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ABSTRACT 
In this paper, we describe the Tangible Map, an interactive, table-
mounted tactile / digital display aimed at facilitating exploration of 
an environment and the data generated therein. For visitors in an 
urban setting, translating abstract map symbols into 
comprehensible information can be a challenging task due to the 
level of abstraction and the disconnect between flat displays and 
spatial information. We address this question by combining a 
tangible user interface (created with 3D-printed buildings) and 
dynamic spatial information. To explore these concepts, we 
designed and fabricated the Tangible Map to serve as an 
interactive centerpiece within the MIT campus. Through 
application of user-centered design principles, we demonstrate 
strategies for managing user attention across beyond-field-of-view 
displays.  

Author Keywords 
Tangible interaction; physical visualization; urban informatics; 
public display. 

ACM Classification Keywords 
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INTRODUCTION 
In the built world, the quantity of embedded network sensors is 
increasing, providing data that can be used for aesthetic and 
functional purposes. These streams of data can be harnessed to 
inform automated systems or translated into public readable 
displays. To decipher this data while avoiding confusion, Norman 
suggests creating standardized models [17]. While a standard 
model of the environment is the map, public maps generally 
constrain information to 2 dimensional printed or digital displays 
relying on symbols to convey meaning. The disconnect between 
representational symbols reduces the transition of spatial 
information to cognitive understanding [14]. While 3D 
dimensional physical models of environments have been created, 
they generally do not convey up-to-date information about 
changing conditions. 
 
A contrasting approach to understanding spatial information is 

through Tangible User Interfaces (TUIs). In human-computer 
interaction, TUIs have become an accepted means for translating 
digital information into human-readable interfaces while raising 
user engagement [4, 13]. By offering a volumetric representation 
of a space, a display can invite touch-based interaction with 
entities, while imbuing these entities with characteristics and 
meaning derived from data sources in the environment. 
Furthermore, by offering a range of input opportunities (including 
capacitive touchscreens), we can observe multi-mode interactions 
and create opportunities to quickly grasp and access data. 
 
In this paper, we present the Tangible Map, a novel system which 
aims to bridge the gap between the physical space depicted on a 
map to the underlying data latent in the cognitive space through 
the exploration of spatial information enabled by a tactile / digital 
display. The constructions of both hardware and software 
correlated strongly with one another and focused around user-
centered design principles in order to quickly iterate and test a 
variety of displays and interactions, incorporating only the most 
intuitively useful elements in the final installation. 
 
The Tangible Map takes the form of an interactive tactile/digital 
display with multiple inputs and a three-dimensional 
representation of the relevant data space. The map supports 
capacitive touch input along translucent, high detail buildings, 
creating a merger of model-making and light-based displays. For 
our specific application, we chose the MIT campus as a relevant 
space for investigation. This application provides us with specific 
constraints and requirements: users exploring the campus for the 
first time and a student body that needs access to a wide range of 
data on campus services. We employ 3D-printing and parametric 
fabrication to generate the static portion of the interface, allowing 
us to quickly generate a functional, tactile landscape using 
arbitrary building geometry with minimal design intervention. 
 
Within this framework, we define spatial meaning as granular 
information about the environment, both digital and physical. In 
this case, we seek to explore the interaction between high 
definition physical information and real-time digital information, 
both of which are embodied within the Tangible Map. 

RELATED WORK 
Due to recent technological advances, such as affordable hardware 
and fabrication labs, researchers have placed greater efforts in 
incorporating tangible interactions with public visualizations and 
installations. Public installations with tangible interactions have 
garnered different forms of engagement as well as more insights at 
greater depths in comparison to the traditional public display 
media [4, 18]. The interest in this medium has even led to the 
development of tools for prototyping and iterating quickly on 
these displays [16]. The Tangible Map has drawn inspiration from 
previous work and aims to better encourage user interactions and 
to provide a more complete user experience by building off of 
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these ideas. We create a novel interface by combining a parametric 
design-to-fabrication workflow with a server-based software 
interface capable of self-updating information from a variety of 
sources. 

Media Façades 
Urban media façades combine the façade of a building with digital 
media, creating a form of expansive public screens [2]. While the 
implementations of these displays have worked well, direct 
interactions are difficult to incorporate [7]. Furthermore, as these 
façades are set in public usually for a short period of time, 
researchers have faced difficulties in conducting comprehensive 
user testing [7, 10, 12].  

Tangible Tabletops 
The Tangible Map is not the first experiment in terms of tangible 
tabletops. Architales was a project that consisted of an interactive 
table for shared story engagement involving conversational public 
or transitional spaces; the physical/digital co-design principles 
proved successful for this interactive and tangible tabletop, 
suggesting that these design practices could also be successful for 
applications in other contexts [15]. The T4 design was a research 
that further investigated the development of transparent and 
translucent tangible objects that would sit on top of digital display 
tabletops; the interactions between the objects and the screens 
were limited: the screen display could illuminate through the 
objects and the screens could register touches from the objects 
(which required more precise touch interactions with the screens) 
[3]. The Tangible Map builds off these major design concepts in 
order to build a tabletop topped with tangible objects that allows 
for less restricted user interactions yet makes use of highly 
detailed, arbitrary building geometry rather than generalized 
tokens. Furthermore, the Tangible Map interface is generated as a 
static interface with access to dynamic data. 

Public Installations 
Tangible interfaces have been explored and established in many 
different forms as public installations, which are formally 
evaluated during the installation period. Across the board, 
researchers have found that the support of the display owners and 
clarity of the project’s specifications are key to an installation’s 
success [5, 9]. Displays with tangible interactions served well as a 
new way to better access and immerse users in the available digital 
data and the physical experience [9, 19]. Both the intentional 
visual design with clear cues and the animated graphical patterns 
used to convey information were crucial in building these positive 
interactions with the displays [5, 19]. 

3D Printed Mapping 
Previous research has addressed the concept of generative 3D 
mapping by adapting 2 dimensional information into z-axis height 
or textures. Taylor, et al demonstrated customizable 3D printed 
maps acting as overlays by adapting 2D map data into a printable 
overlay that could interface with small screens, however, 
connection to live data through the environment was not made 
[20].  

CONCEPT AND DESIGN 
The Tangible Map was designed to create a bridge between 
abstract campus data and the physical spaces the data represents. 
We wanted users to be able to intuitively understand the data as a 
tangible object and engage with information in a more meaningful 
way. In creating the Tangible Map, we aimed to cater to an 
audience that spans an entire community, specifically the MIT 
community; our goal was to provide better access to knowledge 
and information about MIT life and the campus for individuals 
who visit the ATLAS Welcome Center (the location of the 
installation). To achieve this, we identified important aspects 
about our audience as well as several design goals. 

Audience 
We have identified that most–if not all–of the users of the 
Tangible Map will have never encountered a similar installation in 
the past. With this novelty factor, users are interested in being able 
to explore the map and having an organic experience in 
understanding their surroundings. Our audience extends across 
MIT faculty and students who are interested in the installation as 
well as visitors that need to find their way around campus. 

Design Goals 
A primary design goal of this project was the enhancement of data 
using spatial information. In parallel to this, we also pursued an 
intuitive UI design that carefully considers the user and what kind 
of interactions they can handle. As a novel installation, we 
evaluated a high risk of the modes of interaction becoming too 
unfamiliar for the user to process. For example, one consideration 
was how much information should be displayed at any given time. 
Finally, because the Tangible Map is a public exhibit built for 
many first-time visitors to MIT, the project needed to be durable 
enough for long term installation while providing the impression 
of a finished product. 
 

Figure 1. The Tangible Map allows access to building data by touching the sculptural interface. Credit: MIT Design Lab 



Review and Iterations 
Before delving into the design of the Tangible Map, we conducted 
interviews and observations in order to understand how users 
interact with maps and other digital displays. From the qualitative 
results, we built prototypes, pinpointing features that best fostered 
graphic immersion. The Tangible Map is the product of these 
investigations. 
 
The Tangible Map has undergone much iteration to get to its 
current state, and as the project timeline moves closer to 
installation, the product continues to be put under frequent 
assessment and evaluation. One form of evaluation has been 
design reviews on the user interface and product. Design-focused 
researchers and professional designers conduct these reviews on 
varying stages of the product development process, starting from 
the prototypical wireframes ranging to a completed software 
implementation in the product. Another form of evaluation has 
been conducting user studies; the specifics of this process are 
discussed in the User Study section. Following review processes, 
the team implemented and explored recommended changes and 
improvements received in feedback. 

TANGIBLE MAP 
Physical Layout 
The assembly of the Tangible Map consists of two side-by-side 
high brightness LCD displays (Dynascan, USA, model 

DS552LT4) overlaid with a custom-built clear touch digitizer. A 
physical representation of the campus sits on top of this touch 
screen; the models of the campus buildings are constructed 
through a 3D-printer and held in place by a fitted bilayer acrylic 
sheet. Each building is fitted with a touch point containing dual 
aluminum rods terminating in a 6 mm circular pad of aluminum 
foil. When a user touches one or both of the rods, they create a 
capacitive change in the foil which is interpreted by the digitizer 
as input, resulting in the equivalent of a mouse click to the 
software. 
 
The touch screen, models, acrylic bilayer, and the platform are 
translucent, allowing users to view motion and color from the 
displays beneath. A touchscreen tablet is fixed coincident with the 
tabletop surface, becoming part of the larger interaction surface. 
The tablet runs a custom application, which is capable of 
searching through the data on the map and as altering the display 
state of the interface. 
 
Interactions are facilitated on the map through touch on the 
buildings, an information panel on the screen, as well as through 
an application on an additional touch sensitive tablet. This layout 
facilitates three major types of user inputs. Direct selection of 
entities is accomplished by physically connecting two aluminum 
rods with a finger press. Interface actions, such as touch selection 
and swiping, can be manipulated by capacitive selection on the 
information panel. Finally, the tablet application supports an 
indexed database search by keyword. These interactions are 

Figure 2. CAD diagram of the final interface assembly with 3D 
printed buildings (white) placed on top of clear capacitive 
touch input (dark. green) over high brightness displays (blue). 
Tablet input (light green) is placed to the left of the displays. 
Credit: MIT Design Lab 

Figure 3. Left: Schematic diagram of 3D printing structures designed to support overhangs in the 3D printed geometry. 
Full building structure is represented in grey and support structures are highlighted in green. Center: Full building with 
support structures in place. Right: 3D printed building created using support structures. Credit: MIT Design Lab 
 



further described later in this section.  

3D Printing a Complex Interface 
We fabricated the tactile portion of our interface through the use 
of stereolithographic 3D printing. Stereolithography is an 
established method for 3D printing in which a laser is directed to 
activate a thin layer of photosensitive polymer. Layers are 
constructed vertically in succession, forming slices that can add up 
to any arbitrary forms. Advantages of stereolithography include 
access to transparent resins and fine detail resolution (<100 µm for 
small features). Challenges include creating a watertight digital 
model of the interface and working with a limited volume size for 
construction. Because the subject of our interface was a miniature 
map of the MIT campus, the production of the models was divided 
up into subsections by building. 

Automatic Support Generation 
3D printing of arbitrary geometry generally requires the 
intervention of some type of support structure [8]. The purpose of 
these support structures is to provide scaffolding for overhanging 
surfaces upon which to be built. To allow for construction of 
arbitrary geometry, we created a variation of the level-set method 
[6]. For downward facing surfaces below a failure angle, we 
extrude the surface downward and inward towards an averaged 
near point intersection of the original 3D printed body. This results 
in a structure appropriate for 3D, which requires no external 
scaffolding or post-printing machining and cleanup (Fig. 3).  

Puzzle Generation for Interactive Entity 
Registration 
A challenge for hybrid static/dynamic maps with many entities is 
registration of arbitrary physical components over the printed 
display and in relation to each other. In order to precisely align the 
3D printed components of the structure on the surface of our 
interface, we designed a puzzle generating software system to 
automatically create an interlocking matrix of substructures (Fig. 
4). Each piece is then placed above a capacitive touch sensor 

within a bilayer acrylic sheet inversely cut to accommodate the 
printed structures. To generate the interlocking substructures, a 
contour footprint of the maximum outline of each entity is 
generated by sampling horizontal contours of the entity at regular 
intervals and combining the results; the maximum contour is then 
offset and assigned an index number. Intersection events between 
overlapping contours are handled by comparing index numbers 
and subtracting the contour from the smaller index from the larger 
index. The operation is repeated again for a second, larger 
substructure layer. This operation can be applied to any arbitrary 
geometry over the surface of the display, and the resulting 
substructure interlocks with neighboring entities and the larger 
acrylic bilayer. 

Capacitive Touch Components 
Interaction with digital map entities requires creating a 
recognizable feature that encourages interaction and allows for a 
signal recognizable to the map as input. Various candidate features 
were printed and tested for functionality with a capacitive input. A 
key insight for reliability determined during the testing phase was 
that conductive elements needed to be have a diameter above 5 
mm at the point of contact with the touch input layer. The selected 
structure consisted of pair of aluminum rods surrounded by a 
segment of photopolymer raised 3 mm above the representational 
interface entity. The purpose of these rods is to transmit the 
change in capacitive potential to a conductive foil located flush 
with the capacitive touch input surface. The adhesive-backed foil 
is shaped with a circular, 6 mm arch punch resulting in a shape 
that is recognized by the touch input as a finger press. 

Software Layout 
The software for the Tangible Map is built using JavaScript and 
Swift. It is built upon the JavaScript development framework 
Node.js and the database program MongoDB.  
The system’s database contains comprehensive information about 
the departments, buildings, faculty, and classes at MIT. Further 
information from other MIT-affiliated organizations is gathered 

Figure 4. Left: Plan view of two buildings with substructures generated in blue and green, the original building geometry in dark 
grey. Center: Perspective view of same. Right: Dense packing of building aligned using generated substructures.  
Credit: MIT Design Lab 

Figure 5. The content layout on the map displays.  
Credit: MIT Design Lab 



and displayed in data visualizations on the Tangible Map; the 
Tangible Map is expected to incorporate more partnerships with 
MIT-affiliated organizations in the future. 
When a user interacts with the Tangible Map or new content is 
displayed, animations accompany the responses and transitions so 
that the user’s attention will be drawn to the campus. These 
animations have been designed and iterated upon with the intent to 
make the experience of interacting with the Tangible Map a more 
involving and personal one. 

Content and Interactions 
The Tangible Map consists of a touch-sensitive display surface 
(upon which 3D printed buildings rest) as well as a tablet used for 
performing queries. These two components provide entry points 
for exploration with the installation: either by touching a building 
on the map or doing a search on the tablet. Through the tablet 
interface, users can summon information about buildings, faculty 
and departments as well as pull up infographics that turn the map 
into a data visualization for a wide variety of datasets. However, 
the tablet is only as a point of access; any detailed information is 
not shown on the tablet display. 
The map itself is divided into two components: a section 
consisting of 3D-printed, interactive buildings and a section of the 
screen space that is exposed. The exposed screen space forms the 
information panel, which is used to display contextual information 
about buildings that have been selected from the map or search 
results that have been selected from the tablet application. 

Tablet Display 
The tablet provides access into two features of the Tangible Map: 
searching for information and pulling up data visualizations. A 
collection of the icons at the top of the user interface allows users 
to access these features. For the search feature, a search bar is 
presented with an instructional prompt. This prompt describes 
what types of data they can search for. Typing into the search bar 
triggers search, and suggested matching results are displayed 
below the search bar as each new character is entered. Clicking on 
a result will select it, displaying details in the information panel 
and activating any relevant buildings on the map. 
 
Data visualizations are accessible through icons on the tablet. 
There has been development in two types of data visualizations: 
static visualizations and dynamic visualizations. Static 
visualizations demonstrate the location of specific entities on the 
map space. Currently, the available static visualizations include 
public art and bike racks on campus. Dynamic visualizations 
contrast from static visualizations by showing how a given set of 
data changes across time. While there are no operational dynamic 
visualizations in the current product, there have been initial 
investigations in the form of displaying data usage across campus 
throughout a twenty-four hour period. Moving forward, there will 
be a great focus into adding dynamic visualizations into the 
Tangible Map, complementing the projected increase in 
partnerships with MIT-affiliated organizations.  

Information Panel 
The information panel is the home of all contextual information 
about building selections or search results. When a user is not 
interacting with the map, the information panel defaults to cycling 
through usage instruction and a rotating Twitter feed of official 
MIT accounts. When active, there are three possible views for the 
information panel: Building, Person and Department. These 
possible views correspond to the three types of information that 
are currently available to query about the MIT campus. 

Each view contains two columns: the first contains identifying 
information and clickable icons prompting more in-depth details, 
and the second is originally hidden. Tapping on an icon in the first 
column reveals the second column, which displays the requested 
information. 

Animations 
Directing user attention around an installation this large is difficult 
but necessary [5, 11]. With the help of strategically designed 
animations, we were able to indicate to the user when the 
presented information is changing and where on the Tangible Map 
to find it. The most prominent animation uses a pulse of light 
sweeping across the display. Upon selecting a search result on the 
tablet, a pulse of light begins emanating from the top left corner of 
the map, drawing attention to the information panel; the pulse then 
travels across the entire map, lighting up the selected buildings as 
its wave front crosses them. Another helpful animation is a blue 
glow that radiates outwards whenever the contact point of a 
building successfully registers a touch. This provides visual 
feedback immediately to the user and makes the Tangible Map 
feel more responsive and dynamic. 

EXPLORATIVE USER STUDY 
We conducted an informal user study to start examining effective 
displays of comprehensive and interactive digital data. We 
regulated interviews and observations in order to take a closer 
look into the possible problems, concerns, and opinions of users 
[1]. 

Methodology 
We conducted an explorative user study with 8 total participants. 
The participants were current MIT students ranging across 
departments and years of study, a group that the projected user 
population of the installation largely consists of. For each session, 
a moderator introduced the participant to the Tangible Map for the 
first time, giving a short description of its purpose as a public 
installation. The moderator then oversaw a semi-structured 
interview that lasted approximately 30 minutes. We used a think-
aloud protocol. Most of the interview questions were guided, 
asking the user to find or interact with a specific feature. After 
these guided questions, the participants were given the opportunity 
to freely explore the map, expressing what they liked, what they 
didn’t like, and which tasks they had difficulties completing. 
Throughout the interviews, the moderator would also describe any 
incomplete parts of the product at the current iteration if a 
misunderstanding arose and observed the responses of the 
participant. Field notes and video recordings were taken. 
We conducted two rounds of interviews. The first four participants 
were a part of the first round of interviews. After receiving their 
feedback, we iterated on the design of the Tangible Map. The last 

Figure 6. Left: Original information panel design. 
Right: Redesigned display. Credit: MIT Design Lab  



four participants were a part of our second round of interviews that 
occurred after this redesign. We investigate the best presentation 
of digital data through a variety of interactions through 
examinations of participants’ responses. 

Results 
Across both rounds of interviews, participants were positive about 
and very engaged with the Tangible Map. Participants commended 
various aspects of the project, extending across the design, 
animations, and the novelty. 

Managing Attention 
In order to maintain the accessibility of its extensive data, the 
Tangible Map facilitates several different entry points of 
interaction. While the practical functionality of the Tangible Map 
depends on these interactions, participants were overwhelmed by 
the possibilities if they were not guided by the layout of the 
product. One measure we implemented to address this was a 
separate static panel for the display of contextual information. 
This information panel is the only area where textual and content 
responses to interactions are shown. This placement allowed 
participants to understand where to look for information 
immediately after initial interactions with the product. Another 
measure that guided participants’ attention was to permanently fix 
the placement of the tablet next to the information panel of the 
map. In first round of interviews, some participants would interact 
with the tablet and miss responses that showed up in the 
information panel. This mistake was not repeated in the second 
round of interviews after the fixed placement of the tablet. From 
these results, we see that the layout of the product heavily 
manages the attention of its users. 

Directing Touch and Interactions 
While the interaction with the touch points of buildings is very 
restricted, it demonstrated to be very intuitive. For instance, P2 
reported: “If I want to know information about the building, just 
being able to touch it is intuitive.” P4 commented that given prior 
knowledge of the campus architectural layout, touching a building 
served well as a means of interacting with data for that building. 
A significant observation that was made during first round of 
interviews was that users had difficulty identifying which 
components of the Tangible Map (aside from the buildings) were 
interactive. Participants had difficulties identifying the search bar 
on the tablet and sometimes missed details as to how to interact 
with a piece of data. This problem was aggravated by the 
incomplete nature of the product at the time of the interviews. 
However, the participants’ misunderstandings still signaled a lack 
of cues for the interactive components. We addressed this issue by 
adding or clarifying instructional and navigational language on the 
Tangible Map. Clarifying the language incorporated either 
shortening the descriptions or making them more visible. With 
these amendments, we observed much less confusion in the guided 
interactions during our second round of interviews. Furthermore, 
we noticed that in the first round of interviews, even when 
participants struggled with initially identifying a feature, they 
quickly learned and adapted comfortably to the feature. P1 
commented: “Once I understood the interactions and how to use 
[the Tangible Map], it was pretty easy to learn.” 

Making Content Accessible 
The Tangible Map maintains much comprehensive digital data 
that is to be displayed on the product’s sizable physical screens. 
One challenge was the temptation to show any and all relevant 
information for an interaction instantaneously across the available 

space on the screens. We implemented this approach before our 
first round of interviews, and we observed negative consequences. 
This caused participants to have difficulties understanding or 
completely miss presented information. Furthermore, participants 
were unclear about the effects of each interaction and which 
information would be brought to the displays (Fig. 6). 
In order to address this issue, the design was adjusted to add an 
additional layer of interactivity to the information panel. We 
created icons to represent and select different modes, such as 
directions, events, shuttle timing, and building faculty. We also 
incorporated more cues through clearer language of instruction 
and navigation. This entailed revisiting the phrasing for all 
instructional text as well as the redesign of icons that fostered 
interactions. These changes better facilitated the guided tasks in 
the second round of interviews; participants interacted with the 
Tangible Map with less hesitation and completed the guided tasks 
in a significantly shorter amount of time. 

Limitations 
The most critical limitation in our exploratory user study was the 
contrasting ideas of exploration versus guided directions. The 
study needed to incorporate guided directions in order to evaluate 
the interface and functionality of the product. In our interviews, 
we allowed for an exploration section after the initial guided tasks, 
but in practice, users would explore the product first and then 
conduct guided tasks. This contradiction led to many participants 
expressing concern for the need of familiarity with the product and 
campus. For instance, P3 reported: “…you need to know what 
MIT’s campus looks like, or what these building are, to use this to 
its full capabilities. Knowing what buildings these were, knowing 
what I was pressing, would make this more usable, but if I were 
just trying to figure out what’s this or what’s that, then it’s an 
effective interface.” P7 and P8 described minor difficulties in 
originally orienting themselves originally on the map, and P1 and 
P3 also were interested in providing more directional labels on the 
map. P4 provided another account the contrast between 
exploration of the product and guided tasks: “I think it’s a great 
idea to touch buildings, but that’s if you know it’s that building. 
Otherwise, I would have to search most of the time because I 
wouldn’t know which one was which.” 
 
The user study has demonstrated effective methods of maintaining 
attention, directing touch and interactions, and making content 
accessible. The layout of the interface, the organization of 
displayed information, and the placement of clear cues, such as 
instructional text and icons, strongly connects the physical model 
and cognitive model of the map. Beyond these improvements, the 
Tangible Map has shown to be an attractive installation, as 
participants were excited to interact with the product and showed 
enjoyment getting to explore their campus in a brand-new way. 

CONCLUSION 
We introduce the Tangible Map as a novel system for addressing 
the exploration of spatial information enabled by a tactile/digital 
display. The map leverages rapid prototyping and parametric 
design to automatically align entities, generate interactive features, 
and allow for creation of layouts given a set of arbitrary input 
geometry. The Tangible Map represents an approach for 
representing digital data from multiple cloud-based sources in a 
beyond-field-of-view interface. We have created an open-source 
system that will be released to the campus community in order to 
explore tangible interactions and the idea of giving meaning 
through tangible interactions. 



FUTURE WORK 
We were unable to formally evaluate the Tangible Map in its 
public setting. Upon installation, we will conduct long-term user 
studies. We will also establish the Tangible Map as a storytelling 
platform, incorporating a chat bot as well as dynamic 
visualizations of data from departments across the campus 
community. The Tangible Map goes beyond the directory 
paradigm of existing touch maps through this concept of 
storytelling. 
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