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Abstract
Data physicalisation is an emerging field in the domain of data representation which aims to represent data in a physical manner. This representation
utilises the physical objects’ variables to encode data and relies on the human senses to interpret these variables in order to uncover data insights. The
need for this type of representation emerged as a result of the huge increase
in the amount of the collected data, as it has become difficult for the usual
means in the information visualisation domain to keep pace with this growth
of data. Due to this massive growth, finding new methods for representing
data was not the only concern. It was also vital to enhance users’ perception towards this amount of data. Therefore, the research community has
suggested surrounding users with meaningful data representations instead of
restricting these representations to computer screens. Thus, the researchers’
attention to the physicalisation field has increased.
Since physicalisation employs the physical variables to encode data, the spectrum of methods that represent data has expanded. Moreover, this field
provides multimodal interaction methods that require several sensory channels to interpret and understand the physical representations. Therefore,
users’ cognition can be reinforced through their interaction with physicalisations. In recent years, the research in this field has increased since it requires
establishing consistent guidance in order to provide a formalised guideline
for designing physicalisations and interacting with them. In the same context, researchers in the WISE lab1 are developing a conceptual and software
framework. This framework is based on their investigation of the dynamic
physicalisations in order to establish a physicalisation grammar. Further,
it simulates the process of physicalisation prototyping by providing suitable
physical variables depending on the users’ needs. In the same approach,
which is followed by researchers in the WISE lab, this thesis aims to support the physicalisation grammar. Therefore, we investigate the suitability
of physical variables towards representing geo-tagged datasets. Moreover, we
explore the design space of the dynamic data physicalisations which utilise
these variables in order to facilitate achieving our purpose. Furthermore, we
provide a prototype which allows us to evaluate the appropriateness of three
physical variables towards encoding statistical geo-tagged data. Finally, we
perform an experiment in order to evaluate and validate our prototype.
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1

Introduction

The importance of data originates from its ability to provide a clear and comprehensive overview to understand what is happening around us. It consists
of a set of numbers, facts and measures which reflect the nature of a certain
problem or phenomena. Thus, revealing data insights is considered as an
important approach to acquire an overview about the causation of problems
occurring. Therefore, it facilitates making optimal decisions regarding these
problems. In recent years, we have been observing a huge increase in the
amount of collected data and that required finding methods to ease obtaining useful information from this data and detect its trends. These methods
usually transform data from its abstract form (numbers, measures) to an
understandable form (representation) which should be perceived easily. Furthermore, the latter provides a meaningful data overview in order to determine its patterns and distinguish its correlation with the studied phenomena.
Moreover, this representation has become a research field and an interesting
topic in various disciplines due to its ability to uncover data insights. It
has evolved over the years, starting with cave paintings for recording events,
to its current state [23]. It was mostly expressed by tools in the information visualisation domain that was long considered to be dominant on data
representations and it strictly relies on the visual sense to interpret these representations. Moreover, the information visualisation field has been studied
deeply over the years by researchers in the InfoVis domain. They have estab-
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lished its principles and methods in order to create a consistent reference for
using such a representation. For instance, existing InfoVis guidelines define
how to use colour coding, maps, symbols and shapes to make a readable and
well perceived data representation [7].
Generally, the main objective nowadays in data representation domain
is enhancing users’ cognition and their ability to interpret the represented
data. In other words, reinforcing users’ experience while they interact with
the representation. Further, the vast amount of data that requires representations to uncover its insights is considered as another concern in the
data representation field. Therefore, the research community has suggested
surrounding users with meaningful representations to deliver information as
much as possible without affecting their ability to receive this data. However,
the tools which were available in the InfoVis domain could not fulfil these
purposes, since they are usually limited to computer screens. A solution proposed exporting the digital representation into the real world. This is can be
accomplished by using physical materials and their properties to encode data.
Thus, extracting information from these materials relies on users’ capability
to detect the physical variables by utilising their senses. Accordingly, in recent years the physical data representation field has emerged as a method
for representing data. It uses physical materials to encode and map data to
physical properties and their variables. Therefore, the spectrum of representation methods has increased compared with the usual techniques which are
used in the information visualisation field. Moreover, this domain takes the
advantage of users’ ability to recognise and analyse the physical properties
to receive the embedded data in these variables. Despite the fact, that physicalisation has lately become a highly important subject, there is evidence of
using this type of representation for centuries. Moreover, it has been used
for recording events, achieving a communication purpose and represent maps
in the cartography domain [30]. However, in recent years, there has been a
remarkable development in physical representation and several fields such as
scientific, statistical and analytical domains have utilised physicalisations in
order to represent data.
Since physicalisations encode data through physical variables and properties, our study aims to investigate the effectiveness of utilising these properties in order to represent data. Moreover, we examine the ability of these
variables to change their behaviour according to the changes in values of the
represented data. In other words, we investigate the capability of the dynamic physicalisations to encode data. In order to achieve this purpose, we
test the ability of several physical variables (thermal, vibration and shape
change) to dynamically change their behaviour regarding the diversity of the
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represented data. We then evaluate the users’ ability to detect these changes
through their senses. Accordingly, we study the previous works which utilise
the mentioned variables to create an effective physicalisation so we can rely
on their results and try to overcome their working gaps. Further, we design
a prototype which uses these variables to represent geo-tagged data and we
investigate its efficacy towards end users.

1.1

Problem Statement and Justification

Since physicalisation has emerged in the scientific community, many researchers have doubted its efficiency towards data representation. This is
due to the comparison between the methods of physical representation and
the standards techniques which are used in the information visualisation domain. These points of criticism are related to the time and effort to make
physical representations as well as their accuracy and their added value over
the common methods in the InfoVis field. However, there is another research
community which believes that physicalisation has a promising future in the
data representation domain especially after the development in the technology fields. Therefore, several attempts have been established to determine
the advantages of utilising physicalisation. These efforts claim that using
physical representation to encode data improve users’ experience and their
memory performance towards information which gained from the represented
data [63, 22]. Moreover, other investigations show that the received information from specific physical forms such as physical bar can be as accurate as the
corresponding forms in information visualisation methods [1]. In general, the
mentioned efforts were directed at eliminating the usual challenges in data
representation domain. However, utilising physicalisation to represent data
has opened up new challenges regarding the efficiency of this representation.
Thus, there has been an increasing recognition that more attention needs
to be paid to this domain. Moreover, many studies have addressed some of
these challenges in order to find solutions to overcome them, for instance,
attempts were made to determine the appropriateness of physical materials
for each sensory channel to be interpreted effectively [23].
Despite the efforts towards physicalisation, it is still in the stage of setting the
standards and the frameworks to be considered by the research community
as a reliable method to represent data. Moreover, the evolution of physicalisation to act as a valid representation method is quite complex since it has a
large spectrum of physical properties which related to the nature of physical
materials that encode data. Further, most data representation methods have
certain rules and references to be followed that were established depending on
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studies and researches to determine their effectiveness. Therefore, we need to
formalise and standardise physicalisations by providing a consistent guideline and framework1 to facilitate creating an effective physical representation. Several attempts have aimed to achieve this purpose by experimenting
numerous physicalisations in order to provide a reliable contribution. However, in the same context of reinforcing the physical representation efficacy,
our study is directed to investigate the potential of using physicalisation to
represent dynamic geo-tagged statistical data. We examine several physical variables to discover their suitability regarding statistical data and their
appropriateness towards the levels of measurement scales (nominal, ordinal,
interval and ratio scales). Furthermore, we investigate the ability of these
properties to encode data, then we determine their capability and limitation
towards end users’ interpretations.

1.2

Objectives and Hypotheses

As mentioned in the previous section, physical representation requires establishing consistent guidance and a standard framework in order to provide
formalised guidelines for stakeholders who want to design and create physicalisations. Through our investigation to make a sufficient contribution to
achieving this purpose, we want to examine the ability of the physicalisation to represent geo-tagged data by testing several physical variables that
encodes this type of data. Therefore, we provide a proper background to
address the general advantages and limitations of physicalisations in order to
benefit from these abilities and overcome their drawbacks. Moreover, we need
to investigate several works that aimed to represent geospatial and statistical
data. For instance, the existing studies about representations and frameworks in the information visualisation, tangible users interface and static
physicalisation domains. Therefore, we can benefit from their solutions and
tools which are applicable in the physicalisation domain, to represent such
a type of data. Then, we can compare their effectiveness with the available
physical representation methods. Further, we want to select three physical
variables (thermal, vibration and shape change) to investigate their potential
to represent data. Therefore, we study the related works which utilise these
variables in their representations in order to determine their abilities, limitations and nature towards representing data. To examine these variables
and their suitability for encoding statistical data, we will design a prototype
showing European countries. Moreover, each country is represented as one
physical pixel and it has at least two embedded variables to represent data
1

https://wise.vub.ac.be/publication/towards-framework-dynamic-data-physicalisation
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that is related to this country. Furthermore, this prototype determines the
appropriateness of each used variable to describe the nature of data through
the level of measurement classifications2 which are nominal, ordinal, interval
and ratio scales. Further, we will set up an experiment to test our application
in order to prove or disprove the following hypotheses:
• If we represent data by using interfaces related the studied phenomena
the users can grasp information effectively. In our case, we provide a
3D printed map for European countries and each county acts as an
independent pixel where data will be presented.
• If thermal and vibration variables are used to represent continuous
interval or ratio data, users will not detect the continuous changes in
values. However, if we use these variables to represent district interval
or ratio values as well as nominal and ordinal values, users can detect
them effectively.
• If a shape changing variable is used to represent nominal values, users
cannot receive information correctly. If we use this variable to represent
district and continuous interval data as well as ordinal values, users will
detect data changes sufficiently.

1.3

Research Method

The research method which we use in our thesis is the Design Science Research Methodology for information system research (DSRM) [54]. This
methodology is aimed to provide a research method and guidance for information system design science [51]. Moreover, it consists of six phases
to be followed in order to effectively carry out the research process. The
following are the DSRM steps and where they are mentioned in our thesis.
1. Problem identification and motivation: To fulfil this step, the problem
is defined as well as our justification in the problem statement and justification section. This section provides an overview of one of the main
problems which face the physical representation domain and clarifies
the benefit of our solution.
2. Define the objectives for a solution: The objectives of our solution are
mentioned in the objectives and hypothesis section which contains our
goals in order to solve the defined problem.
2

https://en.wikipedia.org/wiki/Level_of_measurement
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3. Design and development: This step is processed over chapter three,
chapter four and chapter five. These chapters provide works which are
related to our topic as well as the solution which is expressed conceptually and finally the implementation for our solution.
4. Demonstration We establish this step through an experiment on our
prototype, which is defined in chapter six.
5. Evaluation: we evaluate the experiment results in chapter six to prove
or disprove our hypotheses.
6. Communication: This step will be achieved as an ongoing task.

1.4

Contribution

Since our main goal in this study is establishing guidance to utilise several
physical variables to represent data through physicalisation, we have done
investigations in order to achieve this purpose. Therefore, this thesis provides
several contributions to the physical data representation field. Moreover, in
this section we summarise these contributions and outline them as follows:
• This study provides a straightforward background which can be understood easily by the lay audience who have not experienced physical
representation yet. Further, we support this work with several examples from the physicalisation and the tangible user interface domains.
Furthermore, we discuss objectively the advantages of using physical
representations and their limitations.
• A comprehensive study is established on data representation fields
which use representation techniques in order to encode statistical and
geo-tagged data. Moreover, we explore the design space of dynamic
physicalisation applications that utilise thermal, vibration and shape
changing variables. Therefore, we address several mechanisms that are
used by these applications and support our approach.
• Attempts were made to define a solution which able to determine the
physical variables suitability towards representing statistical data. Further, we set several types of requirements which should be achieved in
order to develop a system that facilitates accomplishing our goal.
• We designed a physicalisation prototype which is directed to investigate
the suitability of the physical variables to encode data and their ability
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to uncover data insights. Furthermore, this prototype provides thermal,
vibration and shape changing feedback in order to achieve the desired
goal.
• We established a contribution towards defining consistent and formalised
guidance for using physical variables to encode geo-tagged and statistical data.

1.5

Structure of the Thesis

In this section we provide an overview of our thesis structure as follows:
• Chapter 2: provides the necessary information for readers who are
not familiar with the thesis’s topic. In this chapter, we define the
physicalisation and we introduce its benefits and limitations.
• Chapter 3: In this chapter, we explore the design space of data representation fields that are related to our work. Moreover, we study
works in the dynamic data physicalisation domain in order to define
their limitations and to benefit from their methods for designing dynamic physical representations.
• Chapter 4: This chapter introduces the suggested solution which aims
to solve the stated problem in this thesis. Further, we set in this chapter
several requirements that we achieve through our prototype and its
evaluation.
• Chapter 5: In this chapter, we provide a detailed discussion about
implementing our solution. Further, we introduce for the first time our
prototype and we present the techniques and the methods which we
used to design a dynamic physicalisation application.
• Chapter 6: In this chapter, we discuss the evaluation process of our
prototype which is established by experimenting with our design.
• Chapter 7: This chapter provides a discussion about the results which
we get from the experiment and defines our future goals. Further, this
chapter ends with the conclusion of our thesis.

Structure of the Thesis
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2

Background

This section provides the necessary background information for the reader in
order to understand the context of this thesis. We first give an overview of
the physical data representation field, starting with its definition according
to several perspectives. Then we go through its benefits and limitations.
Besides, we review the efforts which have been made to support and enhance
the physicalisations. Moreover, we provide a simple overview of the tangible
user interface domain, since it employs physical representation to associate
digital data with the physical world.

2.1
2.1.1

Physicalisations
Definition

Through our investigation of physicalisations, several definitions and explanations reflecting different perspectives have been found. These definitions
generally describe the physicalisation as a domain of data representation
which encodes data by utilizing physical materials properties. Furthermore,
data perception, and its insights are detected through human senses.
Since physical materials are characterised by several variables, each one
can be utilised to represent data. Accordingly, a study by Jansen et al. [30]
proposed that physicalisations are physical materials which encode data by
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their properties such as volume, length, texture, and colour. Thus, a wide
range of methods to represent data is provided.
Other definitions describe physicalisations depending on the methods which
are used to interpret them. These methods are called sensory modalities that
employ human senses (touch, sight, sound, taste and smell) to complete the
interaction.
Based on this perspective, a multisensory data representation definition is
established [23]. It describes physicalisation as a representation that encodes
information through sensory modalities. Further, it requires at least two sensory channels to fully interpret and understand data underlying.
Moreover, toward the same approach of utilising visual, acoustic, and touch
sensations to display scientific data, a multisensory data sensualisation term
is expressed [52]. It denotes the use of multiple senses to perceive and understand data which is represented by several physical forms.
However, these definitions not only clarify the way of mapping data to
physical materials but also establish interaction techniques to view and explore datasets beyond the traditional interaction methods, in order to engage
the audience with the physicalisation [24].

2.1.2

Multimodal Physicalisations

Physical representations make the perception of information possible through
more than one sensory channel. Thus, users’ ability to understand and interpret information is enhanced.
Each sensory channel can receive a range of physical properties and translate
them into understandable information. For instance, vision sensation can
interpret several physical variables such as, colour, light, and orientation.
Therefore, physicalisations augment data perception by using several sensory channels. Moreover, representing data through physical representation
provides various alternatives for encoding data. for example, if the sense of
touch is determined to be an interaction method with the representation,
data can be encoded through vibration, heat, and resistance. The following examples illustrate the idea of combining several modalities in order to
receive information from physicalisations.
Andrej Boleslavsky1 designed the Google-Eye physicalisation which provides visual and haptic interactions. It represents data about visiting a webpage during the year where the number of visits on each day is represented
by peaks which span over one ring sector as shown in Figure 2.1a
Bean-Counter [45]is a physical representation which combines vision, touch,
1

http://id144.org/projects/google-eye/
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and taste sensations to grasp and understand the design behaviour. This implementation aims to determine the network ports which are used for sending
data packets. Moreover, it consists of tubes which are full of jelly beans and
it is supported by a system to observe the network traffic. Each jelly bean
flavour is assigned to one network port and whenever the system detects a
packet which crosses one of the monitored ports, a jelly bean with certain
flavour drops into a bowl as illustrated in Figure 2.1b

(a) Google-Eye

(b) Bean-Counter

Figure 2.1: Multimodal physicalisations

2.1.3

Benefit of Physicalisations

As mentioned before, physicalisations map data into multiple forms by using
different modalities; thus, a wide range of methods can be used to encode
data. However, the efficiency of any representation not only lies on the
methods used to create it, but also on its effectiveness towards end users
regarding numerous factors, such as users’ experience or cognition.
Several studies have proven the benefits of physicalisations in terms of
users’ depth and active perception. Physicalisation further, improving users’
understanding and their learnability [29, 30].
Other investigations have indicated that interaction with physical representation has a great impact on user experience. Stusak et al. [64] have examined
the potential of physicalisations for changing users’ behaviour. During their
study, they engaged participants in the physicalisation design process in order to create several types of sculptures. The study results show the ability
of physical representation to improve and motivate the users’ behaviour and
self-reflection.Moreover, the same results have been reached by another investigation [22] regarding the effectiveness of multimodal physicalisation to
enhance users’ experience.
The Sweat-Atoms implementation [33] is another physical representation
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which confirms that engaging users with physicalisations reinforces their experience and connects them emotionally with the representation. This application analyses users’ physical activity and creates 3D printed artefacts
that represent data based on users’ heart rate. In other words, the system
generates digital data which stands for the heartbeats, then transforms this
data into a physical representation.
Memorising the received information from data representations is considered
as an important factor to determine their efficiency. A comparative study
between physical and digital bar charts [63] has evaluated users’ memory
performance. The researchers offered physical and digital representations
to do experiments on. Through their questionnaire about extreme, numerical values, and facts, they proved that users who interacted with physical
representation have lost less information than others.

2.1.4

Physicalisations in Multi-Disciplines

Several researchers from different disciplines have taken advantage of the
physical representation benefits to achieve their approaches. Some of their
studies aimed to utilize physicalisation for data analysis and extracting information to support making decisions. For example, one of the Solid Terrain
Modelling STM2 projects is a 3D terrain model that is intended to visualize
the path of a plane that had an accident and led to a crash. This model is
used to analyse one of the problems which cause a plane crash as shown in
Figure 2.2a
However, it has been proven that physicalisations are effective in other
domains such as information retrieval [29]. Moreover, several investigations
show that physical representations can augment the affordance by adding
physical clues to guide users towards discovering data underlying [14]. Therefore, communication between the physical model and the audience can be
enhanced.
Besides, researches have been investigated the role of data physicalisation
to improve learning techniques. For instance, James Ives3 created a dynamic
physicalisation to educate students about the transforming of the United
States boundaries during the 19th century as shown in Figure 2.2b
The physical representation is not restricted to the scientific domain. It
can be used to represent personal data or artistic works. That is usually done
by handcrafting or designing sculptures to reflect the designers’ thoughts and
actions [11]. Alice Thudt [68] crafted a teapot which represents the text mes2
3

https://www.solidterrainmodeling.com/
https://twitter.com/bplmaps/status/1131571980770193409
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sages with her boyfriend to express her experience with long distance relationship. This physical model contains dots, each one stands for 10 messages,
and each dotted line represents one year as illustrated in Figure 2.2c

(a) 3D terrain model

(b) Dynamic map

(c) Teapot love messages

Figure 2.2: Multi-discipline physicalisations

2.1.5

Physicalisation Limitations

As we have seen so far, there are many researches on physical data representations that prove their effectiveness in terms of information perception,
users’ cognition, and their experience. However, the preference for using
physicalisations for being effective enough and completely reliable in the data
representation field is still vague.
Jansen et al. [29] in their investigation about the efficiency of physical representations, posed a question whether physicalisation can accomplish the
information visualisation tasks. In order to answer this question, they transformed several visualisations to physical representations, to evaluate the
physicalisations efficiency at information retrieval tasks.
Besides, the most common criticism of using physicalisations is their accuracy which is considered an important factor, especially for analytical and
statistical domains. In order to examine the physicalisation accuracy, a research group [1] compared users’ perception rate when they interact with a
physical bar chart. They found that perception accuracy is similar to the
digital bar chart. However, more research about physicalisation accuracy is
still required to confirm that physical representation is reliable.
Creating physicalisations is considered as a challenge to represent data
in a physical form. Usually, physicalisations are handcrafted or digitally
fabricated. Therefore, they need more time and effort comparing with digital
visualisations [11]. Moreover, any error in the design process could lead to
recreate the model again.
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The availably of tools which digitally fabricate the design is another challenge
for lay users, who want to represent their data through physicalisations.
Although the technological field provides machines such as 3D printers and
laser cutters to create physical models, they still require experience. A case
study for supporting the design of physicalisations [65], confirmed that not
only the use of fabricated machines is limited to users who have experience
but also limited to specific types of materials to create physicalisations.

2.1.6

Supporting Physicalisations

In this section, we provide an overview of the attempts which are intended to
support physical representation in terms of creating the design and enhancing
its effectiveness. Although the machines which are used for creating physical
models require prior experience, they play an important role regarding the
manufacturing speed and the model accuracy compared to the methods that
were used in the past decades.
Researchers have done investigations to study the potential of improving
physical representations. These studies focus not only on the manufacturing
field but also on enhancing users’ perception by enriching the representation
affordance. Follmer et al. [14], identified several factors in physical representations that should be taken into account to reinforce the affordance. For
instance, how the model should be designed to provide interaction clues to
the end users. Moreover, how designers should determine the object size,
position, and orientation.
Since physicalisations encode data using material properties, several investigations have attempted to verify the type of physical materials that are
suitable to provoke the interaction and the perceptual level for users. Most
of the researchers recommend using materials which are related in nature
to the studied phenomena, in order to engage users with the representation.
For instance, employing water material in the model to represent the rate
of water consumption. Studies also included efforts to classify the materials
according to their ability to represent data and their suitability regarding the
sensory modalities which are used in the physicalisation. Andrew Moere [46]
examined using water as a physical variable to enhance users’ cognition,
through investigating several applications which have water as a major element to represent data. Another investigation is established by Hogan and
Hornecker [23] which reviews 154 physicalisations to determine the preference of physical materials for each sensory channel or modality which are
used in the representation. However, the investigation on the suitability of
materials for physicalisations is still at the stage of defining the classification,
and attempts are still in progress.
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Additionally, for building a rich physicalisation, the focus should not be only
on the implementation methods or the used materials, but also on the methods which support the fabricating stages, starting from drawing sketches to
the final model [24]. Furthermore, the final physical representation should
be aesthetically pleasing in order to be attractive, since most of the lay audience is influenced by the representation aesthetics. Thus, studies investigated
the potential of using art aspects for designing the models without affecting
the representation content in order to enhance users’ ability to uncover data
insights [35].

2.2

Tangible User Interfaces

When we explore the domain of physicalisation, it is vital to address the
Tangible User Interfaces (TUI) field, which utilises physical representation
to link digital information with physical objects [72]. The interaction with
the representations was limited to the virtual world due to a dominant of
Human Computer Interaction (HCI) on the data representation field [60].
Therefore, there was a need to fill the gap between both cyberspace and the
physical environment [25].
Based on Ishii and Ullmer’s believes [25], using human senses for interaction with representations leads to richer perception. TUI term was established as an attempt to achieve those beliefs. They first called it tangible
bit, referring to the process of making digital information (bits) tangible.
Then they illustrated this concept through three prototype systems, which
are MetaDesk, TransBoard, and AmbientRoom as shown in Figure 2.3. Since
Ishii and his group proposed the benefits of using tangible user interface in
data representation, TUI became more interesting for many researchers [28].
Shaer and Hornecker [60] studied the past, the present and the evolution of
the TUI term since the concept of the Graspable User Interface appeared [13].
They addressed several technological approaches in the domain of Next Generation User Interfaces. Each approach combined different interaction techniques using Tangible User Interfaces and became a research area of its own
such as Tangible Augmented Reality and Tangible Tabletop Interaction. The
following are examples for both research areas.
ARtalet [20] is an implementation of a tangible user interface which is an
augmented reality authoring tool. This application provides tangible interaction through object manipulation, and a 3D user interface in an augmented
reality environment with audio and vibration feedback.
One of the earliest applications which appeared in the domain of Tangible
Tabletop interaction is the MetaDESK [70], which is designed by Ishi and
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Figure 2.3: Three prototypes of Ishi and Ulmer’s works to describe the interactions through foreground objects on interactive surface and through
ambient media in background
Ullmer. This implementation uses tangible interaction with physical objects
which represent elements from GUI, such as icons and menus. These objects
are manipulated on an interactive surface, which is internally monitored with
infrared computer vision.
As we have seen so far, TUI links data to the physical world and enhances
users’ ability to uncover data insights, especially when they grasp and manipulate the physical objects. Therefore, users’ experience and cognition can
be reinforced [21, 3].
Accordingly, many researchers studied TUI for different purposes, for example, support learning, problem solving, collaboration, social communication
and entertainment [60]. Thus, several implementations were developed to
achieve these purposes and to emphasize the benefits of using TUI in data
representation field. Following, we illustrate some TUI examples which are
aimed to achieve the mentioned goals.
The Brain Explorer system, which is designed by Schneider et al. [59],
allows students to discover the how the neural pathways work. This system
consists of brain parts that are tagged and placed on top of an interactive
table as shown in Figure 2.4a These parts are connected by optical radiations,
which represent the nerves that connect the brain parts. When users cut
one of these radiations, the image projected on the table will be damaged.
Therefore, students observe how visual sense can be impaired.
Zooids [36] is an open-source platform that consists of a collection of
custom-designed wheeled micro robots that can move on horizontal surfaces
and sense user input as illustrated in Figure 2.4b Mathieu Le Goc et al. [37]
used the Zooids platform to demonstrate the benefits of TUI for collaboration
and decision making. The implementation is designed using these robots and
visualizations so they can display line charts and scatter plots.
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Achieving the users’ entertainment while interacting with TUI is considered an essential demand to empower the users’ cognition. The 3D story
cube implementation [74] is an interactive TUI for children storytelling. It
is combined with augmented reality to allow multiple modes of interactions
(audio, vision and touch) as illustrated in Figure 2.4c. This application shows
the TUI ability to provide an exciting and entertaining experience.

(a) Brain explorer

(b) Zooids

(c) 3D story cube

Figure 2.4: Three diffirent TUI applications which support learning, problem
solving, collaboration, social communication, and entertainment
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3

Related Work
As illustrated in the introduction chapter, the main objective of our approach
is to investigate the efficiency of physicalisation for representing geo-tagged
data through our prototype, which provides several methods to enhance data
exploration. These methods present feedback across vibration, thermal and
shape changes by utilizing techniques from the dynamic physicalisation domain.
In this chapter, we review the literature related to our topic, by examining
the fields which use similar modalities to represent statistical and geospatial
data. However, depending on our search, there is a lack of physicalisations
which combine several representation techniques as in our case (vibration,
heating and shape changing interface). Therefore, we present an overview of
relevant studies which employ one modality or more in their investigations, in
order to reveal the gaps and address the remaining problems of these studies.
This review is subdivided into two main sections, visualisation and physicalisation overviews. We investigate the visualisation domain because of its
impact on statistical data representation field. Moreover, we study physicalisation regarding static and dynamic perspectives. Finally, we explore the
potential of utilising vibration, heating and shape changing interfaces in the
dynamic data physicalisation domain.

Visualisations

3.1
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Visualisations

Information visualisation domain describes approaches for supporting the
interactions with visual data representations through computer [9]. This
subject is considered as one of the most extensive and developed domains
for representing statistical data, due to its ability to enhance users’ cognition
and the variety of its tools.
Several visualisation subdomains, such as Geo-visualisation and Geographic Information System (GIS), are specialised in representing spatial
data which is information about a place on Earth [69]. These subfields provide maps as visual representations which can be used as foundations for
representing statistics related to a specific phenomenon which occurs on a
geographic place.
Geographical visualisation is a subfield of InfoViz and it is pointed to visualise geospatial data [50]. This domain is intended to facilitate users for
better exploration, analysing and understanding the geographical representations by utilising several techniques from relevant fields, such as cartography,
geographic information systems and exploratory data analysis [43]. Furthermore, this field has a considerable influence on other visualisation domains
which benefit from geospatial representations to visualise non-geographic information [31].
The GIS framework has the same impact on the visualizations which concern of representing statistical information associated to a geographical area.
This framework provides tools for visualizing different dataset on the same
map by using different notations [58]. For example, Adriana and Marian [58],
investigated the effectiveness of utilizing colour ramp and a collection of overlapped charts on the same map, to represent various datasets.
Information visualisation has the ability of exposing data tendencies for capturing and understanding data models. Therefore, visual representation can
cooperate statistical domains to explore and analyse data.
Exploratory data analysis (EDA)1 is one of the statistical subfields which
employs visual approaches to acquire data insights by using visual exploration methods [12]. Moreover, EDA utilises standard data representation
techniques such as box plot, histograms and more2 to explore and analyse
data. Thus, EDA facilitates data trends detection to discover data models
and unusual cases of data behaviour which are caused by unexpected deviation [42].
As we have seen so far in this section, various visualisation subdomains
1

https://en.wikipedia.org/w/index.php?title=Exploratory_data_analysis&
oldid=956577891
2
1
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have a great impact on the geo-tagged data representation filed, which led
to an increased attention by researchers and software developers to enhance
methods and tools that support these subdomains approaches. Nowadays
we can find a lot of software platforms which are intended to represent both
spatial and statistical data. Martin Nollenburg addresses such platforms
during his investigation about geographic visualisation [50]. These platforms
can be utilized by geo-visualisation systems, for example, ArcView3 , CommonGIS [44], GeoVISTA studio [16].

3.2

Physicalisations

In this section, we indicate the role of static and dynamic physicalisations
for representing geo-tagged data, so we can address the remaining gaps in
previous works which are relevant to our research.
Since physical representations provide interfaces by mapping data into
physical objects though their properties, we can differentiate between static
and dynamic physicalisations depending on the type of these interfaces.
Static physicalisations represent data across fixed and concrete objects which
cannot update themselves regarding data changes. In the contrast, dynamic
physicalisations have the capability of changing their behaviour as a result
of the interaction processes.
Although our aim is investigating the suitability of multimodal dynamic
physicalisation to represent geo-tagged data, it is still important to address
the static physicalisation since it has a considerable influence on representing
statistical and geospatial data in a physical manner. Moreover, the state of
static, in one way or another, is considered as a special case of dynamic
representation, when there is no update in the inputted data or there is no
interaction that causes a change of the representation behaviour.

3.2.1

Static Physicalisation

The early use of physical representation was pointed to provide physical
artefacts from an artistic perspective at the expense of data representation
efficiency [73]. This was due to the lack of tools, since most of the static
physicalisations were handcrafted. However, the development in technology,
especially digital fabricating sectors, turned static physicalisation from just
being a work of art, to a field which shows a great efficacy in representing
statistical and geospatial data [19].
3

https://www.esri.com/en-us/arcgis/products/arcgis-pro/overview

Physicalisations

22

To demonstrate the capabilities and limitations of static physicalisation for
representing geo-tagged data, several examples are mentioned bellow.
As illustrated in the visualization literature section, many visualization
subfields intend to utilize the map concept to serve as a basis for representing
non-geographical data. Djavaherpour et al. [10], aimed to apply this idea on
the static physicalisation field to investigate its ability of representing several datasets on the same physical model. They have designed two physical
prototypes, one for the Globe and another for a portion from Earth. The
groundwork layer for both prototypes represents geospatial datasets and the
additional layers can represent different datasets.
The first model provides 3D printed Globe through splitting it into several pieces by utilizing the Discrete Global Grid System (DGGS)4 to create
hexagon cells as shown in Figure 3.1a. Then, they attach these cells and
covered them with a high resolution map.
The second prototype represent one portion from earth, in their case Western
Canada, by designing a 3D curved model as illustrated in Figure 3.1b
Both prototypes provide representation scalability by adding different layers,
each one represents a specific dataset, to the main model. They used a simple
male-female connecting mechanism through small holes and pins to attach
the additional layer to the basis one as illustrated in Figure 3.1c

(a) Globe model

(b) Curved model

(c) Adding layers

Figure 3.1: Statistics over map models
Abigail Reynolds5 represents the violent and sex crime rate statistics by
designing a group of peaks which stand for specific areas in east London. Figure 3.2
This implementation is fabricated by using cardboard layers which are stacked
to present the peaks. Thus, a flexible control of the peaks height which is
associated to the crime rate value, is provided. Since datasets are granted
4
5

https://en.wikipedia.org/wiki/Discrete_global_grid#The_DGGS_framework
http://www.abigailreynolds.com/works/44/mount-fear-east-london/
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by an official institution regarding the crime rates in east London between
2002-2003, the reliability of this implementation is increased and that help
users who live in east London to be aware of the criminal situation in their
areas.

Figure 3.2: Mount fear east London
A coloured 3D map is designed by Rase [56], through utilising multi-colour
3D printer provided by ZCorporation company. He used standard GIS platform to visualize geospatial data of Germany and define the basis surface of
the physical model.
This model represents the average prices for building in Germany by using
colour ramped peaks which are printed over the surface base as shown in
Figure 3.3. Therefore, the colours shade and the peaks height determine the
data values which are represented.

Figure 3.3: Multicolour map

3.2.2

Dynamic Physicalisation

Improving the interaction is considered as one of the most important approaches in data representation fields, since users understand and perceive
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data insights through it. The interaction usually occurs when the representation produces output depending on a received input. The latter can be
obtained directly from users or indirectly through intermediary such as a
supporting software [61]
In dynamic data representation domain, the success of an interaction is
mostly expressed by a change of the representation behaviour. For instance,
when we use a bar chart as an element for representing data, the height of
the bar expresses a specific data value and any change of its height indicates
that the representation has received new values.
Since physicalisation utilises physical objects to represent data, the interaction here leads to changes in the physical properties of the used materials.
In this section we overview these changes which arise as results of the interaction techniques that we use in our prototype, in order to investigate their
ability for representing geo-tagged data.
Shape Changing Interfaces
Shape changing plays an important role in representing the occurrence of
interactions with dynamic physicalisations. This method enhances users’
ability to detect the representation output depending on vision and touch
senses which are the most dominant senses in human body. Therefore, using
shape changing to represent data variation improves the interaction process. Shape changing interface has been an interesting domain for many researchers, especially after the development in the technological fields which
led to a production of mechanisms that can fit into the physicalisation models
to reinforce the shape changing procedure. Rasmussen et al. [57] describe the
usability of shape changing interface techniques and their ability to deliver
information to users by enhancing the representation affordance. Furthermore, researchers in the dynamic physicalisation domain [55] concluded that
transformations in the representation shape increase its realism. Therefore,
utilizing the shape changing approach augments users’ experience and their
enjoyment while interacting with the design.
Several methods of shape changing are used in dynamic physicalisation
domain. We can classify these techniques depend on their influence on the
physical properties of the used objects or by the type of user-representation
interaction. For instance, changes can occur regarding the speed of motion,
the position, the orientation and the texture of objects [55]. Furthermore,
these changes can be categorized according to the type of interaction such
as direct and indirect interactions. Rasmussen et al.[57] describe the direct
category as a type of interaction where the shape changing takes a place as
input and output, as the case when users trigger the shape transformation by
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pulling or pushing a specific part of the physical model. On the other hand,
the indirect interaction requires an implicit input such as changes which occur
when the model receives values from an embedded software.
Multiple mechanisms have been applied in the shape changing interface
domain to achieve the dynamic approach of the physicalisations. In our
study, we focus on the interfaces which utilise pin-matrix method. Each
pin is represented by a rod which is attached to an actuation mechanism.
Although, this method is widely used in shape changing interface field, but it
still has some limitations. Nakatani et al. [48] addressed these limitations by
three main factors, the size of the actuators which affects the matrix density,
the interface resolution that depends on the number of pixels which can fit
in the matrix and finally, the interface range of motion which is restricted
to the rods height. The following are examples of implementations which
utilize actuated pixels to achieve the concept of shape changing interface
and to overcome the limitations which are mentioned before.
Masashi et al.s [48] proposed a 3D changing display by using rod actuators
which are made of a special type of coil material. This material is called
shape memory alloy (SMA)6 that can change its shape depending on the
temperature which we apply on. SMA rods have small diameter and can
extend its length to twice its original one. Therefore, the range of motion and
the matrix density can be increased. Their prototype is made of 4x4 pin-rod
matrix and it is supported by position sensors to detect the SMA position
as shown in Figure 3.4a
Another implementation of shape changing interface [71] is aimed to
achieve a force distribution on the fingertip by presenting 6x6 pin-rod matrix
which uses servo motors to actuate the pixels. This model consists of 36 actuated pins which are placed closely to provide a dense and a small interface
that can only fit the fingertip as shown Figure 3.4b
Relief [39] is a shape changing display which allows users to feel and form
geographical terrain. It consists of 120 actuated aluminium pins that can
sense user’s input such as pulling and pushing; thus, the design provides
a direct interaction. Moreover, the pins position is detected by a microcontroller which sends this information to a software that tracks the pin position
and generate a graphical output. Further, the output is projected on the top
of the interface which is usually covered by a flexible surface that can expand
and shrink depending on the pins movement as illustrated in Figure 3.4c
Another shape display application [40] expands the interaction mechanisms which are used in Relief to include both hand gesture and direct touch
as shown in Figure 3.4d. Therefore, the scope of the interaction methods is
6

https://en.wikipedia.org/wiki/Shape-memory_alloy
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extended which helps users to experience the design through different ways.

(a) Utilizing shape memory alloy

(b) 6x6 pin-rod matrix

(c) Relief

(d) Hand gestures

(e) EMERGE

(f) Gemotion screen

(g) FEELEX 1

(h) FEELEX 2

Figure 3.4: Several implementations which apply the concept of Shape
Changing Interface
EMERGE [66] is a physical dynamic bar charts which aims to explore the
interaction with dynamic physicalisation. This design consists of actuated
rods and generates RGP colour as an output to represent data. Moreover, it
is supported by a projector to project extra information on the surface which
surrounds the rods. The EMERGE system can detect the touch interaction
with the projected information and apply the changes on the corresponding
physical bars as shown in Figure 3.4e
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Gemotion Screen [49] is a 3D changing display which represents 3D objects on a screen. This design consists of 7x15 array of actuated pins which
are covered by a flexible screen that can freely expand and contract as shown
in Figure 3.4f. This system uses a high definition projector to project graphics on the screen. Moreover, it has the ability to detect the interactions such
as pushing, and move the pins according to it.
FEELEX project [27] aims to provide an experience of feeling virtual objects. The design consists of flexible screen which covers an array of actuated
rods. Further, it is supported by a projector to project a virtual image on
the screen. Moreover, users can interact with this design by touching and
even pushing the rods which are supported by force sensors to measure the
force which is applied as illustrated in Figure 3.4g. The system determines
the hardness and the softness for each part of virtual object. Therefore, any
hard force applied on a soft part in the virtual object, a big deformation will
take a place.
FEELEX2 is another prototype of project FEELEX which is designed to improve the interface resolution by placing more pins. In order to do that, they
placed the motors at a position offset of the rod by using the piston-crank
mechanism as shown in Figure 3.4h
Haptic Interaction
According to Loomis and Lederman [41], haptic sensation provides the ability
to perceive information through the sense of touch. Furthermore, the process
of grasping this information is done by receptors which are embedded in the
skin, the muscles and the joints. Depending on the type of these receptors
and their placement in the human body, haptic sensation is subdivided into
two main categories , tactile (cutaneous) and kinesthetic.
Griffin and Amy [18] depict tactile sensation as a process of receiving information through receptors (mechanoreceptors, thermoreceptors and nociceptors)
which are placed within the skin layers. These receptors detect information
regarding the objects pressure, temperature, texture, vibration and other
properties through direct contact between the skin and the physical objects.
On the other hand, they describe kinesthetic as the sensation of body movement and muscles tension. In other words, any type of haptic interaction
which requires contracting the muscles or moving the joints. For example,
when we hold an object to feel its weight. Moreover, depending on their believe that adding haptic modality to the representation will effectively expand
the interaction techniques spectrum, they addressed several physical properties which have the ability to represent data and they can be perceived by
haptic sensation such as vibration, fluttering and friction. Other researchers
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in data physical representation domain [53, 34], consider that haptic modality is not only a complement for other modalities, but also it is an essential
component in order to reinforce and complete the interaction.
However, the interest of haptic interaction surpassed its expansion effect
on the interaction spectra into experimenting its ability to enhance users’
experiences and their learnability. Jonathan et al. [32] have investigated the
haptic impact on users’ memorability, in order to remember the geographical
locations. They have concluded that utilizing the touch sense to interact with
their representation, significantly enhances users’ capability to memorize the
geocentric and the environmental cues for each represented geographic area .
Furthermore, Florence et al. [5], have reached the same conclusion by doing
several educational experiments, in order to emphasize that haptic sensation
has a great influence on the teaching process for children.
Other researchers have done studies beyond the benefits of using haptic sensation in data representation domain and addressed suitable mechanisms to
grasp information through the sense of touch. Lederman and Klatzky [38] established exploration techniques to link the desired knowledge about objects
with the way users should move their hands during the object exploration.
For instance, they proved that the lateral motion is the best technique to
detect the object texture.
As illustrated in this section, the haptic sensation is considered as a manifold and broad subject. Therefore we focus in our study on the tactile
interaction concerning the vibration and the thermal feedback, since we employ them in our prototype to represent statistical data. In the following
subsections, we mention several examples of physical implantations which
utilise temperature and vibration for delivering the information to users.
Thus, we can easily address their limitations in order to overcome them in
our prototype.
Thermal Feedback
The Heat-Nav [67] is an implementation which uses thermal feedback to
support users’ performance for navigation. This device consists of three
thermal array displays (TAD) which can be worn on the wrist as shown in
Figure 3.5. Each display contains a thermo electronic cooling device (TEC)
that can represent patterns of warmth and coolness. Moreover, these displays are supported by thermistors and controlled by proportional integral
derivative controllers which establish the output temperature. The designers
experimented this application by utilising it to navigate a 2D maze, through
defining two main thermal thresholds to determine whether the users are on
the right path or not. This experiment shows that thermal feedback can
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effectively help users to make navigation decisions.

Figure 3.5: Heat-Nav device
Quidi [4] is another implementation for supporting navigation and orientation through thermal feedback. This application consists of a thermo-pressure
interface where information is delivered through temperature and pressure,
which change to produce warmth, coolness, smoothness and roughness sensations. This design was experimented on an arcade game by supporting
the system with joystick to determine the directions depending on the haptic feedback. The game is about pointing a balloon through a maze full of
objects which might pop it. Further, the game system maps temperature
and pressure to guide users through the maze and to detect close dangerous
objects. Based on the retrieved information from the interface, users should
drive the balloon safely to the end of the maze as illustrated in Figure 3.6

Figure 3.6: Quidi
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The Affect-Phone [26] is an attempt to augment telecommunications, by
supplementing users’ emotional states to provide non-verbal communication.
This system detects the electrical variation of the skin (Galvanic Skin Response) which reflects the emotional state of human body. This is done by
using electrodes that are placed on both phone sides. Furthermore, the electrodes carry electrical variation to a Peltier module which expresses these signals through temperature changes as shown in Figure 3.7. This design transmits person’s emotional state via telecommunication. For instance, when
two users speak to each other over the phone, the system detects one user’s
arousal variations and send them to the Peltier module which is placed on
the other user’s phone. Therefore, Peltier module changes its temperature
according to the received information.

Figure 3.7: Affect-Phone
The Hiya-Atsu design [47] is a mouse device which provides thermal feedback when users place the mouse cursor on visual and text information
which are tagged with specific phrases. These phrases express the thermal state of the visualized information, for instance,hot-spot, cold-blood and
water-cooler. Further, this device gets warmer or cooler regarding the predefined phrases which are provided by the system. Hiya-Atsu is implemented
through two prototypes, thermal trackball and thermal mouse.
As illustrated in Figure 3.8a, the thermal trackball consists of a USB trackball and a thermal device (Peltier module) which is placed on the trackball
device to be contacted with users across their palms.
The second prototype, the thermal mouse, is intended to optimize the temperature detection through moving the interaction area from users’ palms to
their forefinger tips since they have higher sensitivity to temperature changes
as shown in Figure 3.8b.
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(a) Thermal Trackball

(b) Thermal Mouse

Figure 3.8: Hiya-Atsu design
Vibration Feedback
Through our search for applications that use vibration to generate feedback,
we find that most of them employ this property in three main ways.These
approaches investigate the potential of generating vibration through friction,
touchable screens and wearable devices. However, we overview these approaches through the following implementations.
Strohmeier et al. [62] built a physical slider which provides vibrations
through its motion. The purpose of this device is providing the sense of objects texture by generating a specific vibration feedback.
The design consists of a slippery grip which is used to slide the device over
an aluminium rod. Moreover, it is supported by a motion sensor to detect
the movements speed. The latter sends the detected signals to a vibration
motor to provide the wanted feedback as shown in Figure 3.9.
Based on the principle that any friction between two surfaces generates vibration signals, the designers map these signals to texture attributes such as
roughness, sharpness and bumpiness. Therefore, users can sense the object
texture by moving the slider over the track in different speeds in order to
generate the corresponding vibration signals.
The Tesla-Touch [6] is an implementation which uses electro vibration
instead of the usual methods which utilise actuation mechanisms to provide
vibration sensation. This application is pointed to users who have impair
vision in order to experience the objects texture through vibration feedback.
This design consists of a touch-based glass panel that is supported by a
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Figure 3.9: The physical slider
transparent and insulated electrode sheet. Furthermore, it is augmented by
motion sensors in order to detect the position of users’ fingers on the panel.
Moreover, Tesla-Touch is supplemented by a projector which provides visual
graphics. These graphics are tagged to specific information which reflects
the objects texture type as shown in Figure 3.10. When users touch the
panel through their fingers, the device detects the interaction position, then
it sends specific electro waves to the corresponded electrode set, depending
on the information of the tagged graphics.

Figure 3.10: Tesla-Touch
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The Tacta-Vest is a wearable device which provides vibration feedback
through 16 vibration motors which are placed on the front and the back sides
of the vest as shown in Figure 3.11. This design receives information from
external system via wi-fi and transforms this data into vibration feedback.
Furthermore, it provides two vibrating modes, sporadic and continuous, in
order to expand the interaction vocabulary. Further, it can act as a supplementary device for a virtual reality system to increase its realism.

Figure 3.11: Tacta-Vest
The Haptic shoes [15] is a wearable implementation for representing the
stock market data, this device is intended to alert the users when small
changes happen on the transaction data. This device consists of vibration
motors which are placed inside the shoes and receive information form a
wireless system as shown in Figure 3.12. Based on the idea that any slight
change in transaction data is very important for the investors in stock market. Further, the difficulties of detecting these changes through traditional
visualisations, since they should represent this type of data continuously. The
designers provided an alternative solution which was inspired by utilizing the
vibration in the mobile phones in order to alert users about specific events
such as receiving a message. Therefore, they employed the Haptic-shoes to
warn the investors about any change in the transaction data.
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Figure 3.12: Haptic Shoes

3.3

Related Work Limitations

After reviewing several data representation domains and their implementations which are relevant to our approach, we can address several limitations
regarding their ability to represent geo-tagged data. Most of these limitations
are related to the nature of the corresponding representation techniques and
not to their efficacy toward data representation. We can address the challenges which face the mentioned related work as following.
Although visualisation has a great impact on representing geo-tagged data,
it is still restricted to the vision sense. Therefore, engaging the users with
the representation is limited if we want to compare it with the physicalisation field. We will investigate this limitation through our application which
provides a software that includes visualisation charts to compare their efficiency with the our physical model. Moreover, through our attempts to
prove the thesis hypotheses, we can determine whether physicalisations have
advantages over visualisations in terms of memory performance and users’
experience.
As for static physical representations, they cannot update themselves. Once
the physical model is fabricated to represent specific datasets, it becomes
difficult to utilise it for presenting new data. Although, we have seen several attempts which intend to increase the static physicalisation scalability,
but it is still insufficient. This limitation is solved by following the dynamic
physicalisation approach which uses physical variables that change their behaviours and values according to data changes. Nevertheless, the latter has
its gaps regarding the techniques which we illustrated in the literature review.
For instance, the pin-rod matrix is limited to the number of pixels which
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we can fit. Thus, the display resolution will be affected. This could be an
issue we might encounter when we design our prototype. Therefore, we will
discuss this limitation in details in the implementation section since we use
this technique to provide the shape changing feedback. As illustrated in the
latter section, pin-rod matrix can represent data changes accurately. Even
though, we want to examine its suitability to represent not only statistical
data but also the measurement scales, especially the nominal scale in order
to prove our hypothesis.
The designs which mentioned in the thermal feedback section are limited to
the temperature range which is bearable by human. Moreover, this type of
feedback in most cases is restricted to a continuous interaction. Therefore,
the design has to provide a big interval between any two consecutive values
in order to detect data changes. Most of the applications we overviewed
have 2℃ interval and that decreases the range of temperatures which can be
utilised to represent data. This conforms with our hypothesis regarding the
ability of a thermal feedback to represent data. Further, we want to prove
that using such a type of feedback to represent continuous values is worthless,
especially when users grasp this feedback haptically.
Vibration feedback has the same problem when it comes to represent continuous value. This limitation has not discussed very well in the application
which are mentioned in our study, since most of these implementation use
vibration feedback to represent the occurrence of events. For instance, mobile phone provides vibration feedback when it receives a message or when
the phone rings. Since these application have not tested the ability of this
type of feedback to represent statistical data, we provide vibration information through our prototype to encode data. Moreover, we investigate its
appropriateness towards the level measurement scales.
As we have seen in this section most of related work limitations are related
to the nature of the techniques which are used. Therefore, they cannot be
overcome easily. Our investigation aims to find the most appropriate type of
data to be represented by these techniques.
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4

Solution

As mentioned in the introduction chapter, the goal of this thesis was to make
a contribution towards the dynamic physicalisation domain to establish a formalised guidance for using this type of representation. For this purpose, we
investigated the suitability of several physical variables for representing statistical datasets as illustrated in the related work chapter. Moreover, we
mainly focused on three physical properties in order to clarify their appropriateness to encode statistical data as well as the level measurement scales
which depict the nature of data. Furthermore, investigating these variables
for shape change, temperature and vibration, is considered as a focal point to
prove or disprove our hypotheses which are well defined in the introduction
chapter. Further, while exploring the design space of dynamic physicalisations, we found that the mentioned variables are widely used in this domain.
Thus, it is vital to address guidelines for employing them in the physical
representation implementations in order to ease the design process for stakeholders who are interested in creating physicalisation models. Therefore, in
this chapter, we suggest a solution in order to achieve our goal and this solution is about creating a 3D physical model which utilises the mentioned
variables in different ways in order to provide feedback to end users. Thus,
we can experiment their appropriateness through testing users’ perception
towards data which is encoded via these variables. However, before we go
to the details of our solution, we first need to establish several requirements
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which are considered as conditions and capabilities that are required in order
to create an efficient system. According to Brennan et al. [8] these requirements act as a groundwork for building the systems and their components
and they differ depending on the stakeholders’ intents and the required system behaviour. Therefore, in the following section, we determine the system
requirements which are needed to define and establish our solution.

4.1

System Requirements

The solution we aim to establish provides a system that consists of two interfaces which are responsible for processing geo-tagged data and encoding
it through physical variables. Therefore, we need to address several requirements regarding the mentioned solution to create a system that facilitates
achieving our approach. In order to do that, we extrapolated different requirements depending on our investigation considering what has been presented in related work which employed the physical variables that we utilise
in our system. Moreover, these requirements are categorised and subdivided
into functional, non-functional, environmental, user characteristics and data
requirements.

4.1.1

Functional Requirements

The functional requirements define the system behaviour; in other words,
they determine what the system should do. Therefore, we can subdivide the
functional requirements of our system into two main subsystems. The first
one is data processing which is executed by a digital interface and the second
subsystem is data representation that is established by a physical interface.
However, as illustrated in Figure 4.1 the data processing subsystem should
acquire data through applying queries on a database in order to get the data
which we aim to represent. Moreover, it has to filter this data and attach
it with the representation method type, before transferring it to the second
subsystem. Furthermore, when the data representation subsystem receives
data, it should apply the encoding methods to it and provide feedback to
users.
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Requirements Diagram[ Functional Requirements ]
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Figure 4.1: Functional requirements

4.1.2

Non-Functional Requirements

This type of requirement defines constrains to be applied to the system
behaviour and describes the system characteristics. Therefore, it specifies
standards which can be used to evaluate the system. However, we establish several non-functional requirements regarding our system. These requirements cover the system accessibility, availability, reliability, portability,
safety, maintainability, scalability and extensibility. Moreover, they are discussed and defined as shown in Figure 4.2.
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Requirements Diagram[ Non-Functional Requirements ]
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Figure 4.2: Non-Functional Requirements

4.1.3

Additional Requirements

In this subsection we discuss several additional requirements regarding our
system. Since our goal is to provide an effective solution to the problem which
is stated in this thesis, we need to establish other requirements in order to
ensure that we achieve the desired results. Therefore, we set requirements
regarding data which is used in our system as well as the environment that
describes the context of utilising this system. Furthermore, we define reMagicDraw, 1-1 C:\Users\Ghassan\Documents\Untitled2.mdzip Non-Functional Requirements Aug 2, 202
quirements regarding the targeted users who aim to examine and test the
system.
As for data, we set several requirements according to the data type, accuracy
and the amount of data which is needed in our system as shown in Figure 4.3.
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Moreover, we define several environmental requirements regarding physical,
technical and social requirements as illustrated in Figure 4.4. Finally, as
shown in Figure 4.5, we set several characteristics according to the targeted
users according to their skills, educational background, physical health, age
and their expertise.
Requirements Diagram [ Data Requirements ]
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Figure 4.3: Data requirements
Requirements diagram[ Environmental requirements ]
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Figure 4.4: Environmental requirements
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Requirements Diagram[ User Characteristics Requirement ]
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Figure 4.5: User characteristics

4.2

System Structure and Behaviour

In order to create a system that facilitates solving the stated problem in
this thesis, we will design a dynamic physicalisation prototype which utilises
physical variables to represent geo-tagged data. This prototype is a 3D model
that represents a map of Europe and aims to provide feedback regarding
statistical data that is related to each European country. Moreover, each
country is fabricated as one independent physical pixel and embeds physical
variables which are utilised to encode data and provide proper feedback to
end users. Further, we will provide a digital interactive interface to control
and support the physical model. In general, with respect to the previously
mentioned requirements, we provide a system which is subdivided into two
interactive interfaces (digital and physical). The first interface is a Windows
software application which processes and provides data to the physical model.
Moreover, through this interface, users can determine which country they
want to represent data for, the type of the statistical data and the method for
representing this data (shape change, thermal or vibration). Furthermore,
the second interactive interface is the 3D physical model which provides
feedback for users depending on the data that is provided by the software
application. Further, this interface consists of several independent pixels
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that represent the European countries. Besides, each pixel delivers feedback
through at least two mechanisms. For instance, the pixel can change its
shape (in our case the pixel’s length is going to change) and provide thermal
as well as vibration feedback. Moreover, in order to increase the realism
of the model, we fabricate the overall pixel’s shape to mirror the country’s
shape on the map. Figure 4.6 shows a system sketch which reflects our idea
towards designing and implementing the mentioned prototype.

Figure 4.6: System sketch
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However, as illustrated in the related work chapter, the physical variables
which we utilise to provide feedback have limitations due to their nature. For
instance, the thermal feedback is limited to the range of temperature which
can be detected by users. Moreover, it is difficult to discover data changes
by using a thermal variable when the represented datasets have continuous
values with small intervals. Nonetheless, in this study, our goal is circumventing these limitations by defining a consistent guideline for using the physical
variables which we are interested in through our investigation. Therefore, we
define their suitability in order to use them efficiently. Moreover, several related works support our general approach which is establishing a formalised
guidance to create physicalisation and to interact with it. For instance,
on the interaction level, Lederman and Klatzky [38] established exploration
techniques to link the desired knowledge about objects with the way users
should move their hands during the object exploration to gain information
sufficiently. Further, we have derived several ideas from the related works
which use the physical variables that are mentioned earlier. For instance,
the method for providing shape changing feedback in our solution is inspired
by most of the shape changing interfaces that we have investigated. These
interfaces utilise a pin-rod matrix to change the shape property of the physical model in order to encode data. Therefore, we will use the same idea and
adapt it to be suitable for our implementation. As for the vibration variable,
several applications use it as an alerting mechanism to provide feedback regarding the occurrence of events [15]. Thus, for our purpose, we will employ
this technique to inform the users when data changes its value. Moreover, regarding the temperature variable and the thermal feedback, we will establish
an interval for temperature values which is determined by several investigations [4, 47] in order to detect data changes correctly. Therefore, depending
on the existing techniques which are mentioned in this section as well as our
adaptation towards them, we can apply these mechanisms in order to design
an efficient system.
Our system satisfies the requirements which are stated previously in this
chapter and provides several types of feedback (shape change, vibration,
thermal). Moreover, it consists of digital and physical interactive interfaces
in order to process data and to represent it. Further, the digital interface
maintains the connection with the database which contains statistical data
in order to acquire information depending on queries that are generated
regarding users’ interaction with this interface. For instance, it provides
queries depending on countries and statistical types selections. Furthermore,
this interface establishes a connection with the physical interface and sends
commands to it. These commands contain the data which is going to be

45

CHAPTER 4. Solution

represented as well as the pixel ID and the representation method. As for
the physical interface, it receives data as commands from the digital interface
and filters this data depending on the pixel ID and the type of representation method as illustrated in Figure 4.7. Finally, it provides proper feedback
to end users. In general, the first interface processes the datasets which we
study and provides data to be represented in the second interface. Moreover,
the latter encodes the received data through different methods and users can
then interpret the represented data in a visual and a haptic manner as shown
in Figure 4.8. Therefore, we can approach the problem stated in this thesis
by investigating users’ perception towards the feedback which is provided
through our implementation.
Object Diagram Model [
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Figure 4.7: Object diagram for system structure
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Figure 4.8: State machine diagram for system behaviour
As we have seen so far in this chapter, we have established a solution in
order to achieve our goal depending on techniques which are used in several
related works and adapted to appropriate our pursuit. Moreover, we have
achieved sets of requirements not only to facilitate building our prototype
but also to determine the context of using it and the targeted users that
we direct our system to. Further, we have defined the system’s structure
and its behaviour towards processing and representing data. Therefore, we
have a comprehensive overview of the desired solution, and we can take a
step forward to start implementing our dynamic physicalisation prototype.
Moreover, in the next chapter, we discuss in detail the system’s components
and its specifications. Further, we provide illustrations regarding the steps
MagicDraw, 1-1 C:\Users\Ghassan\Documents\System Behaviour.mdzip System Behaviour Aug 3, 2020
which we follow to create and design an efficient system.
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Implementation

In this chapter, we discuss the steps which we have performed to accomplish
the transition from the proposed solution to the concrete implementation and
the design of our dynamic physicalisation prototype. The solution, as mentioned in the previous chapter, is creating a physical model that dynamically
utilises physical variables in order to encode data. Moreover, this model is
supported by an interactive digital interface which provides the data that we
want to represent. Further, it facilitates achieving our goal to determine the
suitability of the physical variables for statistical and geo-tagged data.
However, as illustrated in the solution chapter, several requirements have
been established in order to create an efficient design. Thus, we mainly
maintain these requirements by creating interactive digital and physical interfaces. The digital interface is a software that acquires and processes data
depending on users’ interaction. Since our model is directed to explore statistical geo-tagged data, users determine the category of the statistical data
which they want to represent. Moreover, they can also choose the methods
for representing this data. In our case, the system provides shape change,
vibration and temperature techniques to encode data. Thus, the digital interface is considered as a data provider to the physical model which in turn
consists of several components. Furthermore, the physical model interface is
fabricated to reflect the map of Europe and each country is represented by
one pixel as well as it is designed to mirror the country’s shape on the map.
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Further, each pixel embeds at least two mechanisms to provide feedback
to end users by dynamically changing the values of the mentioned physical
variables. In order to implement these mechanisms, we use several types
of electromechanical devices such as stepper motors to provide the shape
changing feedback through manipulating the pixels’ height. Moreover, we
utilise vibration motors and thermal modules to present the vibration and
the temperature variables. Further, the focal point in our system is to establish the connection between both digital and physical interfaces and to
make sure that data which is acquired by the digital interface can be interpreted and represented effectively by the physical interface. Therefore, we
use a microcontroller which is programmed to receive and understand the
commands from the digital interface. Moreover, it is reconfigured to control
and implement the mentioned mechanisms to provide a dynamic physical
representation for data.
In order to have a comprehensive overview of our prototype, we provide
a component diagram which is shown in Figure 5.1. Moreover, this diagram
clarifies how the system’s components collaborate with each other to get
the desired results. As illustrated in this diagram, the system consists of
two main components (digital and physical) which in turn contain several
types of components and they cooperate with each other through a serial
interface. However, this chapter consists of two main sections which provide
a discussion about the technical details of the mentioned components as well
as their implementation. Further, through these sections, we will describe
the frameworks and the applications which we used to create our prototype.
Furthermore, we will explain the solutions for the problems that we faced
through the design process. In general, we explain the transition process
from the theoretical solution to the concrete implementation.
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Hardware

In this section, we mainly discuss the hardware parts regarding the physical interface by providing details about its components. Moreover, we go
through the design process of the external structure of the model. Further,
we discuss the mechanisms that provide feedback through hardware devices
which are controlled and instructed by a single microcontroller according to
the received data from the digital interface.
All the electric components in this interface operate at 5V. Therefore, we
need a consistent power source that supplies these devices with the required
power in an efficient way. Despite that the microcontroller board which we
use can provide such a voltage, we utilise an external power source to maintain the board. Thus, we use a MB102 breadboard module1 which is shown
in Figure 5.2, to power all the components. This module provides a polarity
reversal protection and can take 6.5V to 12V input and produce 3.3V to 5V
output.

Figure 5.2: MB102 Breadboard power supply module1
We can subdivide the hardware implementation process of the physical interface into two parts. The first one is constructing the external structure which
consists of 3D-printed models that are placed in a wooden box. The second
part is establishing the mechanisms which provide shape change, vibration
and thermal feedback. Furthermore, we discuss the electric devices which we
use to provide these mechanisms and we illustrate their specifications and
functionalities as well as their role in the physical interface.
1

https://components101.com/modules/5v-mb102-breadboard-power-supply-module
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The 3D Model

Apart from the mechanisms used to perform a dynamic physical representation, in this section, we will talk about the design parts which provide
the structure of our model. In general, this model was designed to provide
a physical interface composed of 30 pixels that represent European countries (one pixel for each country) which were designed and assembled to
simulate a map of Europe.
Our design’s external structure consists of wooden plates, which have been
assembled to form a wooden box with the dimensions of 42x42x36 cm containing all the parts that make up the physical facade. This structure consists
of four bases that can be described as follows:
The first base, which is the upper front of the model, is a 3D-printed base
and its dimensions are 42x42x0.5 cm. Moreover, it is designed to simulate a
map of Europe and it is hollowed to give scope for the movement of pixels
through it as shown in Figure 5.3.

Figure 5.3: 3D Model for a map of Europe
As we mentioned earlier, the physical property related to changing the shape
will be applied through a change in the pixels’ height. Therefore we designed
another base that matches the first one, and the goal is to support the movement of pixels while changing their height as illustrated in Figure 5.4.
The third base is a wooden mount that we use to place motors that provide
a mechanism for changing the shape with respect to the pixels. As for the
fourth base which is the bottom one of the box, mounts the microcontroller
which connects the digital interface with the physical interface and also con-
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trols the mechanisms used to provide feedback to users. Further, we place all
the wire connections as well as the power supply module on this base. The
different bases and the dimensions between them are shown in Figure 5.4.

Figure 5.4: External structure of the physical model
The pixels were designed to conform to the shape of the countries on the
map. Google Maps was used as a reference source for the design process, as
explained in the software section describing the 3D model design. However,
the outer borders have been smoothened in a way without losing their accuracy in order to increase the pixels’ smooth movement. In addition, the
pixels were designed with a height of 13 cm as shown in Figure 5.5a.
However, taking into account the height difference between the first base and
the second base, the pixel will rise from the surface of the first base by 10 cm.
Moreover, the bottom surface of each pixel is connected to the mechanism
for changing its height as illustrated in Figure 5.5c. This mechanism consists
of three 3D-printed parts. The first one, which is the rack, is directly connected to the bottom surface of each pixel and connected to another part,
which is the gear, which in turn is connected to a motor that provides the
movement processes. Therefore, the motor rotation leads to gear rotation,
which in turn moves the rack up and down according to the direction of the
motor rotation as illustrated in Figure 5.5b. Thus, this mechanism leads to
a change in the pixel’s height. As we noted earlier, the motors are placed
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on the third base, by installing them using a 3D-printed supporting part,
which is especially designed for the type of motors which we use, in order to
produce our desired movement pattern.

(a) 3D pixel

(b) Shape changing process

(c) Shape changing mechanism

Figure 5.5: 3D pixel with movement process
The 3D-printed parts, which are the first and second base as well as the pixels and the parts that provide the mechanisms for changing the shape, were
printed by using an Ultimaker S5 and Ultimaker S2+ 3D printer which are
available in the WISE lab. Further, we used thermoplastic feedstock filament
to print the mentioned parts. This filament is polylactic acid (PLA) with a
diameter of 2.85 mm and it has a printing temperature range of 180-220 °C.
Furthermore, we consumed approximately 4 kg of this material in order to
print the 3D printed models of our prototype.
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The Microcontroller

As previously illustrated, the microcontroller is considered as the focal point
in our project since it connects both the digital and the physical interfaces.
Moreover, it controls all the mechanisms which provide feedback through the
physical variables which we utilise. We use an Arduino board2 to provide such
a microcontroller which is a circuit board that consists of a programmable
microcontroller that can be used in numerous electronic designs and embedded systems. Moreover, it is supported by an integrated development
environment (IDE) that operates on the computer in order to upload the
instructions to the microcontroller. Further, we can set these instructions by
using the Arduino language which is a set of APIs that are written in C and
C++. Furthermore, this board provides digital and analog pins that can be
used as input or output. Therefore, we can control several types of modules
and chips such as thermal modules, LEDs and motion sensors.
There are different types of Arduino boards that can be used in electronic
projects, such as Arduino UNO, Arduino Leonardo and Arduino Mega. These
boards have different specifications in order to satisfy various requirements
depending on the a project’s goals. In our prototype, we use an Arduino Mega3
which is shown in Figure 5.6a. It operates at a voltage range of 4.5-5.5 and
it has a 16MHz ATmega2560 processor with 256KB ISP flash memory and
8KB SRAM. Moreover, it has 54 digital input/output pins (I/O pins) as well
as 16 analog pins that can be utilised to instruct modules and control chips.
Further, out of the digital pins, there are 14 pins that can be used as a pulse
width modulation (PWM) to get analog results depending on digital signals
as illustrated in the schematic view shown in Figure 5.6b.
The main reason that we used Arduino Mega instead of the other types of
Arduino, is the number of pins that are provided and the fact that we have a
relatively large number of modules and motors to be controlled. Each module
occupies at least two pins from the Arduino board. Nonetheless, the number
of pins was not enough to connect all the devices which we have. Therefore,
we had to use another method to expand some of the Arduino I/O pins. We
will illustrate this method in detail in the next section.

2
3

https://www.arduino.cc/en/guide/introduction
https://store.arduino.cc/arduino-mega-2560-rev3
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(a) Arduino Mega board3

(b) Arduino Mega schematic

Figure 5.6: Arduino Mega

5.1.3

Shape Changing Feedback

The shape variable is one of the physical properties that we use to encode
geo-tagged data and provide shape changing feedback for end users. As
illustrated in the related work chapter, the shape change is considered as
an important physical variable that reinforces users’ cognition towards data
which is represented in a physical manner [55, 57]. Therefore, we utilise this
variable by manipulating the object’s length to provide feedback. We use a
technique that relies on actuators to achieve the purpose of changing shape
for each pixel in our prototype. This method consists of motors and supporting mechanisms which are illustrated in the 3D model section. In this
section, we discuss in detail the type of motors which we use in our prototype
as well as their specifications and the method of connecting them with the
microcontroller. The stepper motor4 is a DC motor which we used to achieve
the shape changing mechanism. This type of motors is used in various devices
4

https://en.wikipedia.org/wiki/Stepper_motor
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that require a precise motion such as 3D printers. Moreover, it is considered
as an electromechanical motor which provides a rotation motion depending
on the electrical pulses which it gets. Furthermore, each pulse generates an
accurate rotation for the motor which is called a step or a fraction of a step.
Further, a number of several equal steps provide one full rotation and this
number is determined depending on the stepper motor type [17].
Several types of motors can provide an accurate motion such as servo motors, but we choose stepper motors to achieve our purpose for several reasons.
This motor does not need a position sensor to know its current position since
its motion depends on the stepping mechanism, this technique is called an
open-loop controller [17]. Moreover, this motor has a high torque regarding
the low speed motion which is a beneficial feature to us since this motor has
to hold the pixel which we want to move up and down. Further, it provides
a smooth motion and its price is low compared with other types of motors.
Therefore, we can support our prototype with such an actuation mechanism
which is reliable and not too costly. However, the stepper motor in general
consists of a centred magnetic gear that is surrounded by polar coils. Moreover, this gear is attached by a motor shaft in order to provide the mechanical
motion. Further, the stepper motor has mainly two coils which determine
the type of this motor. If these coils are subdivided into smaller coils, we call
this motor a unipolar stepper, otherwise, we call it a bipolar motor. In order
to clarify the difference between these motors, Figure 5.7 shows a schematic
view for both unipolar and bipolar stepper motors.

Figure 5.7: Stepper motors
The key of moving the central gear as well as the motor shaft is applying
a current to the coils. Since each coil has an anode and a cathode, we can
control the electromagnetic effect on the central gear through controlling the
current in the coils electrodes. Therefore, we can rotate the gear depending
on the current value on each coil as illustrated in Figure 5.8.
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Figure 5.8: Gear and shaft direction in bipolar stepper
In our prototype, we use a 28YBJ-48 stepper motor which is a type of unipolar stepper. This motor has two main groups of coils and each one is subdivided into two coils. As illustrated in Figure 5.9, the coils of each group share
one edge to be connected to the ground and four other edges (A, B, C, D)
are called phases. Therefore, by controlling the current in these phases we
provide the wanted motion from the motor. For instance, we can provide a
one step motion or a fraction of a step motion and we can control the motion
direction as well (clockwise or counter clockwise).

Figure 5.9: 28YBJ-48 unipolar stepper motor
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To illustrate how we accomplish the mentioned types of motion, we provide
the following Table 5.1 and Table 5.2 which contain the current status on
the motor phases.
Step
1
2
3
4

A
ON
ON
OFF
OFF

B
OFF
ON
ON
OFF

C
OFF
OFF
ON
ON

D
ON
OFF
OFF
ON

(a) Clockwise direction

Step
1
2
3
4

A
OFF
OFF
ON
ON

B
OFF
ON
ON
OFF

C
ON
ON
OFF
OFF

D
ON
OFF
OFF
ON

(b) Counter clockwise direction

Table 5.1: Full step motion

Step
1
2
3
4
5
6
7
8

A
ON
ON
ON
OFF
OFF
OFF
OFF
OFF

B
OFF
OFF
ON
ON
ON
OFF
OFF
OFF

C
OFF
OFF
OFF
OFF
ON
ON
ON
OFF

D
ON
OFF
OFF
OFF
OFF
OFF
ON
ON

(a) Clockwise direction

Step
1
2
3
4
5
6
7
8

A
OFF
OFF
OFF
OFF
OFF
ON
ON
ON

B
OFF
OFF
OFF
ON
ON
ON
OFF
OFF

C
OFF
ON
ON
ON
OFF
OFF
OFF
OFF

D
ON
ON
OFF
OFF
OFF
OFF
OFF
ON

(b) Counter clockwise direction

Table 5.2: Half step motion
In order to control the stepper motor by our microcontroller (Arduino
Mega), we use a ULN2003A driver5 . This driver consists of an array of seven
transistors and diodes to control the current which passes to the motor.
Further, it operates at 5V and provides a current up to 500mA. Moreover, as
illustrated in Figure 5.10, this driver provides a five pins connector to connect
the stepper motor and it has four LEDs to indicate passing the current to
the stepper motor’s phases. It also has four pins to connect the driver to
the microcontroller in order to control the stepper motor. Figure 5.11 shows
a sketch which illustrates the idea of wiring the stepper motor to Arduino
Mega through the ULN2003A driver.
5

https://en.wikipedia.org/wiki/ULN2003A
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Figure 5.10: ULN2003A driver5

Figure 5.11: Wiring a stepper motor to the Arduino Mega
However, in order to provide actuation mechanisms to the pixels, we supported each one with a stepper motor to change the pixel’s shape. Therefore,
we employ 30 motors to achieve this purpose. Moreover, we used 3D printed
parts to install the motors on the wooden base and to achieve converting
the rotational motion of the motor to vertical one to provide a change in
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the pixel’s height. Further, we distributed the motors and the 3D-printed
supporting parts on the third base (the wooden base) in a way that each
motor lies directly under the pixel’s bottom face. Since these pixels have
different shapes, we faced some challenges when installing all the motors in
the mentioned way. Therefore, we put several motors on a free space on the
wooden base and we adapted the rack shape as shown in Figure 5.12 in order
to hook the pixel with its actuation mechanism.

Figure 5.12: Rack of an actuation mechanism
As illustrated earlier, the stepper motor requires four pins to be connected to
the Arduino Mega through the ULN2003A driver. Thus, we need to provide
120 pins to activate all the motors in our prototype. Since Arduino Mega
has 54 digital pins that can be utilised to control the stepper motors, we lack
the number of pins to connect all the motors. Therefore, we used another
technique to control all the motors with one Arduino board. This technique
is basically based on sharing the communication bus which is provided by
Arduino to control all the devices which are connected to it.
Since all the motors which we used have the same manufacturing address, we
need a mechanism to distinguish between these motors. Therefore, we used
a communication protocol to achieve this goal. There are several protocols
that provide the same approach such as ISP, UART, I2C which can be used in
Arduino. In our system, we use the Inter-Integrated Circuit (I2C) protocol6 .
The basic idea of this protocol that it provides 7 bits for addressing, which
means it can provide 128 different addresses. Therefore we can address all
the pins of the stepper motors which we have.
In order to apply the concept of I2C protocol in Arduino Mega, we need a
mechanism that handles distributing the addresses in the shared bus. There
are several mechanisms to achieve this purpose such as multiplexers, shift
registers and I/O expanders. These mechanisms have different methods to
achieve the same purpose which is expanding the I/O pins of Arduino. In
our prototype, we used I/O expanders since they are commonly utilised with
stepper motors. These expanders have 16 general-purpose I/O pins which
6

https://fr.wikipedia.org/wiki/I2C
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can be used to connect I/O devices. In the following subsection, we provide
more details about the type of expander which we used and the method of
connecting it with Arduino Mega.
I/O Expanders
As illustrated earlier, we used I/O expanders to expand the pins in Arduino
Mega in order to connect all the stepper motors which we have. There are
several types of chips that serve this purpose and the MCP23017 chip7 which
is shown in Figure 5.13 is one of them. This chip has 16 general-purpose
I/O pins which consist of 8 digital and 8 analog pins. All of these pins can be
utilised to connect our stepper motors. Since the stepper motor has four pins
to be connected, we can hook four stepper motors to one MCP23017 chip.
Moreover, this expander contains three addresses pins (A0, A1, A2) which
determine the chip’s address by controlling the bit value on each pin (0 or 1)
through switching it On or Off. Thus, we can share the communication bus
with 8 chips which have 8 different addresses as shown in Table 5.3.
Chip Address
000
001
010
011
100
101
110
111

A2
OFF
ON
OFF
OFF
ON
ON
ON
ON

A1
OFF
ON
ON
ON
OFF
OFF
ON
ON

A0
OFF
OFF
OFF
ON
OFF
ON
OFF
ON

Table 5.3: MCP23017 address table
The Arduino Mega controls the stepper motors through sending commands
and instructions to the expander through its address. Then, the latter sends
these commands to the stepper motors that are connecting to it. This communication process takes place through using the communication bus which
is provided by the Arduino board. This bus consists of two lines, SDA which
is the data line and SCL which is the clock line. Further, we connect the
MCP23017 chip to Arduino through these lines. When this chip receives a
pulse from the SCL line, it reads the data from the SDA line. Furthermore,
this chip provides three different communication speeds which are 100KHz,
400KHz and 1.7MHz. In our system, we run this chip on 400KHz in order
7

https://www.microchip.com/wwwproducts/en/MCP23017
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to maintain it and to speed up the stepper motor’s motion. Moreover, this
chip operates at 5V and it has a reset pin that determines the status of the
chip’s pins. Therefore, we connect the chip’s reset pin to 5V through a 10KΩ
pull-up resistor in order to activate all the pins in this chip.

Figure 5.13: MCP23017 I/O expander7
However, our prototype contains 8 MCP23017 chips which connect 30 stepper motors. The method of connecting them is the same as the method of
connecting four stepper motors to Arduino Mega through one MCP23017
expander as illustrated in Figure 5.14

Figure 5.14: Connecting four stepper motors with one MCP23017 expander
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5.1.4

Thermal Feedback

Our prototype provides thermal feedback through the top surface of just two
pixels due to the size of the thermal module which we use. This device is a
Peltier module with dimensions of 4x4 cm. We could not embed this module
in all the pixels because they have different sizes and shapes. Moreover, we
did not scale up the pixels’ sizes to embed these modules since this would lead
to an excessive increase in the prototype size. However, the Peltier module
which we used, is a thermoelectric cooling device that utilises Peltier effects8 .
These effects describe the rise and the fall of the temperature at the junction of two metals by passing a current through them. The Peltier module9
provides semiconductors instead of the metals which are mentioned in the
Peltier effect. These semiconductors are positioned in the Peltier module to
form a matrix of P and N legs as shown in Figure 5.15. Moreover, this matrix
is surrounded by electrical conductors which are usually copper sheets which
in turn covered by a ceramic insulator. When we pass a current through the
semiconductors, the temperature transfers from one side of the module to
the other in order to provide a cold side and a hot side.

Figure 5.15: Peltier module structure9
8
9

https://dronebotworkshop.com/peltier-effect/
https://robu.in/product/tec1-12706-thermoelectric-peltier-cooler-12-volt-92-watt/
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There are several types of Peltier modules that differ according to the number of semiconductors’ legs and the amount of the current which the module
operates at. In our case, we use the SP1848 Peltier module10 which is shown
in Figure 5.16. This module provides temperature up to 120°C on the hot
side depending on the applied current or the voltage value. Thus, we control the module temperature by using current or voltage controllers such as
Buck-Boost controllers, Voltage Regulators, PID controllers and MOSFETs.

Figure 5.16: SP1848 Peltier module10
In our prototype, we used the MOSFET transistor which is an abbreviation for Metal Oxide Semiconductor Field Effect Transistor11 , to control the
voltage value on each Peltier module. This transistor as any normal one,
has three leads which are gate, source and drain. When we apply a voltage
on the gate of the MOSFET, it turns on and it allows the current to flow
from the source to the drain. There are two types of MOSFET, N-channel
and P-channel MOSFETs12 which are shown if Figure 5.17. The N-Channel
MOSFET composed of a majority of electron current carriers which means
the flow of the current depends on the charged electrons. While the P-channel
MOSFET operates according to the voltage type (negative or positive) which
determines how the transistor turns on or off. Moreover, the MOSFET has
two operating modes, depletion and enhancement modes which differ depending on the method of conducting the current. The depletion mode provides
10

https://robu.in/product/sp1848-27145-thermoelectric-power-generator-peltier-module-teg-120-de
https://dronebotworkshop.com/transistors-mosfets/
12
https://www.electronics-tutorials.ws/transistor/tran_6.html
11
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maximum conductivity when there is no applied voltage on the gate lead.
However, when we apply a voltage on the gate, the MOSFET conductivity
decrease. As for enhancement mode, the conductivity of the MOSFET increases depending on the voltage value which is applied on the gate lead and
it switch off when there is no voltage on the gate terminal.

Figure 5.17: MOSFET types12
We use N-channel MOSFET IRFZ44N13 with an enhancement mode which
is shown in Figure 5.18. This transistor controls the amount of temperature
which is emitted from the Peltier module. We connect the gate of this transistor to Arduino Mega through 1KΩ resistor to prevent the current floating
in the MOSFET. The Arduino pin which is connected to MOSFET gate,
provides a pulse width modulation (PWM) mechanism which is a technique
that converts the digital signal to analog one. Through this technique, we
control the voltage value which passes to the MOSFET which in turn controls
the voltage at the Peltier module. Figure 5.19 illustrates the method of connecting two Peltier modules to Arduino Mega through IRFZ44N MOSFET.

Figure 5.18: IRFZ44N MOSFET13

13

https://aliexpress.ru/item/32832830146.html
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Figure 5.19: Connecting Peltier modules with Arduino Mega

5.1.5

Vibration Feedback

Our prototype provides vibration feedback through vibration DC motor module which is shown in Figure 5.20. This module mainly contains a DC vibration motor which is commonly used in wearable devices as well as mobile
phones. Moreover, this motor utilises unbalance mass in order to create a
force which is transformed to vibrations. Further, it is mounted on a small
circuit board that contains resistors to protect the motor. Furthermore, this
board provides three pin headers in order to power the motor and to connect
it with the microcontroller. The module is supported by MOSFET in order
to control the motor’s voltage. Therefore, we can control the vibrating intensity of this motor by connecting the module to Arduino Mega which provides
the PWM technique as illustrated earlier. However, we do not control the
vibrating intensity of the motor but we control its vibrating frequency by
establishing simple instructions in the Arduino Mega code.
In order to provide vibration feedback through our prototype, we embedded
these modules insides the majority of the pixels except several ones. Since
there are several pixels which have relatively small sizes, we could not place
the whole module inside them. Therefore, we had to unmount the motor
form several modules and we placed just the motor inside the small pixel. As
for the circuit board of the module, we placed it out of the pixel and reconnected it with the motor by extending the length of the connecting wires.
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In order to provide an overview of the hardware structure of our prototype,
Figure 5.21 shows the 3D model as well as the three mechanisms which provide different types of feedback.

Figure 5.20: Vibration DC motor module

Figure 5.21: The model overview
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Software

First of all, we want to clarify that due to the lack of time we could not provide
a fully detailed illustration regarding the software section in our prototype.
However, in this section, we try our best to provide a sufficient overview
of the design process of our prototype’s software. Therefore, we provide
illustrations regarding the software parts in our system through discussing
the system’s specifications and its functionalities. Moreover, we discuss the
software concepts, the used frameworks, the programming languages and
the software libraries which we used to provide the digital and the physical
interfaces.

5.2.1

Digital Interface

As illustrated earlier in this chapter, the digital interface of our system plays
an important role in providing data that we want to represent. Moreover,
this interface provides simple interaction methods to facilitate users retrieving statistical data values from the system database. This interface is basically a Windows application that we designed by using the Microsoft Visual
Studio application. The latter provides straightforward methods to design
and create software applications with C#.
Our digital interface is logically subdivided into two main parts. The first
part is a Form application that consists of checkboxes, buttons, dropdown
lists and three visualisation charts. The second part is a SQL database
which contains the data records that we aim to represent through our system. Through the first part of the digital interface, users are able to determine data specifications that they want to represent. Since our 3D model
represents a map of Europe, we limited our system to represent geo-tagged
data regarding European countries. Therefore, users can specify data that
they want to represent regarding the European countries’ names and the
available data categories. Since our prototype provides three different methods to generate feedback, the digital interface provides the same methods
(shape change, vibration and temperature). Thus, users also are able to select the representation method regarding each data category that is selected.
Moreover, this interface provides the ability to add new data records by the
users. When they do that, the system updates the content of the database
which is the second logical part of the digital interface. The digital interface also provides three visualisation chart that represents the selected data
regarding the selected representation methods. The interaction between the
logical parts of the digital interface is done by request/response interaction.
When the users determine data specifications, the first logical part request
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this data from the database depending on SQL queries. When data is retrieved, the system parses and processes this data according to the selected
representation method. For instance, if the temperature method was selected,
the system maps the data values to five different ranges. These ranges will
be utilised by the physical interface to determine the temperature values.
When the data is received, the system creates commands and instructions
in order to send it to the physical interface. These commands are formed to
determine the country’s name, the data category, the representation method,
and the parsed data value. Then the system sends these commands upon the
user’s request to the physical interface through a serial connection. In order to provide a comprehensive overview of the digital interface, Figure 5.22
shows the users’ interaction flow with the digital interface.

Figure 5.22: Digital interface Windows application

5.2.2

Physical Interface

Since our prototype’s physical interface consists of two parts which are the
3D modelling and the physicalisation feedback, we discuss in this section
the software concepts and the methods which we followed to provide the system’s physical interface. As illustrated in the hardware section, the 3D model
parts of our design are the top interface base, the supporting base the physical pixels and the parts which support the shape change mechanism. The
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3D-printed bases and the physical pixels which represent a map of Europe
and its countries were initially designed by creating Scalable Vector Graphic
(SVG) files for each of these parts. Moreover, we used Google Maps as a
reference to draw the countries’ borders in an efficient way. We used Adobe
Illustrator software to achieve this purpose. Through this software, we hollowed the mentioned bases in order to conform the map’s shape as shown in
Figure 5.23a. We set an inner offset of 1.7 mm between each pixel and these
bases in order to smoothen the pixel’s movements. After completing the design of the SVG files, several 3D modelling applications were used in order
to generate STL files for the 3D printing process as shown in Figure 5.23b .
We used TinkerCad and MeshiMixer which have several functionalities that
facilitate achieving our purpose. As for the 3D-printed parts which support
the shape change mechanism, we adapted existing 3D-models14 in order to
meet our needs. Figure 5.23c shows the results of the 3D modelling process. However, as we already mentioned that Arduino Mega is responsible
for controlling the feedback mechanisms, Therefore, we provide a software
programme that is coded by the Arduino language through its IDE. We used
different libraries that are supported by Arduino in order to achieve our purpose of controlling feedback mechanisms. We used different libraries that are
supported by Arduino in order to achieve our purpose of controlling feedback
mechanisms. In order to control the shape change mechanism, we used an
updated version of the MCP3017AccelStepper library by Xuyao Zhang. This
library is originally created by Johan Nilsson15 and it extends all the functionalities of the AccelStepper library in order to add support for MCP23017
I2C I/O expanders. Since this library is directed to control old versions of
stepper motors, we used the updated version in order to facilitate our work.
Moreover, we used the Wire library which is provided by Arduino to control
the pins on the Arduino Mega board. This programme consists of two main
logics. The first one is to establish the serial connection between the Arduino
Mega and the digital interface. Through this connection, Arduino Mega gets
the commands which are sent by the digital interface. The second logic is
processing these commands depending on the type of representation method
and the country’s name. Each country has at least two methods to provide
physical feedback. As for the shape change feedback, we process the data
values which we get from the commands and depending on these values we
determine the number of steps that the stepper motor should execute. Then
we instruct the stepper motor through its address which is provider by the
I/O expander. As for the vibration modules, we control them by using the
14
15

https://www.thingiverse.com/thing:3593641
http://www.markupartist.com
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basic functions in Arduino in order to determine their vibrating frequency
according to the processed data value. Since these modules are directly connected to Arduino Mega through their digital pins, we use basic methods
that are provided by the Wire library in order to send the instructions to
the vibration modules. As for the thermal feedback, we control the voltage
value by using the PWM concept which is provided by Arduino. This concept provides analog signals depending on digital means. The values of these
signals are determined by the digital signal frequency. Therefore, we control
the temperature value of the Peltier modules by manipulating the signals
which are provided by Arduino Mega through the PWM concept.

(a) Top base SVG

(b) Top base STL

(c) Top base 3D-printed model

Figure 5.23: Top result of 3D modelling process
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6

Evaluation

The evaluation of any prototype is considered an important complement of
its design process. Therefore, in this chapter, we illustrate a first attempt of
evaluating and experimenting with our design in order to discuss the benefits
of using the dynamic physicalisation to represent geo-tagged data. When
designing an efficient product, it is recommended to process it based on the
design cycle principle [2]. Therefore, several evaluation iterations are required
before getting the final result. Depending on this principle, each time the
design is evaluated, its drawbacks should be defined in order to overcome
them in the next iteration. Moreover, before starting a new evaluation, the
design should be updated and improved regarding the defined drawbacks.
Thus, the design requirements might need to be refined and some alternative
solutions might be followed. These iterations will be terminated when the
desired results is reached. Therefore, the design evaluation is considered as
an essential process to support and reinforce the product’s design process.
In our case, we have performed one summative evaluation due to the lack
of time in order to assess our prototype. This evaluation is based on a
laboratory experiment that we have established with five users. Moreover,
we have performed a controlled evaluation setting through utilising a usability
test and analysing the user’s experience by using a data analysis tool UEQ
tool1 .
1

https://www.ueq-online.org/
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Since the main goal of this experiment is testing our hypotheses, we have
established a simple interview with the participants regarding the following
points:
• The suitability of the physical variables towards representing statistical
data and defining their appropriateness towards the scales of measurements (nominal, ordinal, interval, ratio).
• The participants’ general opinion and their impression towards our
physicalisation prototype.

6.1

Experiment Setup

Since our prototype aims to explore geo-tagged datasets through physical
variables, we utilised a dataset regarding the ongoing Covid-19 disease2 . This
disease is considered as an ongoing global pandemic by the World Health
Organisation (WHO) which declared a public health emergency on 30 January 2020 due to the massive spread of this virus. As our prototype provides
a physical interface that reflects the map of Europe, we aimed through our
experiment to investigate the impact of this pandemic on European countries. Therefore, we provided the latest updated dataset of Covid-19 from
the Wordometer3 website. Moreover, we specified several categories from the
whole dataset in order to be represented by the physical variables which are
embedded in the prototype’s pixels. These categories are the total cases, the
new cases, the total deaths, the new deaths, the total recovered, the active
cases, the serious critical cases and the countries’ population.
In order to get proper results, we have established the same instructions for
all participants. We introduced our prototype to the participants as well as
the goal of our study. Moreover, we made each participant go through a
training session in order to get them familiar with the interfaces which are
provided by our system. We needed around 30 minutes in total to finish
this session for all users. Then, we let the participants explore the design by
themselves in order to test the usability of the system. We asked the participants to perform several tasks that are related to utilising the physical
variables. For instance, we asked them to use several physical variables which
are provided by the system, to represent the same category that is classified
through different scales of measurements. After finishing the experimental
session, we interviewed the participants in order to have their opinion and
2
3

https://en.wikipedia.org/wiki/COVID-19_pandemic
https://www.worldometers.info/coronavirus/
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impression regarding our prototype. This interview was subdivided into two
main parts. In the first one, we asked the participants to fill out a user experience questionnaire form in order to analysis the usability of the system’s
interfaces. The second part of the interview was an oral discussion about the
suitability of the physical variables towards data that is represented. Moreover, we asked the participants to identify the prototype drawbacks as well
as its benefits.

6.2

Results

Due to the current circumstances related to the Covid-19 pandemic, the
number of users who participated in our experiment was not enough. Nevertheless, we have tried to present an effective experiment that provides initial
results which can be relied on to develop our prototype in the future. However, the entire experiment has been completed in approximately three hours.
Moreover, it included the training sessions, testing our prototype and interviewing the participants.
In this section, we illustrate the results which we obtained from the user experience questionnaire and the interviews with the participants. After users
accomplished all the tasks which we assigned to them, they answered a questionnaire regarding their experience with our system. The results of this
questionnaire show that the participants had a joyful and interesting experience as shown in Figure 6.1. Moreover, the majority of users described
our prototype as being straightforward and novel. Since all the partici-

Figure 6.1: System component diagram
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pants have not utilised a physical representation before to represent data,
they were impressed with the physicalisation ability to encode and represent
data. Therefore, the overall impression of the participants was satisfying.
As for the interview results of our experiment, they show that there is a full
agreement on the suitability of the physical variables towards the scales of
measurements as follows:
The change of the objects’ shape is more suitable to represent interval and
ratio data and it is not appropriate with nominal data. Further, temperature
and vibration variables are more suitable for representing ordinal data and
they should not be used to represent an interval or ratio data.
Through our discussion with the participants, we gathered some of their
comments regarding their experience with our prototype. One of the participants said that “using a 3D printed map of Europe to represent data related
to European countries has increased the representation realism”. Another
participant said that “the nature of the temperature and the vibration variables indicates to an occurrence of something dangerous, at least this is my
opinion, I linked these two variables with data categories such as the death
rate or the new infected cases, when I felt an increase in the temperature or
the vibration of a pixel which represents a particular country, I realised that
this country is suffering from Corona virus and it cannot control its spread”.
However, the participants also addressed several drawbacks in our prototype.
They complained about the slow speed of pixels’ motion when they move up
and down. As illustrated in the implantation chapter that we might face such
a problem. This is due to the nature of the I2C protocol which we used to
communicate with the stepper motors in order to provide the shape changing feedback. Moreover, most of the participants could not effectively detect
the difference between each two consecutive values of the temperature. We
used a constant interval with 2°C to separate between the temperature values
that we use to encode data. Thus, we need to establish more experiments
to determine a suitable interval without decreasing the temperature values
spectrum which can be utilised to represent data.

7

Discussion and Future Work
7.1

Discussion

The findings of this thesis provide a modest contribution in the domain of
dynamic physicalisation through attempts to establish a consistent guideline
for utilising several physical variables depending on their suitability towards
data classifications. We have reached these findings through several stages of
work, starting with investigating the physicalisation domain and ending with
experimenting our prototype. We have investigated several works and applications which used physical variables in order to represent data in a physical
manner. Further, these works helped us to find proper methods and techniques to be utilised, in order to design our physical interface. Furthermore,
we have designed a dynamic physical prototype that reflects our suggested
solution which aims to establish a guidance for using physical variables to encode data. Moreover, experimenting our implementation is the final stage in
our work. Through this stage, we have reached results that support our hypotheses which are stated at the beginning of this study. According to these
results, we identified the suitability of three physical variables which we used
to encode geo-tagged data through our physical model. These variables are
shape change, temperature and vibration which are provided by three different methods in our prototype. Moreover, these results show that the change
of the object’s shape is suitable for representing continuous and districts
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interval/ratio values. Further, temperature and vibration variables can be
utilised effectively to represent ordinal data. The experiment’s results also
show several limitations regarding our prototype and its mechanisms which
we used to provide feedback. For instance, we used a constant interval value
to separate each two consecutive values of the temperature feedback. We
set 2°C for this value according to several related work suggestions [4, 47].
Although, the majority of the participants who have tested our prototype
could not detect the changes in the temperature value when it was changing
for its current state to the next value. Therefore, we need to establish other
experiments in order to specify more suitable interval to separate between the
temperature values which can be used to provide thermal feedback. Moreover, this interval should be selected without significantly reduces the range
of the mentioned temperature values. Further, the participants complained
about the slow motion of the mechanism which provide feedback regarding
the shape change. This limitation is related to the nature of the I2C protocol which we used to share the commination bus with all motors which
involved in the mentioned mechanism. Therefore, we need to experiment
more reliable protocol such as ISP in order to increase the motors’ speed.
Moreover, some of the participants complained about the lack of the scales
in our prototype. In other words, there is a need to support our model with
accurate measures that provide the actual data value, especially when representing continues values. According to the participants’ perspectives, our
model facilitates achieving comparison operations among data values and it
provides a general overview about data. Nevertheless, more often the users
need to obtain the actual data value from the its representation. In order to
overcome this limitation in the future, we can add measure modules to our
model. These modules can provide the actual data value, such as LCDs.
In general, we have provided a joyful and effective experience to the participants who were involved in our experiment. Moreover, the results which are
discussed earlier in this section, emphasise that our hypotheses regarding the
suitability of several physical variables are proven. Therefore, we believe that
the findings of this study can be considered as a step forward to provide a
complete guidance for employing physical variables to represent and encode
geo-tagged datasets.

7.2

Future Work

In order to design an efficient model, we need to establish several experiments
on it. As illustrated in the evaluation chapter, before deploying any product, it should go through several evaluation iterations in order to address its

79

CHAPTER 7. Discussion and Future Work

drawbacks. Moreover, according to each evaluation, we need to update the
model to overcome the identified drawbacks.
Our direction in the near future is to set up more experiments on our design
with more participants in order to provide accurate results which can be
generalised. We will solve the problems which were defined in the first evaluation through establishing deep investigations and providing more efficient
alternative solutions.
As for the temperature detection problem which is discussed in the previous
section, we will start a new investigation in order to define a suitable value
for temperature intervals. Moreover, we need to find an alternative thermal
module that can fit in our prototype’s pixels in order to support all of them
with thermal mechanisms. As for the slow speed of the pixels’ motion, we will
use other communication protocols rather I2C in order to speed up the pixels’
movements. After making these adjustments, we will need other evaluation
sessions to make sure that the proposed solutions are effective enough.
However, the physical representation as illustrated at the beginning of
this study, encodes data through the physical objects’ variables. Moreover,
it requires several sensory channels to interpret the represented data. Therefore, there is a wide range of methods that can be used to provide a physical
representation of data. Thus, physicalisations have the ability to expand by
adding new physical variables which can be used to represent data. As for
the first stage of developing this model, we will add the lighting variable to
represent data. Moreover, we will utilise the wind element and we will support our model with projector to project virtual graphics on our design top
surface. As for the digital interface, we will improve it in order to increase
its usability, and it will be updated to support the added physical variables.
In addition, we will provide a feature that links this interface with servers
which provide up-to-date data to be represented synchronously through our
model. Finally, after each update process for our model, we will evaluate
it through experiments with a large number of participants in order to get
reliable results.

7.3

Conclusion

Data physicalisation is an emerging field of research that aims to provide a
large spectrum of methods that can be used to represent data. Moreover,
it provides rich interaction mechanisms that reinforce users’ cognition in
order to uncover data insights. However, the filed lacks a formalised guideline which guide the stakeholders who are interested in designing physical
representations or interacting with them. Therefore, this thesis aims to sup-
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port establishing a physicalisation grammar by investigating the suitability
of physical variables for representing geo-tagged data. In order to achieve
this purpose, we provide an investigation of data representation fields that
use representational techniques for encoding geo-tagged data. Moreover, in
this investigation, we focus on applications in the dynamic data physicalisation field which represent data through providing thermal, vibration or
shape changing feedback. Based on this investigation, we established a set
of requirements in order to provide a solution that determines the suitability
of physical variables. Accordingly, we implemented this solution through a
dynamic physical application that utilises temperature, shape change and
vibration variables in order to explore geo-tagged datasets. Finally, we evaluated our application by establishing an experiment and depending on its
results, we prove the thesis’s hypotheses. Therefore, we provide findings
that can support the process of establishing consistent guidance for utilising
dynamic data physicalisations.
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