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Tinkering is an empowering and creative approach to
making but it is a poor strategy for fixing bugs. We report
new empirical findings which suggest that a trial and error
tinkering approach is not an effective troubleshooting
strategy and that a more structured, systematic approach
can help makers locate and resolve their problems more
effectively. There is an opportunity for HCI to develop
tools to support makers’ troubleshooting, a role it
currently plays in the end-user programming domain.
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Tinkering is a foundation of making [2], which aims to
encourage people who are not experts in programming or
electronics to 'have a go', and to discover and learn from
their hands-on experiences, including their mistakes. For
example, the Maker Summit report argues that,
“Educators should offer assistance with difficult
technical tools and processes, but stay at a distance; as
a mainly self-directed learning experience, the project
should allow learners to make mistakes and learn how
to fix them on their own [1, p.10]. However, in this
provocation, we argue that one of the most difficult

Figure 1. A participant
constructing a prototype circuit in
our study. The task involved
connecting a temperature sensor
to an Arduino and writing a short
program to read the sensor and
then visualize the values using
LEDs.

technical processes to learn is how to find and fix
mistakes. Knowing where to look for bugs, what
evidence to look for, how to test for the existence of
bugs and how to interpret the results are all crucial
skills in successful troubleshooting [6] and currently
makers are not given enough assistance in developing
these skills. We report new empirical findings which
suggest that a trial and error tinkering approach is not an
effective troubleshooting strategy and that a more
structured, systematic approach can help makers locate
and resolve problems more effectively. A key challenge is
to develop tools that support makers to systematically fix
mistakes while still enabling them to creatively tinker.

Study
To gather empirical data about problems that makers
encounter when developing physical computing devices,
we conducted an empirical, think-aloud study involving
20 adults. All had experience of using Arduino, but
none were professional physical computing developers.
Each participant attended an individual session in which
they were given 45 minutes to construct an Arduino
prototype that used three LEDs to visualize values read
from a temperature sensor (Fig.1 and Fig.2). We gave
them all necessary equipment and a specification of the
required behavior of the physical computing device;
they also had access to the Internet and were allowed
to use any online resources. We video-recorded these
sessions and later transcribed the recordings.

Figure 2. Fritzing layout of the
simplest circuit configuration for
the study task.

Our first analysis of these data [3] discovered that
participants experienced many obstacles when
developing the prototype and as a result they made lots
of mistakes, resulting in bugs that they then needed to
fix. On average, participants spent most of their time
trying to fix bugs that they had introduced. Although

participants were able to fix 70% of their bugs, the
ones they were unable to resolve had severe
implications for task success. Of the 14 participants
who failed the task, 10 did so due to unresolved circuit
bugs – faults in circuit construction. Circuit bugs which
proved difficult to resolve included connecting
component legs to the wrong Arduino pins,
inadequately seated connections, and the omission of
necessary components, e.g. resistors. We also
discovered that when trying to fix their bugs,
participants frequently introduced new bugs, as has
been observed in other end-user programming domains
[5]. We found that some circuit bugs proved
particularly difficult for participants to localize, and
were subsequently misdiagnosed as errors in the
program, or in a different part of the circuit.
How do makers troubleshoot?
In a new analysis of our study data, we focused on
participants’ troubleshooting of circuit bugs, to identify
why some were fixed whereas others were not. We
analyzed troubleshooting by all those participants
(14/20) who noticed and attempted to resolve at least
one circuit-related problem – the type of bug most
frequently responsible for task failure [3]. Of these 14
participants, only two successfully completed the task.
The six participants not included in the analysis either
experienced only programming bugs (4) or no bugs at
all (2). A participant was considered to be
troubleshooting a bug if they noticed the symptoms and
indicated some concern and subsequently made an
attempt to investigate the problem. A simple example
of troubleshooting is a when a participant who, holding
the sensor at run time, was surprised that an LED did
not light up and so then inspected the wiring to see
why this was the case.

Figure 3. A comparison of the
way that successful and
unsuccessful participants made
changes in an attempt to resolve
their bugs. Those who
successfully completed the task
usually localized errors before
making changes, whereas those
who failed the task ‘tinkered’
more – making speculative
changes in the hope of resolving
their problem. It’s important to
note that successful participants
sometimes tinkered, and
unsuccessful participants
sometimes localized their bugs
before making changes.

Most circuit bugs only became apparent when run-time
behavior alerted the participant to a potential problem.
Participants then carried out a range of troubleshooting
activities to fix the bug. Some were systematic and
carried out activities such as inspection and testing to
recognize, localize and identify the bug, changing the
circuit to fix the bug and further inspection and testing
to verify the fix. However, much of the troubleshooting
we analysed involved trial and error tinkering, which, in
this context, we define as making speculative changes (to
the program or circuit) in the hope that it will fix the
problem and thereby reveal the cause. For example, P01
had miswired the temperature sensor, which resulted in
unpredictable behavior. They made several speculative
changes that they hoped might identify and resolve the
cause of this, including changing the voltage supply to the
sensor: “So, I might try seeing what it does at 3.3 volts
and see if that changes things. Why the flip not?!”.
Crucially, this tinkering not only did not resolve the
problem, it introduced a new circuit bug for them to
troubleshoot.
In contrast, a useful strategy when troubleshooting
either software or hardware is to isolate the part of a
system that is suspected to be responsible for a bug.
Reducing the size of the system to be analysed can
help to eliminate potential causes of a problem and
simple tests can then then be performed to diagnose
the exact cause. Although there were far more cases
where participants didn’t attempt to systematically
isolate a bug, we did observe a few instances where
this was done effectively. For example, P02 seated one
of their LEDs the wrong way round in the breadboard.
When it did not light up as expected, they isolated the
LEDs from the rest of the circuit (and each other) to
establish whether their LEDs were correctly oriented:

"I'm just going to test that the LEDs light up when I
connect power to them, so I know they're the right way
round.”. When the same LED still didn’t light up but
the others did, they concluded it was the wrong way
round: "But if I touch that one, it doesn't light up. So,
therefore these are all the other way round." They fixed
the problem by turning the LED around and then it lit
up correctly.
We found that the two participants who successfully
completed the prototype were generally confident that
they knew where the error was located before they
attempted to fix it, in contrast to the unsuccessful ones,
whose uncertainty was evidenced by the comments
they made when making changes to their circuits, such
as “Perhaps…”, “Let’s see…”, “I’ll try…” and “Maybe”.
Unsuccessful participants often made changes to their
circuit in the hope that doing so would help them locate
the source of the problem, a trial and error approach
that often led to additional problems. Overall, the
successful participants were far more likely to make
changes after localizing the problem rather than make
trial and error changes; this is in contrast to the
unsuccessful candidates who were more likely to adopt
a tinkering approach (Fig. 3).
Ten of the twelve participants tried to fix circuit bugs by
adopting a tinkering approach at some point in their
troubleshooting, including nine of the participants who
failed the task due to circuit bugs. Few of these attempts
were successful: only 16% (13/82) of the instances that
we observed resulted in a bug fix, while in 52% (43/82)
new bugs were introduced into the circuit. In contrast,
more systematic troubleshooting was far more effective,
that is, where participants showed evidence of having
localized the cause of their problem before attempting to

fix it. While there were fewer instances of this approach,
they were much more successful: 70% (30/43) resulted in
bugs being fixed and only 26% (11/43) led to new bugs
(Fig.4 summarizes these results).
It is worth noting that using a tinkering approach to
troubleshooting was not just observed in participants who
were less experienced in physical computing, it was also
employed by the most experienced makers in our study.
While tinkering was the primary troubleshooting approach
for many participants, in some cases, when faced with a
problem, participants started with a systematic approach
to troubleshooting, but when their efforts failed to fix the
problem, or even provide them with information that
might help to focus in on the cause, they resorted to
tinkering.

Tinkering is an empowering and creative approach to
making but it is a poor strategy for fixing bugs. There is
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Summary
Figure 4. A comparison of the
outcomes of the two approaches
to making changes in an attempt
to fix bugs. Speculative changes
(tinkering) introduced far more
bugs and resolved far fewer bugs
than changes that were made
after a bug had been localized.

an opportunity for HCI to develop tools to support
makers’ troubleshooting, a role it currently plays in the
programming domain. There has been extensive HCI
research aimed at helping end-user programmers
diagnose problems, generate and test hypotheses, and
localize bugs that have led to tools such as the Idea
Garden [4]. Makers would benefit from similar support
tools, and this is the focus of our current research.
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