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Abstract 
Visible light communication (VLC) is a novel complement to Radio Frequency 

Communication (RFC) and has many applications in wireless communication, indoor 

positioning and where RFC is not applicable. The problem is that the technology is 

blackboxed and therefore hard to apply in today’s design process. For designers to be 

able to use VLC in their creative process, this study uses the Inspirational Bits approach 

to expose the materiality of VLC by asking the question: 

 

How can we design artefacts that allow designers to engage in a conversation with Visible 

Light Communication as a material? 

 

Through Constructive Design Research, the technology was studied in iterations by 

building prototypes and reflecting on them. The prototypes are evaluated in two design 

workshops through observation and gathered feedback from 11 participants. 

 

As a result, seven artefacts were constructed to expose seven potential material 

properties of VLC. The observations and collected feedback show also that the artefacts 

help designers to gain tacit knowledge about VLC. The artefacts use the Arduino 

platform and standard electrical components. A byproduct of this study is the 

"lumoino" toolkit for tinkering and prototyping with VLC. Eventually, strengths and 

weaknesses are discussed, and future work sections show the potential extensions of the 

artefacts and expansions of the toolkit. 

   



Sammanfattning 
”Kommunikation med synligt ljus” (VLC) som ett design material är ett komplement till 

”radio frekvens kommunikation” och har många applikationer inom trådlös 

kommunikation, Inomhuspositionering, och situationer där RFC inte är applicerbart. 

Problematiken med teknologi är att den ofta inte är synlig, och därför är svår att 

inkludera i dagens design processer. För att designers ska kunna använda sig av VLC i 

deras kreativa process, utgår denna studie från ”Inspirational Bits” förhållningsätt till 

design, och ämnar utforska följande frågeställning: 

Hur kan vi designa artefakter som tillåter designers att engagera sig i en konversation med 

”kommunikation med synligt ljus” (VLC) som ett design material?  

Genom ”konstruktiv designforskning”, studerades prototyper av teknologin följt av 

analys. Processen upprepades med ett flertal modeller. Prototyperna utvärderades i två 

designworkshops, genom observation av och respons från 11 deltagare.  

Som resultat, byggdes sju stycken artefakter för att belysa sju stycken potentiella 

materiella egenskaper av VLC. Observationerna och den samlade responsen visade 

också att artefakterna hjälpte designers att få taktil kunskap om VLC. Artefakterna 

baserades på ”the Arduino Platform” och elektriska standard komponenter. En 

biprodukt av denna studie är ”the lumoino toolkit for tinkering and prototyping with 

VLC”. Eventuella styrkor och svagheter diskuteras och stycket framtida arbete visar 

potentiella utvecklingar och expantioner av ”the lumoino toolkit”. 
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ABSTRACT
Visible light communication (VLC) is a novel complement
to Radio Frequency Communication (RFC) and has many
applications in wireless communication, indoor positioning
and where RFC is not applicable. The problem is that the
technology is black-boxed and therefore hard to apply in to-
day’s design process. For designers to be able to use VLC in
their creative process, this study uses the Inspirational Bits
approach to expose the materiality of VLC by asking the ques-
tion:

How can we design artefacts that allow designers to engage
in a conversation with Visible Light Communication as a ma-
terial?

Through Constructive Design Research, the technology was
studied in iterations by building prototypes and reflecting on
them. The prototypes are evaluated in two design workshops
through observation and gathered feedback from 11 partici-
pants.

As a result, seven artefacts were constructed to expose seven
potential material properties of VLC. The observations and
collected feedback show also that the artefacts help designers
to gain tacit knowledge about VLC. The artefacts use the
Arduino platform and standard electrical components. A by-
product of this study is the "lumoino" toolkit for tinkering and
prototyping with VLC. Eventually, Strengths and weaknesses
are discussed, and future work sections show the potential
extensions of the artefacts and expansions of the toolkit.

Author Keywords
Interaction Design; Human Computer Interaction; Tinkering;
Visible Light Communication; Materiality; Digital Material;
Constructive Design Research; Prototyping.

INTRODUCTION
The rapid increase of mobile wireless devices (Internet of
Things, Mobile Communication) causes a "Spectrum Crisis"
because of the need for more bandwidth[19]. Due to that, light
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Figure 1. The "Lumoino" toolkit. A toolkit to explore VLC with sim-

ple electric components and example code for the Arduino prototyping

platform.

as a medium for machine communication could be the answer
because of the widespread use of Light Emitting Diodes (LED)
as illumination. LEDs not only have a longer lifespan, lower
costs and higher energy efficiency, but they have the ability
to switch between on and off states at a high frequency. The
frequency is so high that the human eye won’t perceive any
flickering of the light. This allows for a fast "Morse code"
and enables digital communication between computers and
other devices through light which is commonly called "Visible
Light Communication" (VLC).

Because of the widespread use, LEDs unlock possibilities
in many application areas for VLC like high-speed wireless
communication, indoor positioning, vehicle-to-vehicle com-
munication, communication in medical environments and un-
derwater communication [9] [18].

These application areas also facilitate new ways of creating
novel interactions and user experiences with light. While
technical gains and advantages are apparent, VLC is not yet
understood as a design material that supports designers who
create these interactions and experiences. The dilemma lays
in the need to acquire substantial explicit knowledge about
a technology (e.g. by studying computer science, electrical
engineering, etc.) before a designer can embark on a playful
exploration and ideation process [1] [17]. The same dilemma
occurs in the context of VLC. The technology the designer

1



needs to acquire a substantial amount of knowledge before a
playful exploration for ideation can happen.

For designers to be able to explore new concepts using tech-
nology, a designer has to become familiar with the materials
they want to use [1]. Designers iterate through sketching and
prototyping with the material or technology they intend to use
to "find harmonious intersections between what is possible,
acceptable, needed, and desired" [17].

This study aims to frame VLC for designers in such a way that
they can apply in their creative process without the need to
acquire a substantial amount of knowledge.

THEORY AND RELATED WORK
This section is a brief account of the principles of VLC, its ap-
plications and relations to relevant topics in Human Computer
Interaction (HCI). The explanations are simplified and have
the intention to explain the problem space rather than being
comprehensive. Pathak et. al provides a comprehensive yet
concise survey of the technical details of VLC [18].

Principles of Visible Light Communication
VLC uses light intensity modulation to create a signal that is
either analogue or digital. For communication to take place,
there is a need for a transmitter to create, a modulation method
to encode/decode and a receiver to obtain a message. The
transmitter, modulation method and receiver are represented
by the following components.

LED or LCD screens [13] can generate a signal for VLC.
Also active shutter glasses [31] can modulate light by using
liquid crystal layer through which the light shines. The liquid
crystal layer switches between an opaque and transparent state
when voltage is applied. These transmitters modulate the light
intensity into some morse code of binary information that
carries the message.

There are many modulation techniques to generate a signal.
The simplest technique is to use an analogue source that mod-
ulates the light intensity directly. VLC uses predominantly
binary-based digital signals. The simplest technique to create
such a digital signal is to switch the light on and off which
stands for ’1’ and ’0’ in binary code. This kind of modulation
is called On-Off Keying (OOK). There is a multitude of meth-
ods used in VLC [18] but they won’t be explained due to the
complexity and limited use for this study.

Figure 2. A picture of a propeller, distorted by the "rolling shutter ef-

fect".
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Figure 3. Three examples of signals that modulate the light intensity. It

shows how the signal can be altered to mitigate flickering.

The modulation of the signal should happen at a frequency
so that the human eye can’t perceive any flickering. Stan-
dards like IEEE 802.15.7 suggests a frequency of 200 Hz to
avoid eye fatigue and other harmful effects [20]. Even if the
frequency is high enough flickering could arise because of suc-
cessive appearance of ’1’ and ’0’ in the transmitted message.
The modulation technique Manchester Encoding mitigates this
effect by converting ’1’ into ’01’ and a ’0’ into ’10’ as depicted
in figure 3.

There are three components that act as a receiver which reads
the modulated signal. These are Photo sensors, LEDs and Im-
age Sensors. Photosensor like phototransistors, photodiodes
and light-dependent resistors (LDR) can discern the inten-
sity of light. Regular LEDs also can sense light intensity by
measuring the time an LED needs to discharge the energy
produced by incoming light [4]. Images Sensors are used to
translate an image that is projected onto the sensor surface
to pixel data. There are two types of images sensors, CCD
(Charge Coupled Device) and CMOS (Complementary Metal
Oxide Semiconductor). The main difference is in how the two
sensors scan the scene to be pictured. A CCD chip scans the
entire scene at once which is called "global shutter". A CMOS
chip scans the scene line by line from top to bottom which is
called "rolling shutter". This shutter creates typical pictures
(see figure 2) and line patterns (see figure 9) due to the delay
caused by the line by line scanning.

Visible Light Communication in HCI
Light has a long history of being used as a medium for
communication. The ancient Greeks reflected sunlight with
their shields to convey messages on the battlefield [28].
Through history many devices and systems were used for
light-based communication, for example, the Heliograph, the
Aldis lamp[28] and the Photophone[2].

Most of today’s research and engineering efforts focus on
VLC as a complementary technology to Radio Frequency
Communication like WiFi. This mainly concerns high-speed
communication between devices and applications like Indoor
Positioning and Vehicle to Vehicle Communication [18].

Some research projects show that VLC can provide rich in-
teractions beyond simple communication and uses the visible
light as an interaction medium between humans and devices.
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Figure 4. A simple summary of principles and components involved in Visible Light Communication.

This section highlights these rich interactions by sharing ex-
amples of art and research.

"Sound Modulated Light" is an art installation that generates
sound through light. The installation consists of several light
bulbs of where each bulb is modulated by its own sound source.
The sounds consist of different instruments of a musical piece.
The visitor can listen to the sounds by pointing a receiver with
headphones at the light sources. Moving the light receiver
and pointing at several light sources at the same time changes
the music composition in real-time. This enables the visitor
to experience music in a more personal, spatial and bodily
manner.[30].

The "S T R A T I C" project by Simbelis et. a. makes use of
the rolling shutter effect. An audio synthesiser produced sound
that directly modulates the integrated RGB LED (LED with
a red, a green and a blue emitter). A camera with a CMOS
image sensor captures this light and generates colourful line
patterns due to the rolling shutter effect. The intention of this
project is "... to create a close sense between audio and video
and [the] relation of synaesthetic experience..." [26].

"iDropper" [4] is a keychain-size device that receives, stores,
and transmits data through LED solely. As mentioned before,
LEDs have the ability to emit as well as to detect light. This
allows for a simple communication system only through LEDs.
The user can clearly control the direction of communication
because the visible light of the LEDs show where to interact.

"HiLights" [13] is a screen to camera communication concept
that hides information in any images shown on an LCD screen.
A smartphone app can detect information hidden in the image
by pointing the smartphone camera toward the screen. The
user can enjoy the image on its own and if needed, fetch more
information by using the described process. Also, the image
can hold much more information than what could be placed
visually over the image.

"Point-and-shoot data" makes use of the directionality and
"physicality" of the medium light. It is a smartphone case with
an integrated control circuit, light source, lenses, filters and
mirrors. The optical components allow the user to manipulate
the light communication channel directly which gives "...the
ability to engage in digital communications without needing
to first obtain the senders’ or recipients’ digital IDs"[14]. Al-
though this benefit is questionable due to the use of specialised
hardware.

The "Internet of Toys" proposed by the Disney Research In-
stitute focuses on applications in toys [3, 22, 23, 24]. Their
implementations present a network of connected toys through
VLC. The institute emphasises the benefit that "...Commu-
nication is independent from light effects or flickering that
human eyes can perceive and data flow is visible and therefore
steerable towards potential receivers." [24] Children can play
with the toys directly through light. This directs the child’s
attention to where the action is and creates a magical moment
when a toy reacts to a user action with light. For example,
pointing a magic wand with an integrated LED on a princess
dress causes the dress to reveal different light patterns.

Visible Light Communication as a Material
As mentioned before, most research is focused on VLC as a
complementary technology to RFC or Infrared Communica-
tion (IRC) [18] [10]. There are examples of applications that
contribute with rich interactions. But all of them lack possibil-
ity for interaction designers to tinker with the technology in a
playful manner.

A designer wants to interact with technology to understand
its properties. As Schoen puts it, the designer engages in a
"conversation with their materials" until the materials start to
"talk back" and spurs new ideas [25]. This conversation is a
process of playful learning by doing and tinkering. The aim
is to "explore materials and how they can be used or recom-
bined" as Jacobsson puts it[11]. This conversation enables the
designer to apply the material without active thinking while
exploring new ideas and concepts.

The materiality turn in HCI provides a perspective that focuses
on this through the concept of materiality. The perspective
helps to comprehend material affordances and is eloquently
articulated by Solsona Belenguer:

"A material perspective is not a property of things-
in-themselves, but manifests itself when combined with
knowledge of how to shape a material and the skills
required to do so. Without knowledge and skill, there is
matter rather than material. For example, wood becomes
a material when you know how to work with it; otherwise
it is just wood and difficult to use for anything." [1, p. 73]

Forsslund articulates this into a simple equation [6, p. 69]:

material = matter+ knowledge
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Figure 5. An excerpt from the design process. Top-left: Analog and digital prototypes. Bottom-left: "lumuBits" prototypes. Right: "Applitypes"

prototypes

One way of exploring materiality are "Inspirational Bits" [29]
which are artefacts that allow tinkering and playful exploring
of properties of technology. One example is "RadioSound"
which turns the received signal strength (RSS) of the wireless
technology Bluetooth into sound and tries to show how the
signal strength is influenced by the environment and humans
[27].

The context of materiality and tinkering with digital technol-
ogy for a better comprehension, poses this research question:

How can we design artefacts that allow designers to engage
in a conversation with Visible Light Communication as a ma-
terial?

METHOD
The tinkering attitude and the wish of creating artefacts make
this study a good candidate for "Constructive Design Re-
search" (CDR) and design workshops help to ground the work.
This section explains these methods.

Constructive Design Research
Research through design (RtD) is a practice-based form of
investigation. It originates from the work of Frayling [7] at
the Royal College of Art in London. RtD is not a method
but rather a mindset that asks for designing something in a
research context. By doing so, the researcher applies design
thinking [33] to a research context and iteratively creates arte-
facts and concepts that show "...that new knowledge has been
produced if the researcher has been able to direct attention
towards new ways of understanding not previously exposed..."
as Lundstroem eloquently summarises it [15].

The RtD received the critique of not being very specific on
how to act on it. Koskinen et al. try to address this ambigu-
ity by introducing the term "Constructive Design Research"
[12] as an encompassing activity. As a minimum guideline,
CDR proposes the use of a design research program originally
articulated by Redstroem [21]. This study follows the guide-
lines loosely and consists of a formulated research question,
iterative design phases, implementation, evaluation and reflec-
tions that are formulated into results and reframe the research
question.

Design Workshops
Two design workshops helped to ground the work in real-
ity. The workshops takes inspiration from Goldstejin [8] and
Moussette [16]. The intent is to expose participants to the
artefacts, observe their usage and receive feedback.

Four female and seven male HCI Master and Ph.D. students
from KTH participated. One male student from Master’s pro-
gramme in Embedded Systems also participated. The partici-
pants heard about VLC but had limited knowledge about the
technology. Most of the participants considered themselves
being interaction designers, a few mentioned to be makers.

The agenda for the workshop:

1. Introduction with "Show and Tell" of artefacts

2. Tinkering and Ideation with artefacts

3. Presentation, discussion and feedback

The first workshop had five participants and the second work-
shop had seven. The duration of each workshop was 2-3 hours
depending on the engagement of the participants.

RESULTS
The results show the explorative design process and its out-
come (figure 5 shows an excerpt of this process). Each section
is in more or less chronological order. The artefacts distill the
finding of the design process. This process involves tinkering,
prototyping, evaluating and redefining them based on reflec-
tion and comparison. The design workshop shows how the
participants perceived and used the artefacts. The participants
also generated ideas and concept during the workshop.

Initial Explorations and Prototyping
A starting point was a demo1 based on two Arduino micro
controllers that respectively send or receives a signal through
LEDs. Arduino is programmable prototyping platform ideal
for exploring electronics and computer science without having
prior knowledge. The program that controls the Arduino uses
Manchester encoding and orchestrates the communication be-
tween the micro controllers. The transmitter program encodes
and sends a message through the emitting LED. The receiver
detects the message, and if successfully decoded, an LED will
1https://github.com/jpiat/arduino
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blink. This demo enables a quick exploration of VLC. The
program code is rather hard to understand which triggered a
search for alternatives.

A promising alternative was the library "Arduino Manchester
Encoding"2. The library is an extension for the Arduino IDE
(programming environment) and allows for quick implemen-
tation of Manchester encoding and increase the readability
of the program code significantly. The new library enabled a
better understanding of the program code and VLC as a whole
and also allowed for more testing with other Arduino projects.

The result of the Arduino explorations were two artefacts. The
first artefact is the "Lightpacer" and is based on the Arduino
micro controller. The second artefact is the "lumuBits" and is
based on the littleBits platform which is a library of modular
electronics that can be combined through magnetic connectors
for prototyping. The "lumuBits" artefact had the purpose to
interact directly with VLC without having to set up an Arduino
environment.

During the exploration phase, the rolling shutter effect visu-
alisation (similar to "S T R A T I C" project [26]) helped to
see if an LED was modulated or not. Besides that, the rolling
shutter effect also creates these line patterns (see figure 9) that
give a visual perspective on how the communication works.
These patterns can be created with any smart phone camera
(with a CMOS image sensor).

To get an audio based perspective, the work of van der Heide
[30] led to the discovery of many projects that explain how
to transmit music through light. The result was a prototype
(see figure 8) with a transmitter supplied with music from a
smart phone and a receiver based on a solar cell connected
to loudspeakers. The music could be heard by holding the
transmitting LED toward the solar cell.

Also, optics were explored to see how they affect VLC. Two
lenses with planoconvex shapes were removed from old de-
vices and were used as shown in figure 14. This arrangement
increased the communication distance between transmitter and
receiver but also asked for more precision in aiming. Several
iterations on mounting mechanisms were tested, and the result
is a version based on simple 3D printed parts (see figure 12).
The orange version (see figure 12 left) allows adjusting the
distances between lens and LED.

The explorations and the tinkering have a certain messiness in
the collected data. The data contains observations of different
aspects of the technology which were explored in iterations
through tinkering with Arduino’s, program code and electronic
components. These iterations are characterised by oscillating
between findings, reflecting and revisiting them. The goal
is to reveal different aspects of the technology and to show
relations between them.

The aspects found during the initial explorations are repre-
sented by these artefacts:

• Music-through-light prototype to explain that light can trans-
mit data/sound.

2https://github.com/mchr3k/arduino-libs-manchester

• Rolling shutter effect to examine the modulate LEDs and
explain it with a visual representation.

• An Arduino Transmitter with LED and a receiver with a
photodiode to explain a simple setup for digital VLC.

• An Arduino Transmitter with RGB LED and a receiver
with a photodiode to show how each message looks like
visualised with the rolling shutter effect.

• A set of planoconvex lenses to extend the Arduino transmit-
ter and receiver to show that the communication distance is
increasable.

• A transmitter and receiver integrated into the littleBits plat-
form called "lumuBits" (see figure 5 at the bottom-left) for
setup-free tinkering.

Pilot Design Workshop
The first workshop had five interaction designers (one female,
four male). The artefacts mentioned in the previous subsection
were presented one by one. Each artefact acted as an explana-
tory piece to show how VLC works and had the aim to collect
impressions and feedback from the participants.

After the presentation, the participants were asked to tinker
and explore the artefacts on their own. One participant ex-
plored the Arduino version but struggled with in the setup
process and instead focused on pure ideation based on the
presentation. The rest of the group played around with the
"lumuBits" but mostly focused on connecting and testing dif-
ferent littleBits with "lumuBits". So, the "lumuBits" were just
another communication module in the littleBits library (see
figure 6).

Figure 6. Pilot Design workshop. In the middle of the tinkering session.

The participants are trying different combinations with littleBits and the

"lumuBits".
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Figure 7. A section of the booklet with introduction, instructions and

experiments to each artefact.

After a tinkering phase of one hour, all participants were ideat-
ing and generating concepts. Nine topics helped to facili-
tate the ideation process (Fashion, Bodies and health, Fitness
Sports, Nature and Animals, Homes, Cities and Transportation,
Arts and Crafts, Kids and play, Audiovisual Media). These
topics were borrowed from the course DH2629 at KTH. No
existing project or prior research as mentioned in related work
section were introduced to the participants because of the
intention of having an unbiased ideation session.

The resulted ideas tried to replace existing ways of communi-
cation with VLC like a "Light key" similar to "iDropper" [4].
But a novel perspective onto VLC emerged through the idea of
a fitness wristband. The wristband has an interface with only
one RGB LED. This LED tells the user’s performance level
by showing different colours. For example, red indicates "bad
performance, do better" and green means "good, keep it up!".
The LED can also send via VLC more detailed information
like the heartbeat rate which can be read by a smart phone
app through the camera. The LED colour (e.g. performance
level) can address to the user directly, and the message in the
modulated light (e.g. heartbeat) can be accessed through a
receiver device.

The participants were limiting by only one pair of lumuBits
to play with: "It would be cool if there is more then one of
[lumuBits] things. So I can play around with it on my own."

The pilot design workshop provided insight about how the
target group interprets the prototypes. The workshop feedback
and the booklet reframed and specified the artefacts more
precisely. A more focused approach led to a second iteration
that induced new ideas for artefacts with material properties
similar to Inspirational bits approach. The "lumoino" toolkit
summarises this second iteration.

Although the participants focused more on the littleBits some
asked for more explanations and instructions for the Arduino
code to understand, prepare and get inspired by the workshop.
Some participants requested more applications like how it
would interact with a computer.

Reflective Booklet
During the process of the initial explorations and the pilot
workshop, a booklet was created which had the purpose to
serve as a manual or textbook for the user. In this manual,
several sections introduce different aspects of Visible Light
Communication and each contains an introduction and instruc-

tions to rebuild the artefacts with simple components. Each
section has experiment suggestions to encourage explorations
of each artefact and aspects of Visible Light Communication.

The work on the booklet helped to reflect on the created arte-
facts, the technology VLC itself and the observations done
during the pilot workshop. Creating the booklet was like look-
ing through the lens of a teacher that wants to introduce a new
topic to the students. It helped to create a narrative in which
each section is building on the previous one to eventually pro-
vide an overview with enough depth to a topic to spark the
student’s curiousness. The narrative of the booklet and the
pilot workshop helped to reframe and rebuild the artefacts and
also to frame the properties of the material VLC. An example
page is shown in figure 7.

"Lumoino" toolkit
The artefacts from the initial explorations were exposed to
participants in the pilot design workshop for the first time to
gain informal feedback and see which artefact was of use. This
feedback and the work on the booklet refined the artefacts into
the lumoino toolkit.

The toolkit consists of seven artefacts, specifically a music-
through-light artefact, the rolling-shutter-effect visualiser, the
"lumuBits", three Arduino based artefacts and an optical ex-
tension. Each Arduino artefact has commented program code
and uses components like LEDs, photodiodes. The name "lu-
moino" is a combination of lumen - the SI unit for luminous
flux - and Arduino. The next sections present the artefacts,
their purpose and their VLC properties.

Musicbeam
The "Musicbeam" is a music-through-light artefact. It consists
of an analogue transmitter and receiver and is setup-free. The
design is the same as mentioned in the initial explorations
section (see figure 8).

Figure 8. "Musicbeam" artefact consisting of a simple audio to light

transmitter and a solar cell
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Figure 9. Two examples of "Rolling shutter visualiser" Left: Visualisa-

tion of light modulated by an analog sound source. Right: Visualisation

of a light modulated by a digital signal. Each colour (red, blue or green)

represents a message block.

The transmitter consists of a simple circuit with an LED light.
Any music player with a headphone jack can be plugged in
which then modulates the light. The receiver is a regular solar
cell which connects to a pair of active loudspeakers via a
headphone jack. The music could be heard by holding the
transmitting LED toward the solar cell.

The purpose is to give the user a simple access to how light
communication come to happen. As a side effect, the solar
cell receiver can also listen to any other light source. For ex-
ample, a digitally modulated light source creates a distinctive
synthetic sound similar to a square wave sound. The artefact
exemplifies the following two VLC properties:

Direction: Light can only illuminate a particular area and the
communication can be disturbed by objects and only happens
in this illuminated area. It also shows that light communica-
tion can be visually contained, unlike radio waves.

Distance: The signal strength or the relationship of the space
between transmitter and receiver. An increase in distance
results in a decrease in signal strength.

Rolling Shutter Visualiser
The Visualiser uses the rolling shutter effect to visualise how
VLC works. A regular smartphone camera can convert the
modulated light into line patterns because of this effect (see
figure 9).

The purpose is to help the user to understand if a light is
modulated and how. The line patterns are a chronological
representation that visualises a VLC signal immediately. A vi-
sualisation of a digital signal also shows how a single message
is constructed with Manchester encoding. The rolling shutter
visualiser exposes the property of:

Concealed information: Light can transmit information
within its beam without being seen by the human eye due
to the fast flickering frequency.

Lightpacer
This is the first artefact introducing the user to digital light-
based communication between two devices. The "Lightpacer"
consists of a transmitting and receiving device, both based
on an Arduino microcontroller. The transmitting device is

equipped with one LED. The receiver consists of a photodiode
combined with "pull-down resistor" circuit and an additional
LED for indication.

Both Arduino microcontroller have program code for sending
and receiving a message. The message is created through
Manchester encoding with the earlier mentioned Arduino li-
brary. If the two devices are set up correctly (see figure 10)then
the transmitter sends a message to the receiver. If the receiver
successfully decodes the message, then the additional LED
blinks once.

The Arduino program code provides different transmission
speeds settings. The lowest speed causes the light to flicker
visibly. The speed can be increased until the flickering can’t be
perceived anymore. The speed is increasable until the receiver
can’t detect a signal anymore. Also, if the transmitter and
receiver are not matched to the same transmission speed they
can’t communicate with each other.

The purpose of this artefact is to show how low transmission
speed causes visible flickering and speed affects the commu-
nication between the devices. There are two VLC properties
exposed by this artefact:

Signal Quality: The relation between transmission speed and
flickering mitigation and how the speed affects a successful
transmission. The increase in transmission speed and dis-
tance between transmitter and receiver lowers the rate of a
successfully received message.

Unisono: Successful communication between devices depends
on the synchronisation of the transmitter and receiver. This
shows that devices are interdepended and needs instructions
for a stable communication which the user mostly takes for
granted.

Remoter
The remoter is the result of the ideas and feedback from the pi-
lot design workshop. It uses the same setup as the "Lightpacer"
artefact with some adjustments. The transmitting Arduino mi-
cro controller gets extended with a turning knob and an RGB
LED replaces the regular LED.

Figure 10. "Lightpacer" artefact with a simple set of electronic compo-

nents. This artefact shows how transmission speed and distance affects

the signal quality.
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Figure 11. A diagram explaining the functionality of the "Remoter" artefact.

The program for the transmitter reads the turning knob position
which changes the colour of the RGB LED. Simultaneously,
the RGB LED sends the knob position to the receiver. The
receiver adjusts the light intensity of the LED according to the
position (see figure 11).

The purpose is to show the possibility of layering information
as illustrated with the fitness band example. The artefact
exemplifies the following property:

Progressive disclosure: The colour of the LED is directly in-
terpretable by the user. While the encoded message in the
transmitting light can contain more information that is retriev-
able with a receiver by the user.

Applitypes
The applyitypes are optical extensions based on planoconvex
lenses. The orange version can adjust the focus point through
a screw thread. The white version has a fixed focus point and
is tailored to fit a photodiode (see figure 12). The artefacts
focus the light beam and allow for a larger distance between
devices (see figure 14). This shows the following property:

Reception quality: The communication distance is increasable
but narrows the illumination area and require precise aiming.

lumuBits
The lumuBits are a version of the "remoter" artefact with
regular LED packed into a littleBit 3. The transmitting lumuBit
sends the input value through light to the receiving lumuBit.
The lumuBits can be extended with the "Applitypes".

These artefacts are another approach to make VLC accessible
to designers by removing the setup process that the Arduino
3http://www.littlebits.cc

Figure 12. The disassembled "Applitypes" artefacts. They each consist

of a planoconvex lense and 3D-printed parts and electronic components

(LED and photodiode).

platform requires. Still it allows exploring the VLC prop-
erties "Concealed Information", "Direction", "Distance" and
"Reception quality" as described above.

Messenger
This artefact is an example of an application without a property.
The transmitter is the same as in "Lightpacer". The receiver is
altered so it can emulate a regular USB keyboard. This allows
to send stored text messages from the transmitter board to the
receiver and write on any computer through USB. The user
can change the text message easily by altering the program
code.

Main Design Workshop
The "lumoino" toolkit was introduced to a group of six interac-
tion design master students (three female, three male) and one
embedded systems master student. All participant received an
teaser video 4 beforehand showing the lumuBits in action (see
figure 14. This video was for the participant to get inspired
and build up anticipation.

All the artefacts were presented by laying them out in the
middle of the table, in a specific order and ready to use. Each
artefact built upon the previous one and had the following
order:

1. "Musicbeam" artefact with loudspeakers and iPhone

2. "Rolling shutter visualiser" applied on "Musicbeam" trans-
mitter.

3. "Lightpacer" with a slow transmission speed and fast trans-
mission speed setting.

4. "Remoter".

5. "Applitypes" applied on "Lightpacer" and "Remoter".

6. "Messenger".

7. "lumuBits" with a set of littleBits.

The "Musicbeam" and the "Rolling shutter visualizer" were
used during the entire presentation to translate the communi-
cation of all other artefacts into an audio-visual experience.

The participants seemed to be more engaged and asked for
further explanations of each artefact. Due to the placement in
the centre of the table, the participants were engaged immedi-
ately with the artefacts and were discussing with each other.
The "musicbeam" and "rolling shutter visualiser" were used
to explore the VLC properties. This caused the participants
4https://vimeo.com/164232929
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Figure 13. Main Design workshop, during the introduction session.

to draw interconnections between the artefacts and let to the
conclusion that regular LCD displays and smartphone LEDs
are also usable for VLC.

The participants used the Arduino artefacts and the "lumu-
Bits" as equally much during the tinkering process. Although
it was apparent that participants with less experience in pro-
gramming avoided Arduino and were playing more with the
"lumuBits". The created ideas were similar to the concepts and
research mentioned in the related work section (e.g., "iDrop-
pers", "Sound Modulated Light and "vehicle to vehicle com-
munication"), albeit they were never introduced to the partici-
pants.

During the feedback, the participants asked for more example
applications and mentioned the need for more time to tin-
ker. One participant summed up the strength of the toolkit as
follows:

"The strongest point of this meeting was the con-
cept generation, thinking through the technology, what it
could be used for and what it is most appropriate for. I
wasn’t ready to play with the [prototypes] yet I was more
thinking about what is this good for... and what kind of
things with light could we augment with it."

DISCUSSION
The purpose of this study was to explore Visible Light Commu-
nication (VLC) through tinkering and the creation of artefacts
that enable designers to gain tacit knowledge about VLC and
later apply it in their creative process.

Constructive Design Research was chosen as a methodical
framework that emphasises the creation of artefacts. The
creation is an iterative process of tinkering and building pro-
totypes that were evaluated in a pilot design workshop. This

helped to clarify the properties of the VLC artefacts. The main
design workshop confronted the participants with these arte-
facts, and the results indicate that the tinkering with VLC - the
"conversation with the material" - is possible and supports the
designer’s concept generation process as mentioned before.

This study’s CDR process and the artefacts also resulted in
a toolkit which enables tinkering and prototyping with VLC.
The toolkit consists of sensors and program code for the Ar-
duino microcontroller and two "lumuBits" modules to extend
the littleBits library.

This section discusses the strengths and weaknesses of the
artefacts and methods and finishes with suggestions for future
work.

Artefacts
The artefacts have a simple design that exposes the compo-
nents involved in VLC. The aim was to allow for gaining
tacit knowledge about VLC by "un-blackboxing" the technol-
ogy[29]. This "un-blackboxing" of VLC revealed its properties
in an honest way so it doesn’t lead to false expectations of
what the technology can do. This quality relates and supports
the theme of "constructive limitations" articulated in Sund-
stroem[29].

The "lumoino" artefacts also stimulate concept generation
and the design process on how to augment devices with light.
Because it describes the system by showing the components,
their properties and their relation to each other. The properties
of VLC as exemplified by the toolkit don’t work on its own but
define a narrative on how to look at VLC from a materiality
perspective. This helps to build an understanding of how to
work with the technology and see the implications for the
design.

"lumoino" artefacts are a typical "inspirational bits" but also
exceeds the definition. Because of its modularity, the toolkit is
ideal for tinkering and prototyping with VLC. This is possible
because of the use of already accessible technology like Ar-
duino, standard electronic components and simple electronic
circuits.

Figure 14. The "lumuBits" forming an example application with other

littleBits.
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But for the toolkit to be more effective and for having a deeper
impact on the design process, the participants need more time
to tinker. During the 2+ hours workshop time, participants
focused rather on the setup-free artefacts like "musicbeam",
"rolling shutter visualiser" and "lumuBits". The participants
that explored the Arduino based artefacts were stuck on in the
setup process. This asks for an overhaul of the program code
and detail explanations.

While reflecting the idea came up to creating one ultimate
artefact showcasing all the properties in relation to each other.
The idea was discarded because the complexity of the artefact
would increase and also reverses the "un-blackboxing". It
would limit "the practice of working with the digital materi-
als, how they will play out in design and how to work with
them..."[5]

Constructive Design Research
At first, CDR presents itself with ambiguity and doesn’t offer
a clear beginning nor an end of a study. This ambiguity is
lifted after the first brief moment of background research and
prototyping. Important is to keep up the attitude of reflection,
reframing the research question(s), constructing of prototypes
and the evaluation of results in the real world with real users.

Especially the prototype creation helps to understand and the
research topic and creates a clearer picture with every cre-
ated prototype. It triggers more hunger for details about the
research topic and fuels redesigns of the already existing pro-
totypes. Zimmermann et al. articulates this well:

"...make prototypes, products, and models to codify
their own understanding of a particular situation and to
provide a concrete framing of the problem and a descrip-
tion of a proposed, preferred state..." [32]

The process of CDR probably reaches its full potential over
several iterations. This study has a maximum of two itera-
tions and it is assumed that the topic of VLC has much more
potential for further investigations.

A lot of information during the study went missing because of
the lack of fast and reliable ways of documenting the design
process. Especially the hardware prototypes are difficult to
keep track. A versioning system similar to Github but for
hardware prototypes would be an helpful addition that would
keep track of the slight changes and might reveal details of the
design process.

Design workshop
Every time when a product or a concept faces the critique of a
user, it becomes clear how important an evaluation with real
users is. The pilot workshop provided the necessary feedback
to refocus the purpose of this study by facing the hard truth of
what works and what not. Although the method has produced
valuable feedback, some aspects could have been different for
even more user feedback.

For example, the duration of two to three hours for the work-
shops seems to be rather short. The amount was enough for
the participants to understand the topic and get engaged in con-
cept generation. But the participants had not enough time to

engage with the VLC artefacts through tinkering. This could
be addressed with a longer time period.

A testing period of a week with a progressive agenda would
be more beneficial. A good starting point would be still an
introduction with a "show and tell" session over an entire day.
Also, more copies of the "lumoino" toolkit would be necessary
to let the participant work on their own. Additionally tinkering
sessions with the focus on one VLC property at the time or a
single artefact would give the participant more time to engage
and reflect. Further in the workshop week, the topics could
be injected to trigger more ideas and start new "conversations
with the material". This approach is similar to how Moussette
structured and held his workshops [16, p. 175]. This approach
was initially not possible for this study because it requires
more iterations and a longer time period. Moussette workshops
took place in the third year of his Ph.D., just to put things in
perspective.

FUTURE WORK
The "lumoino" toolkit introduces a designer to the properties
of VLC in a playful manner. But the current state is only a
scratch on the surface of what is possible. This section will
list plans, ideas and changes for the future.

Artefacts
The current "lumuBit" prototype will be submitted to the bit-
Lab 2016 submission from littleBits. If accepted the possibility
of being added to the littleBits library would allow for eval-
uation with multiple "lumuBits". A later version could be
enhanced with an RGB LED and with similar capabilities as
the "Remoter" artefact.

The "lightpacer" could be improved by adding a turning knob
to change the transmission speed seamlessly. This could ex-
pose the VLC property "Signal Quality" and "Unisono" better
through direct manipulation. It would turn into a game where
the player has to match the transmission speed on both devices
to receive a transmission successfully.

An Arduino based artefact to show bi-directional communica-
tion with LEDs (similar to [22] would be a good addition to the
toolkit. The extension library (for Manchester encoding) used
in the Arduino artefacts could be extended with the capability
to use LEDs as a sensor.

Another useful addition to the toolkit would be a smart phone
app to use the camera as a VLC receiver and also to create
rolling shutter visualisations which would show longer por-
tions of a communication stream.

Design workshop
Instead of a three-hour workshop, a long-term experiment with
a wider audience through online social communities could
shed light on how well the "lumoino" toolkit works in the wild.
A web page with all experiments containing meticulously
designed instructions with part list and code examples. These
instructions can be published in communities like Github or
Arduino. This would ask for a long term commitment of the
researcher to stay engaged, provide support and continuously
evolve the artefacts and experiments based on the input of the
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community. A risk is that there is limited or no engagement
by the community and would generate no insight.

CONCLUSION
The intent of this study was to construct artefacts for designers
to engage in a conversation with Visible Light Communica-
tion (VLC) as a material for design. This is achieved by
"un-blackboxing" the technology, similar to the Inspiration
bits approach of Sundstroem et al. to build artefacts that ex-
pose technology properties. The artefacts are built upon the
Arduino platform and only uses a few standardised electronic
components like LED and photodiodes.

The artefacts and the exposed properties make the technology
experienceable without having any prior knowledge which was
evaluated in two design workshops with 11 participants. The
feedback shows that the participants can gain an understanding
of the material Visible Light Communications and apply it in
their creative process. The work on the artefacts also resulted
into the toolkit called "lumoino". The toolkit enables tinkering
with VLC and allows to incorporate a simplified version of the
technology into other Arduino projects.

This study has engaged in light conversations about Visible
Light Communication and hopes to have shed some light on
what its material properties are.
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