. The Robot
Inventor app works on a wide variety of computers and smart devices
including i0S, macOS§, Fire OS, Windows, and Android devices. Once the
app is installed on a computer or smart device, the code described in this
book can be entered for each particular exercise or project. Code is also
available for download on GitHub.

Most of the projects in this book make use of the Hub, which is
programmed to control inventions. No prior experience is assumed in this
book with programming, with a step-by-step explanation given of how
computer programs are implemented from initial concept to code. Two
programming languages are used, Word Blocks and Python, to work with
the Hub; there is the option of using whichever language is of interest.
Beginners, persons of more casual interest, or users of a smart device
without a keyboard may prefer the Word Blocks version of the programs.
But readers interested in advanced programming may find Python of
greater interest. Many users, especially kids, start learning how to write
programs with Scratch, which is quite similar to MINDSTORMS Word
Blocks, and so it should be a quick adaptation to use the programs in this
book. But many kids of middle-school age want to learn Python, but have a
hard time. So another reason programs in this book are in both languages
is to help the transition from Scratch to Python.

LEGO makes a product called SPIKE Prime as part of its Education
product line primarily meant for use in schools that is a sort of cousin to
Robot Inventor. The programs in this book will work in SPIKE Prime with
no modification needed. Many parts are the same between SPIKE Prime
and Robot Inventor, with just a difference in color. However, some of the
more specialized parts are included in one set but not the other. So an
owner of SPIKE Prime set will have most, but not all, of the parts used
in this book. The few extra parts needed can be found individually on
aftermarket parts dealers such as bricklink.com. All of the parts used in
each exercise and project are described by part number in the Appendix,
in case a particular part is needed.
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INTRODUCTION

This book explores the three specialties of software (Chapters 1 and 2),
mechanical (Chapters 3-5), and electrical (Chapters 6-9) engineering.
The electrical engineering chapters also incorporate the software and
mechanical aspects of the earlier chapters. Each chapter has quick
building exercises plus a larger concluding project. Topics in each chapter
are described here in brief.

Chapter 1, “The Hub,” describes working with the Hub, the device
that controls motors and sensors. Instructions are given on how to power
the Hub and navigate its front panel controls. The Hub can be used as a
stand-alone controller, without the need to get into programming, to spin a
motor, and then use a Distance Sensor to control the speed of the motor.

Chapter 2, “Programming,” advances to the next level of using the
Hub by programming it from the Robot Inventor app. The design of a
program is described as starting from a problem statement to developing
an algorithm. Implementation of an algorithm with a flowchart makes the
final step of coding easier to understand. There are two options for the
coding language, Word Blocks and Python, both of which are presented.
Building projects include controlling the displays of the Hub, followed by a
miniature dance floor decorated with light and sound effects.

Chapter 3, “Building Elements,” starts an exploration of mechanical
engineering concepts by touring the many parts in the Robot Inventor set
used to build structures and machines. The basic structural element is the
liftarm, with connections made by pins, axles, and connectors. Liftarms
come in a variety of shapes, and the reasoning behind these shapes will
become apparent with building exercises. These building exercises include
topics in strong structures, symmetry, and linkages.

Chapter 4, “Gears,” unlocks the principles of using gears to change the
speed, torque, and direction from a rotational power source, like a motor.
Speed and torque are critical parameters in designing robots and vehicles,
and the relationship between speed and torque is explored. Moreover,
building exercises show how to manipulate gear configurations to get the

Xix



INTRODUCTION

desired speed and torque. The concluding project of the chapter builds a
two-speed transmission.

Chapter 5, “Mechanisms,” explores fundamental machines for taking
action to lift, spin, push, nudge, drive, or shoot. Building exercises include
the example mechanisms of a ratchet, cam, differential, turntable, and dart
shooter. The final chapter project combines several mechanisms to build a
steerable cannon.

Chapter 6, “Motors,” begins topics in electrical engineering with
learning how to use motors, including programming to set speed or go
to a specific angle. Practical limitations of torque and stall on motor
performance are explored. Motors are integral in providing motion to
robots and vehicles, and so two fundamental ways of providing steerable
motion of tank drive and rear-wheel drive are presented in building
examples.

Chapter 7, “The Motion Sensor,” works with the sensor built into the
Hub to measure tilt and orientation. The meaning of yaw, pitch, and roll is
explored by building a motion alarm. Another exercise experiments with
orientation of the Hub to trigger different sounds. The chapter project
combines the Motion Sensor with a motor to build a machine that always
points toward the ceiling, no matter the roll angle.

Chapter 8, “The Distance Sensor,” incorporates distance measurement
into inventions. The first exercise is to build a handheld tool to replace an
old-fashioned tape measure. This sensor can also detect when an object
comes close, which is put into use to modify the cannon in Chapter 5 to
automatically detect and fire upon a target.

Chapter 9, “The Color Sensor,” adds the capability to work with
light, measuring the brightness of light and the color of objects. Building
experience starts with a beeping tone generator that changes pitch
depending on brightness of light. The concluding project combines ideas
from earlier chapters in the book to combine the Color Sensor, motors, a
linkage, and structures to sort liftarms by color.



CHAPTER 1

The Hub

The Hub, pictured in Figure 1-1, is a small computer that powers

and controls inventions. This book will show how to combine it with
sensors and motors to explore many engineering concepts. This chapter
introduces the Hub, including how to power it up, charge it, and navigate
the controls on its front panel.

While the Hub is meant to be programmed, as will be done throughout
this book, it can also control sensor- and motor-based projects by using
the front panel of the Hub alone, without any programming needed. This
chapter includes two such projects that spin a motor at various speeds.

Assembling and Charging the Hub

The Hub comes in the Robot Inventor (and SPIKE Prime) set in two

pieces: the hub and a battery, as pictured in Figure 1-2. The battery snaps
into the Hub, with little need to ever remove the battery, except perhaps
for swapping out batteries if a spare is urgently needed. The battery is
rechargeable and likely needs a fresh charging when first used. Charging

is done by the USB cable that comes in the set, with the small connector
(called a USB Mini) plugging into the Hub and the large connector (called
a USB A) plugging into a computer or USB charger. These USB connections
are shown in Figure 1-3. If plugged into a computer for charging, the Hub
powers on with a musical chirp and the front panel lights up, and the host

© Grady Koch 2023 1
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CHAPTER 1 THE HUB

computer sounds a notice that it has found new hardware—this can be
ignored for now. The Hub can take a few hours for a full charge. There’s
a way to check for the level of battery charge, which will be described in
Chapter 2. While charging, the features of the Hub can be explored as
described as follows.

Figure 1-1. The Hub is a small computer for controlling sensors
and motors
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Figure 1-2. The Hub is powered by a removable battery
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Figure 1-3. The Hub battery is charged by a USB connection

Controls and Displays

The Hub has several buttons, displays, and a speaker built into it that serve
to turn on the Hub and control various features. These control features on
the Hub can be for either input or output. Input functions are the buttons
on the front panel, while output functions are displays and a speaker.
There are four buttons on the front panel of the Hub used to control
functions, pictured in Figure 1-4. The center button is the power control,
which, when pressed, turns on the Hub. Another press and hold of at least
three seconds turns off the Hub. The center button also executes a program
that has been loaded into memory, as will be described in Chapter 2. Next
to the center button are the left and right buttons, used to scroll through
programs that are stored in the Hub’s memory. With no programs loaded



CHAPTER1 THE HUB

into the Hub, these buttons don’t show any effect yet. But the left and right
buttons also serve to increment motor settings, as will be used later in this
chapter. Another button is the Bluetooth button, which is pressed to set up
a Bluetooth link. Bluetooth is a type of radio link between computers.

T . B
b e

Bluetooth button

left button right button

center button

Figure 1-4. The four input buttons on the Hub

Two displays are part of the Hub, pictured in Figure 1-5. One display is
a 5 x 5 matrix of yellow LEDs, which are used in Chapter 2 to make shapes,
numbers, or letters. But this matrix display is also involved in indicating
the status of the Hub. For example, after powering up the Hub, a play
symbol (a triangle like on an old-fashioned tape recorder) lights up on the
matrix display to indicate that things are working OK. The brightness of the
5 x 5 LED matrix can be changed, but its color can only be yellow.
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Figure 1-5. Two outputs on the front panel of the Hub are a 5 x 5
LED matrix of yellow lights and a ring around the center button

The other display on the Hub is a colored ring around the center button.
When the Hub is first powered, this ring is a white color. In Chapter 2,
options will be presented to change the color of the center button light.

As buttons are pressed, various beeping and musical sounds are
emitted from a speaker on the side of the Hub, shown in Figure 1-6. Every
press of a button gives a sound through the speaker to provide feedback
that a button has been pressed. The different button functions have
different sounds. For example, when the Hub is turned on by pressing
the center button, there is a series of accelerating clicks followed by a
musical chirp.
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Figure 1-6. Sound output is from a speaker on the side of the Hub

As shown in Figure 1-7, all six sides of the Hub have holes for inserting
LEGO pins. There are several kinds of pins, which are discussed in detail in
Chapter 3. Larger LEGO building elements can be attached to these pins,
as will be seen in the upcoming projects of this book.
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Figure 1-7. Pins can be inserted into opening on all the sides
of the Hub

Exercise: The Motor Spinner

The Robot Inventor and SPIKE Prime sets come with a variety of motors
and sensors. These motors and sensors can be quickly identified by their
attached cables, which plug into one of the six ports on the Hub. These
motors and sensors can be programmed to do all sorts of sophisticated
functions, but the Hub also allows control of a motor or sensor by simply
plugging it in, without any programming. This feature can be used to
activate a motor or change the speed of its rotation. The Motor Spinner in
Figure 1-8 demonstrates this plug-and-play feature.
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Figure 1-8. The Motor Spinner uses the Hub to control a motor

Instructions to build the Motor Spinner are given as follows. All of the
parts for this project, and all the projects in this book, are part of the Robot
Inventor set.
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Connect the end of
the cable to port E
of the Hub.
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Activating the Motor

To control the Motor Spinner, the first step is to power up the Hub by
pressing the center button. The Hub should chirp, and the matrix should
display the play symbol. After another press of the center button, a row of
lights next to port E should appear with the LED light closest to the port
coming on, along with a square of light moving from right to left. This lit-up
row indicates that the Hub has recognized the motor. Since port E is used
for motor connection, this row of lights is lit up. If, instead, a different port
was used, its associated row would light up. Port E is used in this exercise
for convenient routing of the cable and in preparation for the following
project. A press of the left button once should activate the motor to spin

11
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slowly in a clockwise direction. Pressing the right button once should stop
the motor. Another press of the right button will make the motor spin
slowly counterclockwise. Motor rotation can be sped up by pressing the
right button up to ten times. The left button will slow the motor down.
With repeated pressing of the left button, the motor will stop, then begin
to speed up in a clockwise rotation. When done using the motor, pressing
the center button will go back to the home menu, represented by the play
symbol on the LED matrix display.

Project: The Distance Spinner

Sensors can also be read by the Hub without programming, much like a
motor can be controlled by just plugging it into the Hub. The Distance
Spinner project in Figure 1-9 shows how to include a sensor in a project
and uses all the techniques of this chapter. The Distance Spinner spins a
motor at a speed that depends on how close the Hub is to an object. The
closer the object, the faster the motor will spin. Building instructions are
given following Figure 1-9. The Distance Spinner is an extension of the
Motor Spinner, so the following instructions start after completion of the
Motor Spinner in Figure 1-8.
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