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Introduction
Building Open Source Hardware is an anthology written to get users and makers of open
source hardware to the next step of developing for the masses and manufacturing. This
book involves a hands-on approach, providing guides for developing and manufacturing
open source hardware. Although many books have been published on specific pieces of
open source hardware, to date there has not been a book published on the community or
the steps to work all the way through designing and manufacturing a piece of open source
hardware. There has been a burst of activity around making and do-it-yourself (DIY) projects, but the DIY and maker movements are growing to a new stage, wanting to produce
on larger scales and move projects to products. If you have been hacking on some hardware in your basement and want to start building multiples of it and selling them on your
website as open source, this book is for you.
This book covers both the theoretical side of open source hardware and the practices
and methods necessary to create a piece of open source hardware. It is intended to be a
holistic experience, moving from developing to manufacturing of open source hardware,
while explaining the benefits, standards, and incentives found at the various stages of
this process. This book includes b eginner-to intermediate-level technical concepts and
is coupled with an open source hardware kit that can be purchased separately to foster
experimentation.
The intended audience of this book includes people from a multitude of fields, all of
whom are interested in creating open source hardware and would like a guide for the
theory, standards, and h
 ands-on advice. Individuals and companies, large and small, that are
already interested in the DIY and maker movement, but still need some help on how to
create, document, and think about licensing, manufacturing, and selling open source hardware will also benefit from this book.
I chose not to self-publish for a number of reasons. The major one, however, was that
without a publisher inviting me to write a book on this topic, the thought would have
never occurred to me. My publisher is also well known in the open source software community for publishing portions of books with open source licenses, so this book is partially
open source, too! The chapters written under a Creative Commons license are listed on
the copyright page.

What Is Open Source Hardware?
Open source hardware—sometimes abbreviated OSH or OSHW—is hardware whose
source files are publicly available for anyone to use, remanufacture, redesign, and resell. The
open source hardware movement, similar to the DIY and maker movement, is not a new
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concept, but rather is a revitalization of historical methods that were displaced as modern
manufacturing came to the fore. Modern manufacturing produces hardware cheaply and
efficiently (albeit stifled with legal boundaries) and, as a result, has created a consumer
culture, rather than a DIY culture. In the past 10 years, the pendulum has begun to swing
back in favor of creating and fixing things rather than buying them.
Open source hardware values sharing, transparency, and accepting predecessors and
successors to your work, both in the form of a company that might build something off
your hardware and a project that might copy part or all of your hardware design. Transparency in hardware is becoming increasingly important as technologies become more
opaque as their size dwindles, making it more difficult to discover with the naked eye how
they work. As more complexities are added, the design also gets harder to discern. Open
source hardware, in contrast, offers freedom of information in a physical format. Freedom
of information for hardware means that the source files are accessible and easily available
to rebuild the object. Source files may include schematics, diagrams, code, and assembly
instructions, to name a few options.
Open source hardware does have some restrictions; in that sense, it differs from the
total freedom found in the public domain. As Wendy Seltzer, a renowned legal professional, reminded the community when writing the definition of open source hardware,
any limitations that we add to hardware make the hardware more closed than it already is,
as hardware is actually open until it is patented. The basic open source hardware limitations are fairly simple: Anyone has the freedom to remix, remanufacture, and resell an item,
provided that the hardware remains open source and attribution is given.

Maturity of the Open Source Hardware
Movement
It would be irresponsible to write this book as though every aspect of open source hardware has been figured out and that there is a manual to follow to a “T.” The definition of
open source hardware created by the community even upholds “the spirit” of open source
hardware as a consideration for labeling your hardware as open source. This open-ended
sentiment shows the underdeveloped nature of the movement, and accepts the likelihood
that future formats and defining characteristics will change.
For example, much of the gray area within open source hardware arises from the fact
that openness does not yet extend to all layers of hardware. The process of getting raw
materials out of the ground is not considered open, since most of us have no idea where
the copper comes from that we use in our boards. Moreover, several software programs
used to build hardware are not open. Even integral pieces of hardware, such as the chip,
are often closed. I’m excited to say, however, that while this book was being written, Parallax announced its launch of an open source silicon.1 This is a giant step forward for open
source hardware. As you can see from the preceding examples, the community suspends
1. www.parallax.com/microcontrollers/propeller-1-open-source
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the reality of fully open sourced hardware, and considers the existing limitations to be
acceptable. Open source hardware is a malleable movement, subject to change when more
openness comes along. The authors in this book represent a slice in time of the state of
open source as it pertains to current hardware availabilities and challenges.

The Open Source Hardware Community
The open source hardware community includes people from many backgrounds and
several different industries. In a recent OSHWA survey in this area, people identified with
more than 45 different job titles, ranging from engineer to journalist. Although the open
source hardware community first became popular in the electronics industry, several other
industries are now making open source hardware.
Arduino was the first large-scale success in open source hardware. It was produced by
a team at Ivrea Institute and was derivative of Wiring in its hardware and Processing in
its integrated development environment (IDE). The community grew around Arduino
and it quickly became a permanent feature within the open source hardware community. We first saw c omponent-level modification based on Arduino and lots of break-out
boards and electronic kits, but we’re now seeing advancements in open source tools—for
example, laser cutters, jigsaws, and 3D printers. In 3D printing, the success of Makerbot
(formerly open source) was due to it being open source hardware and building off the
RepRap community, which had operated in the open source hardware space for the past
decade. Other industries like ecology, DIY bio (creating things like open polymerase chain
reaction [PCR] devices), automotive design, and disaster relief have all joined the open
source hardware community. For a longer list of industries opening up physical things and
materials, see Chapter 10. Given the growing number of successful companies selling open
source hardware, the movement is quickly taking shape.
During this time period there was also a growth of hackerspaces in the United States.
Hackerspaces (sometimes called makerspaces) are collectives of people who experiment
with art, technology, and science and who generally use nontraditional methods for innovation. Hackerspaces focus on a shared space, shared tools, and shared knowledge. Many
hackerspaces teach classes and have open hack nights for the public to come learn some
tricks of many different trades. During the past 10 years, the DIY movement also picked
up its pace, with a resurgence of people focusing on building their own projects, reusing
items, and fixing things themselves. These trends combined promote growth of the open
source hardware community.
The open source hardware community is also a global community. According to 2012
and 2013 survey data from the OSHWA surveys, open source hardware projects are under
way in 79 countries. This number is most likely an underestimate due to the survey being
conducted only in English. Having such a widespread global movement is challenging in
that the laws governing open source projects are likely to be different in each country. In
addition, at a cultural level, we may not always have the best understanding of one another.
An unfortunate example of this is the xenophobia that Americans display when they talk
about Chinese-made items being copies and r ip-offs. Some of this language has drifted
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into the open source hardware community, with people forgetting that open source hardware by definition can be directly copied. It may help to point out that China wrote its
patent laws in 1984, so perhaps the country just has a norm of sharing and copying rather
than rebuilding the wheel. The more than 200-year-old patent system embedded within
the United States and some European cultures obfuscates our view, causing us to forget
that there is nothing natural about a patent system. Intellectual property exists because
of human-made governing structures. The open source hardware community aims to be
welcoming to all types of people, no matter what their culture, gender, race, and skill level
(e.g., beginner or master manufacturer). Thus it is inappropriate for the open source hardware community to be xenophobic regarding other countries’ practices vis-à-vis sharing.
In further effort to be a welcoming community, every year the Open Hardware Summit establishes an a nti-harassment policy2 for the conference, which is derived from the
Ada Initiative’s3 policy. The 2012 survey reported that only 4% of the open source hardware community identified as female. The anti-harassment policy, along with offers of
travel grants to women, is a direct response intended to boost the number of women in
the open source hardware community.

Open Source Software
Some history of open source hardware has followed in the footsteps of the history of
open source software. The open source software movement is well established as a household name, enjoying popularity with developers and being a well-known concept to the
masses. Open source software has been around 20 to 30 years longer than the hardware
movement has. Thus, as the open source hardware movement builds in popularity, it can
glean many lessons from the open source software movement. Open source hardware
looks to the history of open source software for forms of governance within nonprofit
and company structures, and the different options regarding implementation that open
source offers.
As open source software licenses are ported to hardware, the differences in dealing with
hardware versus software are becoming apparent. While the spirit behind open source
software and hardware is relatively similar, some key differences emerge when working
with atoms rather than bits. The main differences between open source hardware and
open source software are the legal aspects regarding patent versus copyright, physical resources, creating copies, and distribution. There are other differences as well. Hardware
and software are viewed by the law differently, with hardware being protected by patents
and software by copyright. In the software world, resources tend to be humans and servers, but buying and selling hardware can broaden to include dependencies on specific
materials, such as copper, silicon, and ABS plastics. For hardware, copying and creating a
physical good often takes specialized machines, which can come with a high price point
2. http://2014.oshwa.org/policies/
3. http://adainitiative.org/
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that has not yet become low enough to permit purchase by the average user. This difference is comparable to software’s early days when owning a computer (or a computer with
enough space and speed) was not always feasible for the average user. Distributing hardware means shipping, which adds another extra cost to hardware-based ventures (open
source or not). In contrast, open source software is typically easy and cheap to copy and
distribute via the Internet, typically through a repository.

What Is the Open Source Hardware
Association?
In 2012, a newly formed 501(c)3 nonprofit association for open source hardware took
on the challenge of advocating, educating, and uniting stewardship of the open source
hardware movement. The Open Source Hardware Association (OSHWA; pronounced
ä-sh-wa) aims to be the voice of the open source hardware community, ensuring that
technological knowledge of open source is accessible to everyone, and encouraging the
collaborative development of technology that serves education, environmental sustainability, and human welfare. OSHWA was created largely to fill the need for an umbrella organization that would encompass many communal efforts, including channeling the funds
needed to support the Open Hardware Summit. The need for an organization to handle
expenditures and act as a uniform resource unaffiliated with a company became apparent.
The leadership of this movement involves and celebrates many individuals. The history of
OSHWA is written in Chapter 1.
Since its inception, OSHWA has functioned to support the open source hardware
community. We expect that these functions may change as the community develops. The
next years for OSHWA will be crucial to program development that reflects these purposes. The organization runs on donations and memberships. Because this book was written with the help of so many community members in support of open source hardware,
proceeds from the book’s sales will go to OSHWA.

How This Book Is Organized
I have many years of involvement in the open source hardware community, chairing the
Open Hardware Summit, running OSHWA, and serving as a sounding board for much
of the community in those two roles. As a reflection of my experiences, this book is laid
out to give useful advice to the most often asked questions and concerns. The community
as a whole is moving from building things for individual purposes, to building things en
masse and starting businesses, which are two very different problem sets. Building things
for yourself is covered in many other formats, both in print and online. Indeed, there are
a great many examples in the form of guides, tutorials, blogs, and articles. This book is
meant to cover the entire process of building things on an open source basis, for which
there are not yet as many resources. It is meant to be a practical resource organized in
three parts.
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The first part, Open Source Hardware Theory, covers the “what” and “why” of open
source hardware. What does open source hardware entail, and why was it determined that
way? What do the license structures mean, and why and when should you use licenses?
Which types of standards do we need to be looking for in the future and why are they
important? All of these questions are addressed in Part I.
The second and third sections are the “how” of open source hardware. Part II is called
Hands On! Each chapter in this part walks through a different aspect of how to do something with open source hardware, be it working through a design process, making various
derivatives, 3D printing, creating wearables, or figuring out source files for different types
of materials. Part III, Production Bits, takes you through the production processes step by
step. It covers how to manufacture products at several different scales using different methods. Production covers many different aspects, not just manufacturing, so this section also
includes documenting, setting up your business, and producing open lab equipment in the
research and academic field.
This book is not necessarily meant to be read from cover to cover.You may find it useful
to skip to the sections or chapters that best fit your current needs. If you’re researching the
theory of open source hardware, you’ll probably want to start at the beginning, with Part I
including the theoretical chapters. Chapter 1, History of the Open Hardware Movement,
is closely tied to how and why Chapter 2, OSHW Definition and Best Practices, came to
be. To jump straight to the hands-on section, go to Part II. That is where you’ll find ways
to start building and modifying open source hardware and the acceptable ways of doing so.
Part II is for people who want to dip their toes in and see the practical nature of how open
sourcing hardware works. Chapter 6 provides step-by-step instructions for how to make a
derivative, which you can do with existing open source hardware, and others can do with
your open source hardware. Chapter 7 teaches board shape modification, and picks up
where Chapter 6 leaves off. Chapters 8 and 9 delve into two open source fields, 3D printing and wearables, respectively. Chapter 10 exemplifies a number of projects that consider
different types of materials and source files. If you already have your open source hardware
product prototyped and you’re looking for advice about going through the manufacturing
process, flip to Part III. There are chapters on DIY fabrication (Chapter 11), manufacturing (Chapter 12), and troubleshooting manufacturing problems (Chapter 13). If you have
already started your manufacturing process and need help ensuring your documentation
is written to the standards of the open source hardware community, skip to Chapter 14. If
you’re most interested in benefits of starting an open source hardware business, go to Chapter 15. If you work in academia and are interested in producing open source lab equipment,
flip to Chapter 16. During the course of this book, while the focus will be on open source
hardware, general building and manufacturing are also covered because certain methods are
not specific to open or closed source development.
Given that the open source hardware community has many contributors, it seems only
right that this book should also reflect the communal voice of the movement.You will
notice that different chapters have different authors. Due to the multiple authors, the voice
may differ from chapter to chapter.
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This authors and arrangement of the book are as follows:
Part I: Open Source Hardware Theory
1. History of the Open Hardware Movement by Catarina Mota
The history of the open source hardware community is mirrored in this chapter
from the oshwa.org website. This chapter describes when and how decisions on
open source hardware were made. Catarina Mota has been instrumental in the open
source hardware community: researching hackerspaces, leading the open source
hardware community surveys, and having been a previous OSHWA board member
and chair of the Open Hardware Summit.
2. OSHW Definition and Best Practices by Alicia Gibb
In 2010, a definition of open source hardware was widely adopted by the open
source hardware community. In 2013, the community came out with best practices,
both are recorded in this chapter with some historical references.
3. Licensing Open Source Hardware by Michael Weinberg
The appropriate times when one should use trademarks, copyrights, and patents
can be confusing to the average hardware builder. This chapter was written by a
legal professional to help educate the open source hardware community about the
forms of intellectual property (IP) on which open source alternatives are dependent.
Michael Weinberg has been very active from the start of the open source hardware
community; he continues to write about open source hardware at Public Knowledge, and organizes relevant events in Washington, D.C.
4. Standardization of Open Source Hardware by Ed Baafi
Standardization refers to making open source hardware parts more open, focusing on the interfaces between hardware and software, and standards that make
open source easiest to understand. Ed Baafi has been promoting these types
of standards for the past few years within the open source hardware community. He is the founder of Modkit, and an advocate for open source hardware in
education.
Part II: Hands On!
Part II of the book teaches you to use open source hardware in different ways.
5. The Design Process: How to Get from Nothing to Something by Amanda Wozniak
The design process is the first chapter you should read to dig into the hands-on
portion of this book. Amanda Wozniak has spoken at multiple Open Hardware
Summits on this topic and is well known in the open source hardware community
for her knowledge of engineering, systems, and the design process with regard to
open source.
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6. Making a Derivative by Alicia Gibb
This chapter walks through an example of how to make a derivative. An open
source hardware kit, sold separately, accompanies this chapter, which you are free to
use, remake, remix, and resell. I wrote this chapter so that I would have the ability
to open the hardware and use it as an example of how derivatives work.
7. Modifying the Shape of an Arduino by Tiffany Tseng
Tiffany Tseng has reformed her own Arduino derivative as part of her research
at MIT. She wrote this chapter based on her experience with form from a design
perspective, and her engineering know-how of walking through all the steps it
takes to create an Arduino derivative based on the form factor of the board.
8. Remix a 3D Print(er) by Steven Abadie
This chapter gives you resources for using open source hardware 3D printers, and
walks through the steps to remix a 3D printable object. Steven Abadie is the chief
operating officer of Aleph Objects, which produces the Lulzbot, an open source
hardware line of 3D printers. The Lulzbot printers are regarded as the most innovative line of 3D printers in the open source hardware community, and were
derived from RepRap.
9. Wearables by Becky Stern
As the concept of wearables becomes more widely known, this chapter reminds
us how to make wearables open source. Becky Stern, a talented technologist and
seamstress, is a w
 ell-known individual in open source hardware circles, working
first at Craft, then writing for Make, and now serving as the Wearables Director at
Adafruit.
10. Physical Materials by Gabriella Levine
Gabriella Levine, who serves as president of the OSHWA, has highlighted different
industries and different types of source files that are employed in each industry. Because new industries are coming into the open source hardware fold, this important chapter establishes examples of source files that may not come from traditional
electronics sources.
Part III: Production Bits
11. Personal Manufacturing in the Digital Age by David Mellis
Personal manufacturing is a concept in which David A. Mellis is considered an
expert. He is part of the Arduino team, and studied personal fabrication for his
PhD. His chapter looks at case studies of hardware and tools used to make things
yourself, also called personal manufacturing.
12. Accelerate from Making to Manufacturing by Matt Bolton
Matt Bolton is the Director of Production at SparkFun Electronics. His role at
SparkFun is integral to what it means for a hardware hacker, DIYer, or maker to
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manufacture a product. This chapter explains the manufacturing process at a beginner level, for those looking to take their open source hardware to a larger scale.
13. Troubleshooting from Your Design to Your Manufacturer by Kipp Bradford
This chapter should be read alongside the various manufacturing chapters within
the book for further advice on what to do when you need to troubleshoot your
hardware. This chapter should make troubleshooting easier, if you follow Kipp
Bradford’s advice. Kipp has worked in manufacturing in multiple fields, from toys
to military-grade equipment, and has played a part at every Open Hardware Summit to date.
14. Taxonomy of Hardware Documentation by Addie Wagenknecht
Addie Wagenknecht, founder of Lasersaur, knows all about documentation because
of the unique way Lasersaur has initiated its bill of materials (BOM) as a parts list
that can be purchased at any hardware store around the world, rather than focusing on collecting and shipping materials. Addie covers the integral documentation
needed for hardware source files and other useful documents to help your users.
Addie is also chair of the Open Hardware Summit and interfaces with the open
source hardware community on a regular basis.
15. Business by Lars Zimmerman
This chapter explores the possibilities and options that open source hardware businesses
can leverage and benefit from. It was important this chapter was written by a third
party rather than any single open source hardware business to show the entire landscape of open source hardware business models. Lars is the co-founder of the Open It
Agency, which helps businesses learn about and implement open source hardware.
16. Building Open Source Hardware in Academia by Joshua Pearce
Dr. Joshua Pearce is a professor at Michigan Tech University and has written the
book O
 pen-Source Lab. He has created open source lab equipment to take the place
of closed source equipment, a topic that is highlighted in his chapter. This chapter
also discusses the crucial nature of marrying open source and education together,
so that students may learn without boundaries.

Special Elements
Within the chapters in this book, readers will also find a few special elements. Community
members wrote anecdotes giving small snippets of their experiences with open source
hardware. These can be found throughout the chapters of the book in gray boxes identified by word “Anecdote.” The authors for the anecdotes further the perspectives and examples of each chapter.
This book can be accompanied with a hardware kit that was built for Chapter 6,
but also used in several places as an example throughout this book. The kit can be
thought of as an a dd-on for h
 ands-on learning and is sold separately.You can purchase
at bit.ly/blinkybuildings or at SparkFun.com.
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6
Making a Derivative
Alicia Gibb

“Its province is to assist us in making available what we are already
acquainted with.”
—Ada Lovelace, on the Analytical Engine

This chapter gives an example of the source files and a physical object that you can copy,
modify, make, and sell as a derivative under the Open Source Hardware Definition. This
chapter first discusses derivatives and attribution, and then walks through a simple open
source hardware kit named Blinky Buildings that readers are encouraged to alter or
modify. Appropriate methods for creating a derivative are discussed. (The Blinky Buildings
hardware kit can be purchased at www.bit.ly/blinkybuildings or at www.Sparkfun.com.)
Readers can follow along with the instructions, thereby making their own derivative kit.
You may have also noticed that this kit is referenced in other chapters throughout this
book. The skills used in creating a derivative board consist of modifying the source files
and understanding how to appropriately label derivative files and give credit. The Blinky
Buildings kit is labeled with the open source hardware logo, meaning it is okay to copy
and create derivatives from it. If you attempt to copy and create derivatives of hardware
that is not open source, you may receive a cease and desist letter from the originating
company. To be safe, look for the open source hardware logo, and stick to creating derivatives from what you know to be open.

Derivatives and Open Source Hardware
One of the reasons people open source their hardware is to allow derivatives to be built
from that hardware. People create derivative hardware for many different reasons, ranging
from personalized features to economic advantage. The Open Source Hardware Definition
makes the following statement about derived works:
4. Derived Works. The license shall allow modifications and derived works, and shall allow
them to be distributed under the same terms as the license of the original work.The license
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shall allow for the manufacture, sale, distribution, and use of products created from the design
files, the design files themselves, and derivatives thereof.
Clearly stated in the definition is the approval to create hardware from the original design files, to make copies and distribute the design files themselves, or to create a derivative
from the original design. Because open source hardware grants the right to make copies,
the terms “clone” and “counterfeit” get thrown around a lot when talking about derivative
works. Here are the definitions of these terms when referencing open source hardware
derivatives:
Derivative: A derivative is open source hardware that has been altered or modified but
is based on an original design by another person or company.
Clone or Copy: A clone or copy is an open source hardware product that has been
directly copied and conforms with the Open Source Hardware Definition because it
does not infringe on the trademarks of other companies.
Counterfeit: With a counterfeit piece of open source hardware, the trademark has
been copied onto a clone or derivative piece of hardware and does not abide by the
Open Source Hardware Definition because the trademark is not owned by the person
or company creating the derivative. Proper attribution does not include copying trademarks. Copying trademarks is illegal.
There are many examples of open hardware derivatives. In particular, the 3D printing
and Arduino communities are great places to find open hardware and their derivatives.
Keep in mind that Arduino itself is a derivative of Wiring, developed by Hernando Barragan, and Processing, developed by Ben Fry and Casey Reas. Some derivatives have small
changes from the original; others have large changes. Changes for derivatives generally
fall within four categories: (1) The function of the device is altered; (2) the form of the
device is modified; (3) the change is economic, with the creator selling the same product at a different—usually lower—price point; or (4) the change enables a better design
for manufacture (DFM), making it easier to manufacture or supply parts. Economic and
DFM changes often go hand in hand and can be difficult to separate. All of these changes
are permitted within the Open Source Hardware Definition, including a combination of
the four.
An example of a board that changed drastically in both form and function is the LilyPad,
which was created by Leah Buechley. The LilyPad was mashed up with the Arduino board,
altered in both form and function so that it could be sewn into textiles. This particular
derivative was quite extreme in the amount of changes made to the original Arduino
hardware. The reason the alterations were so drastic was that Leah invented a sewable microcontroller prior to the development of the Arduino product. (For more on the history
of the LilyPad, see the anecdote in Chapter 9.) When Leah’s design was put together with the
Arduino board, one could argue that the Arduino’s shape, the form factor of pinouts, the
thickness of the PCB, the typical construction materials used, and the main purpose of
the board were all altered. This particular Arduino derivative’s function was to be embedded in wearables—a vastly different use than the Arduino team had previously imagined for
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their microcontroller. The circular, thin (not to mention purple) LilyPad is to be sewn into
wearables with a needle and thread rather than solder and wire.
Of course, not all derivatives are this different. In fact, some are even more or less copies of the original.
Let’s take the Arduino example one step further by considering a derivative of the derivative. Adafruit’s Flora is a derivative of the LilyPad (which is derivative of the Arduino board).
The Flora derivative has the same form factor as the LilyPad—it is circular in shape and
flat, and has copper petals around the exterior for ease of sewing—but has a different function, with a different chip on board than found in the original LilyPad.The Flora hardware
introduced the ATmega32U4 chip into wearables with different functionalities than the
ATmega328 on the LilyPad (such as allowing for a USB hookup rather than using an FTDI
cable). Because these designs are all open source, the LilyPad developer was then able to roll
the Flora’s changes back into their design, and now LilyPad also offers an Atmega32U4 product. Naturally, both products can compete in the marketplace, because they are open source
hardware, nobody is suing over rights; rather, everyone is focused on innovating.You can access
the source files for LilyPad and Flora and compare and contrast the design files for yourself:
Original LilyPad files linked from SparkFun’s product page: www.sparkfun.com
/products/9266
Flora derivative files listed in Github: github.com/adafruit/Adafruit-Flora-Mainboard
New ATmega32U4 LilyPad design rolling in the Flora’s ATmega32U4 improvements:
https://www.sparkfun.com/products/11190
This is how derivatives of open source work! People build off improvements and ideas
from others rather than reinventing the wheel each time. This process moves innovation
forward at a more efficient and more productive pace.

Why the LilyPad Arduino Has “Arduino” in Its Name
The fact that the LilyPad carries the Arduino brand name is a very important point to
note. The name Arduino is a trademark held by the Arduino company. Leah Buechley
made an agreement with the Arduino company to license its Arduino trademark for a fee.
This arrangement should not be confused with Leah giving the Arduino team attribution for their original board. Arduino has tried to make an important distinction in its
trademark over the years. Although it is an open source project, the logo and company
name are trademarked, much as any other company in the open source hardware space
(and even in open source software, for that matter) can obtain a trademark for its products.
We use trademarks because trademarks protect consumers and say something about the
quality of the brand they are buying, rather than to protect the intellectual property of
the hardware. Unless you obtain a license from Arduino, as Leah did to enable her project
to be called a LilyPad Arduino, you cannot use the word “Arduino” in the name of your
derivative as a way to give credit or attribution because it is a trademarked name.1 You can
1. http://arduino.cc/en/Trademark
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help the community understand correct attribution of Arduino derivatives by attributing
Arduino in your README file or your project description.

Giving Correct Attribution
The Open Source Hardware Definition states the following about attribution:
The license may require derived documents, and copyright notices associated with devices,
to provide attribution to the licensors when distributing design files, manufactured products,
and/or derivatives thereof. The license may require that this information be accessible to the
end-user using the device normally, but shall not specify a specific format of display. The
license may require derived works to carry a different name or version number from the
original design.
When creating your derivative, you will want to give credit to the original design
without infringing on the trademark of one of original creation. As Michael Weinberg
reminds us in Chapter 3, “Including a ‘share alike’ provision in a CC license is not a polite
request that anyone who builds upon the work contribute back to the commons; rather, it
creates a legal requirement.” This goes for attribution provisions as well. Due to the murky
nature of licensing hardware, we tend to read the source files (which can be licensed
cleanly with copyright or a copyright alternative) to understand the intention to list attribution or share it alike with the same license.
Attribution is like citing someone else’s work in a research paper; it is not copying and
pasting the logo of the original creator and applying it to your board. Attribution can also
be thought of as giving the work provenance. In the art world, giving correct provenance
means identifying who had a particular piece of art before you owned it. In open source
hardware, the equivalent is who hacked on that particular design file or piece of hardware
before you. List their names just as you would in a citation or provenance document.

Ego or Accuracy?
Call it ego or call it accuracy, but the open source community loves credit. Credit, or attribution, is one of the many benefits to sharing your project openly. Getting attribution
for something you created is at the root of most open source licensing structures, be it in
hardware or software.
Accurate attribution is important to the life of your project. Giving accurate attribution
lets the community know what your project was built on. Contributors, be they original
creators or makers of derivatives, may be known within the community for their quality,
work style, community involvement, approach, knowledge on a particular subject, and so
on. Listing creators for your derivative gives users more information and certain expectations about your derivative.
How far do you go back? Most projects don’t include credit to the inventors of the
transistor when using one on their board, or to the inventors of the C programming language when using Arduino. That practice is accepted within the community. We generally
do not step further back than the first or second layer of original creators, although there
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will always be gray areas where credit is due. When in doubt, give credit. Even if your
project no longer reflects any of the original design, you still may want to reference that
previous versions were based on so-and-so’s contraption so that people do not feel left
behind or forgotten. No one will fault you for giving too much credit to other people
who wrote code or built hardware before you. Perhaps the open source hardware industry
will eventually grow in such a way that our README files will start to look like movie
credits and go on for at least seven minutes after the movie is over.

Blinky Buildings Project
The Blinky Buildings project is a simple kit that you can use as an example of how to
create an open source hardware derivative. My intention in creating this kit was to ensure
that the community has something to experiment with and gives you the rights to create your own derivative. The goal of this kit is to inspire different derivatives of buildings,
which together create a whole world of Blinky Building kits. My Blinky Building kit is
shaped like the Empire State Building (Figure 6.1a); in its enclosure (Figure 6.1b), yours

(a)

(b)

Figure 6.1 Blinky Buildings: Empire State Building (b) with enclosure.
(Source: Image CC-BY-SA Alicia Gibb)
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can be shaped like a different building, city, or landscape structure.Your derivative Blinky
Building may include any of the four alterations discussed earlier: modify the shape of the
original, modify the function of the original, modify the economics, modify the DFM, or
make your own copy.

Source Files
This section walks through which pieces of other people’s open source material I used
to create my kit; it also explores my source files that are shared with you. The source files
include a circuit board created with the free version of Eagle and a 3D printing file for the
enclosure.You can find all these files at www.bit.ly/blinkybuildings or in Appendix F. You
will need PCB layout software, such as the following options, to be able to replicate or
build off the derivative file:
■■

Fritzing2

■■

Eagle3

■■

KiCad4

You will also need a 3D printing software if you choose to print out or modify the
enclosure, such as:
■■

Blender (reviewed in Chapter 8)

■■

OpenSCAD

■■

SketchUp

When making an open source hardware project, the most important thing to consider
is whether people can rebuild the project from your source files. If so, you have a successful open source hardware project! If not, you need to release more source code or include
more documentation.
As described in Chapter 5, I started my project by laying out the design process. My
design purpose was to elegantly blink 20 LEDs in the shape of the Empire State Building.
Given the scope and the specifications and requirements, I decided I would need a small,
low-cost chip and would have to charlieplex the LEDs to drive 20 of them.

2. Fritzing is an open source project licensed under GNU GPL v3, which can take you all the way
from a schematic to making the PCB.
3. Eagle offers a freeware version of its software that can be used for boards as simple as this
example but is closed source software. However, this software is quite accessible in the open
source hardware community, as the majority of users are familiar with Eagle.
4. KiCad is open source software for electronic designs such as schematics and PCB layout that is
licensed under GNU GPL v2.
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I discovered a project close to my needs that charlieplexed 20 LEDs in a falling snowflake pattern. The file was licensed as CC-BY-SA. This designation means the schematic
can be copied or used for a derivative, but the new schematic must give attribution to
the original and must also share alike with the same terms. In addition, this schematic
came with recommended code, also licensed as CC-BY-SA. Before I did anything else,
I contacted both of the original d esigners—the hardware schematic designer and the code
author—and asked if it would be okay to make a derivative of their work and include that
derivative in my book. The open source hardware definition does not require this step, but
the best practices recommend it.
I started with the schematic in Figure 6.2, which was created by Davy Uittenbogerd
(daaf84). The file can be opened with Fritzing: fritzing.org/projects/charlieplexsnowfallshooting-star-20-leds.
A link to the code to run this circuit is included on the Fritzing page. The code was
written by Geoff Steele (strykeroz). This code can be found in this GitHub repository:
github.com/strykeroz/ATTiny85-20-LED-snowflakes.
When I copied and altered the code, I added a statement at the top of the code
(known as the comment block) explaining where the original code was downloaded from
and who the original author was: Geoff Steele. This gives Geoff attribution. I added a brief
statement about which parts of Geoff ’s code I altered. I included comments throughout
the code when I changed something as well. Geoff included which pin numbers correlate
with which color of wire on the Fritzing schematic in the code. It is good practice to
include basic instructions for the hardware pinouts in the comment block.
Here are the altered chunks of code, including the attribution in the comment block.
To view the full code, refer to www.bit.ly/blinkybuildings.
----> /* downloaded from http://code.google.com/p/avr-hardware-random-number-
gene
ration/ Original code by Geoff Steele. Alicia Gibb altered the code by
commenting out the fade functions so the building blinks LEDs on and off rather
than fade LEDs on and off.
The original code is still all there if others wanted to keep playing with it;
just take out the duty cycle comments.
The delays have also been changed, but can easily be reinstated by looking at the
original code:
ttps://github.com/strykeroz/ATTiny85-20-LED-snowflakes/blob/master/ATTiny85_
h
Charlieplex20Snow.ino
*/

I explained each of my code alterations by commenting that I altered the code from
the original. I used a charlieOFF command rather than the original charlieON command in line 121.
------>
if (current > 19) charlieOFF(19); //This is altered from the original code, to
turn LEDs off once the blink is over
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Figure 6.2 Schematic by Davy Uittenbogerd drawn in Fritzing.
(Source: Image CC-BY-SA Davy Uittenbogerd)
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I explained in another portion of the code that I commented out the time delays for
fading an LED so it blinks rather than fades:
current++;
if(current==23) { //// start over
//Alicia commented out the below code to make the LEDs blink on and off
rather than fade out.
//// now fade out the snowflake in that final position #19
for(int dutyCycle = 3; dutyCycle <= 15; dutyCycle += 3) {
//loopCount = 0;
//timeNow = millis();
//while(millis() - timeNow < (displayTime+current*2)) { //// fade out as
slow as animation has achieved by now
// loopCount++;
if(!(loopCount % dutyCycle)) charlieON(19);
else charlieOFF(19);
// }
}

Once I had the code working on a bread-boarded prototype, I drew the schematic in
Eagle following the Fritzing diagram. My schematic in Figure 6.3 is licensed as Creative
Commons-By-Share Alike (CC-BY-SA), because the original schematic was licensed as
CC-BY-SA. Due to the share-alike license, I must share it the same way. Any derivatives of
this kit must also be shared alike as well, with the same Creative Commons license (CC-
BY-SA) attached to the source files.
From the schematic, I created a board layout in Eagle (Figure 6.4) to be shaped like the
Empire State Building. For instructions on how to give PCB boards an interesting shape,
read Chapter 7.This board file is covered by a CC-BY-SA license: Because the schematic was
posted under a share-alike license, and the board file is generated from the schematic, I must
share it the same way. Note, however, that because Davy Uittenbogerd did not create this
particular Eagle schematic or board file, it is licensed as CC-BY-SA Alicia Gibb and I will give
him attribution in the README file and the product description. Labeling Davy as the creator at this point would cause confusion as to who produced and manufactured this product.

Bill of Materials
I am creating a kit for my Blinky Building that users will put together themselves. Since
this is a kit, the bill of materials (BOM) will not go to a manufacturer, and it is not as
detailed as the examples in Chapter 14. Generally, for a simple do-it-yourself (DIY) kit,
the BOM serves the purpose of telling people what is in each kit. If the parts are standard,
general parts that you could find at any hackerspace, there is no need to go into greater
detail than the information shown in Table 6.1. In other documentation, it is advisable to
include the data sheet of your chip as well.
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Figure 6.3 Schematic drawn in Eagle.
(Source: Image C
 C-BY-SA Alicia Gibb, derived from Davy Uittenbogerd’s Fritzing diagram)
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Figure 6.4 Blinky Buildings Board file in Eagle.
(Source: Image CC-BY-SA Alicia Gibb)

Table 6.1 BOM List
Vendor Part
Number

Manufacturer
Part Number

Quantity Description

Package

1

Empire State PCB

Dimensions
1.7" × 2.95"

Golden Phoenix

20

Round white diffused LED
8K MCD

3 mm

EBay

5

RES 680 ohm 1/4W 5%
carbon film

Axial

Digikey
CF14JT680RTR-ND

1

8-bit microcontroller: MCU
8kB Flash 0.512kB EEPROM
6 I/O pins

PDIP-8

Mouser
ATtiny85-20PU
556-ATTINY85-20PU

1

Switch m
 icro-mini slide 30V

Through hole

Digikey
679-1854-ND

MMS1208

1

Holder cell 2032 w/gold pins

Through hole

CTECHi
BH32T-C-G-ND

BH32T-C-G

1

Battery lithium coin 3V
20 mm

CR2023

Digikey
P189-ND

BH32T-C-G
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In addition to my README file in Appendix F, this concludes the source files for this
kit. With the schematic, board layout, BOM, and README file, others should be able to
reproduce my Blinky Buildings Empire State kit.

Cost–Benefit Analysis of Suppliers
For complete transparency, the following lists include the suppliers from which I received
quotes for each item listed on the BOM. Listing the results of the cost–benefit analysis of
supplies is not required for open source hardware, but in teaching people how to make a
derivative, it is important to know some economics behind what is created. As stated in
Chapter 15: Business, typical m
 ark-up on hardware is between 2.6 to 4 times your BOM

Board Manufacturer

Price/Unit

100 Pieces

Timeline

Gold Phoenix PCB

$3.11

$311

5 day turn + 8 day
shipping

OHSPark

$5.00

$500

4 week turn + shipping

Advanced Circuits

$4.33

$433

4 week turn + shipping

Parts: ATtiny85

Price/Unit

100 Pieces

Timeline

Digikey

$1.95

$195.00

3–4 day shipping

Mouser

$0.75

$75.00

3–4 day shipping

Parts: Resistors

Price/Unit

500 Pieces

Timeline

Digikey

$0.008

$4.00

3–4 day shipping

Mouser

$0.33

$165.00

3–4 day shipping

Parts: LEDs

Price/Unit

2000 Pieces

Timeline

Digikey

$0.209

$418.50

3–4 day shipping

Evil Mad Scientist

$0.20

$400.00

3–4 day shipping

EBay: LED shop 2010

$0.02

$40.00

2–4 weeks

Parts: Batteries Holders

Price/Unit

100 Pieces

Timeline

Digikey

$0.60

$60.00

3–4 day shipping

CTECHi

$0.35

$35.00

5–7 day shipping

Parts: Batteries

Price/Unit

100 Pieces

Timeline

Digikey

$0.28

$28.00

3–4 day shipping

CTECHi

$0.35

$35.00

5–7 day shipping

Parts: Switch

Price/Unit

100 Pieces

Timeline

Digikey

$0.96

$96.00

3–4 day shipping

SparkFun

$1.20

$120.00

Pick up in CO or 3–4 day
shipping
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costs. I went with the cheapest possible BOM and marked up the Blinky Buildings kit
2.6 times the BOM.
Note
Pricing per unit were calculated based on the number of pieces being ordered. For example,
a single switch at Digikey was $1.20, but buying 100 units brought the price down to $0.96.

Anecdote: Enclosure Case for Blinky Buildings
Jason Brownstein
An enclosure was made for the supplied Blinky Buildings board (Figure 6.5) in an effort
to further illustrate the process of making a derivative including a 3D printed piece. This
anecdote describes the design process and materials used. The enclosure described here
was made using 3D modeling software, slicing software was used to produce G
 -code, and
finally the enclosure was printed on an open source 3D printer. Chapter 8 provides links to
the open source 3D modeling and slicing software packages.

Figure 6.5 3D printing the enclosure.
(Source: Image C
 C-BY-SA Jason Brownstein)
(continues)
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When stepping through the design process, many iterations were made to the enclosure to improve its functionality, rather than the overall aesthetic. Beginning with the documents and Blinky Buildings board dimensions, constraints were established on the design
of the enclosure. The purpose of this enclosure is to extend the current shape profile and
complement the blinkiness. The dimension tool in the board’s Eagle file can be used to
obtain the exact dimensions of the board, which becomes the minimum dimension of the
enclosure and forms the cavity. Keeping with the building theme, the enclosure profile
was chosen to match the board dimensions, with a wall thickness of 2 mm or roughly
1/16 inch. This wall thickness allows for a rigid part, but permits some minor flexibility
that will be utilized later in the design process.
Several iterations were made to enable the removal of the board from the enclosure,
while still accessing the switch. The first iteration of the design had two full-length tabs on
the top and bottom of the enclosure to hold the circuit board. However, with a full tab, the
switch on the board would not allow the board to tilt into place. A modified route was then
taken in the second iteration in which s
 nap-fit features were used on the inner side walls
of the enclosure. These lofted extrusions on each wall of the enclosure allow the board
to slip over it and be retained. However, the s
 nap-fit features were still too tight to get the
circuit board in and out. Thus part of the bottom tab was removed so the board could slide
into place.
Figure 6.6 contains three images of the iteration process, moving from the initial model
to the final model. The files to print this enclosure for the Blinky Buildings kit are provided
at www.bit.ly/blinkybuildings. The print files are licensed as C
 C-BY-SA Jason Brownstein.

(a)

(b)

(c)

Figure 6.6 (a) First version. (b) Second version. (c) Third version.
(Source: Images C
 C-BY-SA Jason Brownstein)
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To complement the blinkiness of the board, materials selection was considered as
part of the design process. Clear plastic filament is available for use on 3D printers but it
differs in transparency. A trial print was completed with standard clear PLA available from
Lulzbot, and the result was considered acceptable. In the second iteration, T -Glase Nylon
clear filament was used. This filament was chosen because of its optical properties, which
enable it to carry light in much the same manner as fiber-optic cable. The T-Glase made
the PLA look slightly dull in appearance. The appearance of the T -Glase diffused the light
much better and provided an almost shiny finish to the enclosure. But with any change in
the design process comes consequences, which may cause you to rethink another aspect
of the design or manufacture. When using PLA, the settings are relatively standard for the
Lulzbot, and the printing operation was executed with a high success rate. By comparison, the T -Glase nylon required reworking the settings, including increasing the extruded
temperature, slowing the print head movements down by more than half the PLA speed,
increasing additional cooling with use of the onboard fan, and adjusting the extrusion layer
height. Each of these settings ensured the print layers fused together well, while minimizing shrinkage and unwanted slanted enclosure walls. Print one off for yourself or make a
derivative!

Making a Derivative of This Kit
All of the files to r e-create this kit or make a derivative of this kit live at www.bit.ly
/blinkybuildings. These files are licensed as CC-BY-SA Alicia Gibb. (Remember, if you
make a derivative of this project, you cannot include a noncommercial or no-derivatives
clause to the source files or hardware.) Whether you change functions in the schematic,
change the board form factor, or change the economics of the project, feel free to make
derivatives! Turn your board into another building in your city or a landmark that is near
and dear to your heart. Make the building roll away on wheels or create a glow-in-the-
dark version by 3D printing a new case. Use it as a nightlight, a flashy model train landscape, or just a means to impress your friends!

Giving Correct Attribution: An Example
Earlier in this chapter, the “Giving Correct Attribution” section discussed what giving
correct attribution means. This section shows you what correct attribution looks like.
Blinky Buildings is a communal descriptive title of this product that you can use—but
be aware that having a communal project name is not always the norm. However, the
same is not true of my name, Alicia Gibb; my company, Lunchbox Electronics; or my logo.
Only I can use my name, along with other people named Alicia Gibb. But I’m the only
person who can use my company name or my logo; even other people named Alicia Gibb
cannot use my company name or logo. This is why the board contains the following text:
By Alicia Gibb ← remove my name for derivatives and put your name, logo, or trademark
in its place. Follow these instructions and place your own name or logo here and move
my name (and the names of the other original creators) to an attribution section in the
README.txt for your derivative.
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When working on my Blinky Buildings projects, I leaned heavily on what has already
been created within the open source hardware community. I have no idea how to figure
out the code and schematics for charlieplexing, but I wanted to drive 20 LEDs off a small,
low-cost chip. When I discovered a project close to my needs, I looked at the licensing to
ensure I could use it openly, and I looked at who was behind the project to give correct
attribution. I had to do a little Internet digging, but found both of the respective creators
on Twitter and contacted them to ask permission to use their work (even though it was
already licensed as C
 C-BY-SA, I wanted to ensure it would be okay to write about in
a book) and for their preferred name/handle. When you contact someone to tell them
you’re using their open source hardware, you’ll probably make their day. One reason to
open source your hardware is to allow it to grow and change in ways you never expected.
Here is an example of how to correctly give another creator attribution on your project. This is the attribution section of the README.txt for my project:
Attribution –
The code for this project was downloaded from http://code.google.com/p/avrhardware-random-number-generation/ Original code by Geoff Steele, altered by
commenting some code out to blink LEDs on and off by Alicia Gibb.
The original Fritzing design of charlieplexing 20 LEDs was downloaded from
http://fritzing.org/projects/charlieplex-snowfallshooting-star-20-leds by Davy
Uittenbogerd. Alicia Gibb drew this schematic in Eagle and altered it into the
Empire State Blinky Building form factor.
The original code and the hardware files are both under a 
CC-
BY-
SA creative
commons license.
Code: 
CC-
BY-
SA: Geoff Steele
Fritzing layout: 
CC-
BY-
SA: Davy Uittenbogerd
Blinky Building schematic, board file, and BOM: 
CC-
BY-
SA: Alicia Gibb

I didn’t take either source’s names, logos, or trademarks and pass them off as my own.
Instead, I gave credit for their work by acknowledging the work they created. The standard
procedure for open source hardware is to include attribution both in the README.txt
and in the software comment block. (For more information on README files, refer to
Chapter 14, Taxonomy of Hardware Documentation.)
Onboard Byline
The physical board carries only my name, because putting the entire README file, or
two other names, on the board file would take up too much space. Physical objects have a
footprint with limited space for attribution, a fact that is well understood by the hardware
community. There is usually not enough room on the piece of hardware itself to write the
names of everyone who worked on it, including the original creators.
Figure 6.7 shows the open source hardware logo front and center on my board, so ev
eryone who sees it will know it follows the Open Source Hardware Definition and can be
copied under those terms. My board has the attribution text reflected in Figure 6.7: “By
Alicia Gibb ← remove my name for derivatives and put your name, logo, or trademark in
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Figure 6.7 Byline on the board file in Eagle.
(Source: Figure C
 C-BY-SA Alicia Gibb)

its place.” These are instructions on what to do when creating your derivative. In other
words, the attribution on the board you create should read: “By: [Insert Your name here].”
But unless you are Alicia Gibb, do not use that name!
Notice that on the board I used the open source hardware logo and the word “By”
instead of C
 C-BY-SA. This usage is meant to alleviate any confusion about copyright
claims. The physical hardware is not under copyright, so a CC license would not be applicable. CC licenses can be applied only to the source files and documentation, so I did
not reflect the CC-BY-SA terms on my board for clarity of separating the IP that protects
written documents and hardware. The term “By” does not close down my board, but patenting it would. Generally, creators do not bother to include “By” on their boards, but for
the exercise of creating derivatives I wanted to spell out all the elements associated with
attribution.
The open source hardware community does not yet have a standard for applying an attribution icon with the open source hardware logo. Over time, the community will most
likely come to some sort of consensus as to how the open source hardware logo and other
terms should be displayed, along with other conditions such as attribution.

Summary
By now, you should understand how to make a derivative of open source hardware, and
be aware of the issues and benefits surrounding derivatives.You can create your own derivatives of the Blinky Buildings kit using the source files highlighted in this chapter and
available at www.bit.ly/blinkybuildings. If you create a Blinky Buildings derivative, please
email me at amgibb@gmail.com so that I can link to your building as well!
Remember to read the licenses of the original creators when making derivatives and
follow the license terms. The most important issue that open source hardware faces with
respect to derivatives is giving correct attribution without copying a trademarked logo or
name.You can help open source hardware become a stronger brand by taking care to give
attribution without infringing on another person’s trademark.
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11
Personal Manufacturing
in the Digital Age
David A. Mellis

“From my point of view, the greatest developments to be expected
of technics in the future . . . will not be, as we are usually led to
think, in the direction of universalizing even more strenuously the
wasteful American system of mass production: no, on the contrary,
it will consist in using machines on a human scale, directly under
human control, to fulfill with more exquisite adaptation, with a higher
refinement of skill, the human needs that are to be served. . . . Much
that is now in the realm of automatism and mass production will come
back under directly personal control, not by abandoning the machine,
but by using it to better purpose, not by quantifying but by qualifying
its further use.”
—Lewis Mumford, Art and Technics (1952)

Digital technology is enabling new alternatives to industrial production. Computer-aided
design (CAD) tools encode objects as information, allowing their designs to be freely
shared online—the practice of open source hardware. Digital fabrication machines turn this
information into objects, allowing for precise, one-off production of physical goods. A variety of sophisticated off-the-shelf electronic components enable complex sensing, actuation,
communication, and interfaces. Together, these technologies enable individuals to produce
complex devices from digital designs, a process we can think of as personal manufacturing.
Because open source hardware involves treating physical objects as digital information,
it suggests that we may be able to apply principles and practices from other kinds of online collaboration to the design of hardware. Open source software, Wikipedia, and other
digital artifacts incorporate the creativity of many different individuals working without
the direction of markets or firms, a process known as peer production. It works because
the means of production of digital g oods—computers and software—are widely distributed, the Internet makes communication and coordination efficient, and the work can be
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divided into pieces that individuals can choose to work on based on their own interests,
needs, and abilities. The extent to which peer production can apply to hardware will shape
the extent to which this approach can provide a viable alternative to mass production for
the technology in our lives.
To make electronic devices amenable to these peer production approaches, we need to
design with them in mind. This process yields devices that look very different than ones
that are industrially produced. Such devices are optimized for translation from the digital
design to the physical object. They make use of a variety of processes, from the much-
hyped 3D printing to the more prosaic (but potentially more useful) techniques of laser
cutting, CNC milling, and circuit board fabrication. They allow for a variety of materials
and aesthetics. They can be adapted by individuals for their own needs and interests. They
allow for different business models, in which objects can be made on demand or in small
quantities to serve specific markets or particular individuals.
Of course, none of this eliminates the need for individual skill, whether in the design
process or in the use of the fabrication machines. Good CAD tools can make the process
easier, but translating an idea into concrete form requires many decisions and compromises that rely on human skill, experience, and intuition. Similarly, making effective use of
a fabrication machine relies on knowledge of its configuration, operation, limitations, and
quirks. Technology offers possibilities, but people turn those possibilities into reality. Similar considerations exist in open source software, where peer production doesn’t eliminate
the need for expertise on the part of contributors but rather provides new ways of organizing and combining those individuals’ skills and efforts.
The two case studies discussed in this c hapter—dealing with Arduino boards and
my own consumer electronic d evices—illustrate different possibilities and limitations of
working with these techniques. Together, they illustrate this new personal manufacturing
ecosystem, highlighting its implications for product design, for collaboration, and for business. They show some of the ways that digital technology can transform the production
of objects, but also indicate some of the constraints derived from industrial systems that
persist in personal manufacturing. They provide some hints of what a peer production
ecosystem for electronic devices might look like, yet also point out some of the difficulties
to be overcome in creating one.
The next section gives an overview of personal fabrication and the considerations involved in going from an open source hardware design file to an actual physical object. This
discussion is followed by the two case studies. The lessons from the case studies are used
to derive some general principles for open source hardware and personal manufacturing.
Finally, I conclude with some questions and thoughts for the future.

Personal Fabrication, Processes, Parts,
and Materials
Digital fabrication machines translate open source hardware designs into actual physical
objects. In theory, this process depends only on the digital file and the choice of fabrication machine, allowing for iteration and refinement through successive changes to the file.
In practice, though, the constraints and intricacies of various fabrication processes mean

M11_GIBB6045_01_SE_C11.indd 154

14/11/14 2:54 AM

Personal Fabrication, Processes, Parts, and Materials

155

that a certain amount of skill is required to use the machine and that the results can vary
each time. As a result, open source hardware depends on the selection of appropriate processes and effective use of them. This section discusses some of the considerations involved
in various popular fabrication processes.

3D Printing
The purest of these digital fabrication processes are the various forms of 3D printing.
These turn digital design into physical objects by gradually adding material in the desired
locations, allowing for a wide range of possible geometries. The term 3D printing encompasses a broad range of machines, from personal plastic printers costing a few hundred
dollars to industrial machines that sinter metal and cost hundreds of thousands of dollars.
Different machines work with different materials and offer different resolutions and tolerances. The materials may have different strengths, optical properties, appearances, finishing
possibilities, and so on. Depending on the object being fabricated, some or all of these
characteristics may be crucial to creating a useable result. In designing and sharing objects
for 3D printing, therefore, it’s important to specify not just their geometries, but also the
required tolerances, materials, and other c haracteristics—most of which are less easily captured in digital form. In addition, many 3D-printing processes need some form of manual
post-processing, such as removal of support material, finishing, or curing. These require an
operator with appropriate knowledge and skill—and can create variations from one print
to the next, even with the same file and machine. Finally, 3D printing technology is evolving and diversifying rapidly. For all these reasons, it’s important not to think of 3D printing
as a way to automatically create things from information, but rather as a material process
with specific qualities and affordances.

Milling and Cutting
Other fabrication processes work by cutting or removing pieces of a larger stock material.
Laser cutters cut 2D shapes out of plywood, cardboard, acrylic, and other flat materials.
Vinyl cutters do the same, but with a knife that cuts through thin materials like paper or
adhesive-backed vinyl. The water-jet cutter handles stronger and thicker materials like
wood, metal, and glass, cutting with a stream of hard particles in a powerful jet of water.
CNC (computer-numeric control) machines, like mills or routers, work in three (or
more) dimensions, removing material from solid blocks of stock with a variety of cutting
bits. They are often capable of very precise operations, albeit only within specific axes of
movement. Compared with 3D printers, these cutting and milling tools have the advantage of being able to work with a variety of existing materials, including natural ones with
complex structures that are difficult or impossible to replicate with the homogenous stock
of most 3D printers. They are more limited in the geometries they can produce, however,
and often require more steps in fabricating or assembling the parts.
In addition to specifying the geometry of the design itself, it’s important to be explicit about the nature of the stock material and the characteristics of the cutting process.
Whether two parts p ress-fit tightly together, slip past each other, or don’t fit at all depends
as much on the precise thickness of the stock (which can vary even across nominally
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equivalent materials) and the thickness of the cut as on the shape in the file. Some constructions may be infeasible to achieve given the tolerances of a particular machine. (Laser
cutters may yield slightly different cut thicknesses on different sides of their working area;
water-jet cutters can give rough, nonvertical edges, for example.) Traditional engineering
drawings often capture the required tolerances for various surfaces and the material to be
used. A quickly created CAD file used for a prototype and then thrown up on a webpage
may not. Parts might be sanded, glued, pounded together, or otherwise tweaked in ways
not reflected in the design files. Generating tool paths for a CNC machine is a complex
process with a significant impact on the form and finish of the resulting object; this complexity may not be possible to capture in a way that can be easily shared with others, particularly if they are using a different machine. Finishing and assembling parts created with
CNC devices requires careful craft, which might be difficult to communicate or learn. All
of these factors need to be kept in mind when designing or sharing a digital file for someone else to replicate.

Other Fabrication Machines
A variety of other digital fabrication processes exist, each with its own affordances and
constraints. For example, a host of machines are available for working with soft materials:
CNC embroidery machines apply custom designs to fabric, knitting machines generate
colors and constructions based on digital files, and Jacquard looms are possibly the oldest
digital fabrication machines in existence. Industrial production uses a variety of automated
machines, including robot arms and other adaptable parts of an assembly line. Furthermore, as digital fabrication becomes more established, more people are creating their own
machines for custom purposes of various kinds.

Printed Circuit Boards and Electronics
The production of printed circuit boards (PCBs) can also be considered a digital fabrication process—and a relatively mature one. Digital designs are etched from copper or other
materials using a photographic process, then covered with an isolating layer and text and
other annotations. While the processes for creating circuit boards in this way are generally
toxic and the automated systems for doing so are expensive, many services will produce
PCBs on demand for individual customers with small or nonexistent minimums and
standard specifications and tolerances. (As a board’s specifications get more demanding,
however, costs can increase, sometimes dramatically.) Circuit boards can also be manually etched or milled on a CNC machine, processes that are more directly accessible to
individuals but also less robust and precise. While some circuits are sensitive to the precise
characteristics of circuit board’s substrate or the exact tolerances of the fabrication process,
a great many can be shared with relative confidence that they will work when made on a
different machine from a different provider.
In reproducing circuits, then, the main difficulties are typically getting the necessary parts and assembling them. While vast quantities of components are available to
individuals—and many distributors specifically target hobbyists—advanced parts with
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specific functionality may not be accessible. These may be simply impossible to purchase,
require an extended procurement process that makes replication infeasible, or be difficult
or impossible to assemble with the processes available. As parts are optimized for size and
automated assembly, they become harder for individuals to work with. Even easier-to-
solder parts rely on manual skill and the knowledge to troubleshoot problems. Different
electronic components may be available or preferred in different locations. Parts may go
out of stock, become obsolete, or cease being made altogether. All of these factors mean
that while making a PCB may be a robust and accessible process, much work must be
done to ensure that individuals are able to replicate a complete electronic circuit for
themselves. (It’s also worth noting that while the problem may be worse for electronic
components, other materials—such as plywood or 3D printer stock—are also industrial
products and may not be available everywhere or all the time.)

Access to Fabrication
Access to digital fabrication processes comes in a variety of forms. Some machines, particularly 3D printers and vinyl cutters, are being targeted at individual consumers via
low-cost, easy-to-use models. Local workshops, whether at schools, libraries, community
centers, or commercial locations, provide access to larger, messier, and more expensive
machines. They also offer opportunities for people to learn how to use the machines and
can provide a community of like-minded individuals. Online services offer an alternative
for those without local, h
 ands-on access. They can provide a larger variety of processes and
materials than those found in a single workshop and obviate the need to learn to operate
the machines directly. On the downside, the time required for parts to be produced and
shipped—and the lack of direct control over the process—can make it harder to iterate
and refine designs when using an online service. Additionally, online services generally involve higher per-part prices than direct machine access, since they need to cover the cost
of the machines, labor, and infrastructure required to support the service.

Case Studies
There’s a lot more to open source hardware than just the fabrication and electronics technology. The following case studies draw on my personal experiences with open source
hardware to discuss some of the r eal-world issues involved. The first case study looks at the
Arduino electronics platform, a w
 ell-known open source hardware project. The second
case study discusses my research at the MIT Media Lab, building open source and DIY
consumer electronic products.

Case Study: Arduino Microcontroller Development
Boards and Their Derivatives
Arduino is a platform for building interactive objects. It consists of microcontroller-based
circuit boards and the software for programming them (both of which are open source),
along with relevant documentation and community support.
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Arduino builds on the work of many other projects, including the Wiring electronics
prototyping platform, the Processing development environment, the GNU C Compiler
(gcc), AVR libc, avrdude, and more. Since the Arduino electronics prototyping platform
started in 2005, it has spawned and participated in a diverse ecosystem of software, hardware, communities, and companies. The relationships between the various actors in the
Arduino ecosystem take many different forms: some specifically relate to the open source
nature of the Arduino hardware, others reflect its open source software, and still others
are based on more traditional business factors. As a co-founder of Arduino, I’ve witnessed
many of these stories over the years. This case study attempts to make sense of the lessons
of Arduino for open source hardware and personal manufacturing.
Because the original Arduino circuit boards are relatively simple, were created with a
low-cost circuit design tool (Eagle), and use widely available parts, it’s relatively straightforward for someone to make their own versions of them. This has led to a proliferation
of Arduino derivatives, with a number of different modifications. These boards reveal an
open source hardware ecosystem with a very different structure than that of most open
source software projects. Successful open source software projects typically involve decentralized collaboration efforts, in which a number of individuals contribute to a single body
of source code. The derivatives of the Arduino hardware, in contrast, tend to be produced
by a small group of people, often the same ones who sell the resulting product. These
derivatives often undergo few public revisions, even though some have remained available
for purchase for a number of years. Moreover, relatively few changes have been contributed back to the design of the official Arduino boards. Overall, the derivatives constitute a
diverse set of alternatives from different producers, in contrast to the centralized codebase
that seems to prevail in most open source software projects (including, in many respects,
the Arduino software itself ). While some derivatives (like the LilyPad Arduino) have been
incorporated into the official Arduino product line, very few (if any) modifications have
been contributed to existing boards.
There are multiple obstacles to collaboration on centralized hardware designs that go
beyond the need for human skill and motivation common to other domains (like open
source software). One is the difficulty and expense of fabricating and assembling boards.
Soldering them by hand can be done in small quantities (facilitating changes and the
creation of unique variations) but is time consuming, error prone, and limited in the
parts it can work with. Automated assembly is more efficient but typically requires larger
quantities, limiting the frequency of changes to the circuit’s design. Even worse, it can be
difficult to switch between these approaches because they may require the use of different
components.
Another obstacle is the relative unavailability of tools for tracking and merging changes
to the design of circuit boards. Open source software has robust version control tools that
allow the tracking and merging of changes by many different people. The free and low-
cost circuit design tools used by most of the people designing Arduino derivatives don’t
provide automated methods for viewing or merging changes. Without these capabilities,
the process of proposing changes to the design of an Arduino board is one that in many
ways fails to take advantage of its digital nature. That is, you describe the change you’d
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like to see and rely on the original designer to re-create it for themselves, if desired, rather
than providing a digital encoding of the change that can be automatically previewed and
merged. This lack of easy methods for merging the efforts of multiple individuals reduces
the viability of peer production for electronic circuits.
A final obstacle to centralized collaboration is the complications relating to the role
of money and business in the production of hardware. When developers have to invest
money and time in making and testing changes to the design of a circuit, they may be
motivated to recoup those investments by selling their own version of a product rather
than contributing their changes back to the original producer. This can create confusion
around identity and branding as well, as it can become challenging to distinguish between
boards of similar or identical design from different producers. As a result of these complications, Arduino has trademarked the Arduino name, using it to identify only products
made by the company. This decision was initially contentious but since seems to have
become an accepted practice.
The Arduino ecosystem also points out the importance of open sourcing the complements to the hardware itself. Because the Arduino software is open source (as are its underlying software tools), it gives the makers of derivatives a platform that people can use to
program their boards. This factor has slowly pushed the Arduino software to become ever
more general; it originally supported only a single AVR processor, then spread to most of
the AVR product line, and now can support multiple processors with completely different
architectures. This provides a uniform, centralized software platform for the whole ecosystem of derivatives. It also allows others to customize the software along with the hardware,
adopting it to both specific uses and available resources. Online documentation (especially
if liberally licensed) also makes it easier to support a new board, as that product doesn’t
need to be documented from scratch. This open source software and documentation,
combined with accessible circuit board fabrication and electronic components, together
yields a healthy ecosystem of Arduino derivatives and alternatives.
It’s not clear what the relative importance of these various factors has been in promoting the vibrant Arduino ecosystem that exists today. Certainly, the Arduino software
is more sophisticated (and, therefore, would be more difficult to re-create from scratch)
than the basic Arduino c ircuits—and, in many cases, the derivative circuit designs have
been re-created from scratch rather than derived from the files for the original Arduino.
In theory, if the Arduino software were simply flexible and extensible, but not actually
open source, it could still support a variety of derivatives of the Arduino hardware. In
practice, it seems clear that many of the improvements that have been contributed to the
software (including those for better support of third-party hardware) have relied in various
ways on the fact that the code for the software is available. It’s hard to guess which kinds
of extensibility people will need, and we probably would have done a bad job if we had
tried to predict those directions; instead, individuals have been able to modify the Arduino
software in whatever ways they needed and the most useful of these changes have been
merged back into the main codebase.
In short, it’s difficult to separate electronic devices from the software that works with
them. On the one hand, open sourcing just the hardware limits the modifications that can
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be made (without requiring reimplementation of the software). On the other hand, if the
software is open source but the hardware isn’t, it might not be clear that derivative designs
are allowed. Thus open sourcing the hardware can help make it clear that it’s acceptable
to create derivatives of or add-ons to an electronic device. In addition, the design files can
serve as a de facto specification and reference, facilitating the creation of compatible products. In general, the more aspects of a device’s design are shared, the more likely it seems
that others will reproduce or modify it.

Case Study: Open Source Consumer Electronic Products
While Arduino has demonstrated that open source hardware can create a thriving ecosystem, it’s sobering to note that the vast majority of devices that people use remain
proprietary. In my research at the MIT Media Lab, I’ve been researching the possibilities for people to build devices for use in their daily lives. I started with well-known
consumer electronic products: a radio, speakers, a mouse, and, most recently, a cellphone
(Figure 11.1).

(a)

(b)

(c)

(d)

Figure 11.1 (a) A radio. (b) Speakers. (c) A mouse. (d) A cellphone.
(Source: Images C
 C-BY 2.0 David A. Mellis)
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I design the products, prototype them, and use them in my life. In workshops, I help
others to make and modify the products for themselves. In general, I try to start from
technologies that are accessible to individuals and find ways to put them together into
robust and attractive devices. This requires integrating the enclosure, electronic circuit, and
embedded software into a complete p roduct—and doing so in a way that lends itself to
replication and modification by other individuals. It also means designing specifically for
personal fabrication, which has very different opportunities and constraints than the mass
production that creates most of our electronic devices.
Electronics
For the electronic aspects of a device, determining the core functionality, interface, and
components is an important first step in the design process. Knowing the parts that will
compose a device gives a general sense of the required form and shapes the specifics of the
electronic circuit. For example, in the speakers, the decision to use three AAA batteries as
the power source placed constraints on the size and shape of the speakers and on the design of amplification circuit. Component selection is also crucial for mass-produced devices, of course, but many additional constraints apply when designing devices for personal
fabrication. The components have to be available to individuals and possible to assemble
without expensive machines or processes. Often, there are limited possibilities available,
especially for key components. The radio, mouse, and cellphone all have, at their core, an
electronic part that performs much of the basic functioning of the device (receiving radio
signals, interpreting the mouse movements, or communicating with the cellular network).
For all three, I’ve had problems finding or maintaining a supply of these core components:
the radio receiver and mouse chip that I used have since become unavailable and the cellphone module may become obsolete as cellular networks are upgraded.
This experience points out the essential role that industry can play in DIY: the components it makes available shape the devices that individuals can make for themselves.
(There are efforts to produce open source or DIY implementations of core technologies
like microcontrollers and cellular baseband modules but, in general, these don’t yet seem
to offer a feasible alternative to commercial components.) For these reasons, the personal
fabrication or DIY process is perhaps better viewed as an individual’s ability to assemble
the available technologies into a desired product rather than the ability to make everything
oneself, from scratch.
The limitations on component selection need to be considered when designing the
circuit. For example, with the cellphone, I had to carefully balance the functional requirements against the overall size of the circuit board to yield a usable device. This imposed
severe limitations on the functionality: the screen (an LED matrix) shows only eight characters at a time and there’s no headphone jack, loudspeaker, removable storage, or many
other common features. Even so, the phone can send and receive calls and text messages,
keep time, and function as an alarm clock, which is enough functionality for me to have
used it as my main phone for the past year. Cramming in more functionality may have
made the device too big or fragile to actually use.
Being selective about the functions I needed (and being able to choose them for myself) allowed me to find a compromise that worked for me. In addition, because I faced
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similar constraints on component selection as many other hobbyists, I ended up using
components for which I could download open source libraries. I was also often able to
find existing circuit designs incorporating the same parts, which I could use as a reference
in designing my own board.
Developing successive versions of my devices has also shown me that it’s important to
design your circuit boards with iteration in mind. Building extra flexibility into a design
speeds up the process by making it possible to try out different forms and functions without having to fabricate a new board. For example, breaking out additional microcontroller
pins, allowing for multiple types of power, and providing different mounting options can
allow the board to be used in new and unexpected ways. Another approach that’s sometimes useful is to provide a footprint on the board for some parts but not actually solder
them on unless they’re needed. These development techniques mean that you can try out
new variations on a device’s form and function without having to wait for a new circuit
board to be fabricated, assembled, and tested.
Finally, while the design files for a device capture the components selected, they don’t
necessarily document the requirements or tradeoffs that led to those decisions, which may
make it more difficult for others to create their own modifications of the device. In the
cellphone, for example, I restricted the circuit to components shorter than 6 mm so that
they’d fit within the laser-cut enclosure. This decision isn’t shown in the circuit’s design
file but is an important constraint on the components that can be used.
Enclosures
Most of my devices have been housed in cases made on the laser cutter. This has allowed
me to use natural materials, such as wood and fabric, that are rarely seen in commercial
devices. It has, however, required finding clever ways to combine the flat pieces made by
the laser cutter into three-dimensional objects. The radio and speakers use two parallel
laser-cut plywood faces connected by struts. The faces are then wrapped with another
material (either fabric or veneer). For the cellphone, I’ve sandwiched the circuit board
with two pieces of plywood and then covered them with veneer. (In general, I’m not a
fan of the finger-jointed boxes found in many laser-cut projects.) All of the designs have
fairly simple contours, making it fast to laser-cut them. That constraint has allowed me to
quickly iterate through designs by actually making them and seeing how well the parts
fit together and how they relate to the electronics. Because the parts are designed in a
simple, open source 2D drawing software (Inkscape), they are relatively easy for someone
else to modify, whether by simply adding personal text to be engraved or by changing the
overall form.
Another approach, which I used for my computer mouse, is to model the circuit board
in 3D (using Rhino or similar software) and then use it as a reference when designing the
enclosure. This strategy takes advantage of the relative flexibility of 3D printing and the
resulting ability to visualize the desired object in software. In addition, 3D-printing parts
can be relatively slow, particularly if you are using a high-end machine via an online service. By working in CAD before printing the enclosure, it’s possible to experiment with
various designs and iterate on their form and relationship to the electronics. Because this
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process uses more sophisticated 3D modeling software, it tends to be more difficult for a
novice to modify the design of the enclosure, even in a simple way. Conversely, experts
can capture more of their work in the 3D model, potentially achieving greater leverage of
their skills as they share those models with others.
Assembly
I’ve tried to take advantage of the manual assembly required for my devices by using this
step as an opportunity to engage people in their design and production. The radio and
speakers include a fabric element that can be chosen by the individual making the device,
giving it a unique appearance and personal significance. Other users, particularly those
with prior CAD experience, have created more distinctive variations on the design of the
products—creating an o
 wl-shaped pair of speakers, in one case, or producing cellphone
enclosures from a variety of materials. Assembling a device offers an opportunity and an
engaging context for learning or practicing various skills, such as soldering or hand work.
Many of the participants in my workshops are motivated by the desire to create a finished
device but, in the process, gain experience with and appreciation for the skills involved in
the process. In addition, the mere fact of putting an object together for oneself can invest
it with a meaning not present for purchased products.

General Principles
The case studies suggest that there is more to making an open source hardware project
successful than simply sharing its design files. These guidelines attempt to distill their lessons in ways that can be applied to other open source hardware efforts:
■■

■■

Use standard parts and materials (in conjunction with your open source design files). For
others to make use of an open source design, they need to be able to get the parts
that it relies on, whether those are electronic components, screws, stock material,
or something else. The more standard and widely available the parts you use are,
the easier it will be for someone else to reproduce your design. That might require
foregoing components that are convenient for you if they’re not available to others.
Note that this guideline is in some ways opposed to some quick prototyping techniques, which may favor the materials at hand regardless of their future availability.
Understand and design for the fabrication process used. Different fabrication processes are
good for different things—and they also have different processes and constraints. By
designing for a specific fabrication process, you can take advantage of its strengths,
avoid its weaknesses, and optimize for its parameters. Be specific: different kinds
of 3D printers have very different possibilities, as do different stock materials that
you might cut with a laser cutter or CNC machine. Working with a particular
machine or process as you iterate on your design allows you to learn the capabilities of the machine and ensure that your designs are compatible with it. Of course,
other people trying to reproduce your design might not have access to exactly the
same machine or process, so try to find ways to avoid relying too heavily on individual quirks or features. Pay special attention to the tolerances of your chosen
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■■

■■

■■

■■

fabrication process. Don’t create designs that rely on a precision that’s not possible
to reliably achieve with the machine (e.g., if you have to laser-cut 10 parts to get
2 that actually work, you might want to rethink your design). Hand-soldering is
not a particularly exact process; when designing enclosures for a circuit, remember that some components may not end up exactly where the design file specifies
they should.
Pursue unique meanings, functions, and aesthetics. The power and efficiency of mass
production make it difficult to compete with this approach on its own terms. Instead, try to find unique values for your open source devices. Those might come
from solving a problem that’s of interest to only a small group of people, albeit possibly of great value to them. It might mean using unusual materials or aesthetics to
differentiate your devices in ways that might not appeal to a mainstream consumer
but might be appealing to someone looking for an alternative. Or the unique value
might simply flow from finding ways to meaningfully involve individuals in the
production of the devices. Take advantage of the fact that personal fabrication allows
you to make devices in small quantities to find audiences that aren’t well served by
existing commercial products.
Find ways to make iteration faster, cheaper, and easier. A key benefit of digital fabrication
is that every part it produces can be different. To take full advantage of this ability,
find ways to iterate on your design rapidly. Getting direct access to a laser cutter, for
example, might mean you can try out a few designs in an afternoon instead of waiting a week or two to get a single one in the mail. Similarly, having the electronic
components on hand to solder them to a newly fabricated circuit board will allow
you to test that board more quickly and update its design accordingly. Identify the
biggest barrier or barriers to iteration and try to find ways to remove them, whether
by getting hands-on access to a machine, using software tools to refine your design
before fabricating it, or being able to modify or update a part after it’s been made.
Open source the complements to the hardware itself. Someone who wants to re-create
or modify your design will likely need more than just a raw CAD file. Provide
whatever additional information seems likely to be useful—for example, parts lists,
assembly instructions, firmware, and user documentation. Furthermore, by providing the original sources for these additional resources (not just compiled binaries or
hard-to-edit documents like PDFs), you enable others to update them together with
your hardware files when creating new variations on a design.
Clearly distinguish between open source design files and the products based on them. Selling
a physical product is very different from sharing a hardware design file, even if the
former is based on the latter. Someone who buys a product may have higher expectations for its functionality, reliability, and safety than someone who makes a device
for himself or herself based on your design. If you make and sell products based on
someone else’s design, be sure to distinguish between the two, making it clear that
the product is from you but giving credit to the original designer.
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Questions for the Future
Even if we continue to improve our practices along the lines suggested in the general principles, it’s not clear what the future holds for open source hardware and personal manufacturing. The pace at which technologies of digital fabrication and embedded computation
are evolving shows few signs of slowing down (notwithstanding the impossibility of the
exponential growth of Moore’s law continuing forever). The extent to which these improvements will extend the capability of individuals and the possibilities for open source
hardware, however, is not so easy to predict. Here are three questions about the future of
open source hardware and personal manufacturing—questions that I hope will encourage
us to think about the future we’d like to see and to work toward making it a reality:
■■

■■

■■

Will the technologies that can be made by individuals keep pace with those produced by large
companies? Although technology continues to improve, it doesn’t necessarily do so
in ways that are accessible to everyone. As a result, it’s unclear to what extent open
source, DIY, and peer production will be able to keep up with the devices that are
produced and sold by large companies. While the potential scope of open source
hardware continues to expand as technology improves, the gap between it and proprietary products may limit the extent to which it can serve as a feasible substitute
for them. We should remember that the decisions we make influence the potential
scope of open source hardware. If we encourage manufacturers to make their technologies available, support open tools, make use of open standards, and make our
own hardware open source, we can expand that extent to which individuals are able
to create, modify, and control the technologies they use in their lives.
Will peer production of open source hardware improve? Although there are exceptions,
open source hardware currently seems less likely than other domains (e.g., open
source software) to involve collaboration between many individuals on a centralized design or repository, in which small contributions are combined together into
a complex whole. Although there are many reasons for this pattern, if open source
hardware is to thrive, it seems crucial to facilitate better collaboration between large
numbers of distributed and diverse individuals. This will require improved tools,
more efficient processes, and, perhaps most importantly, a focus on fostering communities that have a shared interest in the development of open source hardware.
Will the culture of open source hardware expand to include new people and applications?
Although digital fabrication and embedded computation allow for a wide variety
of activities and outputs, it’s easy to get caught up in the technologies themselves
as opposed to their many contexts and applications. For early adopters, an interest
in the technology itself can be helpful, as its uses may not be immediately clear or
accessible. Even so, this emphasis on technology for technology’s sake will not appeal to everyone. Thus, as we think about the future of open source hardware, we
should remember to not just play with the technology, but also find ways to make it
relevant and useful to new people and situations. In part, this evolution may happen
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naturally as technologies mature and we come to take them for granted, but it also
relies on those of us with early access to and expertise in technology to think about
how to make it relevant and useful to others.
Depending on the answers to these questions, the future of open source hardware and
personal manufacturing may look very different. My hope is that we will find ways to
make them increasingly relevant and valuable, by expanding the technologies they can
make use of, the collaborations that can produce them, and the applications and contexts
to which they can be applied. If our practices can keep pace with the growth of technology, open source hardware should offer a powerful alternative to mass production for the
technology in our lives.

Summary
Personal fabrication offers a potential alternative to mass production for the creation of
hardware. This requires effective use of the available fabrication processes, such as 3D
printing, laser cutting, and printed circuit board fabrication. As the Arduino case study
demonstrates, the success of open source hardware also depends on a number of other
factors, like the complements of the hardware itself and the business decision of various
actors. Bringing open source hardware into our daily lives (as I try to do in my research)
requires careful design of the devices themselves and the process of involving people in
their production. Personal fabrication suggests new design principles. The effectiveness of
these, and broader questions about the future of technology, will determine the extent to
which digital technology can make peer production feasible as an alternative to mass production for hardware.
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the brand, 234–235
trademarks, 235
traditional business strategies, 233–234

Boards

Arduino derivatives. See Arduino board
derivatives.
laying out. See Replay construction kit.
layout. See Arduino board derivatives,
layout.
Bolton, Matt, 57
BOM (bill of materials)

Blinky Buildings project, 73, 75
designing hardware, workflow, 60
project element, 20
sample from the Lasersaur project,
225–226
troubleshooting, 201–203
Books and publications

“Build It, Share It, Profit,” 235, 247
Design Control Guidance for Medical Device
Manufacturers, 57
“Error Cost Calculation through the
Project Life Cycle,” 216
Getting Started with Aduino, 227
The International Journal for Service Learning
in Engineering, 268
The Long Tail, 7
Makers, 245
“Six Myths about Venture Capitalists,” 249
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CAD software. See 3D CAD software.
CC (Creative Commons) licenses

basis for open licenses, 32–33
copyright protection, 37
Centralized hub for sharing information online,
129–130
Centroid file information, 200
CERN OHL (Open Hardware license), in the history
of open hardware, 8–9
Chaffee, Macklin, 8
Change management, 57
Channels, in an open business model, 248
Checklists for OSHW

CMs (contract manufacturers), finding,
291–292
concept refinement, 289
designing hardware, 58–59
labeling hardware, 283
managing iteration, 289–290
musts and mays, 284
preparing to manufacture, 290
security do’s and don’ts, 285–286
troubleshooting, 294–295
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Checklists for OSHW, SparkFun

Checklists for OSHW, SparkFun

ancillary manufacturability standards,
293–294
core manufacturability standards, 292–293

Contract manufacturers (CMs), 168–170,
291–292
Cooper, Danese, 9
Copenhagen Suborbitals, 144

China, as manufacturing partner, 169–170

Copies, definition, 66. See also Derivatives.

Christmas tree ornament (example), 85

Copying conditionally, 38

Circuit boards. See PCBs (printed circuit boards).

Copyleft (viral) licenses, 23

Circuit diagram (illustration), for wearables, 122

Copyright. See also Patent; Trademark.

Citations (academic), 264
Citations (OSHW). See Attributions.
Clearance for screw caps, 91
Clones, 66. See also Derivatives.
Closed parts, 243–245
CMs (contract manufacturers), 168–170, 291–292
CNC (computer-numeric control) machines,
personal manufacturing, 155–156
CNC (computer-numeric control) router, products
from OSHW, 139–140
Collaboration

case study, 158–159
in an open business model, 240–241
Comment block, 71
Communication between houseplants and people,
135, 138
Community building through documentation, 229
Compilers, 46

applied to hardware, 22–23
automatic protection, 32
CC (Creative Commons) licenses, 37
conditional copying, 38
copyleft (viral) licenses, 23
definition, 33
duration of protection, 34
free-software licenses, 22–23
for hardware, 36–37
licensing, 36–37
on nonfunctional design elements, 37
obtaining, 34
open-source licenses, 22–23
overview, 33–34
vs. patents, 13, 35
permissive licenses, 23
violations, 34

Components, choosing, 86

Corona wires, 119–120

Components, sewable, 118–119

Cost of fixing mistakes, 216

Components placed per hour (CPH), 181

Counterfeit, definition, 66. See also Derivatives.

Computer-numeric control (CNC) machines,
personal manufacturing, 155–156

CPH (components placed per hour), 181

Computer-numeric control (CNC) router, products
from OSHW, 139–140

Creative Commons (CC) licenses. See CC (Creative
Commons) licenses.

Concept refinement, 58–59, 289

Credit (acknowledgment). See Attributions.

Conditional copying, 38

Critical features first, 61–62

Conductive textiles, 117
Configurations, 45–46

Crowd funding, for an open business,
249

Consortium business model, 246

CubeSats, 143

Constrained components, placing, 89

Current length, extending in wearables, 120

Consumer electronics, case study, 160–163

Cutting shapes with Blender, 103–105

Z02_GIBB6045_01_SE_IND.indd 320

Cream layer, reducing, 175
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Designing hardware

Derivatives. See also Arduino board derivatives;
RepRap printer.

of the Blinky Buildings project, 79
case study, 157–160
change categories, 66
definition, 66
examples of. See Blinky Buildings project;
LilyPad.
printing 3D designs, 100–105
printing on 3D printers, 100
processes and practices, 24–25
Derived works

as defined by OSHW Definition 1.0,
65–66
distribution terms, 15
Design Control Guidance for Medical Device
Manufacturers, 57
Design files

3D, sharing online, 133–134
auxiliary, 19
as documentation, 223–225
for Blinky Buildings, 302-309
hosting, 22
original, 18–19
Design for manufacture and assembly (DFMA),
208–209
Design for manufacturing, rule checking, 60
Design for manufacturing (DFM). See DFM (design
for manufacturing).
Design input, 57
Design output, 57
Design patents, 34
Design phase, 57
Design review, 60
Designing

hackable hardware, 215–216
for manufacturing, 174–177
vs. prototyping, 57
Designing hardware

change management, 57
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checklist of questions, 58–59
concept refinement, 58–59
constant iteration, 61
critical features first, 61–62
design input, 57
design output, 57
design phase, 57
designing vs. prototyping, 57
determining profitability,
58–59
exit strategy, 61–62
iterative design, 58–59
manufacturing package, 62
manufacturing phase, 57
potential problems, 59
processes and practices, 21–22
product definition, 56
product definition phase, 56
project phases, 56–58
prototyping, potential problems, 59
purpose, 56
recommended archives, 61
release phase, 57
requirements, 56
scope, 56
shipping untested hardware, 62
specifications, 56
testing phase, 57, 62
validation phase. See Testing.
verification phase. See Testing.
waterfall method, 58
Designing hardware

artwork. See Gerbers.
BOM (bill of materials), 60
design for manufacturing, 60
design review, 60
Gerbers (board fabrication files), 60
layout phase, 60
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Designing hardware (continued )

Designing hardware

(continued )

layout review, 60
manufacturer part numbers, 60
part PCB footprints, 60
parts library, 60
PCB layout, 60
prints. See Gerbers.
schematic capture, 60
schematic symbols, 60
schematics, 60
selecting your parts, 60
vendor part numbers, 60
Dewhurst, Peter, 208
DFM (design for manufacturing)

role in troubleshooting, 198–199
standards, 175–177
DFMA (design for manufacture and assembly),
208–209

community building, 229
design files, 223–225
distribution terms, 15
Mach 30’s rules for, 297–299
OHAI-kit, 227, 228
per Open Source Hardware Definition, 223
product webpage, 221–223
for products from OSHW, 132–133
README.txt, 220–221
requirements documents, 212
visuals, 226–227
for wearables, 120–123
Documentation, tutorials

FAQs (frequently asked questions), 229
Hello World project, 227, 229
lunch break rule, 227, 229
overview, 226–227
testing and quality control, 188

Digital fabrication machines, personal
manufacturing, 155–156

Donations, funding an open business, 250

Disaster relief, products from OSHW, 144–145

Drones, products from OSHW, 142–143

Distributing open source hardware, processes and
practices, 23

Dropbot, 150

Distribution terms

attributions, 15–16
derived works, 15
documentation, 15
free redistribution, 15
licenses, 16
necessary software, 15
non-discrimination, 16
restrictions, 16
scope, 15
technology neutrality, 16
DIYBio, 148
DIYdrones, 142–143
DMF (digital microfluidic) system, from OSHW, 150
DNA analysis, from OSHW, 149
Documentation. See also BOM (bill of materials);
OSHW Prime Directive on documentation.
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Dougherty, Dale, 7

Dry cleaning wearables, 125
Dual licensing, open business model, 243–245

Eagle PCB Power Tools, 88
Eagle program

acceptable file formats, 17
getting, 70
Import DXF Polygons, 88
importing DXF files, 88–89
Eagle program, board layout

clearance for screw caps, 91
moving from Eagle to CAD, 91
placing constrained components, 89
scale printouts, 91
spacing for programming headers, 89–91
testing for fit, 91
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Funding an open business

Eden, Sahana, 144

Filament extruder, 140–141

Education and training, selling, 248. See also
Teaching and service.

File formats, acceptable, 17

Education modular toolkits, from OSHW, 145, 147

Files, recommended for projects

EL (electroluminescent) wire, 119–120
Electric skillet reflow technique,
170–171
Electroluminescent glow, 119–120
Electronics, personal manufacturing, 156–157
Email vs. forums, 28
Empire State Building as PCB. See Blinky Buildings
project.
Employees, in an open business model,
243
Enclosures

Beaglebone Black case, 99–100
case for a PCB, 77–79
case study, 162–163
from natural materials, 162

File types for effective communication, 200–204

auxiliary design files, 19
BOM (bill of materials), 20
firmware, 20
instructions and explanations, 21
original design files, 18–19
overview/introduction, 18
photos, 20
software, 20
Firmware. See also Software, firming up.

definition, 44–45
vs. firming up software, 44–45
project files, 20
softening, 47
Floor tiles from waste products, 270

English, John, 267–268

FLORA line, 67, 118–119

Environmental preservation, from OSHW,
144–145

Footprint, reducing, 87

EOL (end of life) concerns, 175
Equipment. See Manufacturing, equipment.
“Error Cost Calculation through the Project Life
Cycle,” 216
Ethical bonuses, of an open business model,
241–242
Ewing, Tom, 279
Exit strategy, 61–62
Eyebeam workshop, in the history of open
hardware, 7
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Forks

vs. configurations, 45–46
firming up software, 45–46
vs. plugins, 45–46
standardizing software, 45–46
Forums vs. email, 28
Foundation business model, 246
Four Freedoms of open hardware, 6
FreeCAD program, 106, 109
Freeman, David, 4
Free-software licenses, 23
Frequently asked questions (FAQs), 229
Fried, Limor, 7

Fabrication services, 157

Fritzing project, 70

Fabtotum 3D printer, 140–141

Fry, Ben, 66

FAQs (frequently asked questions), 229
FARKUS assembly robot, 190, 191–194

Fundamental research, and ITAR (International
Traffic in Arms Regulation), 50–51

Fashion, from OSHW, 147

Funding an open business

Fiducial marks on PCBs, 200–201
Filabot 3D printer, 140–141
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crowd funding, 249
donations, 250
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Funding an open business (continued )

Funding an open business

(continued )

grants, 250
sources of money, 245–250
venture capital funding, 249
Funding OSHW in academia, 264

mechanical hardware, 47–48
modularity as a design principle, 49
physical communication, 48
reimplementing the wheel, 49
standard electronic components, 47–48
Hardware interfaces

Ganged programmers, 188–189

making hardware more flexible, 49
standardizing hardware, 49

Gear logo. See OSHW logo.

Hardware layers of products from OSHW,
132–133

GenSpace, 148

Hardware on request, 247

Gerbers (board fabrication files), 60

Heat exchanger, low-cost, 263

Getting Started with Aduino, 227

Hello World project, 227, 229

Gibb, Alicia

Hill, Benjamin Mako, 7

Blinky Buildings project, 73
chair of the OHS (Open Hardware
Summit), 8
at Eyebeam 2010, 7
founding of OSHWA, 9–10
Gilmer, Ken, 7
GitHub repository, 71, 134
Global Village Construction Set, 135
GPL licenses, 32–33
Gracey, Ken, 7
Grants, funding an open business, 250
Ground Sphere CubeSat Ground Station, 142
Guidelines. See Checklists.

Hacker ethic, 256
HacKIDemia, 145
Han, Momi, 169–170
Hardware

customizing. See Hardware, making more
flexible.
open source, vs. open source software, 14
source files. See Design files.
standardizing. See Standardization,
hardware.
Hardware, making more flexible

hardware interfaces, 49
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History of open hardware

CERN OHL (Open Hardware license),
8–9
Eyebeam workshop, 7
Four Freedoms of open hardware, 6
Linux Fund, 5
littleBits, 7
NYC Resistor, 9
OHANDA (Open Hardware Design
Alliance), 6–8
OHF (Open Hardware Foundation), 5
OHS (Open Hardware Summit), 7–8
OHSpec (Open Hardware Specification
Project), 4
OKEYs, 6
Open Design Circuits website, 4
Open Graphics Project, 5
Open Hardware Certification Program, 4
open hardware forked from open source
hardware, 9
Open Hardware Repository, 8–9
“open hardware” trademarked, 4–5
openhardware.org, home to OSHW, 9
openhardware.org trademarked, 4–5
OSHW Definition 1.0 released, 8
OSHW (open source hardware), 9
OSHWA (Open Source Hardware
Association) created, 9–10
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Licenses

oshwa.org created, 9
SPI (Software in the Public Interest), 4–5
TAPR OHL (Open Hardware license), 6
TAPR (Tucson Amateur Packet Radio
Corporation), 6
Traversal Technology, 5
unique product IDs, 6

Kefalonia Program in Sustainable Community
Development, 268
Kelly, Kevin, 247
Keyboard shortcuts, Blender program, 102
Kharkhana, 148
KHP (Kingston Hot Press), 270–272
KiCad program, 70

Homebrew Computer Club, 3

Kickstarter campaigns, 172–174

Home-made rockets, products from OSHW, 144

Kickstarter categories, 17

Hosting design files, processes and practices, 22

Kitting, 174

Housed boards, 84

Knitting machine, from OSHW, 147–148

Houseplants

Kuniavsky, Mike, 213

communication with people, 135
monitoring, 135, 138
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Kuniholm, Jonathan, 7–8
Kurt, Tod, 213

Huang, Andrew 7
Hydroponics, 134–135
Labeling hardware, checklist, 283
Labitat, 148
Igoe, Tom, 7, 235

Lamberts, Reinoud, 4

Importing a 3D model, with Blender,
102

Laser cutting, 139

Indiegogo, 140
Industrial machines, from OSHW, 134–135
Industry and agriculture, products from OSHW. See
Products from OSHW, industry and agriculture.
Infringement on trademarks, 35–36

Lasersaur (laser cutter)

BOM (bill of materials), 225–226
community building, 230
description, 139
Laundry labels for OSHW, 281

Inkscape editor, 89

Layout, boards. See Arduino board derivatives,
layout; Replay construction kit.

Innovate with China, 169–170

Layout phase, hardware design workflow, 60

Instructables, 134

Layout review, hardware design workflow, 60

Instructions and explanations, project element, 21

Legal fees, in an open business model, 239–240

Intellectual monopoly, 256

Lewis, Pete, 188

Intellectual property, 33–36, 256. See also specific
types.

Libraries, 46

The International Journal for Service Learning in
Engineering, 268
Inventory planning, 184–185
ITAR (International Traffic in Arms Regulation),
50–51
Iteration in the design process, 61
Iteration management, checklist, 289–290
Iterative design, 58–59
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Licenses

CC (Creative Commons), 32–33
copyleft (viral), 23
definition, 31
distribution terms, 16
free-software, 22–23
GPL, 32–33
industry standards for, 224
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Licenses (continued )

Licenses

(continued )

noncommercial, and open source, 23
open, 23, 32–33
permissive, 23
Licensing

Blinky Buildings project, 302
copyright, 36–37
designs, processes and practices,
22–23
OSHW products, 32–33
overview, 31–32
patents, 37–38
printing 3D designs, 99
share-alike provision, 33
trademarks, 38–39, 67–68
LifePatch, 148
LilyPad, 66–68, 112–116, 118
Linux Fund, in the history of open hardware, 5
LittleBits, 7, 145, 147
Logo. See OSHW logo.
The Long Tail, 7
Lulzbot

 HAI-kit documentation tool, 227, 228
O
TAZ 3D printer, 140–141
Lunch break rule, 227, 229

Mach 30

guidelines, 27–29
project, 142
rules for documentation, 297–299
Machine-readable code, 44
MadeInChina.com, 205
Makers, 245
Makey Makey kit, 172–173, 188
Managing iteration, checklist, 289–290
Mann, Steve, 112
Manufacturability standards, SparkFun, 292–294
Manufacturer part numbers, hardware design
workflow, 60

Z02_GIBB6045_01_SE_IND.indd 326

Manufacturers

CMs (contract manufacturers), 168–170
selecting, 168–170, 205–206
Manufacturing. See also Business model; Personal
manufacturing.

AOI (automated optical inspection), 176
Arduino board derivatives, 91–93
automation systems, 190, 191–194
board thickness, 175
choosing a partner, 168–170
cream layer, reducing, 175
debugging. See Troubleshooting.
designing for, 174–177
DFM (design for manufacturing) standards,
175–177
electric skillet reflow technique, 170–171
EOL (end of life) concerns, 175
examples. See SparkFun Electronics.
factors to consider, 175
FARKUS assembly robot, 190, 191–194
five critical points, 172
floor tiles from waste products, 270, 272–273
future of, 189–190
innovate with China, 169–170
inventory planning, 184–185
kitting, 174
MOQ (minimum order quantity), 175
mouse bites, 176
MRP (manufacturing resource planning),
185
open source hardware products. See
Personal manufacturing; Products from
OSHW; Projects.
panelization, 176
PLCs (programmable logic controllers),
193
preparation checklist, 290
quality control, 185, 187–189
redrawing trace layouts, 175
resource planning, 184–185
scheduling, 184–185
scientific hardware, 258–263
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OHF (Open Hardware Foundation), in the history of open hardware

shaping the PCB, 175
SMD components, 170–171
solder, reducing, 175
startup money. See Funding.
supply chain/purchasing, 182–184
swapping parts, 175
takt time, 185
testing, 185, 187–189
turnkey solutions, 169
Manufacturing, equipment

AOI (automated optical inspection)
machine, 179
CPH (components placed per hour),
181
PCA (printed circuit assembly) batch
washer, 179
pick-and-place machine, 178–179
selecting and implementing, 177–182
at SparkFun, 178–182
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development boards, case study,
157–160
sewable, 118–119
Miller, Timothy, 5
Milling and cutting, personal manufacturing,
155–156
MIT Media Lab, case study, 160–163
Modeling software. See 3D modeling software.
Modular Robotics, 190
Modularity as a design principle, 49
Money. See Funding.
MOQ (minimum order quantity), 175
Mota, Catarina, 3, 8, 9
Mouse bites, 176
Moving a 3D model, with Blender, 102–103
MRP (manufacturing resource planning),
185
Mulcahy, Diane, 249
Murphey, Stephen, 143–144

Manufacturing, testing and quality control

final yield (example), 187
ganged programmers, 188–189
testbeds, 187–188
tutorial for, 188
Manufacturing handoff, 206–209
Manufacturing package, 62
Manufacturing phase, 57
Manufacturing resource planning (MRP),
185

Nadeau, Bruno, 215
Nanoracks, 143–144
Nguyen, Thinh, 7
Noncommercial licenses

and open source, 23
printing 3D designs, 99
processes and practices, 23

Mapping, products from OSHW, 144–145

Non-discrimination, distribution terms, 16

Marketing costs with an open business model,
242–243

Nonfunctional design elements, copyright, 37

Martino, Gianluca, 7

NYC Resistor, in the history of open hardware, 9

Nortd Labs, 139

Maskin, Eric, 256, 257
McNamara, Patrick, 5
Mechanical engineering products. See Products
from OSHW, mechanical engineering and
manufacturing.
Mechanical hardware, 47–48
Mellis, David A., 7–8, 14, 16–17
Microcontrollers

choosing, 86
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Obfuscating design files, 24
OHAI-kit, documentation tool, 227, 228
OHANDA (Open Hardware Design Alliance)

in the history of open hardware, 6–8
OHF (Open Hardware Foundation), in the history of
open hardware, 5
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OHS (Open Hardware Summit), in the history of open hardware

OHS (Open Hardware Summit), in the history of
open hardware, 7–8
OHSpec (Open Hardware Specification Project), in
the history of open hardware, 4
OKEYs, definition, 6
OLPC (One Laptop Per Child), 270, 273–274
Onboard bylines, 80–81
Online resources. See Sharing information, online.
Open business. See also Open Source Hardware
and Open Design Business Model Matrix.

advantages of, 237–245
deciding on, 235, 237
Open Design Circuits website, 4
Open Graphics Project, in the history of open
hardware, 5
Open hardware, forked from open source
hardware, 9
Open Hardware Certification Program, in the history
of open hardware, 4
Open Hardware Design Alliance (OHANDA). See
OHANDA (Open Hardware Design Alliance).
Open Hardware Foundation (OHF), in the history of
open hardware, 5
Open Hardware license (CERN OHL), in the history
of open hardware, 8–9
Open Hardware license (TAPR OHL), in the history
of open hardware, 6
Open Hardware Repository, in the history of open
hardware, 8–9
Open Hardware Specification Project (OHSpec), in
the history of open hardware, 4
Open Hardware Summit (OHS), in the history of
open hardware, 7–8
“Open hardware” trademarked, 4–5
Open licenses, 32–33
Open Solar Outdoors Test Field (OSOTF),
264–266
Open source, claiming products as, 17
Open source appropriate technology (OSAT), 269
Open source community mark. See OSHW logo.
Open Source Ecology, 17, 134
Open source hardware. See OSHW (open source
hardware).
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Open Source Hardware and Open Design Business
Model Matrix

advantages of an open business, 237–245
better employees, 243
better products, 238–239
channels, 248
closed parts, 243–245
collaboration and synergies,
240–241
consortium model, 246
crowd funding, 249
deciding on an open business, 235, 237
donations, 250
dual licensing, 243–245
education and training, selling, 248
ethical bonuses, 241–242
foundation model, 246
grants, 250
hardware on request, 247
illustration, 236
legal fees, 239–240
producing and selling products, 245–246
product as platform, 239
product partnerships, 248
in public art, 250–251
public research, 250
quicker time to market, 239–240
R&D costs, 237–238
service, selling, 246–247
sources of money, 245–250
sponsoring, 250
support, selling, 247
support and marketing costs, 242–243
venture capital funding, 249
Open Source Hardware Association (OSHWA). See
OSHWA (Open Source Hardware Association).
Open Source Hardware Definition, on
documentation, 223
Open source hardware (OSHW). See OSHW (open
source hardware).
Open Space Initiative, 143–144
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OSHW (open source hardware), distribution terms

openhardware.org

home to OSHW, 9
trademarked, 4–5
OpenKnit, 147–148
OpenPCR, 149
OpenRelief platform, 144
OpenSCAD program, 70
Open-source licenses, 23
Original design files, project element, 18–19
OSAT (open source appropriate technology),
269
OSHW Definition 1.0, 14-16 See also Best
Practices; OSHW Prime Directive.

distribution terms, 15–16
purpose of, 13
released, 8
OSHW in academia. See also Teaching and service
with OSHW.

academic freedom, 254
citations, 264
funding opportunities, 264
life of a professor, 254–255
open source hardware combined with
closed source software, 267–268
overview, 254–255
public relations, 264
student recruitment, 264
tenure, 254
tenure-track positions, 254
visibility, 263–264
OSHW in academia, research benefits

3D printable hardware, 258
Arduino electronic prototyping platform,
257
Arduino orbital shaker, 258
background material, pre-peer review, 257
experimental design, 257–263
hacker ethic, 256
intellectual monopoly, 256
intellectual property, 256
key benefits, 256
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low-cost heat exchanger, 263
manufacturing scientific hardware, 258–263
OSOTF (Open Solar Outdoors Test
Field), 264–266
pre-peer review, 257
RepRap platform, 257–258
research, 255–263
solar-powered water purifier, 263
testing photovoltaic equipment, 264–266
wikis, 257
OSHW logo

Golden Orb design, 8
trademarking, 9
use of, 14, 282
OSHW (open source hardware)

benefits for designers and customers, 130
best practices, 16
changing incentives, 279–280
combined with closed source software,
267–268
creating products from. See Products
from OSHW.
definition, 14
developing. See Projects.
forked from open hardware, 9
future of, 281–282
guidelines. See Checklists for OSHW.
hardware vs. software, 14
in the history of open hardware, 9
laundry labels for, 281
maturity of the movement, 280–281
in public art, 250–251
repository for, 281
statement of principles, 14, 26
OSHW (open source hardware), distribution terms

attributions, 15–16, 68, 79
derived works, 15, 79
documentation, 15
free redistribution, 15
licenses, 16
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OSHW (open source hardware), distribution terms (continued )

OSHW (open source hardware), distribution terms

(continued )

necessary software, 15
non-discrimination, 16
restrictions, 16
scope, 15
technology neutrality, 16
OSHW Prime Directive on documentation. See also
Best Practices; Documentation; OSHW Definition
1.0.

definition, 26
forums vs. email, 28
guidelines, 26–27
Mach 30 guidelines, 27–29
social media, 28–29
statement of principles, 26
synchronous vs. asynchronous discussions,
29
testing, 29
OSHWA (Open Source Hardware Association)

creation of, 9–10
in the history of open hardware, 9–10
incorporation, 10
purposes of, 10
website, 3

Parts for hardware design, selecting, 60
Parts library, hardware design workflow, 60
Patents. See also Copyright; Trademark.

vs. copyright, 13, 35
definition, 34
design, 34
duration of protection, 35
future of, 281
licensing, 37–38
obtaining, 34–35, 37
for open source hardware, 37–38
overview, 34–35
utility, 34
PCA (printed circuit assembly) batch washer, 179
PCBs (printed circuit boards)

fiducial marks, 200–201
personal manufacturing, 156–157
in shape of Empire State Building. See
Blinky Buildings project.
shaping, 175
PCBs (printed circuit boards), layout

hardware design workflow, 60
software for, 70
Pearce, Joshua, 133

oshwa.org, created, 9

Peppler, Kylie, 115

Oskay, Windell, 7–9, 14

Perens, Bruce, 4, 9, 14

OSOTF (Open Solar Outdoors Test Field), 264–266

Permissive licenses, 23

OSVehicle, 138

Personal manufacturing. See also Business model;
Manufacturing.

Overview/introduction, project element, 18
Owen, Ivan, 141

future of, 165–166
general principles, 163–164
startup money. See Funding.
Personal manufacturing, case studies

Panelization, 176
Part PCB footprints, hardware design workflow, 60
Partnerships

with China, 169–170
in manufacturing, 168–170,
205–206
in an open business model, 248
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Arduino electronics platform, 157–160
collaboration, 158–159
consumer electronics, 160–163
derivatives, 157–160
microcontroller development boards,
157–160
MIT Media Lab, 160–163
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Products from OSHW, air and space exploration

Personal manufacturing, processes

3D printing, 155
access to fabrication, 157
CNC (computer-numeric control)
machines, 155–156
digital fabrication machines, 155–156
electronics, 156–157
fabrication services, 157
milling and cutting, 155–156
PCBs (printed circuit boards), etching,
156–157
precision and tolerances, 155–156
Phones as wearables, 112
Photos, project element, 20
Photovoltaic equipment, testing,
264–266
Physical communication, 48
Pick-and-place machine, 178–179
PLCs (programmable logic controllers), 193
Plugins, 45–46
Polis, Jared, 9
Pollution-sensing gown, 115
Principles of open source, 14, 26
Printed circuit assembly (PCA) batch washer,
179
Printed circuit boards (PCBs). See PCBs (printed
circuit boards).
Printers, 3D. See 3D printers.
Prints, 60
Processing language, 227
Processors, 46
Product as platform, 239
Product definition phase, 56
Product webpages, 221–223
Products, producing and selling in an open
business model, 245–246
Products from OSHW

automotive industry, 138
bicycles, 138
biomedical research machine, 149
biotechnology, 148–150
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criteria for being labeled open source,
130–131
disaster relief, 144–145
DMF (digital microfluidic) system, 150
DNA analysis, 149
Dropbot, 150
education modular toolkits, 145, 147
environmental preservation, 144–145
fashion, 147
HacKIDemia, 145
hardware layers, 132–133
knitting machine, 147–148
LittleBits, 145, 147
mapping, 144–145
OpenKnit, 147–148
OpenPCR, 149
OpenRelief platform, 144
prototyping electronic projects, 145, 147
Public Lab, 144–145
radiation monitoring, 145
required documentation, 132–133
Safecast, 145, 146
Tabby (vehicle), 138
vehicles, 138
Velocar (bicycle), 138
Products from OSHW, air and space exploration

Copenhagen Suborbitals, 144
CubeSats, 143
DIYdrones, 142–143
drones, 142–143
Ground Sphere CubeSat Ground Station,
142
home-made rockets, 144
Mach 30 project, 142
Nanoracks, 143–144
Open Space Initiative, 143–144
satellite design, 143
Shepard Test Stand, 142
shuttle service to the International Space
Station, 143–144
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Products from OSHW, industry and agriculture

agricultural machines, 134
Botanicalls, 135, 138
communication between houseplants and
people, 135, 138
Global Village Construction Set, 135
household plant monitoring, 135, 138
hydroponics, 134–135
industrial machines, 134–135
Open Source Ecology, 134
tractor hydraulics, 134–137
urban farming, 134–135
Windowfarms, 134–135
Products from OSHW, mechanical engineering and
manufacturing

3D printing, 140–142
CNC (computer-numeric control) router,
139–140
Fabtotum 3D printer, 140–141
Filabot 3D printer, 140–141
filament extruder, 140–141
laser cutting, 139
Lasersaur (laser cutter), 139
Lulzbot TAZ 3D printer, 140–141
Robohand project, 141–142
robotic hand, 141–142
Professors, life in academia, 254–255
Profitability, determining, 58–59
Programmable logic controllers (PLCs),
193
Programming environments, 46
Programming headers, spacing for, 89–91
Programming tools, 47
Project phases, 56–58
Projects, elements of

auxiliary design files, 19
BOM (bill of materials), 20
firmware, 20
instructions and explanations, 21
original design files, 18–19
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overview/introduction, 18
photos, 20
software, 20
Projects, processes and practices

building derivatives, 25
designing hardware, 21–22
distributing open source hardware, 23
hosting design files, 22
licensing designs, 22–23
noncommercial licenses, 23
obfuscating design files, 24
respecting trademarks, 25
Projects, recommended files

auxiliary design files, 19
BOM (bill of materials), 20, 225-226
firmware, 20
instructions and explanations, 21, 220-221,
226-229
original design files, 18–19, 223-225
overview/introduction, 18, 220
photos, 20
software, 20
Protecting your works

creative or artistic. See Copyright.
goods in the market. See Trademarks.
useful articles. See Patents.
Prototyping

with 3D printers. See RepRap printer.
vs. designing, 57
potential problems, 59
Prototyping electronic projects, products from
OSHW, 145, 147
Public art, reproducing, 250–251
Public domain, and ITAR (International Traffic in
Arms Regulation), 50–51
Public Lab, 144–145
Public relations, in academia, 263–264
Public research in an open business model, 250
Purchasing, 182–184
Purpose of a new product, determining, 56

14/11/14 3:01 AM

Seeed Studio

Quality control. See Testing and quality control.
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Roberts, Dustyn, 8
Robohand project, 141–142
Robotics

Radiation monitoring, products from OSHW,
145
Raymond, Eric, 263
R&D costs, in an open business model,
237–238
README.txt

Blinky Buildings project, 301
overview, 220–221
SparkFun Electronics, 220
Reas, Casey, 66
Redistribution, distribution terms, 15
Redrawing trace layouts, 175
Registering trademarks, 39

3D Robotics, 142
Baxter robots, 190, 191–194
controlling, 193–194
FARKUS assembly robot, 190,
191–194
Modular Robotics, 190
PLCs (programmable logic controllers),
193
Rethink Robotics, 190
Robohand project, 141–142
robotic hand, 141–142
watercoloring art bot, 173–174
Rosenbaum, Eric, 172

Reimplementing the wheel, 49
Release phase, 57
Remixing a design. See Derivatives.
Renardias, Vincent, 5
Replay construction kit

definition, 84
determining board outline, 88
illustration, 86
offloading components, 86
sample board layout, 93
size reduction, 87
web address, 109
Replicating Rapid Prototyper. See RepRap printer.

Safecast, 145, 146
Satellite design, products from OSHW, 143
Scale printouts, 91
Scaling a 3D model, with Blender,
102–103
Schappi, Marcus, 249
Scheduling, manufacturing, 184–185
Schematic capture, hardware design workflow,
60
Schematics

samples, 72, 74
symbols, hardware design workflow, 60

RepRap platform, research benefits in academia,
257–258

Schweikardt, Eric, 191

RepRap printer, 95–97, 109

Scientific hardware, manufacturing, 258–263

Requirements documents, 212

Scissors, tools for making wearables (illustration),
122

Requirements for product design, 56
Research applications for OSHW. See OSHW in
academia, research benefits.

Scope, distribution terms, 15

Resource planning, 184–185

Screw caps, clearance for, 91

Restrictions, distribution terms, 16

Seaman, Graham, 4

Rethink Robotics, 190

Security do’s and don’ts, 285–286

RFQ (request for quotation) sample, 207

Seeed Studio, 169–170
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Seidle, Nathan

Seidle, Nathan

best practices, 16–17
founding of OSHWA, 9
on good vs. perfect, 217
manufacturing circuit boards, 170
on the open source hardware logo, 8
at the Opening Hardware workshop, 7
Seltzer, Wendy, 9
Semmelhack, Peter, 7
Serrano, Javier, 8–9
Service learning, 268–269. See also Teaching and
service with OSHW.
Services, selling in an open business model,
246–247
Sewable microcontrollers and components,
118–119
Shapeoko, 139–140
Shapes, Arduino board derivatives, 83–84
Shapesmith program, 106, 109
Share-alike licenses

force of, 33
printing 3D designs, 99
Sharing information, online

3D design files, 133–134
3D modeling software, 109. See also specific
packages.
3D printers, 97–98, 109
centralized hub, 129–130
GitHub, 134
Instructables, 134
social media, 28–29
Thingiverse, 133–134

SketchUp program, 70
SMD components, manufacturing,
170–171
Smith, Zach, 7
Social media, documenting open source projects,
28–29
Software

binary code, 44
customizing. See Software, firming up.
machine-readable code, 44
project files, 20
standardizing. See Standardization, software.
Software, firming up. See also Firmware.

bootloaders, 47
compilers, 46
configurations, 45–46
forks, 45–46
libraries, 46
plugins, 45–46
processors, 46
programming environments, 46
programming tools, 47
software interfaces, 45
Software interfaces

firming up software, 45
standardizing software, 45
Solar-powered water purifier, 263
Solder, reducing, 175
Source files. See Design files.
Sourcing materials, 199–200
Space exploration. See Products from OSHW, air
and space exploration.

Shepard, Mark, 115

Space-limiting components, identifying, 86

Shepard Test Stand, 142

Spacing for programming headers, 89–91

Shipping untested hardware, 62

SparkFun Electronics

Shuttle service to the International Space Station,
143–144
Silver, Jay, 172
Simmons, J., 25–29, 297-299
“Six Myths about Venture Capitalists,” 249
Sketchup Make program, 106, 109
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9DOF board, 213–214
ancillary manufacturability standards,
293–294
core manufacturability standards,
292–293
growth in manufacturing, 170–172
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Teaching and service with OSHW

identifying open source hardware, 24
manufacturing equipment, 178–182
manufacturing process, 172–173
product webpage, 221–223
production floor (illustration), 180
quality price matrix, 182
README.txt, 220
resource planning and scheduling,
184–185, 186
selling education and training, 248
supply chain failure, 183
supply chain/purchasing, 182–184
SparkFun Electronics, testing and quality control

final yield, 187
ganged programmers, 188–189
history of, 185, 187
testbeds, 187–188
tutorial for, 188
Specifications for new products, 56
Speedometer board (example), 85
SPI, in the history of open hardware, 4–5
Sponsoring an open business model, 250
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processors, 46
programming environments, 46
programming tools, 47
software interfaces, 45
Standards. See Best Practices; OSHW Definition
1.0; OSHW Prime Directive.
Startup money. See Funding.
Statement of principles, 14, 26
Steele, Geoff, 71, 302, 304
STEP (ISO 10303) file standard, 204
Stern, Becky, 7, 227
.STL files, 99
Student recruitment, in academia, 264
Suck-muck, 213–214
Suppliers, cost-benefit analysis, 76–77
Supply chain, 182–184
Support

costs with an open business model,
242–243
selling, 247
Synchronous vs. asynchronous discussions, 29
Synergies, in an open business model, 240–241

Stafford, Brandon, 250–251
Stand-alone boards, 84
Standard electronic components, 47–48

Tabby (vehicle), 138

Standardization, hardware

Takt time, 185

hardware interfaces, 49
mechanical hardware, 47–48
modularity as a design principle, 49
physical communication, 48
reimplementing the wheel, 49
standard electronic components,
47–48
Standardization, software

bootloaders, 47
compilers, 46
configurations, 45–46
forks, 45–46
libraries, 46
plugins, 45–46
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TAPR OHL (Open Hardware license), in the history
of open hardware, 6
TAPR (Tucson Amateur Packet Radio Corporation),
in the history of open hardware, 6
Teaching and service with OSHW

Appropedia Foundation, 269, 274
floor tiles from waste products, 270, 272
Kefalonia Program in Sustainable
Community Development, 268
KHP (Kingston Hot Press), 270–272
OLPC (One Laptop Per Child), 270,
273–274
OSAT (open source appropriate
technology), 269
service learning, 268–269
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Teaching and service with OSHW (continued )

Teaching and service with OSHW

(continued )

virtual service learning, 269–274
Waste for Life, 270
Technology neutrality, distribution terms, 16
techp.org, 5
Tenure, in academia, 254
Tenure-track positions, in academia, 254
Testbeds, 187–188
Testing and quality control

board layout fit, 91
documentation, 29
final yield (example), 187
ganged programmers, 188–189
in the manufacturing process, 185,
187–189
photovoltaic equipment, 264–266
on products from suppliers, 212–213
shipping untested hardware, 62
at SparkFun Electronics, 185, 187–189
testbeds, 187–188
tutorial for, 188

Beaglebone Black case, 99–100
with Blender, 100–105
derivative designs, 100–105
existing designs, 98–100
licensing considerations, 99
noncommercial licenses, 99
remixing a design, 100–105
share-alike licenses, 99
.STL files, 99
web sources, 98, 109
3D printing

personal manufacturing, 155
products from OSHW, 140–142
software for, 70
3D Robotics, 142, 245
Time to market in an open business model,
239–240
Tinkercad program, 106, 109
Todd, Sylvia, 173
Torrone, Phillip, 7, 9
Trace layouts, redrawing, 175

Testing phase, definition, 57

Tractor hydraulics, from OSHW, 134–137

Thingiverse, 133–134

Trademarks. See also Copyright; Patent.

Thomas Register, 205
thomasnet.com, 205
Thompson, Clive, 235, 247
3D modeling software, web sources, 109. See also
specific packages.
3D printable hardware, research benefits in
academia, 258
3D printer bureaus, 97
3D printers

costs, 96–97
derivatives, 96–97
as manufacturing tools, 107–108
open source, sources of, 97–98, 109
RepRap printer, 95–97, 109
research and production, 107–108
3D printers, finding designs to print

attribution, 99
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Arduino, 67–68
in a business model, 235
definition, 35
infringement, 35–36
licensing, 38–39, 67–68
obtaining, 36
overview, 35–36
registering, 39
respecting in derivatives, 25, 67-68
Training and education, selling, 248
Traversal Technology, in the history of open
hardware, 5
Troubleshooting

BOM (bill of materials), 201–203
centroid file information, 200
checklist, 294–295
cost of fixing mistakes, 216
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Weinberg, Michael

creative fixes, 213–214
designing hackable hardware, 215–216
DFMA (design for manufacture and
assembly), 208–209
examples of problems, 209–212
fiducial marks on PCBs, 200–201
file types for effective communication,
200–204
making makable parts, 204–205
manufacturing handoff, 206–209
requirements documents, 212
RFQ (request for quotation) sample, 207
role of DFM (design for manufacturing),
198–199
selecting a manufacturer, 205–206
sourcing materials, 199–200
STEP (ISO 10303) file standard, 204
suck-muck, 213–214
Tucson Amateur Packet Radio Corporation (TAPR),
in the history of open hardware, 6
Tutorials. See Documentation, tutorials.

Uittenbogerd, Davy, 71–73, 302
under(a)aware, 115–116
Unique product IDs. See OKEYs.
Urban farming, from OSHW, 134–135
USBs, in hardware designs, 48
Utility patents, 34

Validation phase. See Testing.
van As, Richard, 141
Vehicles, manufactured from OSHW, 138
Velocar (bicycle), 138
Vendor part numbers, hardware design workflow,
60
Venture capital funding for an open business, 249

Viral (copyleft) licenses, 23
Virtual service learning, 269–274
Visuals in documentation, 226–227

Washing wearable electronics, 124–126
Waste for Life, 270
Water purifier, solar-powered, 263
Watercoloring art bot, 173–174
Waterfall method, 58
Wearables

batteries and power, 123–124
bike projects, 112
bracelet, 115–116
circuit diagram (illustration), 122
conductive textiles, 117
corona wires, 119–120
documentation, 120–123
dry cleaning, 125
EL (electroluminescent) wire,
119–120
electroluminescent glow, 119–120
extending current length, 120
FLORA line, 118–119
future of, 126–127
history of, 111–112
LilyPad line, 112–116, 118
managing expectations,
125–126
modifying existing items, 123
phones, 112
pollution-sensing gown, 115
scissors (illustration), 122
sewable microcontrollers and components,
118–119
under(a)aware, 115–116
washing electronics, 124–126
zigzag stitching, 120–121

Verification phase. See Testing.

Web resources. See Sharing information, online.

Violations of copyright, 34

Weinberg, Michael, 68
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Wikis

Wilbanks, John, 7

Workflow. See Designing hardware, project phases;
Designing hardware, workflow.

Williams, Amanda, 215

www.makexyz.com, 97–98

Wikis, 257

Williamson, Aaron, 9
Windowfarms, 134–135
Wireless Sensor Mote, 199–200

Zigzag stitching, 120–121

Wiring language, 46
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