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Abstract. The prototyping process is a key phase in the design of interactive
systems. Designing connections and communications for computational ele-
ments is a challenging part of constructing physical interactive prototypes. The
goal of this study is to explore and describe the practices and technologies used
in the construction of physical interactive prototypes in a university course on
interaction design. This study reviews constructed physical interactive proto-
types, presents excerpts of interviews with students, and analyses students’
blogs. In particular, the study describes and analyzes how connections and
communications were made and which components and technologies were used
in a course on interaction design. Finally, the implications of the findings of this
study are discussed.
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1 Introduction

Prototypes are key artifacts used in the design of interactive systems [1]. In the last
decade, new paradigms of interaction have challenged the prototyping process.
Ubiquitous computing [2], tangible interfaces [3], augmented reality [4], and ambient
intelligence [5] have challenged existing prototyping tools and techniques. Prototypes
have become mobile, physical, embedded, connected, portable, and intelligent. Pro-
totyping tools are essential to support interaction designers in exploring and pro-
graming the design space. In recent years, many platforms have become available for
designers to construct physical interactive prototypes rapidly in a way that was
unimaginable a few years ago. Readily available sets of compatible microcontrollers,
sensors, actuators, and other components now support designers in constructing
interactive physical prototypes. Raspberry Pi, LittleBits, .NET Gadgeteer, Arduino, and
Phidgets are a few examples of these platforms [6–10]. These new technologies have
helped the process of prototyping interactive products. However, designing the con-
nections and communications between computational elements remains a challenge in
the construction of these physical interactive prototypes.

In this paper, I present the results of a study that investigated how design students
constructed physical interactive prototypes in an interaction design class. This work
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examined 15 physical interactive prototypes, conducted fieldwork observations, and
interviewed seven design students who participated in the construction of physical
interactive prototypes. This research aimed to yield detailed insights into how design
students construct prototypes in practice. The study examined physical interactive
prototypes, the technologies used, and student practices with the objective of under-
standing how designers connect hardware and software components. The study also
aimed to describe and analyze how connections were made and which components and
technologies were used. The research was driven by three specific questions: (1) How
do design students construct communication between components? (2) What types of
connections do they use? (3) What issues do they encounter and how do they overcome
them? From the design perspective, there is a need for the simple design, construction,
installation, and configuration of components. This work focuses on the important area
of the design of tools used in the design and construction of interactive systems.

2 Background

There is little previous research on prototyping tools and design practices and chal-
lenges in physical interactive prototyping. Nevertheless, in recent years, eminent
researchers have highlighted the importance of this area. For example, Shneiderman
[11] reported that the literature on the topic is scarce, pointing out that more studies on
the field are needed. From the same perspective, Stolterman stressed that by expanding
the amount of research on this underexplored area, researchers could contribute to the
development of better design tools [12].

The study presented in this paper is grounded in the theories of distributed cog-
nition [13], communities of practice [14], and activity [15]. It builds on two bodies of
related work: (1) studies of how designers design and construct prototypes; and (2) the
design of systems that help designers construct better prototypes. The importance of
this research is evident in the challenges and issues that have been reported in studies
that have described the process of designing interactive prototypes. For example,
Myers et al. [16] discussed the difficulties inherent in designing prototypes that contain
complex interactions. Alessandrini et al. [17] describes the limits of prototyping tools
used to design tangible technologies for children. Boucher and Gaver reported
the challenges in designing the drift table [18]. Hazlewood et al. [19] described the
challenges faced in designing a large-scale installation. The design process of the
Wironi Project clearly showed the limitations and challenges of using existing proto-
typing tools to design gestural interfaces for browsing audible internet content [20–22].
From a learning and educational perspective, in an unpublished work, Mellis [23]
reported the challenges encountered by students of interaction design in developing
physical interaction prototypes. Alessandrini [24] also highlighted the importance of
developing simpler prototyping tools for interaction design students.

Further studies were based on the results of field studies aimed at supporting
designers through the design of novel design tools for prototyping. For example, in
their study on opportunistic design, Hartmann et al. [25, 26] identified common
strategies adopted by practitioners to build physical interactive systems. Alessandrini
[27] explored the design challenges and limitations for researchers and designers

Practices, Technologies, and Challenges 133



in constructing Internet of Things systems using existing prototyping tools. In a
fieldwork study based on interviews and observations, Carter et al. [28] investigated the
challenges and issues encountered by researchers and practitioners of ubiquitous
computing to create physical interactive prototypes. Another recent study [29, 30] used
interviews to determine the process involved in the design of novel prototyping
tool-kits, the findings of which were important for our research.

This study is intended to extend the literature by focusing on designers with little or
no programming experience, such as design students, who usually do not have strong
programming skills. Most previous studies are based on brief, narrow field studies,
which aimed to determine the process of constructing novel design tools. This research
intends to extend this literature by providing an extensive dedicated, longer, and wider
study with the specific aims to understand physical interactive prototyping.

3 Methodology

Fieldwork observations, semi-structured interviews, and project blog analyses were
used to gather data that were used to answer the research questions. The fieldwork
observations and semi-structured interviews were conducted using students in a
third-year course on interaction design in the social digital Program in the Design
Department at the University of Dundee (United Kingdom). The aims of the projects in
the course were to create interactive objects that conveyed information in an audible
form. The design brief focused on the following: building and crafting an “audible
information object,” which was defined as a dedicated, physical product that
sits/hangs/lives in someone’s home and conveys some meaningful information to them,
existing data/content found on the internet—through sound. The class was part of the
four-year social digital program. Fifty-five students worked in groups of three on a
10-week project. The class was composed of product design (PD) and interaction
design (IxD) students. Emphasis was placed on building working electronic prototypes.
The students were forbidden to use screens in their projects. Arduino was specified as
the prototyping platform used by the students. During the first half of the course, the
students developed concepts and defined their own design directions. In the second half
of the course, the students designed and implemented their projects, which was sup-
ported by the tutors and technicians. The classroom was organized as a design studio
space. The students had accessibility to a workshop, electronic lab, and other related
facilities.

This study presented here analyzed the physical interactive prototypes constructed
by the students, which provided an opportunity to describe the challenges and issues
that emerged during the ideation, development, and testing of the prototypes, as well as
the prototypes’ behavior. I focused on analyzing the different types of connections
established between diverse devices and components in order to describe the challenges
encountered and the solutions developed to overcome them. I also conducted
semi-structured interviews with seven students with the specific aim of understanding
how the interviewees constructed their physical interactive prototypes.
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The participants were chosen randomly from the design class. I contacted 55 stu-
dents via e-mail, seven of whom agreed to be interviewed. The participants ranged in
age from 18 to 22 years; five were male, and two were female. They had an average of
one to two years of experience in building physical interactive prototypes. The same
procedure and interview schedule was adopted in all interviews. A single face-to-face
interview ranging from 40 min to 2 h was conducted with each interviewee. All inter-
views were video-recorded with the participants’ permission, and written notes were
taken by the researcher. The semi-structured interviews were conducted in the design
studio. After briefly introducing the scope of the study, I asked a series of open-ended
questions designed to gather data about one recent project completed by each inter-
viewee, such as the construction of the system, the purpose of the system, whether there
had been any problems in connecting the components, and how they solved such issues.
I also asked each interviewee to sketch a functional representation of the system on
paper, highlighting the methods used to connect the different components (Fig. 1). The
transcribed interviews, the interview notes, and the interviewees’ sketches were later
analyzed and coded. All the data found in the analysis were mapped and clustered
according to each discussion topic.

4 Results

The next section describes the methods and technologies used and the issues
encountered by students in designing their physical interactive prototypes, all of which
were connected to Internet data sources. The following section will present the

Fig. 1. Sketch of the architecture of a prototype
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methods, technologies, and issues involved in connecting and embedding components
in the physical interactive prototypes.

4.1 Gathering Online Data

All the projects required the use of online data collected from the Internet. The data
comprised mainly two types: numerical and textual. The students used diverse online
sources to obtain the data, such as Met Office, International Space Station (ISS),
Dropbox, Sky Scanner, and other online sources. Interestingly, all the students’ projects
used only one source of data and did not combine different sources. This might be
because of the limited amount of time available or the technical challenges required to
combine multiple data sources.

I observed that the students used three main methods to gather data. These methods
varied according to the web technologies used by the online data sources. The most
frequently used was the web scraping method, in which the design students took data
from an existing website and used for their projects. Although the web scraping method
was reported in practitioners’ contexts by [25], the present study focuses on design
students. Student A2 reported: Processing processes the web page to find the exact
number, five line of codes that just split in a small, and small text until we get the
number we need. It was observed that the web scraping techniques sometimes were not
facilitated by the particular web technology used to build the websites. Student A3
reported: The web site was in Java script, and I couldn’t get the data. I used cURL with
PHP to set the timetable bus information. In several projects, the interviewees reported
that the web scraping methods required several steps to shape the data. For example,
Student A1 reported: So to get those numbers there are other step sites. It goes through
three …. It goes from this site to a PHP site, and then from there it goes into … two
other steps. It goes to an XML file. It tidies it up, and it makes it searchable. So it
labeled date, distance, magnitude, name. And then, now this file eliminated all the thing
we don’t want. 3, 4 are the numbers we are looking today.

Another widely used method was the data feed, in which the prototypes received
updated data from online data sources. These types of data were aggregations of public
data, such as news, weather, and traffic. The BBC, the Met Office, and Hong Kong’s
department of city traffic provided the web-feed data that the students used to construct
their prototypes.

Few students used web application programing interfaces (API) because they are
challenging. The students interrogated a web service (e.g. Twitter) through a web
request-response message system. Compared to the other data sources, these comprised
mostly personal data that were linked with the use of an online service. Student A5
reported: The computer runs Processing. Processing is going to a PHP scripts. The
script goes to Twitter API looks for hashtag requested. When it has tweets with a
hashtag it sends back to Processing. Than Processing goes back to PHP it calls the
text-to-speech web site. It downloads an mp3 file, which is the spoken tweet. Student
A4 reported the challenging issue in overcoming the security requirements necessary to
obtain the data: For security reasons Dropbox API require https, also you can use http
running on the local machine.
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Although the students had not taken classes in processing (processing.org) they
used it as a tool to scrape data from websites or to connect to a local server that ran PHP
scripts. The students considered that processing was the unique tool available for
obtaining Internet data. The data sources were chosen because they provided quality
data, which were both free of cost and relatively easy to use. It was also interesting that
many projects embedded a button, a potentiometer, or other input parts as methods to
simulate online data. This was done for two main reasons: First, it enabled the students
to test more easily interactive behaviors or the hardware prototype when they were
working offline, and it permitted the development of hardware parallel to the
data-gathering system. Second, because the methods and the tools used to gather data
were unreliable, these simulation inputs helped in the case that something went wrong
during the demonstration. The students usually implemented these inputs first in testing
their hardware design, especially when the data gathering systems were neither ready
nor reliable (Fig. 2).

4.2 Making Components Communicate

All the physical interactive prototypes required communication between diverse
embedded components. All the prototypes used input and output components. The
most commonly used input components were photo-resistors, potentiometers, con-
ductive threads, and RFID readers. Speakers, solenoids, servos, or water pumps were
the most frequently used output components. The students collected Arduinos, sensors,
actuators, and other electronic components from the technical departments of the

Fig. 2. Early working prototype
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university. The required components were given to students only after they consulted
technicians about the requirements and functionalities of the prototypes. Hazlewood
et al. [19] noted the importance of consultation.

The students used four main approaches to create communication between the
components. These techniques varied according to the complexity of the technologies
used by the components. The most frequently used components were solenoids, but-
tons, and LEDs, which communicate through simple digital protocols (0 or 1 values). It
was observed that the students connected these components easily and rapidly. Other
sets of components, such as photo-resistors and potentiometers, were also used by the
students, which provided rich analog values (0–1023). Although the students imple-
mented the connections of these values easily and quickly, programming the software
required to use the rich value sets required more attention and understanding than the
less complex technologies did.

A small number of components, such as conductive threads or servos, required
more complex programming techniques that were based on dedicated software
libraries. The students easily connected these components, but they were often difficult
to program. It was also observed that running more software libraries concurrently
generated unresolvable problems. Based on multiple software libraries, this commu-
nication strategy was sometimes impossible to implement, as Student A2 described:
You can listen to the Arduino trough processing, but this was the first thing we tried,
but unfortunately you can’t have an Arduino library in Processing. This with the
capacitive sensor that use is own library.

Another set of complex components, Radio-frequency identification (RFID) read-
ers, audio boards, and computers, which communicate via the serial communication
standard, were used in some interactive prototypes. Most students found it challenging
to make communication between these components via the serial communications
standard. Student A6 stated: Connecting Processing and Arduino was the most chal-
lenging part of the project; we don’t know how to do it.Many students found it difficult
to understand the serial communication standard. Student A7 reported: The system has
a RFID reader connected to the Arduino via serial to the Mac running Processing
code. When you have to upload the Arduino sketch, you need to take this [Rx RFID]
wire out. RFID’s Rx connection blocks the Arduino programming (Fig. 3).

It was very interesting that all the interactive prototypes used only one advanced
communication connection (e.g. serial) with the other components. This might be due
to the lack of time available, or it might be due to the simplification process done by the
technicians to reduce the complexity of the project during the consultation. Commu-
nication protocols, communication units and frequency rate, where complex concepts
to grasp and use by the students. The study observed that they often used libraries,
which facilitate the communication between serial components, as A3 reported: Ar-
duino has FIRMATA library and communicate via serial, which it does, trough FIR-
MATA. Interviewees reported that to facilitate the serial communication between
components, data was appropriately elaborated and formatted. As A4 reported: Pro-
cessing is used to clean and shape the data. From 4,004 % to 4 %. Processing converts
the data to an integer. A2 also stated: We have 0.05, each time we multiply the have a
whole number like 500 and we store as an integer instead of a float, and float doesn’t
go across the serial. Further strategies were used to simplify the communication
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between two components, for example as A7 reported: The RFID reader is sending in
BYTES. Arduino translate this in HEX value that I think has 10 characters. I’m always
sending the last two [characters] to Processing. This is because if I tried to send the
whole string the data get lost and it won’t differentiate between RFID Tags.

The students used Arduino (arduino.cc) as the physical tool used to power, control,
and communicate with all components. The students learned how to use Arduino in the
social digital program. Although the class was composed of IxD and PD students, I
observed that only the IxD students were actively involved in embedding the tech-
nology in their physical interactive prototypes.

5 Discussion

This research investigated the technologies, techniques, and challenges encountered by
students in constructing physical interactive prototypes. The findings contributed to the
general understanding of prototyping, provided suggestions for the design of novel
prototyping tools, and yielded information about education in this field.

The findings showed that communication between hardware and software com-
ponents is complex. In certain situations, data and information are necessary to activate
and establish a communication session. The findings revealed a fluid and dynamic
communication model in which data and information could be conveyed from both
hardware and software. In their study on opportunistic design, Hartmann et al. [25, 26]
identified similar strategies used to build interactive systems.

Fig. 3. Arduino with the RFID reader
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Although prototyping is a creative activity that requires experimentation and
design-thinking skills, most tools used today do not fully support these processes.
Prototyping tools require an approach that is different from that used in engineering. In
design it is fundamental to soften technology to make it quick, imaginative, and easy in
order to shape the user’s experience. In the “Triumph of Tinkering,” Turkle [31] clearly
described how the creative process is constrained by today’s development approach.
Prototyping tools should permit a progressive and dynamic transition between com-
ponents and behavioral arrangements. Prototyping tools should permit smooth transi-
tions between different solutions, thus enabling easy and fluid rearrangements of
components and behaviors according to the system’s requirements. Such tools would
permit fluid control of the prototyping process according to the designer’s skills,
objectives, development phase, and context.

6 Conclusion

The study highlights the opportunities, challenges, and limitations associated with the
prototyping of interactive systems. As an initial effort in the development of pre-
liminary knowledge in this area, the analysis presented here is not intended to be
exhaustive or complete. Instead, it focuses on the qualities that each project contributes
to the knowledge of this area. The findings of this study indicate that we need to design
better tools that combine complexity and flexibility, support fluid transitions between
different integration styles, and facilitate quick modification. Further research on the
prototyping of interactive systems will be conducted in the near future.
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