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ABSTRACT
In a long-term commitment to designing for the aesthetics of human–
drone interactions, we have been troubled by the lack of tools for
shaping and interactively feeling drone behaviours. By observing
participants in a three-day drone challenge, we isolated components
of drones that, if made transparent, could have helped participants
better explore their aesthetic potential. Through a bricolage ap-
proach to analysing interviews, field notes, video recordings, and
inspection of each team’s code, we describe how teams 1) shifted
their efforts from aiming for seamless human–drone interaction,
to seeing drones as fragile, wilful, and prone to crashes; 2) en-
gaged with intimate, bodily interactions to more precisely probe,
understand and define their drone’s capabilities; 3) adopted differ-
ent workaround strategies, emphasising either training the drone
or the pilot. We contribute an empirical account of constraints in
shaping the potential aesthetics of drone behaviour, and discuss
how programming environments could better support somaesthetic
perception–action loops for design and programming purposes.

CCS CONCEPTS
• Human-centered computing → Systems and tools for inter-
action design.
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1 INTRODUCTION
In a long-term commitment to designing for the aesthetics of human–
drone interactions, designing drones for the opera stage, [15, 16],
drones for dancing [41], and drones that can modify their behaviour
to become uniquely entangled with their user [39, 42, 43], we have
approached this theme as a multidisciplinary team combining com-
petence in interaction design, human–computer interaction, em-
bedded systems, and mobile robotics. The complexities of program-
ming drones, shaping and feeling the potential aesthetics of their
behaviour, as well as handling their hardware and design, has posed
interesting challenges to our design team over the years. We have
increasingly identified a need for bodily ways of understanding
and ‘programming’ drone behaviours rather than having to take a
detour via software programming, signal processing, and embedded
programming changes, done on a separate computer. When it is
made possible to move and be moved by the drones in a direct, per-
ceptual sense, it may become easier to feel the potential aesthetics
that could be shaped.

In order to document how pilots come to understand drones
and to shape human–drone interaction (HDI) by ‘programming
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through the body', we decided to expand our approach beyond
solely observing our own design processes. We arranged a three-day
drone challenge where participants with little to no prior experience
of programming and piloting drones, were given limited time to
explore and design interactions with an aerial nano-drone. To focus
the design space further, we asked participants to work toward
the speci�c objective of piloting their drone through an obstacle
course quickly and precisely. While an intensive three-day design
journey does not attain the depth of our previous projects � with
years, rather than days, spent on each drone design � we argue that
some of the core issues still emerged. What is more, the constrained
format of the challenge made the issues more readily observable,
allowing us to report on them here.

The aerial nano-drones we used are a fascinating and evoca-
tive type of robot. They have a material body [13] that moves and
makes noise, tempting us to interact with them as if they were more
communicative than they are. Prior accounts of design processes
focused on human�drone interaction have featured encounters be-
tween designers, with their designerly aims and �eshy bodies, and
drones, with unpredictable technological a�ordances and fragile
plastic bodies [22, 50], illustrating that as these encounters unfold,
designers shape not only the technology but also themselves, alter-
ing how they move to �t with the drone behaviour [16, 40].

In contrast to prior work that concerns human�drone observa-
tion [34, 52, 64] or human�drone gestures1 [30, 37, 67], we were
especially keen to observe the coupling (or breakdowns) in per-
ception and action when controlling a drone with bodily inputs
[23, 32, 62]. Our focuses onthe aesthetics of the mutual shaping of
pilots and drones, that is, how participants in the challenge were
shaping drone behaviour and, in turn, became shaped in bodily
ways by the drones' limitations. Our aim was to get at the bodily,
felt experiences of engaging with the drones, including the mo-
ments when there were breakdowns because of the lack of access
to the inner workings of the drones.

Our bricolage analysis draws upon interviews, �eld notes fea-
turing both observations and organisers' own experiences, video
recordings, and inspection of the teams' code. Three key observa-
tions help deepen our understanding of what it took for our pilots
to get closer to the drones and to shape their behaviours:

(1) We depict how participants' understanding of drones transi-
tioned from inspirational imagery of seamless human�drone
interaction to lived experience of drones as fragile, appar-
ently wilful, and prone to crashes. In the process of this
transformation of their perception of drone technology, our
participants encountered thevisibility problem[44], common
in embedded programming: as the internal system states are
not visible to the external user, it is hard to disentangle or
explain the di�erent reasons why the drone may be behaving
in an erroneous or unexpected way.

(2) We describe how participants came to know their drones
better through intimate, bodily interactions which allowed
them to more precisely probe, understand, and determine the
capabilities of their drone. The iterative process of getting

1Here, we use the wordgestureas a classi�ed set of movements interpreted as a
command, later in the paper we use the word in a di�erent sense to describe the
actions of the team members.

to know the drone unfolded through collaboration among
team members � and also with the support of the organising
team who provided technical support.

(3) Through discussing teams' di�ering approaches to build-
ing up their drone interactions � shaping and being shaped
by these interactions � we illustrate the di�erence between
training the drone, for instance by applyingdefensive coding
in the form of programs that operate cautiously in anticipa-
tion of possible issues, andtraining the pilot, that is, changing
and rehearsing the pilot's own movements to �t with existing
drone capabilities.

We contribute an empirical account of shaping and being shaped
by drones and lay out opportunities to better support the design
of human�drone interactions. We will be drawing upon insights
from the drone challenge, and the subsequent redesign we did of
the drones for a second challenge organised a year later, but also
further drone design projects our team members have worked on.
We conclude by discussing, �rst, the need for easy-to-approach
programming tools that allow pilots to adequately change the code
or modify sensor �lters of the drones in a more direct and trans-
parent manner. Second, we note that drones may simultaneously
`train' their pilots by providing somatic signs, signals, and feedback
that may be probed and felt in real-time [41]. These enhancements
would support pilots in learning how they might shape their own
movements to better partner with the drone, until they develop
a new way of moving together with the drone � exploring and
exploiting their aesthetic potential. As we discuss in another publi-
cation [59], our work with the drone challenge � and the lessons we
have learned through our multidisciplinary collaboration � have
implications also on the design and development of embedded pro-
gramming systems and their corresponding run-time support.

2 BACKGROUND
Let us, �rst, provide a brief overview of drone piloting from a tech-
nical standpoint before discussing prior research on the potential
somaesthetic experiences of human�drone interaction (HDI).

2.1 Drone Piloting
Conventionally, drone piloting may be achieved in three ways:

First, a control station may wirelessly connect to the drone to
issue high-level piloting commands, such as "move forward 1 m",
or "rotate90� right". The control station runs a set of programs that
implements arbitrary application logic, for example, to achieve a
given coverage of a geographical area, achievingfully autonomous
behaviors [20]. Most professional drone platforms operate this way.

Alternatively, a piloting device can bemanuallyoperated by a
trained pilot, who has full control of the drone. This form of piloting
is challenging. The set of knobs and handles available on a piloting
device is both small and large. It is small in that modern drones
o�er a multitude of operating modes, and each such mode may
require a separate set of knobs and handles. It is, at the same time,
large for a human to control in real-time while maintaining eye
contact on the drone, as dictated by current regulations.

Halfway between the two extremes lie the many solutions that
o�er some form ofassisteddrone piloting. Some form of piloting
device is used, here, as well, like a mobile app on smartphones. The
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piloting device o�ers ways to achieve some degree of manual con-
trol, while the drone autonomously performs other piloting actions
in support, such as keeping the position hovering, if no piloting
input is received. Most consumer and pro-sumer drone platforms
adopt this approach. This is the type of drone our challenge focused
on (for more details, see Sec. 3.2).

The inputs received from either the control station or a piloting
device are processed by a piece of embedded software, running
aboard the drone, called�ight controller [7]. Its job is to realise
the movements requested by the control station or by the pilot,
translating their inputs into operational settings for the motors.

2.2 Somaesthetic Human�Drone Interaction
Tezza and Andujar [61] describe how drones expanded from mil-
itary operations to a range of civilian applications. The social-
cultural implications [46] of this expansion prompted a surge of
research into HDI [10, 21], particularly in the design space of so-
cial drones [5]. Much research into the relational aspects [29] of
drone technology in these settings has focused on so-called `natu-
ral' HDI [ 8], integrating gestures and movements [9], and studying
emotions in relation to the design of such systems [11, 28, 64]. For
example, drawing upon Communication Studies to advance HRI,
Urakami and Seaborn [63] have suggested a series of nonverbal
codes that address the �ve human sensory systems to promote
more natural, inviting, and accessible experiences.

Joining scholars who challenged straightforward notions of nat-
uralness [14, 33, 49, 60], we, instead, approach HDI with a somaes-
thetic sensibility. Starting from our somas � the lived and felt body
as it exists, moves, and senses in the world [57] � we explore what
novel aesthetic experiences can be spurred by the design of human�
drone interaction. We see a somaesthetic perspective as generative
for both designing and analysing human�drone interaction. A
soma design stance invites us to address and change the habitual
and limiting ways in which we move [33, 56]. When we interact
closely with drones, we have to adapt ourselves in how we control
them and move around them. This happens when using them for
work purposes [36, 58], as part of leisure activities [4, 35], artistic
performances [16, 37, 38], or in family settings [22, 24]. Here, we
draw on our own prior work on HDI in artistic performance [15,16],
Tai Chi-inspired movement [40, 41], design processes [23, 50], and
somaesthetic human�machine interaction [42, 43].

These prior works o�er sca�olding for studying movement-
based interactions with drones, as they consider both the somatic
aspects of human�drone interaction as well as the social settings
where such interaction takes place. For example, Popova et al. [50]
explored possibilities for designing relationships with�drones as
`the other' � a distinctive and separate entity, which is neither com-
pletely controlled, nor fully autonomous�. Through interactional
work within the assemblage of humans and drone technology,
Popova et al. [50] opened up a design space in which to engage
with an unfamiliar technology, non-habitual design activities, and
exploratory ideas. Their account of an exploratory design process
that unfolded over a signi�cant period of time provides an inter-
esting contrast to the drone challenge we focus on in this paper, in
that the participants in our challenge were brought to explore and
develop human�drone interaction within the limited time frame of

a three-day event, without dedicated training in interaction design
or somaesthetics, and toward the speci�c objective of piloting the
drone through a competitive obstacle course.

3 DRONE CHALLENGE
The drone challenge was set up as a three-day hackathon, yet with-
out the overly stressful, competitive elements typical of hackathons.
It took place in a unique space, an abandoned reactor hall deep in
the bedrock underneath the Royal Institute of Technology (KTH)
campus in Stockholm, Sweden.

3.1 Objective and Rules
The challenge was to �y ananodronethrough an obstacle course set
in adrone arena, exempli�ed in Fig. 1, in a �xed time while collecting
as many markers as possible. Drone piloting was achieved by a
competitor-participant who physically interacted with the drone
in the arena, for example, by making gestures that were detected
by onboardproximity sensors. Collecting a marker was achieved by
successfully �ying the drone over a marker at any height.

The teams implemented the drone control logic running on a
control station as a Python program. The program determined how
a drone would react to a human pilot's gestures. For example, the
program steers the drone sideways when a participant moves their
hand closer to the drone on one side. This is a form ofassisteddrone
piloting, achieved by interacting with the drone physically. Only
one human pilot at a time could be active in the arena during a
run. During runs, participants were not allowed touch the drone or
install anything in the arena, such as additional markers or sensors.

We purposefully set up the event so as to discourage participants
from taking an unnecessarily competitive or rushed approach. In
introducing the event to the participants, we stated learning about
the drones and having fun as the main goals of the challenge rather
than winning, although we did explain that there would be prizes for
the most successful teams. Framing the challenge around learning
and emphasising that the participants were free to decide how
much time they wanted to spend working on the challenge, we
tried to establish a calm and supportive atmosphere. We did this to
center values like curiosity and collaboration, rather than aggressive
rivalry and competitiveness. The teams had to leave the premises
within reasonable time each day to be transported up to the ground
from the reactor hall 12 meters down. No one worked through the
night or was asked to complete tasks in a stressful manner.

3.2 Technology
We used the Crazy�ie 2.1 (see Fig. 2), an open source nano-drone
platform that only weighs 27 g and �ts in the palm of a hand. The
Crazy�ie o�ers a complete development environment including
a piloting GUI, a rich set of application programming interfaces,
detailed documentation, and tutorials. We also provided examples
of the control logic running on the control station that showed
participants how to achieve simple piloting functionality, such us
"pushing" the drone in a given direction when the drone's onboard
sensor detects that someone's hands are approaching, or "pulling"
the drone when the hands are withdrawing.

An essential element to achieve this functionality is localising
the drone in a 3D reference system. As the challenge took place in
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Figure 1: The drone arena, located in the former reactor hall under the campus of KTH in Stockholm. One of the two identical
obstacle courses lies in the foreground, with markers and obstacles of various shapes and sizes.

Figure 2: Left: Crazy�ie nano-drone. Right: The Lighthouse
positioning system - infrared lasers that monitor the �ight
environment.

an indoor setting 12 meters underground, competitors were unable
to rely on GPS. Instead, we equipped the drone arena with the
Lighthouse localization system. This system used two base stations
deployed at opposite corners of the arena to emit infrared laser
scans (see Fig. 2). These were detected by the drone using dedicated
sensors. Based on the di�erence in time of arrival between the scans
from di�erent base stations, the drone technology could estimate
its position. The Lighthouse localization system was su�ciently
simple to install in a temporary location and provided a user experi-
ence largely similar to other indoor localization systems, including
optical ones, such as OptiTrack [1].

The Lighthouse localization system worked reliably only as long
as the laser scans were able to constantly reach the drone, similar to
an OptiTrack system requiring line of sight to the markers aboard
the drone. If the path from a base station to the drone got occluded,

say because a person moved in between the two, the drone tem-
porarily lost the base station inputs. Depending on the number
of base station occlusions and the duration of the disruption, the
drone either became temporarily unstable (yet eventually reclaimed
a stable behavior), or crashed due to having lost positioning infor-
mation completely. The operation of the localization system was a
signi�cant emergent factor in shaping relationships between pilots
and drones during the challenge.

3.3 Schedule and Teams
The event began with a kick-o� at lunch time, including anopening
talk to inspire the participants, as well as aa two-hour tutorial
on programming the Crazy�ie, using teaching material developed
speci�cally for the event. By the end of the tutorial, even teams
with no previous experience of the technology were able to �y their
assigned drone. The remainder of the �rst day and the entire second
day were, then, devoted tochallenge trials. Teams were free to work
shorter or longer hours as they preferred, to program their drone
to interact with their nominated pilot in the arena.

We set up two separate drone arenas for the trials. Experts on our
team were available to provide technical support throughout the
trials. They spent much of their time helping the teams resolve tech-
nical issues before they submitted their code for the �nal challenge.
The third day of the event began with the challenge, observing the
objectives and rules outlined in Sec. 3.1. Each team was allowed
four attempts to complete the obstacle course. The event concluded
with with a short prize ceremony and lunch.
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Participation was open to anyone free-of-charge irrespective of
age, profession, and past experience with drones, on a �rst-come-
�rst-served basis. When circulating the call for participation, we
advertised prizes for the most successful teams, including wireless
headphones, movie tickets, and the opportunity to keep the drone
the team had worked with. As we provided all necessary drone
hardware, a team only needed to bring a computer for programming.
While the challenge was advertised as open to all, the details of
the challenge likely made it more compelling to those with some
familiarity with drones and/or at least some programming skills.
The timing of the challenge during three weekdays in June, at the
end of the semester, along with its location on a university campus,
also likely played a role in making it particularly attractive to local
university students, especially from engineering programs.

Of the six teams that signed up, �ve participated fully, resulting in
a total of 22 participants. All teams but one were entirely composed
of university students. Most participants had previous programming
experience in a variety of languages, including Python, but only a
few had any prior experience of drones, e.g. in activities like aerial
�lmography that had little overlap with the challenge.

4 MATERIAL AND METHODS
Next to arranging the challenge as a demonstration of movement-
based drone piloting and an opportunity for participants to learn
about drones, we approached it as a means to study HDI.

Our data collection encompassed multiple methods. First, we
took �eld notes, detailing our observations and experiences. These
include notes from both the researchers who served as technical
support � and hence heard �rst-hand about issues the teams were
facing and the solutions they were resorting to � and the rest of the
team whose main task was to observe and record the event, drawing
upon their training in the social sciences and human�computer
interaction. Second, the teams needed to submitthe codethey pro-
duced for controlling the drone ahead of the challenge. This gives
us a detailed view into the design choices they made and provides
evidence of some of the technical options that were explored but
ultimately abandoned. Third, wevideo-recordedlarge parts of the
challenge. We used stationary cameras to capture the activity in
each of the arenas during the trials and the challenge. We used
smartphones to capture shorter instances of teams' activities and
interactions by their desks and in the event space. Fourth, two re-
searchers conducted shortgroup interviewswith the teams, asking
about their backgrounds, their motivations for participating, and
their experiences of the challenge. These complement the insights
into the teams' experiences we gained through observation.

We conducted ourdata analysis in the spirit of bricolage[54].
The code and the �eld notes, taken together, provide a rich de-
scription of the challenge. We worked collaboratively to re�ect on
observations from revisiting �eld notes and inspecting the code [17],
scrutinising overlaps and distinctions in what caught di�erent re-
searchers' attention during initial data analysis. Through this, we
identi�ed the mutual shaping of pilots and drones, that is, how par-
ticipants adapted the drones to match their aims but also how the
participants adapted themselves so as to interact with the drones, as
a core theme for closer analytic development in which we included
also the interview and video data.

We attended toethical research practice by following stan-
dard procedures for informed consent and through conversation
among the authors2. All participants were given an information
sheet as they �rst arrived to the event. After having had the time
to read it and ask any questions, they gave written consent for
their participation in the study, with the understanding that the
authors would (1) observe the challenge,(2) videorecord parts of
it, and (3) invite participants to take part in interviews, which they
could freely choose to join or decline, without any repercussions.
We also explained to participants that they could withdraw their
participation at any point, without needing to provide a reason,
and that we would remove their data from our study if requested.
We use pseudonyms when referring to participants and teams.

5 FINDINGS
Our �ndings are three-pronged. First, we report on how partici-
pants' understanding of drones transformed from the early inspira-
tional imagery of seamless human�drone interactions to the reality
of fragile, wilful drones, prone to crash. Second, we illustrate partici-
pants' bodily interactions to make sense of drone capabilities. Third,
we depict teams' explorations in building up their drone interac-
tions, considering the spectrum between shaping drone behaviours
to give the pilot more leeway versus changing pilots' behaviours
to �t with the drone.

5.1 Learning about Drones
We, now, illustrate the multiple narratives around drones that
emerged during the challenge. We pay particular attention to how
these narratives were re�ected in participants' programs, and how
they in�uenced teams' development of interactions with their drone.

First, the message conveyed during the opening talk was uplift-
ing, evocative, with a focus on success stories. The speaker empha-
sised the need to establish ashared body languagebetween humans
and drones. The slides shown to the participants were void of any
technical detail. The speaker drew attention to the challenges in
establishing synchrony between people and robots, acknowledging
the di�culty of building a shared language:�When we see people
in the movies moving with a robot, with robot bodies that look like
our own, it is very easy to imagine what this is about. But what do
you do when the robot looks di�erent to you? How do you control,
for example, sensing and actuating for additional limbs that have
hundreds of joints? The movies make it look really easy but there is
a lot that has to happen between your familiar body and this weird
robot-body.�However, the speaker did not get into the technical de-
tails of how to achieve such interactions. Instead, he demonstrated
the development of shared language through videos showing ges-
tures implicitly commanding drones, akin to what the participants
needed to accomplish in the challenge. Not a single crash or mal-
function was shown at any point during this presentation.

Second, in striking contrast to the opening talk, the subsequent
tutorial focused almost exclusively ontechnical details(see Fig. 3).
It was centered around possible issues and how to avoid them. Even
the simplest operation, such as getting the drone to take o�, was
narrated as an activity that requires careful preparations. These

2The study does not fall within the purview of ethical review in the country where
the authors work.
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Figure 3: The programming tutorial that outlines how each
teams can edit the code and replace broken propellers on
their drones.

Figure 4: Left: a team of pilots examines code on a laptop.
Right: discussions during the trials in the drone arena.

include both mechanical aspects, such as assembling the drone in
the right way, balancing it manually, and checking it meticulously
before turning it on, and actions related to software, since the
development environment must be set up correctly and connected
wirelessly to the drone, before issuing any command. Roughly half
of the time of the tutorial went into describing what could go wrong
and how to work around those issues. The speakers conveyed lots of
"hands-on" experience of the sort that is rarely available in manuals.

Third, discussions during the trials (see Fig. 4), took place be-
tween the participating teams and our technical support. They were
mostly related to questions about how to understand drone behav-
iors in the many cases when the drone did not behave as expected,
the reasons for why the drone crashed, and how to repair it when
something broke. Participants came to the technical experts with
many questions:

How come the drone was hovering stably for several
seconds and suddenly lost control?

Even without imparting any command, the drone keeps
moving around... why?

How can I see at all what the readings of the onboard
sensors are, to check what the drone is doing?

The technical experts' responses acknowledged the high degree of
unpredictability common for drones:

"There may be di�erent reasons why it doesn't take o�.
Sometimes the best solution is to turn it on and o�."

"It is really super random. Sometimes it could work,
sometimes it doesn't."

These situations are arguably an instance of thevisibility prob-
lem[44], common in embedded system programming. Resource-
constrained embedded systems, such as drones, often do not run

full-�edged operating systems and, hence, lack most of the inspec-
tion and debugging facilities. The nano-drone, Crazy�ie, adopts a
form of assisted �ight (see Sec. 2), and the �ight controller aboard
the drone runs on bare hardware. Understanding the execution of
programs on a device that has no operating system and only a few
LEDs for debugging is often compared to"looking at an elephant
through a keyhole"[44]. Tools exist to address this problem [65] but
they are hard to approach for beginners.

During the challenge, the issues experienced by our participants
arose mainly due to two factors. First, the sensors aboard the drone
used to detect human gestures are both slow and imprecise. The
time it takes to detect a nearby obstacle may reach up to a few
seconds, defeating the illusion that a mutual relationship between
the drone and the pilot could develop with the same time dynamics
as between people. Second, the localization system (see Sec. 3.2)
requires constant line of sight between the base stations and the
drone, or the latter loses control and crashes. The participants did
not immediately realise the consequences of this and how the pilot
needed to this feature into account.

As the technical experts progressively answered the participants'
questions and explained the reasons why problematic situations
occurred, participants entered a mutual adaptation loop, adapting
the programs piloting the drones and/or their own body movements,
depending on what factor they considered easier to handle.

The transition from the early representation of smooth and ex-
pressive human�drone interaction in the opening talk, to brittle
behaviors and crashes in the arena was abrupt. This shift in per-
spective is apparent also in the participants' programs: Through
applying established code inspection techniques [17], we were able
to shed further light on how the di�erent narratives around drones
manifest in participants' coding. As concrete evidence, Appendix A
reports an excerpt of the program by the teamBellman Brothers.

Many teams began with high ambitions, aspiring to the forms of
HDI shown during the opening talk. Those interactions were rich
and smooth, yet what was not apparent in the opening talk were
a number of technical features that made the input to the �ying
drone much more accurate than the on-board navigation sensors
that we asked our participants to use. Participants came to realise
this discrepancy through trial and error.

After multiple crashes and conversations with the technical team,
participants turned to dealing with the inaccuracy of the onboard
sensors. This is where they started commenting out portions of code
that were originally meant to replicate the human�drone dynamics
seen in the opening talk. This is evidenced, for example, in the ex-
istence of multiple versions of the functionget_speed_command
in Bellman Brothers'program (Appendix A), or in their work on the
which_region function, which is de�ned and implemented, but
ultimately never used. These functions were eventually considered
not suited to deal with the unreliable inputs and, thus, dismissed.

The process of shaping drone behavior based on its actual capa-
bilities was taken to extremes, with entire functionality typically
used on drones intentionally excluded from the �ight control loop
(such as the processing of inputs from the altitude sensor or from
the �ow sensor). The code in themain function of Appendix A
used a workaround to exclude both sensors from the processing
of the extended Kalmann �lter used for �ight control [55]. These
sensors are normally used to achieve better �ight stability. For the
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