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ABSTRACT

This paper explores personal fabrication as a means of en-
gaging new audiences in the creation of electronic devices,
which play an ever-increasing role in our lives but which
most people have little involvement in creating. We describe
a six-session workshop in which eight participants made wifi-
connected devices through the design and fabrication of cus-
tom printed circuit boards. We explore the implications of
using components and processes analogous to those in com-
mercial products, as opposed to the limited set of higher-
level building blocks found in toolkits for hobbyist electron-
ics. We highlight unique advantages and challenges of a per-
sonal fabrication approach. We explore the role of attitudes
in identifying a suitable audience for these activities. We dis-
cuss insights into commercial electronic products offered by
personal fabrication and explore its role in a world of mass-
produced electronic devices. Finally, we suggest opportuni-
ties for future tools and technologies.
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INTRODUCTION

In the 1950’s and 60’s, it was not unusual for hobbyists to as-
semble electronic products from Kkits, like those sold by Heath
and other companies. These yielded devices similar to com-
mercial products in both function and appearance. They may
not have allowed much scope for customization or creativ-
ity, but they allowed individuals to participate in the creation
of electronic devices for use in their daily lives. [8] Today,
the situation is very different. The sophistication of today’s
commercial electronic products makes them almost impos-
sible for amateurs to understand or replicate. While recent
years have seen the rise of a new generation of hardware star-
tups [15] and the Shanzhai manufacturing ecosystem in China
[14], this entrepreneurial manufacturing differs substantially
from individual hobbyist practice. As a result, even as elec-
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Figure 1. Representative images from each session of the workshop: 1.
Arduino, 2. Internet connectivity, 3. example circuit assembly, 4. PCB
design, 5. custom circuit assembly, 6. programming and debugging.

tronic devices increasingly dominate our lives, most people
are farther and farther removed from understanding or partic-
ipating in the processes by which those devices are made.

Over the past two decades efforts to engage amateurs in
working with electronics have frequently involved toolkits or
breadboards. Toolkits (e.g. [2, 7, 13, 22, 32]) provide cu-
rated collections of higher-level physical modules which can
be combined in a variety of configurations. Breadboards al-
low for reconfigurable connections between low-level elec-
tronic components, provided they come in a compatible (0.1-
inch pitch) package. These techniques facilitate rapid tinker-
ing and experimentation by making it easy to combine and
recombine electronic components or toolkit modules. Both
toolkits and breadboards, however, come with significant lim-
itations. They place restrictions on the components that can
be used, limiting the nature and variety of the circuits that can
be built. With toolkits, the overhead imposed by wrapping
basic components in higher-level building blocks restricts the
size and form-factors of the objects built with them. Also, the
ease with which toolkit modules or breadboarded components
can be connected and disconnected means that they may not
be robust enough for long-term use. These limitations make it
difficult for toolkits and breadboards to keep pace with the in-
creasing sophistication and optimization of commercial elec-
tronic products, making them increasingly less relevant to un-
derstanding and participating in the processes by which those
products are made.

The increasing capability and accessibility of digital fabri-
cation suggests new possibilities for engaging individuals
in the creation of electronic devices. Following Gershen-
feld [6], we refer to this personal use of digital fabrication
as “personal fabrication.” Today, a variety of online ven-
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dors offer on-demand fabrication of custom printed circuit
boards (PCBs) in small quantities (e.g. two or three boards).
Combined with off-the-shelf electronic components, embed-
ded software, and digitally-fabricated enclosures, these pro-
cesses can yield complete and robust custom electronic de-
vices. This suggests that fabrication offers possibilities for
bringing hobbyist practice closer to the modern world of elec-
tronic products. This nature and potential of this approach,
however, is not well studied or understood.

Our research investigates the possibilities for engaging ama-
teurs in the personal fabrication of electronic devices. At a
basic level, we’re interested in to what extent it’s even pos-
sible to engage non-experts in this process and what factors
influence an individual’s chance of success. We seek to un-
derstand the unique advantages and challenges of a personal
fabrication approach relative to alternatives like electronics
toolkits and breadboards. We hypothesize that engaging ama-
teurs in the design and fabrication of PCBs will allow them to
understand electronic products in ways that go beyond those
other approaches. We wonder, however, what role these in-
dividuals will envision for PCB design and fabrication in a
world full of mass-produced electronic devices. Finally, we
hope to learn how, in the future, we can better support new
audiences in the design and fabrication of electronic devices.

We explored these topics through a workshop, a format cho-
sen because it allowed us both to support participants through
difficult aspects of the process and to closely observe their
behavior. The workshop encompassed six five-hour sessions,
during which eight participants fabricated custom internet-
connected electronic devices. This included selection of elec-
tronic components, design of custom printed circuit boards
(PCBs), physical assembly (soldering) of the devices, pro-
gramming, and debugging. As far as possible, we used com-
ponents, software, and fabrication processes analogous to
those found in commercial products — e.g. bare microcon-
trollers, general purpose PCB design software, and commer-
cial PCB prototyping services. We chose the domain of wifi-
connected devices because of its relevance to the current in-
terest in the Internet of Things and because it seemed to offer
a diversity of applications within a shared technological in-
frastructure. While we harbored no illusions that workshop
participants would be able to compete with the sophistication
and complexity of commercial devices, we hoped to bring
them closer to the processes by which those products are
made. Furthermore, while we recognize the importance of
programming in the creation of electronic devices, we choose
to focus on other aspects of the process — in part because of
the abundance of work on engaging novices in programming
(e.g. [20, 23]).

We documented the outcomes of the workshop through ob-
servations, surveys, discussions, and interviews. Participants’
success in creating their projects suggests that it is indeed pos-
sible to engage amateurs in PCB design and fabrication. The
workshop reveals unique advantages of personal fabrication
— specifically, the robust and flexible circuits it yields and its
ability to leverage the power of software in their design. The
workshop also highlights some of the specific challenges of a

personal fabrication approach — namely project scoping, com-
ponent selection, and circuit debugging — and suggests strate-
gies for handling them. The experiences of workshop partici-
pants suggests that an individual’s attitudes are at least as im-
portant as their skills in determining the appropriateness of a
personal fabrication approach. We show how a personal fabri-
cation approach brings individuals closer to the real world of
electronic products, specifically by understanding how they
are composed from low-level components, gaining familiarity
with the digital processes involved in their design and manu-
facture, and acquiring a general literacy about electronic de-
vices. While our participants don’t envision personal fabrica-
tion displacing either mass-produced devices or other forms
of electronics prototyping, they do see a place for it — both
for replicating successful hobbyist projects and for creating
products that wouldn’t otherwise exist. Finally, the workshop
suggests opportunities for new tools and technologies to en-
gage new audiences in the design and fabrication of electronic
circuits, including better PCB design tools, increasing access
to automated assembly, and visual programming for embed-
ded systems.

In the next section, we discuss related research. We then de-
scribe the workshop, using it to identify advantages and chal-
lenges of a personal fabrication approach. We draw on these
results for a more general discussion of three themes of im-
portance to personal fabrication. This is followed by our sug-
gestions for future tools and technologies and a brief conclu-
sion.

RELATED WORK

We discuss three areas of related work: engaging novices
with technology, electronics toolkits and prototyping, and the
fabrication of interactive devices.

Engaging Novices with Technology

There’s a long history of work on engaging novices in techno-
logical making, particularly in the domain of programming.
(One prominent early example is Logo [20].) This work has
revealed a number of principles beyond simply making the
technology itself easier to use. Turkle and Papert [31] ar-
gue for the importance of supporting multiple styles of en-
gagement, including hard (top-down) and soft (bottom-up)
approaches. Resnick et al. [23] emphasize making systems
“more meaningful” and “more social”. In our workshop, we
similarly sought to identify factors important to engaging new
audiences in the personal fabrication of electronic devices.

Many recent discussions view the engagement of novices
with technology through the lens of the “maker movement” or
“maker culture” [25, 30]. While much of the popular rhetoric
surrounding the maker movement tends towards the utopian
[29], a number of researchers have offered a more critical per-
spective [1, 4, 5]. Our work seeks to both engage new audi-
ences in technology production and to explore the broader
implications of these technologies.

Other work ([11, 19, 21]) has focused specifically on the
workshop format. A useful counterpoint is provided by
Wakkary et al. [33], who highlight the difficulties of repro-
ducing electronic projects from tutorials.



Electronics Toolkits and Prototyping

In the 1990’s Resnick and colleagues explored electronics
construction kits for children [22, 24]. Toolkits targeting de-
signers, like Phidgets [7] and Calder [13], emerged in the fol-
lowing decade. More recent examples include .NET Gad-
geteer [32] and littleBits [2]. These toolkits shield novices
from low-level implementation details by encapsulating them
in higher-level modules. Greenberg and Fitchett motivate this
approach by describing their process of building prototypes
before Phidgets:

“We found ourselves immersed in a quagmire of te-
diousness: selecting and purchasing electrical compo-
nents and hobby Kkits, circuit board design, micropro-
cessor programming, wire protocol development, and so
on.” [7]

While we recognize the value of electronics toolkits, we feel
that by avoiding the domains cited by Greenberg and Fitch-
ett, people miss out on valuable opportunities for making and
learning. Our workshop explored the value that novices can
derive from exploring this “quagmire of tediousness.”

Other approaches, like the Arduino platform and the work of
Mellis et al. [18], do involve the use of low-level electronic
components, whether on breadboards or paper circuits. Nei-
ther of these, however, engage novices in the digital design
and fabrication of PCBs, a process at the heart of the making
of electronic products.

Fabricating Interactive Devices

There is a variety of related work exploring the use of digi-
tal fabrication in the construction of interactive artifacts. One
approach is the fabrication of enclosures for .NET Gadgeteer
prototypes [32, 34]. Other work, like Sauron [27] and Acous-
truments [12], allow for the creation of custom interactive in-
puts around existing electronic devices (a webcam and smart-
phone, respectively). Willis et al. [36] 3D-print forms with
embedded light guides, enabling the transmission of images
and information to and from external circuits.

Some work has looked at new ways of fabricating circuits
themselves. Hodges et al. [9] use Microsoft Visio templates
to support the layout of inkjet-printed circuits for use with
stickers containing electronic components. Midas [28] is a
software system for creating capacitive touch inputs. While
PCB fabrication itself is not new, we see opportunities for
engaging new audiences in the process, particularly as it be-
comes increasingly accessible through online services. We
see new PCB design tools like Fritzing [10] as an important
step in this direction but feel there is still much to be learned
about how to actually engage people in the PCB design and
fabrication process.

Perhaps the closest related work is our previous research [16,
17] in which we created electronic products using digital fab-
rication. In those workshops, however, participants primarily
assembled existing circuit designs or created enclosures for
them. In contrast, in the work discussed in this paper, partici-
pants engaged in the full process of designing and fabricating
a custom electronic circuit, including project definition, com-
ponent selection, PCB design, and programming.

Figure 2. Our example wifi circuits: a display showing the weather
(left), a temperature sensor being logged online (center), and an embod-
ied communication device (right).

THE WORKSHOP
Here we discuss the methodology, participants, technology,
structure, and outcomes of our workshop.

Methodology

We used a workshop format partly as a convenient means of
observing and probing novices’ processes and perspectives
as they engaged with new technologies. The workshop, how-
ever, also allowed us to support novices in ways that we sus-
pected would not be well served by existing tools and tech-
nologies — as well as to identify opportunities for improving
them.

We surveyed participants at the start and end of the workshop
and gave them a short questionnaire at the end of each ses-
sion. We audio-recorded a group discussion at the start and
end of the workshop, as well as shorter discussion at the start
of individual sessions. Finally, we held (and audio-recorded)
one-on-one semi-structured interviews with five of the partic-
ipants after the conclusion of the workshop.

Participants

We recruited the workshop participants via fliers in local cof-
feeshops. We selected eight of the initial fourteen applicants
based on their ability to attend all the classes and in an at-
tempt to assemble a diverse set of participants. (See Table
1.) Note that we did not know the level of participants’ edu-
cation when selecting them (and emphasized in our flier that
no experience was necessary). We find it interesting that all
eight participants had at least a master’s degree; this may be
due to local demographics in our university environs or to the
in-depth nature of the workshop. Participants each paid a fee
of $150, which covered part of the costs of components and
PCB fabrication.

Technology

We prepared three example devices (Figure 2) to scaffold
participants’ designs. The examples were intended to show-
case a diversity of potential applications of wifi-connected de-
vices. One displayed information from online web services
(accessed using Temboo') on a small TFT display. Another
logged readings from a temperature sensor to an online data
store (Phant?). The third example was a pair of devices for
remote communication; touching one caused an LED on the
other to glow (and vice-versa).

The examples were intended to demonstrate the design of
complete, wifi-connected devices from mass-produced elec-
tronic components of the kind that might be found in commer-
cial products. Accordingly, we used a bare, surface-mount
ATmegal284P microcontroller as the core of each example.

1http: //temboo.com/
2http: //phant.io/
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Name Age Gender Race / Degree Profession Programming Electronics
Ethnicity Experience Experience

Nicole 29 Female White Masters User experience research 2 2

Tyler 30 Male White Masters Product management / marketing 2 3

Akash 31 Male Asian Masters  Software development 5 3

Ernesto 37  Male Hispanic Masters Business analysis 2 1

John 42  Male White PhD Construction building 2 1

Luisa 42  Female White Masters  Architecture and urbanism 1 1

Nathan 44  Male White Masters Strategy consulting 3 1

Brooke 44  Female White Masters Environmental management / jewelry 2 2

Table 1. The workshop participants. (Names are pseudonyms; experience numbers are self-reported on a scale from 1, no experience, to 5, expert.)

Week 1 Week 2 Week 3 Week 4 Week 5 Week 6

Basic Circuits,
Programming

Connecting to

PCB Assembly Design of Custom _  Assembly of
Web Services PCI

and Debugging Custompcg >  Programming

—_—
B hours N

External
Fabrication

Figure 3. Structure of the six-week workshop.

We could not, however, find a mass-produced wifi module
suitable for manual assembly, so we resorted to a breakout
board (designed by Adafruit) for the TI CC3000 wifi module.
The example PCBs were designed using the Eagle PCB CAD
software. Example code was created in the Arduino software
development environment.

Structure

The workshop met from 1 to 6 pm on six consecutive Sun-
days. Workshop sessions were led by the first author, who
is experienced in personal fabrication and teaching electron-
ics workshops. Two other facilitators (with some electronics
experience) assisted participants during some of the sessions.
Most sessions contained brief facilitator-led demos and lots
of time for hands-on experimentation by participants, during
which facilitators provided one-on-one support.

The first session introduced basic circuits and code using an
Arduino Uno and a breadboard. In the second session, partic-
ipants learned to connect to web services Temboo and Phant
using a Wicked Devices WildFire board (which contains an
ATmegal284P and CC3000 wifi module). Up to this point,
the workshop was broadly similar to other physical comput-
ing or Arduino workshops. During the third session, partici-
pants assembled, programmed, and debugged one of the ex-
ample circuit boards, gaining familiarity with the tools, tech-
niques, and parts they later used with their own designs. Par-
ticipants designed their PCBs in the fourth workshop session,
with seven of the eight starting from our example files. Be-
cause our schedule didn’t allow participants to prototype their
projects on breadboards before designing their PCBs, they re-
lied on individual advice from the workshop facilitators to
define the functionality and scope of their circuit boards. Af-
ter the fourth session, we ordered PCBs for participants’ de-
signs from AP Circuits, an online vendor. Because the work-
shop structure allowed for only a single PCB iteration, we
checked their design files for obvious errors before ordering.
The PCBs arrived within the week and participants assem-
bled them during the fifth session using components ordered
from SparkFun Electronics, Adafruit Industries, and Digi-
Key. During the last session, participants programmed their

Figure 4. Participant projects: John’s snow detection system (left),
Nathan’s fencing posture detector (center), and Tyler’s ocean weather
station (right).

boards. Debugging featured heavily in both the fifth and sixth
sessions. (See Figure 1 for representative images from each
week of the workshop.)

Results

Table 2 provides an overview of participants’ projects, which
differed substantially in complexity (i.e. our rough estimate
of work they did beyond our provided examples). Tyler® de-
signed his board from scratch, without use of our examples.
His project was an Arduino shield intended as the core of an
ocean-based weather station. It had thermistors for measur-
ing air and water temperature, accepted power from a solar
panel, and transmitted data using the cellular network (via an
Arduino GSM shield). Nathan, Akash, John, and Luisa each
added multiple sensors and/or actuators to our provided ex-
amples, addressing a number of distinct applications areas.
Brooke, Ernesto, and Nicole made simpler modifications to
our examples, adding only a single sensor or actuator (or, in
Brooke’s case, two identical RGB LEDs). (See Figure 4 for
images of some of the projects.)

In the end, seven of the eight participants successfully assem-
bled, programmed, and debugged their boards (with the ex-
ception of one of the two RGB LEDs on Brooke’s board). No-
tably, four of those seven had no experience with electronics
prior to the workshop. Four of the participants (Tyler, Nathan,
Brooke, and Ernesto) implemented a standalone application
for their project, allowing it to function without a computer.
Three others (Akash, John, and Luisa) implemented basic ex-
amples to test their projects’ hardware. Nicole struggled with
the soldering, not getting her board to the point where it could
be programmed by the end of the workshop.

THE ADVANTAGES AND CHALLENGES OF A PERSONAL
FABRICATION APPROACH

The experiences and reflections of our workshop participants
highlight a number of specific advantages and challenges of a
personal fabrication approach to the making of electronic de-
vices. We discuss these here, contrasting them with other ap-

3 All names are pseudonyms.



Name Project Complexity Components Added to PCB HW Status SW Status
Tyler Ocean weather High Thermistor (x2), accelerometer, Fully Functional Autonomous
station solar panel, Arduino shield headers application
Nathan  Fencing posture Medium Accelerometer, LiPo battery, Fully Functional Autonomous
detector battery-charging circuit application
Akash Smart home hub ~ Medium XBee radio, voltage regulator, RGB  Fully Functional Basic example
LED
John Snow detection Medium Ultrasonic range-finder, pressure Fully Functional Basic example
system sensor, RGB LED
Luisa Migraine Medium Pressure / temperature sensor, Fully Functional Basic example
predictor humidity / temperature sensor, RGB
LED
Ernesto  Energy monitor Low Current sensor Fully Functional Autonomous
application
Brooke Email-controlled Low RGB LED (x2) Mostly Functional =~ Autonomous
LED application
Nicole Unfinished Low RGB LED Incomplete Not started

Table 2. Participants’ projects, ordered by complexity.

proaches, like electronic toolkits and breadboards. (While we
did not conduct a direct comparison as a part of this work, all
the authors have multiple years of experience teaching elec-
tronics in various forms, which gives us insight into the char-
acteristics of these other approaches.)

Advantages

Here we discuss two significant advantages of a PCB fabrica-
tion approach: the first regarding its product (the PCB itself)
and the second the process by which the PCB is designed.

The product: robust circuits with a diversity of components
Our workshop participants found value in the robustness and
wide range of components supported by PCB fabrication. As
Tyler put it:

“I like the idea of [PCB fabrication] because often times
you’re just limited to whatever you can buy: what they
decided to put on a breakout board at Adafruit, or Spark-
Fun, or Pololu. This kind of opens it up a little more
widely.... Being able to just make it all compact and fit
neatly, as opposed to I have this one little RadioShack
perma-breadboard that I soldered stuff on and then I'm
going to have little jumper wires coming over.” (Tyler,
post-workshop interview)

That is, he appreciates both the ability to drawn on off-the-
shelf components that haven’t been wrapped into higher-level
hobbyist modules and the possibility of making a compact
and robust project.

These advantages were also visible in the projects themselves
(some of which are shown in Figure 4). These are compact
and robust, without the chaos of jumper wires found in many
breadboard projects. In addition, they draw on a wider range
of components than those found in any particular electronics
toolkit. For example, neither littleBits nor the .NET Gad-
geteer toolkit made by GHI Electronics contain a barometric
pressure sensor (used in Luisa’s project), a distance sensor /
range finger (in John’s project), or a LiPo battery charging
module (in Nathan’s project).

The process: leveraging the power of software

Our participants also valued the scaffolding provided by de-
signing their circuits in software, particularly the ease of
building on existing examples and the ability to leverage auto-
mated processes. Akash valued the ability to build on existing
design files:

“Yeah, I mean, the designing the boards seemed a lot
easier than I anticipated, I guess because we started
with some templates and just made some modifications.”
(Akash, closing discussion)

This is stark contrast to work with breadboard prototypes,
where building on someone else’s circuit design involves first
recreating it on your own breadboard, a manual and error-
prone process. With a personal fabrication approach, you can
start by just making changes to someone else’s file. Further-
more, the resulting files can be shared for others to build on
or fabricate.

Software can also automate what would otherwise be tedious
manual processes, an ability valued by participants:

“Eagle was nice. I could definitely see how you could
have to spend a lot of time needing to become a real
pro at it but the auto-router was magical. It was cool
watching all the wires go bo-bo-bo-bop.” (Tyler, closing
discussion)

“Yeah, laying out traces was way more easy than I
thought it would be. I had no idea that there was such a
thing as the auto-router.” (Brooke, closing discussion)

The auto-router provides a hint of the way in which the
power and flexibility of software could be leveraged to sup-
port novices in the circuit design process, a topic we return to
in “Opportunities for Future Tools and Technologies” below.

Challenges

Here we discuss three specific challenges that emerged from
the workshop: scoping projects, component selection and in-
tegration, and debugging circuits of low-level components.



Scoping Projects

The many up-front decisions required by a personal fabrica-
tion approach made it particularly difficult for our participants
to define and scope their projects. Nathan nicely captured his
difficulty with the process:

“My problem was I didn’t have a problem I wanted to
solve and so I was like I’'m just going to try to eyeball
something and come up with something out of the air.
And, [first author’s name] and I bounced a few ideas
back and forth... Part of the issue was scale. I thought of
a few projects that I would do and I was thinking ‘yeah
that would be really interesting and would take two years
to put together so I’'m going to put that one aside for
now.” And then others, were like ‘oh, yeah, that’s a great
idea and I can go buy that at Walmart today for five dol-
lars so I’'m not going to do that either.”” (Nathan, closing
discussion)

While many of the considerations Nathan mentions, such as
scale, novelty, and expertise, are also relevant to work with
toolkits and breadboards, the iterative nature of those ap-
proaches facilitates the process of project scoping. In con-
trast, the slow iteration cycles found in a personal fabrication
approach require making more decisions about projects up-
front, without the increased experience and insight enabled
by more frequent project iterations.

Our experience in the workshop suggests some potential solu-
tions to this challenge. One option is to work with people that
have already come up with a feasible project idea. This was
the case with Tyler; it enabled him to focus on implementing
his idea through personal fabrication. Another possibility is
to work with people that are content to go through the PCB
design process without a specific project goal. This was the
case with Brooke and Ernesto, both of whom chose to sim-
ply add one or two basic components to the example PCB
designs. If neither of these cases apply, Nathan’s experience
suggests that it will be necessary to dedicate significant time
and individual support to the project scoping process.

Component selection and integration

The wide range of low-level components that can be used
with a custom PCB increases the challenge of selecting the
right ones and integrating them into a functional circuit. Do-
ing so requires taking account of multiple factors, which are
nicely captured in Tyler’s account of selecting a temperature
sensor for his project:

“What do I want to do with this? I want to measure
temperature. Go on Adafruit, go on SparkFun, all the
different ways of measuring temperature. Do I use a
thermocouple? Do I use a thermistor? Read a bunch
of reviews... read the tutorials. Okay, thermistor it is;
it’s waterproof, it’s simple. I don’t have to do any weird
calibration or logic shifting.” (post-workshop interview)

Here, Tyler is weighing a number of different factors: compo-
nent availability, ease-of-interfacing (along multiple dimen-
sions), and robustness. The sophistication of the process he
describes was a challenge for many of our participants. Fur-

thermore, even once they selected a component, they often
struggled to understand how to use it. As Luisa put it:

“What I found challenging was to understand what are
the components that have to be paired with the basic
components that you are buying. Like how many re-
sistors, how many capacitors, where is the crystal, why
one and not two or not three.... The reasoning behind the
selection of all these things beyond the sensors that we
buy directly to Adafruit.” (closing discussion)

That is, while Luisa was comfortable with the high-level idea
of selecting a sensor to accomplish a particular function, she
struggled to understand the details necessary to make use of
those sensors. We also observed participants struggling to co-
ordinate information from diverse sources, such as Eagle part
libraries, Arduino software libraries, component product list-
ings and datasheets, and online tutorials. In contrast, an elec-
tronics toolkit will typically encapsulate the information re-
quired to work with individual components, avoiding many of
these difficulties. Our workshop, however, also suggests that
wrestling with these challenges provides people with valuable
learning experiences, a point we return to in the discussion.

Debugging Circuits of Low-Level Components

For our participants, debugging circuits boards composed of
individual low-level components was a challenge. Nathan ex-
pressed his frustration with the process:

“My biggest stumbling block was not even debugging
the code but just debugging my board.... Honestly my
first reaction when I couldn’t get this to upload was
‘screw it, I’ve got another one, I’ll start over’ because
I don’t where to begin, I don’t know where to step into
the process.” (closing discussion)

That is, Nathan had difficulty formulating hypotheses as to
what might be wrong with his circuit, a challenge shared by
other participants. With personal fabrication, this difficulty is
compounded because of the necessity of debugging individ-
ual components and connections. In contrast, when working
with an electronics toolkit, individual modules typically func-
tion, meaning that debugging operates at a higher level of ab-
straction, making it easier to postulate what might be wrong.
We see opportunities for new tools and technologies to help
with the debugging process, a topic we discuss in “Opportu-
nities for Future Tools and Technologies” below.

DISCUSSION

Here, we discuss three themes relevant to engaging amateurs
in personal fabrication: the role of existing attitudes, not just
skills, in determining the appropriateness of a personal fab-
rication approach; the ways in which personal fabrication
brings individuals closer to world of commercial electronic
products; and the role of personal fabrication in a world of
mass-produced devices.

The Importance of Attitudes, Not Just Skills

Here, we discuss the importance of attitudes, not just skills,
in determining the appropriateness of a personal fabrication
approach for engaging an individual in the making of elec-
tronics. We look at the relationship between the specific



characteristics of PCB design and fabrication and issues of
self-efficacy, motivation and context, and alignment with in-
dividual goals. These themes emerged from an iterative anal-
ysis of the experience of the individual workshop partici-
pants, informed by discussions among the authors and other
researchers.

The Role of Self-Efficacy

The contrasting experience of two of our workshop partici-
pants, Nathan and Nicole, highlights the importance of self-
efficacy in overcoming the particular challenges of a personal
fabrication approach to electronics. This is a small data-point
in a larger discussion about the role of self-efficacy in com-
puter science and other technological activities (e.g. [3, 26,
35]). In this instance, the importance of self-efficacy was il-
lustrated by Nathan and Nicole’s attempts at soldering and
debugging their PCBs. Both participants entered with the
workshop with more-or-less comparable skills but reacted in
very different ways to the challenges they encountered.

When Nathan ran into difficulties debugging his circuit board,
he was initially lost but persevered, drawing on help from the
workshop facilitators to get his board working. This perse-
verance was reflective of his confidence in his ability to solve
problems, as expressed earlier in the workshop:

“It looks like I have enough of the tools that I can, you
know, if there’s some little thing that I don’t understand
I can figure it out, or just drive over it really....” (third
session)

That is, Nathan had the confidence to continue working in the
face of difficulty, although he sometimes required support to
do so. Nicole, in contrast, gave up when she ran into trou-
ble soldering her PCB, despite help and encouragement from
the facilitators. (While impossible to confirm, we suspect that
Nicole could have successfully assembled her board had she
persisted in her efforts.) Nicole also skipped the last work-
shop session out a desire not to burden the rest of the partic-
ipants with her difficulties. Later, Nicole expressed a lack of
confidence in her abilities:

“Nothing I make ever works.... I can try really hard to
be exact about things but there’s always a problem.... I
feel like y’all can do something and then- I don’t know,
it just doesn’t ever work out for me.” (post-workshop
interview)

Although some of the self-doubt expressed in this quote may
have been a post-hoc rationalization, it seems likely to have
played at least some part in her lack of perseverance.

We hypothesize that self-efficacy plays an especially impor-
tant role in personal fabrication because of the large overhead
required to get anything to work at all. This provides fewer
opportunities for success as compared to the tinkering possi-
ble with toolkits and breadboards; this lack of positive rein-
forcement may discourage those with less confidence in their
own abilities.

The Value of a Dedicated Context
Our participants benefited from the structure and motivation
they derived from our workshop context. Tyler’s experience

exemplifies the importance of this context in supporting peo-
ple’s engagement with personal fabrication. As evidenced by
the complexity of his project and his ability to work largely
without assistance in the workshop, Tyler already had many
of the technical skills necessary to design and fabricate a
PCB. Still, he had struggled with previous attempts at elec-
tronics. As he put it:

“There was no one around me who was doing it, so there
was no one I could talk about it with... I know all this
stuff is online but there’s so much online that it’s almost
overwhelming. It just seemed like you had to be more of
an expert to even get started. That might not have been
true. And actually with experience in the class, I know
now that that wasn’t true. But that was my perception of
it.” (post-workshop interview)

That is, Tyler had interpreted his difficulties as a lack of the
necessary expertise, when, in fact, they seem to really have
been about the lack of a supportive context. While the inter-
net offered an abundance of information, it wasn’t until our
workshop that Tyler found the focus and structure he needed
to exercise his abilities.

Other participants, too, appeared to benefit from the work-
shop structure. Some, for instance, borrowed workshop ma-
terials with the intention of working at home but returned the
next week without having found the time to do so. On the
other hand, they were dedicated to the workshop itself, with
only two participants missing even a single session (one be-
cause he was out of the country).

In addition, the in-person, one-on-one support enabled by a
workshop context was crucial to helping participants over-
come the challenges of a personal fabrication approach.
Project scoping, component selection and integration, and
PCB debugging all required a lot of back-and-forth between
the facilitators and workshop participants, a process made
much easier by in-person conversation. Furthermore, helping
participants debug their PCBs would have been quite difficult
without physical access to the boards.

These issues highlight the importance of a dedicated structure
and social context in motivating novices to invest time and
effort in developing new knowledge and skills as well as in
supporting them through the process. Of course, holding an
in-person workshop isn’t always possible, so it’s interesting
to consider other means of providing this type of support, a
question we return to in “Opportunities for Future Tools and
Technologies” below.

The Importance of Alignment with Individual Goals

Here, we contrast the experiences of Ernesto and Luisa as
a means of highlighting the importance of aligning personal
fabrication activities with an individual’s personal goals.
Ernesto explained his motivations: “I really want[ed] to be
able to see the whole process from the beginning to the end
so I picked a very simple project” (closing discussion). This
aligned well with our workshop structure, which offered an
overview of the many different processes involved in design-
ing and fabricating an electronic device. In contrast, Luisa
entered the workshop with an interest in a specific applica-



tion domain (sensors and the built environment) of relevance
to her profession (architecture and urbanism). While she was
successful at and enjoyed the process of designing and as-
sembling her PCB — executing a more complex project that
Ernesto — she would have preferred a different focus:

“I loved Eagle but if I would remove something maybe
that would be the part that I would remove.” (closing
discussion)

That is, despite Luisa’s skill at and enjoyment of PCB design,
our workshop’s focus on these processes was not a good fit
for her personal interests and goals. These may have aligned
better with the qualities of electronics toolkits and breadboard
prototyping, which would have allowed for more experimen-
tation within the application domains of interest to Luisa.
This is a useful reminder that personal fabrication isn’t al-
ways the most appropriate approach, even for those with the
potential to do it successfully.

Approaching the Real World of Electronic Products

The workshop suggests that a personal fabrication approach
offers important insights into the way that electronic prod-
ucts are made — insights not revealed by other approaches like
electronics toolkits. While they don’t include every aspect of
the product design and manufacturing process, we feel they
offer important steps in that direction. Here, we discuss two
of these insights: the composition of electronic devices from
low-level components and the role of digital design and fab-
rication processes.

Compositions of low-level components

By taking a personal fabrication approach to the making of
electronic devices, our participants gained an understanding
of the way in which commercial electronic products are com-
posed from commercial, off-the-shelf electronic components,
a perspective often obscured by the abstractions offered by
electronics toolkits. As Akash put it (before we started to
work with bare microcontrollers):

“One thing that I still don’t understand, that I’d like to
learn more about... this Arduino board is still kind like a
black box to me.” (session three)

That is, the toolkit substitutes one black box (an electronic
product) with another (a toolkit module), both of which are
at a similar level of abstraction (i.e. multiple electronic com-
ponents mounted on a PCB). Furthermore, an Arduino board
is a hobbyist module that one wouldn’t expect to see inside
of a commercial device. In contrast, a personal fabrication
approach allows novices to go down a level of abstraction
and see how electronic circuits are composed from individual
components of the sort found in commercial devices. As John
put it:

“Yeah, I think at some systems level or sub-systems level
I've a better understanding now of how things work.
Maybe down at the minute level ... do I still understand
how this sensor works? I probably don’t.” (closing dis-
cussion)

This understanding of the way in which devices are composed
from individual components is similar to the level of abstrac-

tion involved in creating many commercial electronic prod-
ucts, which also rely on the encapsulation of electronics the-
ory provided by off-the-shelf sensors and other components.
That is, just as a professional engineer can make use of an ex-
isting sensor or microcontroller without necessarily knowing
the theory governing its operation, so, too, John now has an
understanding of the way that electronic products are com-
posed from these individual components.

For Brooke, there was even value in the fact that our work-
shop components came in commercial packaging rather than
as a kit of parts:

“I really appreciate that we didn’t use a kit to make
things but did our own and used components we had to
fish out of bags. Felt more real and less like being led
around.” (post-workshop survey)

This simple step — taking individual components from their
industrial packaging — gave Brooke a sense of participating
in the real world of electronic products rather than the limited
scope of a pre-packaged kit. For us, this highlights the poten-
tial for personal fabrication to transform hobbyist electronics
— from tinkering with a limited set of toolkit modules to en-
gaging with the general domain of electronic components.

Digital design and fabrication processes

While personal fabrication uses different manufacturing pro-
cesses than mass production, it similarly involves the trans-
lation of digital designs into physical artifacts, a paradigm
which is essential to understanding how commercial devices
are made. At the end of the workshop, Ernesto described his
understanding of this digital design and manufacturing pro-
cess:

“How all the pieces interact, Eagle - you got two dif-
ferent files, you send them to Canada. They send you
something back. You get sensors from Adafruit. You
have SparkFun. Like how all those pieces interact to-
gether just to be able to control a physical device from
code.” (closing discussion)

While this is clearly a long way from knowing all the de-
tails involved in mass-produced an electronic device, it rep-
resents a general overview of that process, one which stems
directly from Ernesto’s experience in designing and fabricat-
ing a PCB.

Brooke gained a better understanding of the PCB design pro-
cess in particular:

“I think that the Eagle part was really useful because I
didn’t know ... how hardware designers pull everything
together. I didn’t know about libraries where you can
just grab parts and it definitely demystified that part.”
(closing discussion)

That is, she now understands some of the concrete steps in-
volved in what was previously a generally-mysterious process
of electronic product design. Again, while this is clearly a
long way from the full knowledge required to design a com-
mercial electronic product, it expresses an significant demys-
tification of that process.



Together, these quotes illustrate the overview of digital de-
sign and manufacturing afforded by the personal fabrication
of an electronic device. As with an appreciation for the use of
low-level electronic components, this insight is fundamental
in fostering a shift from the world of pre-made toolkit mod-
ules to the commercial world of electronic products.

Finding a Role for Personal Fabrication

Participants emerged from the workshop with an informed
and nuanced understanding of the value and role of a personal
fabrication approach to the making of electronic products. On
the one hand, they recognized that it was not likely to replace
mass-production as the means by which most electronic de-
vices are made. On the other hand, they felt that it could
have a role to play in their own personal practices — and that
it offers opportunities to create products that aren’t currently
provided by industry.

Participants were skeptical that personal fabrication would
become someone’s primary means of creating the devices in
their lives. As Tyler put it:

“I don’t think I’'m going to be building the next iPhone
or making my own- like some people learn how to make
their own beer, and they never drink any beer cause
they’re just ‘I’m going to drink my own beer cause it’s
the best and I’'m the best’- I don’t think that’s going to
happen with this.” (Tyler, closing discussion)

That is, Tyler doesn’t envision personal fabrication replac-
ing mass-production for most electronic devices, an opinion
shared by other workshop participants — and one which we
generally agree with. Given this, the real question for us is
what role personal fabrication has to play in society.

Comments from our participants suggest they see the possi-
bility of incorporating PCB design and fabrication into their
own practice:

“I think though if I had a project that needed a lot of
boards like the same boards over and over, I would get it
to this stage.... I probably wouldn’t pay $80 for a board
that ... [ knew that I was only going to need one of in my
whole life. But if I had a reason to, [ would definitely go
down that route.” (Brooke, closing discussion)

“The Eagle was really interesting to learn and I’'m sort
of like, you know for a hundred bucks if I think of some-
thing I want to do, maybe I go down that road. Cause
it was kind of interesting and if anything for me it’s an
interesting conversation piece.” (Nathan, closing discus-
sion)

“But, yeah, I mean, if I'm making a one-off thing and
none of my friends are ever going to use it, I’ll probably-
I might just make it but I wouldn’t do a PCB, I'd do it
on a solderable breadboard. If I was making something
and a bunch of people around me showed interest, yeah,
maybe I’d go ahead and whip up Eagle and start doing
some things.” (Tyler, post-workshop interview)

That is, while a personal fabrication approach might not be
the only (or even the primary) way that they will work with

electronics in the future, it’s now a part of their repertoire that
they can draw on when appropriate. Specifically, personal
fabrication offers these participants a way to replicate, in ro-
bust form, a successful design and share it with others. This is
a quality that is difficult to achieve with breadboard and elec-
tronic toolkit prototypes. We find it especially encouraging
that, having seen the work involved in designing and fabri-
cating a PCB, these participants still feel it is something that
they might engage in for future projects.

Furthermore, participants saw personal fabrication as a pro-
cess that could allow for the creation of products that
wouldn’t otherwise exist:

“Some of the stuff just isn’t out there, like for swim-
ming there’s really not that great electronics.... I've been
thinking about... what if I could have a heading indicator
on my goggles? That’s just a thing that no one makes.”
(Tyler, post-workshop interview)

“If T would have been in Colombia, I would have just
jumped straight into setting a business... because I see
a huge market there, a necessity for these products. It
wouldn’t have been difficult at all to start a business
there.” (post-workshop interview)

These participants see the potential for devices that compa-
nies don’t make and view personal fabrication as an oppor-
tunity for individuals to get involved in the creation of those
devices. Together with the previous comments, this suggests
that our participants do see a clear role for personal fabrica-
tion of electronic devices, both in individual hobbyist prac-
tice and as a means of supporting the creation of new elec-
tronic products. While toolkits and breadboards are great for
novices tinkering with electronics, personal fabrication offers
a path for the amateur to create robust, repeatable prototypes
of electronic devices. This extends the real-world applica-
tions of hobbyist electronics, echoing the paths from exper-
imentation to use found in many other hobbies — cooking,
wood-working, knitting, and more.

OPPORTUNITIES FOR FUTURE TOOLS AND TECHNOLO-
GIES

Participants’ experience in the workshop revealed multiple
opportunities for future tools and technologies to support in-
dividuals in the creation of electronic products. These tools
and technologies seem likely to increase in importance as the
range of digital fabrication technologies accessible to hobby-
ists continues to expand.

Better Abstractions in Circuit Design Software

As discussed in “Advantages of a PCB Fabrication Approach”
above, Eagle’s auto-router provides one example of leverag-
ing the power of software (and embedded domain expertise)
to support novice design of circuits. Our experience with the
workshop suggests other kinds of support that would be help-
ful to embed in future PCB design tools.

Currently, the PCB design tools available to hobbyists (like
Eagle) provide little or no support for creating abstractions
of multiple components. (Eagle doesn’t even provide very
good support for copying and pasting between files.) A PCB



design tool with better support for such abstractions could
help users focus on the higher-level functionality they want
to include in their circuits without needing to worry about
each individual component. Providing higher-level building
blocks in software rather than as hardware modules would
offer a number of advantages: they could draw on a wider
range of electronic components, they could be easily shared
online, and they could be tightly integrated onto a single PCB.

Another powerful resource would be encoding more electron-
ics knowledge into PCB design tools. For example, support-
ing users in connecting components to microcontroller pins
with specialized functionality (e.g. analog inputs, SPI, or 12C
communication) necessary to work with those components.
Also useful would be helping them to translate between dif-
ferent vocabularies, such as the name of a communications
bus (e.g. SPI) and the names of its individual signals (MISO,
MOSI, SCK). Both of these issues tripped up many of the
participants in our workshop. Embedding this type of knowl-
edge into PCB design software would also make it possible to
guide the user through the process of debugging their fabri-
cated circuit boards. For instance, the software could suggest
specific solder joints or connections to test based on the ob-
served circuit behavior or suggest the minimal set of compo-
nents required to get a particular portion of the board work-
ing.

Increasing Access to Automated Circuit Assembly
Increased hobbyist access to automated low-volume circuit
assembly would increase the range of components available
for and reduce the manual labor involved in creating custom
circuits. It would also move much of the onus for testing
and debugging to the vendor, who is likely better and more
efficient at this task. This would increase the importance of
the digital design process, further distinguishing a personal
fabrication approach from breadboards and toolkits and in-
creasing its potential sophistication and importance. There
are some promising initiatives in this area, like the PCB as-
sembly service from Seeed Studio* and Octopart’s common
parts library”.

Leveraging Lessons on Novice Coding

Given the centrality of programming in the creation of elec-
tronic products, we see important opportunities to translate
lessons on supporting novice programming from other do-
mains (e.g. visual programming interfaces). Specifically, the
workshop demonstrated a need for tools and interfaces that
simplify embedded development while still allowing for the
use of a wide range of electronic components, which requires
an open-endedness and flexibility sometimes missing from
novice coding environments.

Distributed Social Contexts for Technology Engagement

While not necessarily specific to our personal fabrication ap-
proach, we want to re-iterate the value of the in-person sup-
port and social context offered by a workshop (in contrast
to purely digital scaffolding). One advantage of this format
is supporting participants in complex and subjective parts of

4http ://www.seeedstudio.com/
Shttps://octopart.com/common-parts—library/
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the design and fabrication process, like project scoping and
debugging (discussed in “Challenges of a PCB Fabrication
Approach” above). Another is providing a setting that moti-
vates people’s work and allows them to focus on a particular
domain.

While we feel that in-person workshops are an ideal means
of providing this type of social context and support, we rec-
ognize that they don’t necessarily scale. An interesting ques-
tion for future exploration is how to create distributed, online
environments that can provide structure and support for tech-
nology making. While there are many initiatives in this area®,
we feel there’s still interesting work to be done in figuring out

how to shape and scale these offerings.

CONCLUSION

We presented an investigation into engaging amateurs in the
design, fabrication, and assembly of electronic devices — a
six-session workshop in which eight participants created wifi-
connected devices. We’ve shown that it is possible to en-
gage non-experts in the personal fabrication of electronic de-
vices and that doing so brings them closer to the real world
of commercial electronic products, as compared with other
approaches like toolkits or breadboards. Furthermore, we’ve
demonstrated that amateurs do indeed see a role for personal
fabrication, even in a world full of mass-produced electronic
devices. On the other hand, there are many challenges in-
volved in a personal fabrication approach; we’ve identified
some important ones and suggested opportunities for address-
ing them. We’ve also highlighted some of the many consid-
erations involved in determining the appropriateness of a per-
sonal fabrication approach for different audiences. In short,
we’ve shown that personal fabrication allows amateurs to cre-
ate robust, repeatable devices, extending the scope of hobby-
ist electronics and its potential for real-world applications.
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