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ABSTRACT 
As the amount of data produced is increasing at an 
exponential rate, analysis and interpretation becomes ever 
more important. Non-expert users, though, may lack the 
tools or access to make sense of data and translate 
knowledge into real-world action.  

Dynamic physical data visualisations provide the potential 
to make data both more accessible and understandable to 
such users. This report summarises the design and 
implementation of a prototype physical data visualisation 
tool, for an area of the Queen Elizabeth Olympic Park, 
which allows users to dynamically explore modest data sets 
around the subject of biodiversity. The approach exploits 
the shape of each individual physical element in an array of 
actuated objects, as well as their movement; this aims to 
help users embody the shape with semantic meaning.  

A user study is also reported, which shows that participants 
benefit from the physicality of the visualisation, enabling 
them to share data in a physical manner. Participants also 
positively responded to the semantic shape approach, 
identifying visual meaning though two different physical 
dimensions, via the movement of the objects, but also 
through their shape. 
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1. INTRODUCTION 

 
Figure 1. Example physical visualisation showing data for 

‘noise at midday’ for the wetlands area of the Queen Elizabeth 
Olympic Park. Displayed using the interactive prototype.  

As digital technologies increasingly become the centre of 
everyday life, data is playing a key role influencing our 
daily real world decisions and actions. It is being produced, 
collected and managed in many different ways and from 
many diverse sources, with vast quantities of data being 
generated at faster and faster rates [62] [24]. Nuaimi et al. 
[49] highlight that big data is projected to grow by 40% per 
year, while recent IBM promotional material suggests that 
90% of todays data has been created in the last two years 
[7]. As this exponential rate of data increase continues 
access, analysis and interpretation becomes ever more 
important. 

Expert knowledge and tools are required for analysis and 
interpretation of big data, with large organisations and 
corporations at the vanguard of this type of analysis. 
However, non-expert users may lack the tools or access to 
make sense of data and translate knowledge into real-world 
action [5][6]. Balestrini et al. [5][6] highlight that even 
when exploring small sets of data, mainstream users may 
struggle to understand data in its default form, underlining 
that for non-expert users, direct representations of data can 
carry little meaning without context and framing. 
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Furthermore, users may struggle to make sense of data 
without visualisations to support sense-making.  

Reflecting the changing situation of data within modern 
society the role of data visualisation is on the verge of a 
paradigm shift from a more traditional function, as a 
scientific tool for rigorous data analysts, to a broader role 
for more mainstream non-expert users [13]. Data 
visualisation has struggled to address more mainstream 
audiences with popular perception still characterising 
visualisations as dull or personally irrelevant. Another 
emerging challenge for data visualization has been to 
engage with large audiences [13].  

Physical data visualisations, though, show strong potential 
for fostering public engagement, allowing people to explore 
and understand important and complex data [31]. They 
have existed for thousands of years [31] and have been 
shown to increase awareness and participation through their 
physical properties and affordances [27] [22]. Jansen et al. 
[31] coin the term data physicalization and propose that “a 
data physicalization (or simply physicalization) is a 
physical artifact whose geometry or material properties 
encode data.”  This area of research is spurred by recent 
advances in digital fabrication, actuated tangible interfaces 
and shape changing displays and aims to help people 
explore, understand and communicate data using computer-
supported physical data representations.  

This research considers how ordinary non-expert users can 
be empowered to easily access, understand and make sense 
of data related to a physical location, by developing 
physical data visualisations to be situated within the 
environment. These visualisations can alert users to the 
presence of available data, but also allow easy access 
without the need for a mobile device or an Internet 
connection. Their relationship to the immediate 
surroundings helps to provide context and meaning helping 
to trigger real-world activities.  

The Queen Elizabeth Olympic Park, in London was 
selected as the physical setting for the project and it would 
be remiss not to explain how its fits within the context. It 
was the site of the 2012 Olympic games and as part of the 
legacy of the games its redevelopment was seen as a 
catalyst to the regeneration of the area, previously identified 
as one of the most deprived in the England [44]. As a 
progressive urban physical space sensor and digital 
technologies are being embedded, generating data that has 
the potential to reveal hidden meaning while outlining 
dynamic patterns both of visitors, nature and the physical 
environment. Currently, though, much of the data is black 
box in nature and remains inaccessible to the wider public. 
This provides an opportunity to consider and explore how 
park users may access, analyse and interpret this data within 
the park environment.  

When exploring the field of physical data visualisations it is 
clear that a common display approach for dynamic 

visualisations tends to replicate screen pixels with an array 
or matrix of physical objects that are raised or lowered. 
While this is generally successful, users semantic 
understanding of the shape of the individual physical object 
is often lost. A semantic shape may therefore be a useful 
medium that can be utilised as an information channel 
itself. It offers an opportunity to develop dynamic, semantic 
shape based physical visualisations to deliver visual 
meaning though two different dimensions, via the 
movement of the object, but also via the shape. 

In this report we first outline four strands of existing related 
research in the areas of information visualisation, physical 
data visualisation, tangible user interfaces and shape 
changing interfaces.  

The design and development of a original shape-changing 
physical data visualisation prototype utilising iterative 
design methods [16] is then summarised. Iterative methods 
for prototyping are discussed, exploring a wide range of 
initial concepts before narrowing towards a best-fit 
prototype concept.  

 
Figure 2. The interactive physical visualisation prototype 

developed during this project 

The developed prototype, a shape changing map based 
visualisation, designed to be situated directly within the 
park environment and to provide data about biodiversity for 
the wetlands area to park users, is then discussed.  

Following this, we then report on the results of a qualitative 
user study, utilising a semi-structured interview around a 
scenario-based walk-through of the prototype. The user 
study highlighted the multivariate aspect of the 
visualisations and demonstrated users understanding of the 
physical data visualisations. We conclude with reflections 
and discussion on the design and implementation of the 
prototype.  



 

 

 

2. LITERATURE REVIEW 
This project builds on four strands of related work; 
information visualisation, physical data visualisation, 
tangible user interfaces and shape changing displays. 

Information visualisation 

With the increasing consumption of data across our society, 
the need for accessible representation or data becomes more 
essential. Expert knowledge and tools have previously 
limited this kind of data processing to scientific and 
industrial domains but we are now entering an era where 
data analysis is arriving in our homes, streets and parks. 
However, as Danziger [13] points out, data visualisation has 
struggled to address this mainstream non-expert audience. 
Describing a paradigm shift from ‘experts for experts’ to 
one described as ‘information visualization for the people’.  

This ability of mainstream non-expert users to 
independently interrogate data and develop their own 
opinions to make decisions is increasingly important. We 
have seen a glimpse of greater transparency promised by 
the internet, but this has led us to question information 
more deeply. In this post-fact or post-truth era [65] it is 
becoming increasingly difficult for a mainstream audience 
to distinguish fact from fiction in traditional media, while 
social media algorithms have begun to deliver us into a 
world where ‘everyone thinks like us’ [26]. 

Danziger [13] refers to ‘information visualisation (or 
infovis) as ‘interactive, graphical presentation of data’ and 
suggests that infovis is a valuable modern means of 
communicating data. However, he highlights that while 
some types of infovis, such as cartography or basic charts 
and graphs, are regularly utilised in the public domain, use 
of information visualisation as an ‘information channel’ is 
not clearly established for the mainstream public. He points 
out that statistical graphics may be perceived as ‘dull or 
personally irrelevant’. There are signs, though, that this is 
beginning to change as people become more used to 
information visualisation in their everyday life. 
McCandless’ [45] coffee table book ‘Information is 
Beautiful’, an unexpected bestseller, which shows facts and 
ideas represented in a visual format is an example of this.  

Different audiences and their requirements are a key 
consideration in the design and development of data 
visualisations. Heer et al. [34] touch on this, highlighting 
that information visualisation technology has moved from 
an advanced research topic to mainstream adoption and that 
the typical audience of information visuals has increased 
from a limited number of highly skilled and experienced 
data experts to the large ‘lay masses’. They further discuss 
different user types including ‘novice users’, who are 
characterised as generally acting as consumers and rarely 
extending functionality to suit their needs. ‘Savvy users’ on 
the other hand, are characterised as those that have 
experience of data organisation and manipulation, while 

‘expert users’ have extensive experience of the theory and 
application of data modelling, processing and visual data 
representation.  

These audiences have different tasks and requirements. 
Pousman et al. [53] point out that while experts require the 
ability to interrogate, explore and analyse the data in-depth 
producing deep insight, novice users have more causal uses, 
without the same degree of task focus. There is a more 
‘communication’ requirement, where the end goal is to 
convey the message and returns us to the concept of using 
data visualisation as an ‘information channel’ put forward 
by Danziger. Audience type therefore has an important 
impact on the design of information visualisation, Moere 
and Purchase [46] argue that consideration of design in data 
visualisation is neglected within the academic community, 
while stressing that the complex process of data information 
visualisation needs to balance utility, soundness and 
attractiveness in its design. This is likely to be especially 
true for casual novice users where an expert visual 
designers skill may help to engage and communicate.  

Physical data visualisations 

While today visual representations predominate [31] 
information has been represented in many forms for 
thousands of years [42], in fact physical representations of 
information are considered to be older than the invention of 
writing [57].  

Spurred by recent advances in digital fabrication 
technologies and their availability in Fab labs, the 
production of physical data representations has recently 
become more accessible and easier to produce for a wider 
range of creators. [32] This combined with advances in 
actuated physical displays [55] means an area of research 
into shape changing, computationally-augmented, dynamic 
physical representations [33] is emerging. Such research 
aims to help people explore, understand and communicate 
data using computer-supported physical data 
representations. Jansen et al. [31] refer to ‘data 
physicalization’ as the more physical equivalent of the 
purely visual counterpart ‘data visualisation’. Proposing 
that “data physicalization (or simply physicalization) is a 
physical artifact whose geometry or material properties 
encode data.”  

Physical data representations have additional benefits for 
creators who have developed a rich set of skills to exploit 
the material, aesthetic and natural qualities of three-
dimensional structures to represent data [20][9]. While 
physical representations have been shown to promote 
awareness and participation through their physical 
properties and affordances by those exploring them [27] 
[22]. 



 

 

 
Figure 3. An example of dynamically updating 
physicalizations. EMERGE by Taher et al. [60] 

Recent examples include static physicalizations, such as bar 
charts [29], data jewellery [59] and data sculptures [66]. 
Modular and manually updated physicalizations, such as 
using LEGO bricks [29], and dynamically updating 
physicalizations, such as actuating bar charts [60] or terrain 
maps [61] [50]. Alexander et al. [2] highlight the belief that 
the full potential of physical data representations, where 
data updates and drives the physicalizations geometry based 
on user or computer input, is largely unexplored. This is 
particularly interesting considering the broad range of 
potential situations in which they are used. Current 
examples include aiding daily working processes and 
presentations, in politics, education, art, fashion, science, 
religion, building and geographical exploration and 
navigation.   

As physical artifacts, data physicalizations are percieved to 
have many benefits. Card et al. [9] highlight their ability to 
promote external cognition and visual thinking, while 
Jansen et al. [31] include leveraging users perceptual 
exploration skills such as active perception, depth 
perception, non-visual senses and intermodal perception. 
They also highlight benefits to learning and cognition, 
specifically referencing educational literature to highlight 
how physicalizations have been utilised to support learning 
in the classroom, and further suggest that physicalizations 
can provide support for cognition, communication, 
learning, problem-solving and decision making.  

Additionally, it has been shown that physical manipulation 
of physicalizations is a key component of external cognition 
[35] [36] [51]. Building on this, novel technologies have 
been utilised as inputs, allowing us to manipulate them in 
new ways. These include multi-touch and tangible 
controllers, which promise to take better advantage of our 
natural abilities to manipulate physical objects [32].  

Data physicalizations bring data into the real world. 
Spatiality is noted as a key property by Hornecker and Buur 

[23]. They highlight that “interaction with spatial 
installations or interactive spaces can be interpreted as a 
form of tangible interaction that is not restricted to touching 
and moving objects in space, but relies on moving one’s 
body.” Moreover by embedding physical artifacts in the 
space around us we can allow users to relate to data in new 
ways, beyond those of virtual objects or screen-based 
visualisations.  

Physicalizations are also always ‘on’ and therefore can be 
used as ambient data displays, allowing them to support a 
casual non-expert audience. In fact, some suggest they are 
most suited to casual visualisation [53]. Physicalizations 
have also been seen to make data more accessible compared 
to desktop computing setups, as they can address non-visual 
senses. Examples in this area have included Viztouch [8], 
allowing blind users to print 3D visualizations of line 
graphs, tactile mapping that represent cartographic data 
using physical properties and tactile arrays [64] that use a 
matrix of pin arrays to present spatial and temporal data. A 
note of caution should be considered here though, as any 
new or novel approaches may first need to be understood 
and learnt by users, this could hamper initial advantages in 
accessibility. However consistency across physicalizations 
could greatly aid the learning process. When considering 
accessibility it is also interesting to consider whether a 
wider age range, or indeed a broader range of languages are 
better supported by physicalizations.  

Further possible advantages that allow physicalizations to 
tackle accessibility are the utilisation of non-visual 
visualisation elements. Here data may be communicated by 
stimulating the other four senses; sound, touch, smell and 
taste. Though as Moere [47] discusses  there are currently 
challenges in how to map informational values into non-
visual sensations that can be understood intuitively. This is 
a similar challenge for physicalizations though, and if they 
are to offer an equal level of interactivity and understanding 
to current desktop systems a key question is how to encode 
data on a physical perspective. Jansen and Hornbæk [33] 
highlight this issue  and consider “what the available 
physical variables are and how they differ from purely 
visual variables.”  They ask, for example, which physicality 
is best for a certain type of data and how accurately the data 
will be perceived. This pushes us to reflect further if 
physicalizations need to display indications of measurement 
and by which approach, or if physical attributes alone are 
enough to assist the user to understand the data 
representation. Jansen and Hornbæk highlight that while a 
large body of work has investigated the perceptual efficacy 
of visual encodings, including well known studies by 
Cleveland and McGill [10] [11], little seems to have been 
completed around the effectiveness of physical data 
encodings. Although studies have looked at perception of 
volumes, and report a considerable amount of variation 
between people [4][14]  



 

 

A further challenge for physicalizations highlighted by 
Moere [47] is the limited amount of data often shown, as 
there is frequently a ‘low information bandwidth’ in 
relation to desktop computers. He highlights that a popular 
approach to increasing the information bandwidth, while 
maintaining physical qualities focuses on replicating screen 
pixels for an array or matrix of physical objects. This 
approach is also explored by Taher et al. [60] when 
discussing shape changing displays they note that they 
“typically have a physical equivalent of pixels, either binary 
(on/off) or continuous (being able to show a range of 
values).” While this approach greatly improves bandwidth, 
improving flexibility of content and allows the 
representations to be ‘reusable’, the users semantic 
understanding of the actual physical shapes can be lost. 

An emerging issue for data visualization in print or on 
screen has been to engage with large audiences [13]. Jansen 
et al. [31] suggest that physicalizations may help individual 
engagement while possibly helping communication of data 
to others. This combined with the previously mentioned 
benefits suggests that data physicalizations show potential 
for fostering public engagement, allowing users to spend 
more time and less effort exploring and understanding 
important and complex data. These benefits highlight the 
potential for use situated within urban physical spaces, such 
as museums, shopping centers, parks or high streets. They 
show potential in allowing groups of visitors to explore and 
consider relevant local data sets. This could in turn lead to 
discovery of new local knowledge, alternative decision-
making and exploration of alternative physical spaces.  

Screen based digital displays are regularly deployed in 
urban environments performing a similar role. Many 
researchers have considered the role of digital displays in 
the urban environment. Koeman et al. [56] give an 
overview and highlight how a range of technical, spatial 
and social factors have been found to influence the appeal, 
acceptance and usage of public screens. Furthermore, they 
highlight that there are a range of unsolved issues around 
public digital displays, such as display blindness and 
evaluation apprehension. They ask the question “what if the 
affordances of digital screens are simply not suited to 
informing and/or engaging passers-by in urban 
communities?” and go on to stress that “despite numerous 
attempts to design screens to fit into urban settings, findings 
from a number of in the wild studies show them being used 
infrequently or not in the way hoped for”. Although the 
focus of their paper is non-digital displays, the issues 
addressed around situated digital displays would seem to 
provide an opportunity for non-screen based dynamic 
physical data visualizations.  

 

Tangible user interfaces and shape changing displays 
There is currently a sizeable overlap between the research 
area of tangible user interfaces (TUI) and that of physical 

data visualisations although they differ somewhat in focus. 
Pioneers of tangible user interfaces, Ishii and Ullmer, laid 
out a vision in their 1997 paper ‘Tangible Bits: Towards 
Seamless Interfaces between People, Bits and Atoms’ [27] 
and later defined the research area as interactive systems 
that “give physical form to digital information, employing 
physical artifacts both as representations and controls for 
computational media” [63]. They show that “tangible user 
interfaces couple physical representations with digital 
representations yielding user interfaces that are 
computationally mediated but generally not identifiable as 
computers, per se.” Therefore, as Jansen et al. [31] discuss, 
while both physical data visualisations and tangible user 
interfaces involve input and output and share many 
concerns, tangible user interfaces focus on information 
input and manipulation tasks, while physical data 
visualisations focus on information output and exploration 
tasks.  

A closely related area of work is shape-changing displays, 
these are seen as visual output surfaces that can support 
dynamic physical reconfiguration [18] dynamically 
rendering physical shape and geometry.  

 
Figure 4. Example of shape changing interface. Materiable by 

Nakagaki et al. [48] 

Leithinger et al. [39] emphasise that shape displays provide 
a foundation for designing new interaction techniques that 
leverage tactile spatial qualities to guide users, while 
Rasmussen et al. [55] review the design space looking at  
types of change in shape, types of transformation, 
interaction and purposes of shape change. The space is also 
considered by Coelho and Zigelbaum [12] who highlight 
primary dynamic properties and look at materially or 
surface properties. Stating that “tangible interfaces have 
started to make use of shape change as a way to embody 
digital information” and suggesting that researchers have 
just begun to investigate the interactive possibilities of form 
transformation as a tool for communication. Recent notable 
examples of tangible user interfaces and shape changing 
interfaces include ‘Sublimate’ [40], ‘Relief’ [41], ‘Lumen’ 
[52], ‘FEELEX’ [28], ‘TAXEL’ [37], ‘inFORM’ [15], 
‘Materiable’ [48] and ‘Tilt Displays’ [3]. 

 



 

 

3. MAKING DATA REAL 
 

AIMS AND OBJECTIVES 
The aim of this research was to explore approaches to 
public analysis and interpretation of data in urban spaces. 
Dynamic physical data visualisations were identified as 
offering potential in not only providing access but also 
providing benefits in allowing users to discuss and share 
information with others.  

METHODOLOGIES AND APPROACH 
This section explores the methods and processes that have 
helped shape the project. 

A user-centered design (UCD) philosophy was broadly 
adopted and UCD methods were utilized assisting the 
understanding of concepts, approaches and visualizations to 
help evaluate artifacts during the process. This project was 
conducted as an iterative process, including key expansive 
phases of research and understanding, ideation, prototyping 
and evaluation. Phases that are detailed in this paper.  

 
Figure 5. The combination of elaboration and reduction shown 

as an iterative process in a design funnel. Illustration of the 
Design Funnel by Pugh [16] 

Supportive methods and approaches were utilized for each 
phase. As the project aimed to explore novel data 
visualizations field observations and research into the 
design space was initially conducted to identify 
opportunities for new technologies and techniques, while 
establishing requirements for the design. Methods for 
iteration and prototyping were utilized, aiming to explore a 
wide range of initial concepts before narrowing towards a 
best-fit prototype concept.  

Prototyping is widely recognized as a core means of 
exploring options and designs. As Houde and Hill [25] 
point out choosing the right kind of prototype is difficult 
and communicating its limited purposes is a critical aspect 
of it use. The model presented in their paper ‘what 
prototypes prototype’ [25] defines different dimensions of 
the prototype as role; look and feel; and implementation. 

These are represented as a triangle, drawn so that no one 
dimension is seen to be more important than others. Role 
refers to the function that it serves in a users life. Look and 
feel refers to the sensory experience of using it, while 
implementation refers to techniques and components by 
which it performs it functions. This model was referenced 
during the prototyping phases with different iterations of 
prototypes moving along different dimensions. 

An expert review was employed during each iteration stage, 
evaluating the current artifacts and deciding the focus for 
the next phase. A user study was also performed evaluating 
the interactive prototype, which highlighted both limitations 
and possible next steps 

RESEARCH AND UNDERSTANDING 
This section highlights the approach and methods utilised 
within the research and understand phase. 

The project set out to explore novel data visualizations 
within the Queen Elizabeth Olympic Park, as such field 
observation (or mini ethnography) was utilized to help 
identify opportunities for new technologies and techniques 
of this type within the situation. Research into the design 
space was also conducted and considered to help establish 
insights and requirements for the design. 

FIELD OBSERVATIONS 
The key objective was exploratory, namely to identify a 
suitable use and situation for data visualisation within the 
park. The focus of the observation was the physical setting, 
the characteristics of the occupied space and the human use 
of it. Gaining an overview of the Queen Elizabeth Olympic 
Park including its users, both visitors and staff, their 
activities and use of the park. Use of language and the 
physical characteristics were especially considered as was 
the layout, landscape and nature, particularly how this 
impacted park use.  

Nature of the setting 
The Queen Elizabeth Olympic Park (QEOP) is the site of 
the 2012 Olympic games in London. It is a vast and varied 
space, the same size as Hyde Park and Kensington Gardens 
combined. It covers 560 acres, has 6.5km of waterways, 15 
acres of woods, hedgerows and wildlife habitats. There are 
525 bird boxes and 150 bat boxes and 4,300 new trees have 
been planted [54]. This relatively new and vast physical 
space is highly varied in foot traffic. Sometimes crowded 
during events but often quiet, its vast scale means it can be 
difficult for visitors to fully explore. Its iconic Olympic 
history and architecture have made it a destination for 
tourists and its situation within a dense urban area mean it 
is also a key area for locals.  

Visits 
The QEOP was visited on three occasions during the 
summer of 2016 with each visit lasting around five hours 
and conducted during the afternoon. On all occasions the 
weather was sunny and warm. 



 

 

During the initial visit the researcher investigated the broad 
extent of the park, borrowing from the concept of the 
‘grand tour’ put forward by Spradley [58]. The researcher 
followed a predetermined route and used the nine major 
dimensions, such as ‘space’ and ‘activity’, highlighted by 
Spradley as guides to obtain preliminary observations and 
develop subsequent approaches. 

The Timber Lodge Café and the Wetlands area of the park 
were identified as possible locations for data visualization 
and subsequent visits were focused on these areas. On these 
occasions the researcher spent one hour at the Timber 
Lodge Café, once situated inside and the other outside, and 
also considered the wetlands area in more detail by 
observing in short ten-minute intervals at predetermined 
sample points. Again the nine major dimensions, mentioned 
above, formed a framework to assist observation. 

Observations were recorded as written notes and were 
supplemented with photographs and sound. Paper and 
digital maps were referenced and consulted for orientation.   

Analysis and interpretation  
Notes and photographs were reviewed and sorted into 
themes. While this research was only conducted on three 
occasions and only on afternoons, nevertheless broad 
themes arose.  

Busy and quiet areas  
The park as a whole was very large with some areas loud 
and busy while others were very quiet and empty. This 
difference was especially noticeable at the Timber Lodge 
Café, which was located next to the wetlands area. The café 
and the area around it were very busy, especially with 
cyclists, while the wetlands area was mostly empty except 
for the presence of park workers.  

Wide range of users  
There was a range of park users ranging from those that 
were probably tourists clustered around the Westfield 
entrance and main stadium area, to those that felt more 
local such as cyclists and users with children clustered 
around the Timber Lodge. Dog walkers were scattered 
throughout the park, as were park workers in Hi-Viz 
clothing. 

Exercise and leisure activities   
Important activities within the park were walking, jogging, 
cycling, eating, drinking, taking pictures, sun bathing, 
reading and way finding. A large number of parents with 
kids used the park with bikes and pushchairs.  

Lack of engagement with nature 
Although the gardens and natural areas are important to the 
park, no users appeared to consider or have any specific 
interest in them. Information boards about the nature of the 
park were available, but were not viewed during the 
research visits.    

DESIGN SPACE RESEARCH 
A wide-ranging review of the related design space was also 
made. It explored the areas of mapping, architectural 
models, way finding, data sculpture and jewellery, tangible 
user interfaces, visualizations of digital networks, physical 
interactive installations, robots, embedded devices within 
the environment. Insights drawn from this review included:  

•  Current printed maps may be difficult to digest. Use of 
altered representation of physical space aids accessibility.  

•  Physical models can allow users to more easily, see space 
in 3D and look from different angles and perspectives.  
They also let users share the experience of looking and are 
useful for group discussion. 

•  Physical way finding in the park is not obvious and does 
not help visitors to discover new areas. Senses could be 
considered in pedestrian navigation around the park to help 
exploration. 

• Physical data visualisations rely on a physical key or 
information to convey understanding to users.  

• Digital networks can affect use of physical space. 

• Scale needs to be considered within the environment. 

• Robots may go some way to helping guide and support 
users. 

• Embedded devices within the environment can influence 
users understanding and support way-finding. 

IDEATION 
This section explores early ideation and concept 
development including rapid sketching, thematic analysis, 
prototype sketching, mapping and sequential storyboards. 

Analysis of the field observation, together with the design 
space research established the wide variety of areas and the 
large scale of the park. The interesting relationship between 
the busy Timber Lodge Café and the empty Wetlands area 
led to the decision to focus on this area for the project. As 
visitors largely ignored nature within the park environment, 
an opportunity was identified for new technologies and 
techniques to encourage park users around the Café area to 
engage with nature and explore the wetlands area. 

The 10 plus 10 method was initially employed to generate a 
broad range of concepts. Concepts were further advanced 
using narrative storyboards. Narrative storyboards express 
information about the location and the personality of the 
users together with other related activities and actions and 
as such force designers to think more broadly around the 
whole user experience. Storyboards were used as fluid, 
dynamic and constantly changing devices to challenge, 
question and develop concepts.  

 



 

 

Nine concepts were developed using narrative storyboards 
namely: 

• Sound map – physical maps situated within the 
environment allowing park users to investigate different 
sounds and their locations. 

• Sound box – a telescope type device, allowing users to 
point and hear sounds from different given locations. 

• Physical flow – chalk based physical flow maps painted 
on the paths of the park highlighting popular and hidden 
places. 

• View board – physical view board situated within the park 
augmented with information based on current sounds. 

• Nature alert – visitor bracelet that alerts users to different 
natural habitats within the park. 

• Marble drop counter – dynamic physical visualization 
using marbles situated within the café to highlight daily 
species counts.   

• Flock – Café based ceiling installation based on a indoor 
weather vane concept highlighting dynamic local data. 

•  Coffee data – customized coffee cup wraps displaying 
dynamic data about the park.  

• 3D Data map –Interactive physical data information map 
based in the café.  

Concepts were presented visually to supervisors and 
mentors who provided verbal feedback and discussion 
around each concept. While all selections were seen as 
viable, a process of discussing findings from related work 
and observation, grouping ideas, discussion and voting 
gradually helped reduce options and focus the approach 
around the 3D data map route.  

PROTOTYPING 
This section explores four prototyping iterations, including 
low and medium fidelity prototyping. It discusses use of 
materials, laser cutting, the Arduino micro controller, 
Adafruit 16-channel PWM/Servo Shield, SG90 9 g Micro 
Servos, Mapping, Mechanics and Arcade button 
interactions to explore prototyping dimensions of role, look 
and feel and implementation highlighted in the model by 
Houde and Hill [25].  

Sketched product prototypes  
Focused and detailed sketching around the 3D data map 
concept allowed the designer to further explore possible 
approaches in more depth and resulted in two likely routes:  

Figure 6. Sketched product prototype showing the bar chart 
route. 

• Physical bar chart route: a physical map of the park, laser 
cut or 3D printed with areas that raise or fall to display 
related data information for that zone chosen by user, like 
physical bar charts.   

Figure 7. Sketched product prototype showing the polygon 
mesh route. 

• Polygon mesh route: a flat printed flexible map 
underpinned by a triangle matrix of dynamic pins that raise 
or lower based on related data to that physical point, 
stretching the map. This creates a physical triangle mesh 
similar to those used in computer 3D rendering allowing 
users to see the landscape change based on underlying data 
chosen, but retain orientation of the physical location 
shown in the flexible printed map. 

Map prototyping 
A map of the selected area of Queen Elizabeth Olympic 
Park was identified to form the foundation of the low 
fidelity prototype, therefore extensive research and 
development was carried out into this area.  

Research showed that the area is heavily mapped and 
documented not only because it’s situated within a densely 
populated urban area but also because of its status as an 
iconic Olympic landmark attracting both locals and tourists. 
Digital mapping services show maps of the area, high-
resolution satellite imagery and street level views are also 
available. Paper based maps range from Ordinance Survey 
maps and A-Z maps of London to the tourist maps available 
at the information point within the park. These maps alter 
the representation of physical space to make them easier to 
comprehend and are also generally embellished with 
illustrations to engage viewers.  

Given the nature of the project, a visual representation of 
the mapped area was identified as the objective for this 
iteration. Accurate measurements of the area, though, were 



 

 

highlighted as important for future iterations, especially to 
assist users understanding of distance and walking times.  

Initial prototype sketched maps were developed using a 
number of reference points including satellite imagery, 
tourist maps, other digital and paper maps supplemented 
with photographs and field notes from the research visits to 
the park. An initial map was drawn by hand and then 
further developed in Adobe Illustrator. This was reviewed 
on foot within the park environment and further alterations 
were made.  

 
Figure 8. Prototype map showing areas of the Queen Elizabeth 

Olympic Park. 

Upon evaluation and discussion of these maps with other 
members of the UCLIC Lab, it became clear that while 
much data had already been removed to simplify the 
representation further simplification should be considered 
for ease and speed of understanding. Colours assigned for 
paths, roads, grass, trees, marsh, water, rail, café, 
rock/concrete and a weir and were chosen to be inline with 
those used and expected on commercial maps. For example, 
blue was selected for water. This was considered important 
to allow viewers to quickly understand features based on 
previous knowledge. The map divided itself into obvious 
shapes or zones using either the paths or colours. The 
zoning of maps into semantic areas is regularly used in 
contemporary media to highlight political areas such as 
country or administrative zones, and was hence believed to 
a possible approach for the map.  

LOW FIDELITY PHYSICAL PROTOTYPING 

Role, look and feel 
In this phase of the project the two routes, physical bar 
chart and the polygon mesh, were developed and explored 

further as physical low fidelity prototypes. Returning to the 
model of ‘what prototypes prototype’, by Houde and Hill, 
[25] highlighted earlier, we can consider the key questions 
or design options of this phase of prototyping along the 
different dimensions. Exploring role and look and feel was 
the focus, while implementation was likely to be considered 
later. 

Materials utilized in this phase included paper, cardboard, 
tape and plastic needles, while different aspects explored 
included size, shape and potential movement.  

Figure 9. Two images showing low fidelity prototype, for the 
physical bar chart route. 

Physical bar chart route: 
A cardboard printed map of the area was cut into zones. 
These zones were raised and lowered manually on 
cardboard supports. This allowed the designer to assess 
how the different heights of the zones conveyed 
information physically and what heights worked better. 
These semantic zones or shapes are intended to help the 
users understand where the data is located within the park. 
In this approach it was important that users assigned 
meaning to the shapes or zones that move and that they can 
identify how they fit together. Stop frame animation was 
used to explore the rising and lowering movement.  

Figure 10. Two images showing low fidelity prototype, for the 
polygon mesh route. 

Polygon mesh route: 
Using a handheld perforating cutter, paper maps were 
divided into a series of triangles. This created a triangle 
mesh, similar to Protopaper, which could be folded to show 
high and low areas on the map. Maps with different sized 
triangles were explored and larger sized triangles with 
50mm edges were found to be easier to manipulate. In 
parallel to this 80mm plastic needles were set vertically into 
a similar series of triangles. These were joined by elastic 
red string to highlight the angles of the triangles. The 
plastic needles were moved up and down to simulate 
dynamic movement. A perforated paper map was 
additionally placed above the needles to simulate the 



 

 

intended flexible material.  Alternatively, the map was 
placed at the base of the needles. This created an alternative 
physical visualisation where the location of the needles 
could be identified on the map while their physical height 
could be read, possibly to indicate a height or level of data 
at this point. 

Expert review: Observation and reflection 
The raising and lowering of the zones in the ‘physical bar 
chart route’ was judged more successful than expected in 
highlighting the difference in data between the zones. It was 
also easy to identify small differences in heights, especially 
as the viewer moved around the visualisation. The map 
worked well in zones but it was considered the map 
possibly needed to be simplified to ease understanding. 
Removing the zones left a network of paths, these formed a 
lattice and gave a interesting structure that held the space 
together. The holes helped viewers understand the physical 
space and created opportunity to add additional information 
‘below ground’ if required. During the process of putting 
the cutout pieces back together it was identified that having 
to handle and consider each zone, much like a jigsaw 
puzzle, helped the designer to understand and become 
engaged with the map, which again highlighted the 
potential to engage users by allowing them to play 
physically with space. The Animation showed that the 
movement and delayed movement of the zones was 
important to help the user visually identify different zones 
that were moving. It was also considered that sound could 
be added to indicate that the movement was complete. 

The visualizations of the ‘polygon mesh route’ were judged 
subtler and therefore harder to read quickly than the 
previous route. Nevertheless it was considered possible the 
mesh could also show more detailed information, especially 
if additional pins were added. However, speed of 
understanding the visualizations was seen as important as 
park users were not expected to spend time understanding 
the visualization or looking closely, and it was therefore 
judged overall that the ‘physical bar chart route’ had more 
potential to be engaging as a situated physical data 
visualization and that it could be read and understood 
quickly within the park or café environment. Consequently, 
this route was taken forward to the next iteration. 

Implementation 
This section explores the second iteration focusing on 
implementation of the low fidelity physical prototype. 

A review of related work in this area highlighted that a 
common approach for shape output mechanisms was 
comprised of a 2D array of linear actuators that form 2.5D 
surfaces. As Leithinger et al. show [38] this arrangement 
“forms a 2.5D approximation of an object’s shape, similar 
to a relief sculpture.” Other notable examples referencing 
linear actuators include ‘Project FEELEX [28], inFORM 
[15] and ShapeClip [18]. 

Linear actuators were researched, but seen as prohibitively 
expensive especially during this low fidelity prototype 
iteration and particularly as it was possible that a significant 
number would be required. The cost was not only seen as 
prohibitive, but also likely to hamper flexibility, as attitudes 
and decisions to future possible modifications and 
alternative approaches may be influenced. This outlook is 
supported, to some extent, by Hardy et al. [18] who note 
that while ‘Shapeclip’ is based on linear-actuation, “there is 
a risk that this decision could restrict or influence decisions 
designers make when developing shape-change”. They 
suggest that “other types of actuation (such as rotary 
motors) can be substituted”. Iwata et al. [28] also highlight 
the possible use of servo motors, as actuators briefly 
discussing how servo-motors were used.  

Adafruit’s motor selection guide [1] highlights that servo 
motors are used in a broad range of functions “from high-
speed CNC machines to positioning motors for telescope 
mirrors”. They are also used extensively by the maker 
community in a range of small-scale projects such as robots 
or radio-controlled planes. These types of servos, known as 
RC servos, are economic, readily available and accessible, 
lending themselves well to low fidelity prototyping.  

Standard RC servos rotate over an approximate 180-degree 
range and do not provide speed control. Adafruit highlight 
that an RC servo “typically consists of a brushed DC motor 
with a gear train and a built-in H-Bridge motor driver. A 
potentiometer attached to the shaft provides position 
feedback to the control circuit.” RC servos are available in 
a wide variety of price points, sizes, torque and speed 
ratings and can be controlled by a microcontroller such as 
an Arduino. The SG90 9g Micro Servo was selected due to 
its small size, allowing some future flexibility for prototype 
size, together with its high power output.   

Exploiting the servos rotational movement, cardboard cogs 
were attached and it was demonstrated that cardboard rods 
could be moved up and down in a controlled manner, using 
a potentiometer as user input via an Arduino. Different 
sized cogs and teeth were experimented with to consider 
and adjust movement control. A coloured cardboard map 
layer was added above and the cardboard rod was employed 
successfully to raise and lower a zone of the map using the 
servo and potentiometer as input. Additional lower level 
cardboard indicators were added below the top zone. These 
were intended to give the viewer a visual reference to help 
understand how high the zone had moved while it was also 
important to experiment with how much weight the mirco-
servo could control in a vertical angle.   



 

 

 

 
Figure 11. Four images showing low fidelity prototype 

implementation, utilising micro servo. 

Expert review 
The use of the micro servo combined with a simple 
cardboard mechanical cog system proved successful in 
controlling the level of map zone above. The main issue 
was centered on the cardboard cog slipping probably due to 
material and accuracy of cutting. The cog diameter and size 
of teeth should be reconsidered in future iterations. The 
lower level map indicators were unexpected for the viewer 
and possibly added ‘noise’, making it more difficult to read 
the visualization. These should also be reviewed carefully 
in future iterations. 

MEDIUM FIDELITY PHYSICAL PROTOTYPING 

Single section prototyping 
This section describes the third iteration, which developed 
the fidelity of the prototype and focused on refining the 
materials and mechanics.  

While cardboard had been easy to use, many of the 
concerns with the previous prototype had centered on the 
use of this material. Other materials were considered 
including acrylic and plywood. While plywood was 
considered to be able to lend a ‘natural’ feel to the 
prototype, reflecting the parks natural landscape, acrylic 
was selected at this point. It was identified as being 
lightweight, but also as the many options available in 
thickness, colour and transparency allowed flexibility and 
options for display of the physical visualization. 3mm thick 
transparent acrylic was chosen, as it was neutral, but also 
offered the possibility of allowing printed maps to show 
through from below.  

Cogs were redrawn accurately for laser cutting and various 
sizes both of diameter and teeth size were explored. These 
were reflected on the teeth on the acrylic rods and different 
designs for the top area of the rods were also investigated.  
As weight was considered a key issue, different sized pieces 
of acrylic map were assessed and stacked together to test 

the servo. 

 
Figure 12. Two images showing single map section, laser cut 

acrylic prototype. 

Expert review 
The acrylic prototype was robust, reasonably lightweight 
and worked efficiently using the servo to raise and lower all 
shapes and sizes of acrylic map pieces, including twelve 
pieces stacked together. This confirmed that the SG90 9g 
Micro Servo was powerful enough to be employed in this 
instance. The different cogs were tested and two were 
identified as being ideal, these were both 40mm in 
diameter. The first had 21 teeth each with a depth of 2.5mm 
and the second had 98 teeth each with 1.2mm depth. While 
the second was observed to provide a smoother movement 
in the vertical rod, the first appeared more robust and the 
deeper, larger teeth were observed to require less accuracy 
in fit together. This was seen as a benefit during low fidelity 
prototyping iterations and the first option was selected. 
Overall, this prototype demonstrated design and mechanics 
worked efficiently in controlling the height of the map 
piece.  

FINAL IMPLEMENTATION 

Full map prototyping 
This section describes the forth iteration. Here a dynamic 
physical visualization of all sixteen zones in the wetlands 
area was developed using vertical actuation provided by the 
micro servos. ‘Momentary’ arcade buttons linked to an 
Arduino mirco-controller afforded user control and 
interaction. 

 
Figure 13. Redesigned map, focusing on wetlands area of the 
park. Developed with minimal detail and simplified shapes. 



 

 

The previous map prototype was re-evaluated for this 
iteration. It was redrawn to simplify the shapes and remove 
much of the detail of previous versions enabling fast easier 
understanding. A number of different map selections were 
identified and a decision was made to focus exclusively on 
the wetlands area excluding the Timber Lodge Café itself. 
This had the benefit that the sixteen zones of the area were 
enclosed on all sides by paths, but meant the Café, which 
was a key feature of previous maps, was absent from the 
visual, likely making it more difficult to identify user 
location. Landscape features were reduced to four and 
colour coded these included were water (blue), grass (light 
green), woodland (dark green) and paths (white). The map 
was laser cut in 3mm deep acrylic and formed out of 
separate coloured pieces. The physical dimensions of 
acrylic map were 397mm x 290mm. This was judged to 
allow users to easily see the visualisations, while permitting 
them the ability to move around the display and look from 
different angles and directions. The sides and lower levels 
of the device was fabricated from transparent acrylic 
allowing users to look below the top level visualization. 
This was seen as beneficial during this iteration, but was a 
key element to evaluate, as there was a concern this might 
confuse or divert attention away from the main map 
visualization. The top area of the sides were coloured dark 
orange to highlight areas related to the visualisation but also 
to focus attention on the map based visualisations.  

Figure 14. Left image showing Arduino Uno with Adafruit 16-
channel PWM/Servo Shield. Right image showing sixteen 

micro servos on lower level of prototype. 

The vertical actuation of the sixteen zones was achieved 
using sixteen micro servos each fitted with the cog and 
associated rod as described in the previous iteration. Instead 
of positioning these in a regular consistent array, as 
previous referenced shape changing displays, these were 
positioned in a bespoke sequence reflecting the center 
points of the individual mapped shapes above. An Arduino 
Uno fitted with an Adafruit 16-channel PWM/Servo Shield 
was used to drive the servos. This servo shield allows the 
Arduino to drive sixteen servos using only two pins, this 
frees up pins on the Ardunio for other inputs such as 
buttons. As the servo shield was soldered together shield 
stacking headers were added providing pins for the seven 
buttons, which were used for user interaction. 

Figure 15. The physical visualisation prototype developed 
during this project.  

Buttons were selected as the primary input for this iteration 
as they were perceived to be simple to understand and easy 
to use. This focused the user on the visualizations instead of 
the interaction at this point. Other interactions considered 
included a slider to show data change over a period of time. 
Making the shapes tangible was also considered and 
reserved for future iterations. Gesture control is used in 
some related work but use in a public space, such as is the 
intention here, would need to be more fully investigated. 
Momentary arcade style buttons were chosen as they were 
big, bold and straightforward to use. Code was developed in 
the Arduino Integrated Development Environment (IDE), 
which controlled the position of each servo and therefore 
the height of the each individual map section. The lower 
level indicators highlighted in previous iterations were 
reduced in size and fabricated of transparent acrylic to 
make them less prominent but retain them as indicators for 
the evaluation.  

Figure 16. Example physical visualisation showing data for 
‘noise at midday’ for the wetlands area of the Queen Elizabeth 

Olympic Park displayed using the interactive prototype. 



 

 

Power issues hampered progress during development, as 
providing consistent power to the sixteen servos via the 
servo shield proved challenging. Moving individual servos 
individually, instead of together solved this issue. It also 
had a positive side-effect that this movement allowed users 
to easily identify which section was moving and allowed 
the visualization to be build up piece by piece.  

Fictional data focused around biodiversity was developed 
based on projections for key species for the wet woodlands, 
highlighted in the Legacy Communities Scheme Olympic 
Park Biodiversity action plan 2013 [43]. This fictional data 
was mapped to the individual sections for each individual 
button and controlled using the Ardunio mirco-controller. 

Figure 17. Example physical visualisation showing data for 
‘Kingfisher’ identification in the wetlands area of the Queen 

Elizabeth Olympic Park. 

 
  

USER STUDY 
The evaluation of the prototype used a qualitative approach, 
utilising a semi-structured interview around a scenario-
based walk-through of the device.  The aim of the study 
was to explore participants understanding of the data 
physical visualisations.  

Background 
This evaluation adapted Heer and Shneidermans taxonomy 
[19], especially the high level categories of ‘Data and view 
specification’ and ‘View manipulation’. It also considered 
Jansen et al.’s work evaluating the efficiency of physical 
visualisations [30] and Taher et al.’s work on exploring 
interactions with physically dynamic bar charts [60]. It 
should be noted that other researchers, such as Taher et al. 
[60] specifically avoided early experimentation, citing work 
by Greenberg & Buxton [17] and Hornbaek [21] who 
warned against this approach, given the immaturity of the 
area. Suggestions that early evaluation can sometimes be 
harmful will be considered and taken into account and 
when reviewing the responses to the interview questions.  

Design 
The multivariate aspect of the visualisations meant there 
were a number of key areas the study set out to evaluate.   

• Semantic shaped zones 
Does the mapping of data to semantic shaped zones help 
users maintain visual understanding of how data is related 
to the landscape, even as data changes. This is in distinction 
to shape changing visualisations using pixels that can lose 
the outline of the landscape. Do semantic shaped map zones 
also allow ‘quick at a glance’ cognitive understanding.   

• Height, movement and time 
Are the different heights easily understood an indicators of 
quantitiy and do the measurement indicators below the 
zones back this up.  

Does the movement help to allow users to spot changes in 
data. 

• Physical visualisation 
Do users walk around the visualisation or look at it from 
different angles? Does this help users to leverage their 
active perception and depth perception? 

• Location specific 
Do users understand the representation as a map of an area?  

Dataset information 
Data visualisations for this evaluation were focused around 
the nature found in the park. As biodiversity data within the 
park is limited, data is taken from the projections used for 
the wet woodland in the Legacy Communities Scheme 
Olympic Park Biodiversity action plan 2013 [43]. Based on 
these projections fictional data was developed and assigned 
by the author to the most likely zones shown in the 
wetlands area. The data shown to users was encoded as 
follows: the area shown on the streamlined map was 
divided into zones which each had different data values for 
biodiversity. The height of the rod represents the numerical 
value for that zone (the y-axis value). The data was 
explained to participants at the end of the evaluation.  

Figure 18. Diagram showing map sections and related 
numbered servos (shown in red). 

 

 



 

 

Height displayed for individual sections for each button  
(Mao section numbers are highlighted on previous diagram)  

100% = zone fully raised  
75% = zone three quarters raised 
50% = zone half raised 
0% = zone is not raised 

Blue Button:  
1=100%, 2=75%, 3=0%, 4=50%, 5=100%, 6=50%, 7=0%, 
8=0%, 9=0%, 10=0%, 11=100%, 12=75%, 13=75%, 
14=0%, 15=0%, 16=0%  

Green Button: 
1=0%, 2=50%, 3=100%, 4=0%, 5=0%, 6=0%, 7=100%, 
8=50%, 9=50%, 10=100%, 11=0%, 12=0%, 13=0%, 
14=75%, 15=50%, 16=0%  

Frog Button: 
1=50%, 2=100%, 3=100%, 4=100%, 5=300%, 6=100%, 
7=0%, 8=0%, 9=0%, 10=0%, 11=50%, 12=0%, 13=100%, 
14=0%, 15=0%, 16=0%  

Bee Button: 
1=0%, 2=50%, 3=100%, 4=50%, 5=0%, 6=50%, 7=0%, 
8=50%, 9=50%, 10=100%, 11=0%, 12=0%, 13=50%, 
14=100%, 15=0%, 16=0%  

Kingfisher Button: 
1=75%, 2=100%, 3=100%, 4=100%, 5=75%, 6=75%, 
7=0%, 8=0%, 9=0%, 10=0%, 11=75%, 12=0%, 13=100%, 
14=0%, 15=0%, 16=0%  

Sparrow: 
1=0%, 2=0%, 3=50%, 4=75%, 5=0%, 6=75%, 7=75%, 
8=100%, 9=100%, 10=75%, 11=0%, 12=0%, 13=0%, 
14=75%, 15=100%, 16=50%  

Mid day noise 
1=0%, 2=0%, 3=0%, 4=0%, 5=0%, 6=0%, 7=75%, 
8=100%, 9=100%, 10=75%, 11=0%, 12=0%, 13=0%, 
14=50%, 15=100%, 16=100%  

Procedure 
Participants were provided with an information sheet 
outlining the study and written consent was obtained prior 
to the interviews. 

The interviews explored the participants understanding of 
the physical visualisation together with their expectations 
and the potential use of the device. The focus was around 
users understanding of the map and the semantic shaped 
zones. Height, movement and time factors were also 
explored. As physical visualisation displays are uncommon, 
users physical approach and reaction to this type of 
technology was considered.  

Interviews were conducted in users homes. The prototype 
was setup keeping the area around it open as much as 
possible, allowing users to move around the model if they 
wish.  

Users were initially shown the visualisation and asked to 
discuss their understanding of the semantically shaped 
zones, including the colours, when they are in a low 
position and not moving before information was provided 
about them. It was then explained that this represents an 
area of the Queen Elizabeth Olympic Park. 

They were then introduced to the seven data visualisations 
and asked about how the change in height and the 
movement affected their understanding. 

The first two were not labelled but were coloured blue and 
light green. The aim of these buttons was to explore users 
initial understanding of the device and visualisations with 
minimal guidance. The following five are labelled with 
Frog, Bee, Kingfisher, Sparrow and Midday noise. 

Attention was brought to secondary indicators such as the 
measurement indicators and the coloured lower part of the 
visualisation and asked to discuss their understanding. 

Users were lastly asked about their experience of maps, 
visualisations and physical visualisations within public 
spaces both urban and rural. They were then asked their 
opinion about the potential for use of the prototype within 
urban space. Each interview lasted between twenty to thirty 
minutes. 

Interviews were video recorded and reviewed focusing on 
body language as well as verbal communication. Interview 
notes were written up and analysed using open thematic 
coding.  

Participants  
All nine participants were novice, first time users of the 
device.  

The age bands of the participants were:  
0-10 years: 1 participant 

11-20 years: 1 participant 

31-40 years: 3 participants 

41-50 years: 2 participants 

71-80 years: 2 participants 

Gender: 
6 Female, 3 Male 

Results  
Although it was designed as an explorative study with a 
small number of participants, the user study nevertheless 
generated a range of insightful findings that can shape 
future iterations and approaches.  

The overall response from participants was positive. They 
especially enjoyed interacting with the device with users 
from all ages smiling and satisfied watching the movements 
waiting for them to finish. All users suggested that the 
physical aspect of the visualisation was helpful with one 
user commenting that the “3D is very engaging and 
fascinating”.  



 

 

During analysis themes emerged that can be used to discuss 
the key areas. 

Map representation 
All users identified the map area themselves. Many went 
further suggesting it was probably a map of gardens, parks 
or fields and lakes. Although all users recognised the map 
some suggested that a map key would not only assist their 
understanding, but also give them assurance that they were 
looking at a map. Additionally, generalisations were made 
in selecting section colour type and while some were 
displayed as green (showing they were predominately 
grassland), they also contained small streams or areas of 
marsh that were not highlighted. This sometimes 
contributed to participants confusion, as users didn’t expect 
these sections to be displayed for some visualisations as, for 
example, water was not expected to be present. It was 
suggested by one user that the sections could be subdivided 
for more clarification. This should be considered while 
other ways of displaying further information could also be 
contemplated such a printed maps or 3D printing of section 
details. 

Colour 
The colours were an important factor in aiding 
identification. Users recognised the blue as water or lakes 
and the green as grass or fields. The darker green was 
generally seen as forest or wood although also identified as 
other types of grass or hilly areas. The white areas were 
largely recognised as paths.  

Shapes or sections 
The physical shape of the sections also contributed to the 
identification of the map area with some noting the 
combination of shape and colours helped them identify it as 
a map. Others suggesting the shapes appeared like contours.   

Users were also able to associate individual sections with 
both their location and physical features even as the shape 
moved up or down, aiding their ability to easily understand 
the data and reflect it onto the area.   

Physical height of the sections  
The main challenge, a number of participants initially 
encountered, was understanding the heights of visualisation. 
This was centred on their preliminary mental model that the 
heights of the sections reflected the height of the land. Once 
users understood that the heights could be interpreted as 
physical bar charts located on a map (geo-located physical 
bar charts), users could easily read the visualisations. The 
design of the rising sections could possibly be revised to 
better reflect physical bar charts and aid understanding of 
this concept for novice users.  Additionally, allowing users 
to view below the level of the map caused confusion with 
little benefit and this also should be reconsidered in further 
iterations of the prototype. Examples of a positive 
understanding is captured by one participant stating, “most 
frogs are in the highest areas” while another participant 
mentioned the “heights show how many bees are in the 
area”. Participants also were able to identify small 

differences in height between sections. This was 
highlighted when the map was reset to flat and some 
sections were fractionally higher than others. However 
some participants considered that this might be the physical 
land height.  

Movement  
Initially user reaction to the movement was one of ‘happy 
surprise’, as users spent more time with the device they 
became more comfortable and less surprised with this 
action. All participants felt the individual movement of the 
sections (as opposed to all sections moving at once) was 
beneficial for a number of reasons. One participant 
suggested it allowed them “time to think” about which 
section was moving, while another mentioned, “it makes 
you focus on the different areas as they come up”. Another 
commented “I was trying to guess which ones was going to 
come up and actually got it wrong, it nice that it builds up”. 
While another stated I “like it one at a time because you can 
see which is the highest. If they all went up together you’d 
have to spend time seeing which was the highest”. The 
order in which the sections moved was considered and 
suggestions included moving sections starting closest to 
where the user is located or moving the section highest or 
lowest first. This suggests the order of the movement 
should be reviewed for further iterations. During discussion 
about the movement, one participant suggested that the 
‘movement could be more natural’ and another suggested it 
could be ‘smoother’. Opinion on the sound of the 
movement was split with some saying they like the sound 
while others disliked it. Generally, participants were happy 
with the speed of the movement although one commented, 
“it could be snappier”. 

Buttons 
All participants identified the buttons as easy to use and 
many enjoyed the experience of using them. One 
commented “I always like pressing buttons” while another 
said “It’s quite satisfying pressing buttons”. It was noted on 
a number of occasions that users had similar experiences at 
museums and theme parks, and that the Science Museum 
and LegoLand used buttons to engage children. Others also 
mentioned their confidence with buttons stating you “cant 
get it wrong” and “the buttons with labels are pretty quite 
self explanatory”. Other types of interaction were discussed 
and included a slider to change visualisations over a time 
period or the ability to use the map sections as (tangible) 
buttons.   

Viewing angle  
Participants generally believed that the optimum viewing 
angle of the visualisation was from above at one side, so 
they could look across. It was noted that directly above you 
couldn’t see the heights well. All users felt it was good to 
be able to walk around the device and look at the 
visualisations from different angles. Some users liked to 
bring their head close to the visualisations and look around 
closely between the sections. One participant commented 
that if “the poles were solid it might be easier to see the 



 

 

differences” in height and this could be considered. It was 
generally felt that a wall-mounted version would not be as 
effective as users wouldn’t be able to see the heights 
accurately. A couple of participants sat down at the start of 
the interview and became focused on the lower levels, 
having to be directed towards the top visualisation area.  
One user stood up halfway through and commented “this is 
far better, I should have done this from the start”. While the 
technical setup was viewable in this prototype further 
iterations should hide the lower area more thoroughly to 
focus the users attention on the visualisation area. 
Additionally the level of the top of the device should be 
reviewed both for accessibility and user focus.  

Lower level indicators  
Participants were unsure about the lower level indicators. 
Some believed them to be purely structural while others 
suggested that they reinforced the shape of the sections or 
simply wondered what they did, only noticing them when 
the researcher pointed them out. They were seen as 
superfluous with one participant stated simply “you don’t 
need them” and another suggested “you don’t need them to 
understand the height, you can do it visually.” While 
another added “in your head you know which is higher”. 
Generally, then, the lower level indicators weren’t 
successful in aiding users understanding of the 
visualisation, in fact they may have added visual clutter to 
the visualisation and impacted users understanding. This 
appeared to be a key finding and should be considered for 
the next iteration of the prototype. 

Physicality   
The physical ‘3D’ nature of the visualisation was successful 
in helping the data to be accessible to the participants. It 
was universally seen as useful. One user commented the 
“3D helps you visualise it” while another liked that you 
could “look around it”. Other comments included “3D does 
help otherwise you’d need some kind of visual feedback” 
and “3D is very engaging and fascinating, and makes you 
want to know more” 

Device noise 
While users were split on the noise associated with the 
movement of the sections. Users agreed that the buzzing 
noise when the device was in use was annoying. This 
should be reviewed in further iterations. Additionally users 
didn’t feel that additional added sounds to indicate that the 
visualisations were complete were required.  

Lower orange colour  
The lower orange colour contributed little to the 
visualisation. This area of the device could be reviewed and 
possible covered up to transfer focus to the visualisations at 
the top of the device.  

Prototype build 
The prototype was universally perceived as fragile and all 
participants highlighted possible future issues of vandalism, 
if situated in a public space.  

Data types 
While the biodiversity data was seen as interesting, the mid 
day noise button was seen as the most interesting use of 
data. Suggestions of other data types included knowing 
where people were (people counters), good places for kids, 
geological information, pollen count data, wifi or phone 
signal and ‘more interesting’ types of species, such as bats 
or owls. The most interesting types of data were considered 
“stuff you can’t see when walking around”. It was also 
noted that dynamic, ‘up-to-the-minute data’, would help it 
feel accurate or not out of date.  

Physical gestures and sharing information 
During interviews participants regularly referred to 
particular areas of the visualisation using hand gestures, 
circling sections or pointing. This allowed them to 
physically show the researcher the area they were 
discussing. This suggests that the physicality of the 
visualisation is helpful in allowing users to discuss and 
share information with others. Touch could also allow users 
to utilise the physicality of the visualisations more 
effectively to discuss and share visualisation information to 
others physically. It was also mentioned that the device 
could be good for engaging children about an area. 

Map use 
Nearly all users used maps regularly. Google maps on a 
mobile device was repeatedly referenced and GPS was seen 
as important for identification of location. Ordinance 
Survey maps, Tube maps and Sat Navs were also 
mentioned. A younger participant suggested they hadn’t 
used maps much but felt like it was a “kind of an easy way 
to use a map”, while another suggested it was easy to use 
because of the simplicity of the map. This highlights the 
ease of use required for users to walk up and use the device, 
but also the potential for use by younger children in 
education. 

Way finding, location and navigation  
All users felt the map representation could be used for way 
finding. Participants discussed that they would like to know 
where they were located and like to see amenities like 
toilets, cafés and benches highlighted. It was felt that 
compass directions were not required assuming you could 
reference the landscape around you in relation to the map. 
This should be considered in further evaluations by 
conducting studies in situ in the park. An indication of 
distance was also identified as a possible useful addition to 
help users know how far some elements are to walk.  

Similar devices 
Generally users hadn’t used something similar although a 
couple of users highlighted using touchscreens in shopping 
centres as similar experiences. 

Labelling and communication 
The majority of users commented that the device needed 
clearer explanation and this should be addressed in future 
iterations. This is especially true for novice users. All users 
suggested that more information about the data being 



 

 

highlighted would be useful. Some suggested that they also 
wanted to know more about the species identified such as 
numbers, identifying features, behaviour and diet. A 
participant highlighted that although you could see the 
height of the section there was no indication of numbers for 
the data. A majority of participants felt the device would be 
helpful in finding out about more about the local area in a 
situation such as this.   

 

4. DISCUSSION 
The aim of this research was to consider and develop 
approaches to public analysis and interpretation of data in 
urban spaces. This study illustrates how nine users explored 
and interpreted biodiversity data for an urban park using a 
prototype physical data visualisation. While this study was 
not situated within the park, users were able to develop an 
understanding for both the data and the space. They were 
able to associate individual sections of the visualisation 
with a location even as the shape moved, establishing that 
users could understand the dual data dimensions of quantity 
and location, by visually recognising height and position on 
the data visualisation. This understanding of both height of 
the object and the shape shows that, in this instance, the 
semantic shape of the sections were beneficial to the 
participants. 

Participants also demonstrated how they could discuss and 
share their interpretation with others using hand gestures. 
This emphasises that the physicality of the visualisation is 
helpful in allowing users to discuss and share information 
with others and supports previous research highlighting 
benefits of physical data visualisation in helping to 
communicate the data to others [31]. 

While this study did not set out to consider how accurately 
users were able to interpret the data observed, due to the 
fidelity of the prototype, participants nevertheless could 
identify reasonably minor differences in height displayed. 
This led to the reflection that users might be able to visually 
interpret visualisations of this sort in two ways. Firstly, 
gaining a broad overview of the data by causally comparing 
heights of sections, but secondly performing a more 
accurate analysis by closely studying the heights of the 
sections. This area could be considered more carefully in 
possible future work.  

Overall, the main benefits identified for this approach 
include:  

Semantic shaped zones 
Mapping of data to semantic shaped zones helped users 
maintain visual understanding of how data is related to the 
landscape, even as data changes. This is in contrast to shape 
changing visualisations using pixels that can lose the 
outline of the landscape. Semantic shaped map zones also 
allow ‘quick at a glance’ cognitive understanding.   

Height, movement and time 
Height is used as an indicator and measurement indicators 
below the zones back this up. Movement allows users to 
spot changes in data and allows the visualisation to display 
temporal data showing how an area may change over time. 

Physical visualisation 
Allowing users to walk around the visualisation or look at it 
from different angles allows users to leverage the active 
perception and depth perception they use in everyday life 
navigating the park. 

Location specific 
The provision of the location specific data within the 
environment not only alerts users to relevant data but also 
helps understanding of the visualisation by using the 
environment to help provide external context and meaning. 
This is in distinction to mobile device based data 
visualisations or paper based visualisations both of which 
require the user to locate the data in the environment. This 
also helps trigger real world ‘in the moment’ actions. 

Access 
Data visualisation tools placed within the environment is 
free for people to access without the need for an internet 
connected devices. 

Limitations 
A number of limitations of the current prototype design 
were indicated, but also of the approach as a whole where 
brought to the fore by the user study. These can help to 
identify issues and plan a future road map to advance 
development and use.  

The key current limitation of a situated semantic shape 
physical data visualisation of this sort is that it is designed 
to fit a specific situation or scenario. It is therefore not 
straightforwardly reusable for other locations, without cost 
and time implications. However different approaches to its 
design could address this issue. For example, by designing 
the device in two parts with a lower level part containing 
the actuators and a top level ‘skin’ containing the 
visualisations that could be swapped and changed for 
different situations. Alternatively, we might consider 
innovative materials for the top skin that can be reformed 
for use as different shapes.   

Another current challenge is the size of the device. Its 
physical nature requires significant space not just for the 
visualisation but also to allow users to move around it 
within a situated location. This means that currently larger 
spaces are potentially more suited to its placement, which 
may rule out some situations. Further work around size of 
the visualisations combined with different materials and 
technologies, such as actuators could reduce size and 
address this limitation. 

Users current usage and knowledge of this type of 
visualisation is also a limitation. As these types of physical 
visualisation displays are uncommon, users may need time 
to become comfortable with, and learn how to use and 



 

 

interact with this type of visualisation. As the field becomes 
more mature and users become more practiced with 
physical visualisation devices this limitation may begin to 
dissipate. 

While these are key limitations related to the field, 
limitations unique to this project are be listed below:   

Prototype fidelity  
While the current medium fidelity prototype has allowed us 
to explore physical data visualisation, subsequent iterations 
need to be more robust to allow more extensive evaluation 
in the field by a broader range of users.  

Actuators  
This system utilises economical servo-motors as actuators. 
While these have proven successful for this level of 
prototyping they have demonstrated some issues with 
performance and consistency. Other methods of actuation 
may not only improve performance, but also allow different 
approaches to size and movement. 

Accuracy of section heights 
One of the consequences of the level of fidelity has been 
that the accuracy of the map section height has not been 
consistent and have sometimes become misaligned. As 
users were able to identify slight differences between 
heights this is a major limitation for these physical 
visualisations. 

Materials and fabrication 
This project focused on laser cut acrylic and this has limited 
the potential output. Other materials such as plywood, metal 
or rubber and different approaches to fabrication, such as 
3D printing could significantly alter the output of the 
physical visualisations.  

Supplementary display outputs 
Alternative and supplementary outputs such as light or 
sound were not thoroughly explored during this project and 
could address other senses creating alternative experiences. 

Data sources 
This study used fictional data, due to lack of availability of 
accurate sources. Future versions should look to remedy 
this issue and possibly consider dynamic data from the 
environment. 

Evaluation in situ 
The main user study conducted during this project was 
situated in users’ homes and was only conducted with nine 
participants. This allowed assessment of the visualisations, 
but did not allow consideration of the broader context of the 
proposed situation. Further studies should look to evaluate 
the visualisations in situ at the Queen Elizabeth Olympic 
Park with a broader range of users. 

 

Next steps   
This section highlights potential next steps that can be taken 
to advance the longer-term aim of this physical data 
visualisation prototype.  

Further iterative development 
This prototype is a work in progress and further iterations, 
including user testing should be considered to further 
develop the concept. Based on previous work a number of 
key issues should be considered. 

The map representation should be further developed and 
refined, exploring other approaches such as 3D printing. A 
key should be added to help identification and an indication 
of distance should be considered. Diverse data sources 
should also be considered. Alternative animations 
associated with the movement should be explored.  

The design of the rising sections should also be 
reconsidered. These should be explored as solid blocks, 
possibly with the use of 3D printing to better reflect 
physical bar charts, aiding understanding for novice users. 
This may also make the device more robust. The lower 
level indicators should be removed in their present state and 
reconsidered.  

The device should be built into a table stand giving it 
support and making it more robust. The mechanics should 
be discreetly hidden inside, so the focus is on the map 
visualisation and not the mechanics. The buzzing noise 
when the device is in use should be reviewed or muffled. 
Issues surrounding communication should be addressed 
explaining the device to novice users.   

Further evaluation 
Further evaluations should be conducted including an ‘in 
the wild study’ carried out in situ at the Queen Elizabeth 
Olympic Park with a broader range of park users and more 
detailed and possible dynamic data sources.  

Other locations and potential opportunities 
The viability of the data physical visualisations should be 
explored in a broader context at other situations. Initially, 
other locations around the Queen Elizabeth Olympic Park 
could be considered to capture different users. In the longer 
term a broad range of additional public sites could also be 
selected with a mix of urban situations, including cafés, 
high streets, bus stops, museums, zoos, libraries, shopping 
centres, universities and transport hubs. High city views 
such as those from skyscrapers or tourist attractions such 
the Shard and the London Eye could also be significant 
situations. More rural locations could also be explored 
including nature reserves, historic houses, working 
museums, petting farms, pubs, outdoor centres and 
viewpoints. Situating physical visualisations in open fields, 
mountains or forests may allow a range of users to explore 
data in different environments.  

5. CONCLUSION 
This project used an iterative design process to develop a 
semantic shape focused physical data visualisation 



 

 

prototype, centred on an area of the Queen Elizabeth 
Olympic Park in London. This situated or geo-located data 
visualisation successfully allowed users to dynamically 
explore modest data sets around the subject of biodiversity, 
in relation to specific regions of the park. Significant 
technical design progress was made in developing a 
interactive prototype using iterative processes during which 
a broad range of concepts were initially explored.  

The user study highlighted the multivariate aspect of the 
visualisations and demonstrated that users could understand 
the dual data dimensions of quantity and location, by 
visually recognising height and position on the data 
visualisation. Users were able to associate individual 
sections with both location and physical features even as 
the shape moved, aiding their ability to easily understand 
the data and reflect it onto the area. All users enjoyed using 
the prototype and the physicality of the visualisation 
supported users in allowing them to discuss and share the 
information with others using physical hand gestures such 
as circling sections or pointing. This highlights a particular 
benefit of physical data visualisations in fostering public 
engagement by easily allowing groups to explore and 
consider local data sets.  

This project has highlighted the potential of dynamic 
semantic shape based physical data visualisations and 
shows that there is significant space for further research and 
development in this area. It also touched on the wide range 
of possible user scenarios and range of different situations 
in which physical data visualisations of this sort could be 
employed. Further work in this area may contribute towards 
exploring a longer-term goal of how physical data 
visualisations can be used to engage and support citizens 
with data interpretation in an urban public space.  
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APPENDIX:  

Videos 

 

Video demonstration of final prototype:  

https://youtu.be/qt-E-AMtsnY 

Figure 19. Link to video of final prototype developed during 
this project. 



 

 

 
Demonstration of single map section, laser cut acrylic 
prototype: https://youtu.be/h09cKLf9otE 

Figure 20. Link to video demonstrating single map section, 
laser cut acrylic prototype. 

 

 
Video demonstrating implementation of cardboard 
prototype https://youtu.be/-vkKqWrBdrY 

Figure 21. Link to video demonstrating cardboard prototype. 

 

 
Animated video prototype  demonstrating potential of ‘bar 
chart’ route: https://youtu.be/qDORkn0gAdQ 

Figure 22. Link to video showing stop frame animation of 
early low fidelity prototype. 

 
 

Narrative storyboards developed during Ideation phase 
 

 
Figure 23. Narrative storyboard for 'Sound board' concept. 

 



 

 

 
Figure 24. Narrative storyboard for 'Sound box concept. 

 
Figure 25. Narrative storyboard for 'Physical flow maps' 
concept. 

 
Figure 26. Narrative storyboard for 'panorama' concept. 

 
Figure 27. Narrative storyboard for 'Nature alert' concept. 

 
Figure 28. Narrative storyboard for 'Marble drop' concept. 

 
Figure 29. Narrative storyboard for 'Flock' concept. 



 

 

 
Figure 30. Narrative storyboard for 'Coffee data' concept. 

 
Figure 31. Narrative storyboard for '3D data map' concept. 

 

Sketched product prototypes 

 
Figure 32. Sketched product prototypes 

 
Figure 33. Sketched product prototypes. 

 
Figure 34. Sketched product prototypes. 



 

 

 
Figure 35. Sketched product prototypes. 

 
Figure 36. Sketched product prototypes. 

Semi-structured Interview used during user study 
The interview guide for the semi-structured interviews: 

1. Could you have a look at this model and tell me what you 
think it is? 

(additional questions: what do you think the shapes 
represent, what do you think the colours represent?) 

2. This is a model of an area QEOP. (The user is introduced 
to data visualisation for each of the 7 visualisations.)  

3. What do you think is meant by the areas moving up and 
down? (what do they indicate? Does the users appreciate 
that things change over time?) 

4. Have you noticed the lower lines? What do you think 
they indicate?  

5. What do you think of the lower (coloured) area? 

6. Do you think a model of this sort located near here in 
park areas or street corners would be useful? (Would it help 
you to find out more about the local area?)  

7. Would it get you interested in the nature of an area?  

8. What other types of information would be of interest to 
you in that kind of situation? 

9. How would you prefer to interact with the model? 

10.  How would you improve the model? (Does 3D help? Is 
it easier to view flat instead of facing you?)   

Do you have any other comments about the model? 

 

Arduino code used for prototype 
Controlling sixteen SG90 9 g Micro Servos using Adafruit 
16-channel PWM/Servo Shield with seven buttons: 

https://github.com/docudom/datavis/blob/master/servomap-
buttons-data-final.ino 


