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Introduction to the
Second Edition

Almost eight years have gone by since the first edition of 3D Printed Science
Projects. During that time, 3D printers and their software have improved
so much that we wound up nearly completely rewriting this book. We are
disappointed that the environment in schools has not changed that much.
3D printing largely remains something relegated to key chain fobs.

We hope that this book, in its improved and expanded form, will coax
more people into trying to be a bit more ambitious. It is still true that
students, parents, and teachers get excited about using a 3D printer, maybe
download a model, print it, and then wonder what to do next. Or, they
might get into creating models from scratch and get discouraged by the
limitations of easier 3D modeling programs or the learning curves of the
more capable ones.

We are trying to create a middle path: models that you could just
print, but that would be reasonably easy to alter if you wanted to do more.
Further, we designed the models so that they would be useful for learning
science or math principles while you were changing their features. We
wanted to create some seeds of science fair or extra-credit projects—that
is, open-ended, meaty explorations that could be explored at a variety
of levels.

We were surprised at how hard this turned out to be. Most textbooks
and online sites endlessly recycle versions of the same 2D projection of
models of science concepts. In each chapter, we have a “Learning Like
a Maker” section where we talk about our adventures in defining and
implementing the models—which in some cases involved finding online

xvii



INTRODUCTION TO THE SECOND EDITION

copies of 1935 manuscripts (signed off by a Wright brother and Charles
Lindbergh!). In others, it meant figuring out what to do when scientific
experts said that everyone teaches a subject one way, but unlearns it in
grad school anyway.

This book presumes that you know a little bit about 3D printing
already. If not, Chapter 1 and the resources linked there should get you up
to speed. The models are all written using the OpenSCAD free and open
source 3D modeling program. If you know how to program in a language
like C, Java, or Python, that will help, but it is not strictly necessary to alter
the models. Chapter 1 and the OpenSCAD materials linked there will help
you out with that too.

We have found that teachers use 3D printers in one of two fundamental
ways. Either they want to create a model to pass around in class to help
students visualize a concept, or they want students to use a printer either
to learn engineering and design per se or to cement physical concepts
like levers and gears. Since most of these models would lend themselves
to being used either way, we have not included a grade level or explicit
lesson plans.

To show our readers who are teachers (in the United States) what
we had in mind, though, at the end of most chapters, we suggest Next
Generation Science Standards (NGSS) that we think might benefit from
these models. These science standards, from the group NGSS Lead States,
are documented in Next Generation Science Standards: For States, By
States (The National Academies Press, 2013). Links are given at the end of
relevant chapters. If you are a teacher, you may want to check with your
state or school standards as well to see the best fit.

The models span a variety of topics, and we tried to cover as many
disciplines as possible. Briefly, here is what you can look forward to:

xviii



INTRODUCTION TO THE SECOND EDITION

Chapter 1 gives you a few options to print many
different types of mathematical surface. This ability
underlies some of the other models. We also discuss
the process of 3D printing in this chapter and how
to download the models and review the software
the models are written in—the free program
OpenSCAD. (The 3D printing material that was in
Appendix in the first edition is now integrated into
Chapter 1.)

Chapter 2 creates models of waves to allow you to
explore what happens when waves overlap and
interfere with each other. You can print yourself a
model of Young’s famous double-slit experiment to see
how light from two slits can interfere.

Chapter 3 takes us back to Newton and Kepler to learn
about planets and stars and how they speed up and
slow down in their orbits.

Chapter 4 allows you to create wings with classic airfoil
shapes from the early days of flight. You will be able to
make yourself a very simplistic test stand that you can
use to measure the lift from the wing with just a fan and
a postal scale.

Chapter 5 lets you create basic models of all the “simple
machines”—wedge, inclined plane, lever, pulleys,

and screws.

Chapter 6 allows you to model plants and their
ecosystems and to design plants for different
environments. Maybe you can create a garden for
another planet (or for the Earth after another few
hundred years of climate change).

Xix



INTRODUCTION TO THE SECOND EDITION

o Chapter 7 lets you begin to explore carbon atoms and
how water molecules come together to make two
different types of ice crystals.

o Chapter 8 explores 2D and 3D trusses and how you can
use them in various explorations.

¢ Chapter 9 (new in the second edition) builds on
Chapter 5’s simple machines to explore gears.

» Finally, an appendix aggregates all the links in
the book.

We are making the 3D printable models used in this book (although
not the book itself!) open source, licensed under a Creative Commons
Attribution 4.0 International License (https://creativecommons.org/
licenses/by/4.0/). That means you can use them for any purpose
(including selling prints yourself) and alter and remix them if you credit
us. Chapter 1 has some notes about where to find the repositories if
you would like to add to these models. We hope these models are the
beginning of a set that students everywhere can play with and learn from.


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

CHAPTER 1

Math Modeling
with 3D Prints

Scientific visualization starts with the underlying mathematics. Thus, we
are beginning this book on 3D printing for science projects with a chapter
on 3D printing mathematical functions. The basic models in this chapter
are intended to be a starter set that you alter to 3D print whatever function
you like within the boundaries we will get to in a later section.

First, we need to introduce you to the open source program we used to
create our 3D printable models, OpenSCAD. Then we use OpenSCAD to
create a 3D printed mathematical surface defined by an equation. Then,
we cover the 3D printing basics you will need to know to create the models.
Finally, we conclude with a brief introduction to 3D printing and resources
to help you go farther.

© Joan Horvath and Rich Cameron 2024 1
J. Horvath and R. Cameron, 3D Printed Science Projects Volume 1,
https://doi.org/10.1007/979-8-8688-0342-0_1
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CHAPTER 1 MATH MODELING WITH 3D PRINTS

MODELS USED IN THIS CHAPTER

This chapter uses two different OpenSCAD models. Select 3D printable STL
example files are included in the repository as well, which we explain in the
chapter text. The OpenSCAD models are

¢ BlockyMath.scad: This model creates a blocky 3D surface,
shown in Listing 1-1.

e surfaceprint.scad: This model creates a smooth 3D
mathematical surface based on an equation of the form
z =f(x, y). It is shown in Listing 1-2.

You also need to install the OpenSCAD program, as we describe in the chapter.
As of this writing, OpenSCAD does not work on a Chromebook or similar tablet.
A MacQS, Windows, or Linux computer is required.

Math Modeling for 3D Printing

It seems like it should be easy to just put an equation into a program and
have a 3D printer “draw” it, like some sort of pen plotter. However, if a

3D printer head just tried to follow an equation, it would have no way of
knowing how to avoid material that had already been laid down, so we go
about it in a bit more roundabout way.

OpenSCAD

3D printers require a several-step process from the first idea to a finished
print. First, you need to develop a 3D model. Models in this book are
built using OpenSCAD (www.openscad.org), a free, open source 3D solid
modeling program. Then, other software takes this file and slices it into


http://www.openscad.org

CHAPTER 1  MATH MODELING WITH 3D PRINTS

layers, which the printer will then create one at a time, typically from the
bottom up. This software is called a “slicer,” and we will discuss common
features of these programs in the “3D Printing” section of this chapter. The
output of the slicer is what the 3D printer needs to make something.

Note Models in this book were optimized for printers that use
filament and were designed to work well even on a printer that might
not be tuned perfectly. If you have a printer that uses liquid resin or
powder, you might have to make some adjustments.

OpenSCAD Basics

OpenSCAD allows you to encode geometrical models in a programming
language that is like those in the C/Java/Python family. Good
documentation is available by clicking the Documentation button on the
OpenSCAD site’s home page. We will denote OpenSCAD model code by
showing itin code font. We want to acknowledge and thank Marius Kintel
and the many other contributors to and maintainers of the program.

Downloading OpenSCAD

You can download OpenSCAD from www.openscad.org. Install the
program per the instructions on the download site. OpenSCAD is available
in versions for MacOS, Windows, and Linux. The models in this book were
tested with version 2021.01 for MacOS. If you are a longtime OpenSCAD
user and have an older version than that, you may need to update to the
current version to be able to run the models in this book, which take
advantage of some recently added features.
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If you scroll down further on the downloads page, you can find
OpenSCAD's nightly builds. These include some optimizations that
dramatically increase rendering speed on some of our models, but they are
not fully tested, and depending on when you download them, there may
be significant software bugs. OpenSCAD has an excellent user manual at
www . openscad.org/documentation.html. Note that there are block-
coding-based versions of OpenSCAD, but as of this writing, they do not
support all the functionality needed for our models.

Editing the Models

Although the models in this book can be printed with their default values,
the intent is that you use them as a starting point and make them your
own. To edit one of the models in this book, first you would obtain the
relevant OpenSCAD (. scad) file for the model you are interested in. See
the “Archives and Repositories” section of this chapter for how that works.

Once you have a file you want to use, open OpenSCAD, click
File » Open, and open the . scad file. You may see four panes: one with
code in it (the Editor), two labeled Customizer and Console that we will
get to later, and one that starts off with just coordinate axes, which will
in due course display a preview of our math model. (You might have to
explicitly open one or more of these windows depending on your settings.)

Each of these panes can be resized, moved around, or hidden within
the window, so your window may look a little different than the ones in our
screenshots. If there are any of those panes that you do not see, go to the
View menu, and uncheck the relevant Hide line (e.g., uncheck Hide Editor
if you do not see the Editor window).

Figure 1-1 shows a very simple model that builds a surface out of
blocks, which we explore in the next few sections. By default, OpenSCAD
also previews the model for you. This can be turned off by unselecting
Design » Automatic Reload and Preview if you are working with models
that take a while to render and you want to control it.
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Figure 1-1. Opening a model in OpenSCAD

Math Background

We have tried to avoid too many equations in this book. We do assume
that you understand basic algebra, Cartesian coordinates, what it means to
raise a number to a power or take a root of it, and trigonometric functions
like sine, cosine, and tangent. But, with that said, science often requires
some math to describe it, and that math then is used to create models.

We also presume you know what a mathematical function is—a
relationship among a number of variables. In this case, we are dealing with
functions using three variables, which we will call x, y, and z. Function
notation looks like this: z = f{x, y). All that means is that our variable, z, can
be computed for any given pair of values for the x and y variables.



CHAPTER 1 MATH MODELING WITH 3D PRINTS

Having three variables means we can define shapes in three
dimensions, with one variable corresponding to each dimension.
Normally these three-dimensional shapes would be shown on a page with
two-dimensional projections. This is often fine, and you can see what is
going on. Sometimes, however, it really helps to hold a 3D model in your
hand and turn it this way and that. This chapter will get you started on
doing that for many types of functions.

3D printing convention holds that x and y are in the plane of the
platform that your model is being built up on, and z is the vertical height
above that (Figure 1-2). The bottom of the surfaces generated in this
chapter is usually the z = 0 plane. In this convention, you always transform
what you are printing to have z greater than or equal to zero since you
cannot build under the platform.
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Figure 1-2. Coordinate axes of a 3D printer

In other words, if you know that z would be negative for some values
of x and y that you want to use, you may have to add an offset to your
equation so that z is always greater than zero and remember that the offset
is there when you think about what your model represents. In the next
section, we get you started with a model entirely in OpenSCAD that creates
surfaces of functions

z = f(x,y),

where x and y are the plane of the 3D printer’s build platform and z is the
height of the surface above that plane.
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Tip The maintainer of OpenSCAD has co-authored a book on
learning to code with OpenSCAD, Programming with OpenSCAD: A
Beginner’s Guide to Coding 3D Printable Objects by Justin Gohde

and Marius Kintel (2021: No Starch Press). You might find that a good
resource for more depth on OpenSCAD’s ins and outs. We also have a
more in-depth review of OpenSCAD as a tool for learning math in our
book Make: Geometry (2021: Make: Community LLC).

Simple “Blocky” Model

The simplest way to print a 3D surface is to compute the height of the
surface on a regular grid of points. Then, we create a rectangular solid
that is a small square at the base, with the height equal to the value of
the function at the center of each of these small squares. The model in
Listing 1-1 is an extremely simple one that will create an STL file with a
surface of small rectangular solid pieces. The function in this example is

z = f(x, y) = 0.01 (x - 50) (y - 50) + 30,

and the 3D printwill go fromx = Otox = 60andy = Otoy = 60. This
creates a “saddle point” structure, as shown in Figure 1-6. The x and y
dimensions of the model are determined by the range = [x, y] variable
in millimeters, with z height computed, also in millimeters. If the resulting
structure is too big (by default, 60 mm by 60 mm on the bottom, or a bit
over 2 inches square), then you can scale the whole piece in your 3D
printing software.

The values of x and y both start at 0 and go to the values specified
by the range vector (read as range[0] for x and range[ 1] for y). The res
variable, also in millimeters, lets you control the spacing of the calculated
points, allowing you to make a smoother surface at the cost of additional
processing time.
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Table 1-1 lists the model parameters that can be changed. Figure 1-3
shows a surface generated this way. Notice a pattern on the top surface;
this is a printing artifact that we will talk about in the “3D Printing” section.

Table 1-1. Blocky Surface Model Variables

Variable Default Value and Units Meaning

f(x,y) mm Function to graph.

range [60, 60] mm Maximum x/y values to graph. Determines
the size of the print in those dimensions.

res 1mm Size of the boxes in the graph. Making this
smaller produces a smoother surface but
takes longer to process.

Figure 1-3. The blocky surface, as printed
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Listing 1-1. OpenSCAD Model to Generate a “Blocky” Surface (file
blocky.scad)

//Model to generate a simple, "blocky" file

//File BlockyMath.scad

//(c) 2016-2024 Rich Cameron

//for the book 3D Printed Science projects, Volume 1
//Licensed under a Creative Commons, Attribution,

//CC-BY 4.0 international license, per
//https://creativecommons.org/licenses/by/4.0/
//Attribute to Rich Cameron, at

//repository github.com/whosawhatsis/3DP-Science-Projects

function f(x, y) = ((x - 30) * (y - 30)) / 60 + 20;
//Range of [x, y] values to graph

range = [60, 60];
//resolution in mm (smaller
res = 1; //.1

smoother, but slower render)

for(x = [0:res:range[0]], y
translate([x, y, 0])
cube([res + .001, res + .001, f(x, y)]1);

[0:res:range[1]])

To see this surface in OpenSCAD, use the menu item Design »
Preview. You can also do this by clicking on the little box outlined with
dashed lines with a double arrow on it. Make any changes you feel you
need to make by editing the text in the Editor and click Preview again
to see if you have created what you intended. Repeat until you think you
are done.

Note You cannot make any changes other than by changing the
model code in the Editor. There is no drag and drop capability in
OpenSCAD.

10
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In OpenSCAD, Preview creates an object you can view but cannot
export. It is a lot faster than a full render, which can take a long time for
some of the models in this book. Use this to preview models as you are
making changes. When you have your final model, go to Design » Render
(or click the button with the solid-outlined cube next to the preview
button) to create a model that can be exported for 3D printing. This is
called an STL file (more on this in the “3D Printing” section). You can
export an STL file by clicking File » Export » Export as STL. The editor
pane also has an STL export button that you can use.

There is another way to make changes to some of the models in this
book. This is by using the Customizer. In Figure 1-1, you can see the
Customizer pane has a pull-down menu labeled Parameters. If we expand
that pull-down menu (Figure 1-4), we see the range and res boxes. We can
change those values with the pull-down menu or type a new one. These
values will then supersede the ones in the code until you close and reopen
the file.

Many of the models in later chapters are designed so that you only
need to alter parameters for the model in the Customizer, which avoids
needing to touch the code that makes up the OpenSCAD file. In other
cases, we talk you through how to make those changes. Note that the
Customizer does not support mathematical expressions, so you still need
to use the code editor for changing the function.
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