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Figure 1: ProtoBricks is a versatile and replicable system for Tangible User Interacfes prototyping and data physicalization.

ABSTRACT

Building tangible interfaces or data physicalizations is a resource-
intensive endeavour. There is a need for rapid means to prototype
tangibles in order to facilitate research and design. To this end, we
designed ProtoBricks: a research toolkit that uses capacitive bricks
to facilitate rapid prototyping for tangible interfaces. Utilizing toy
bricks that do not contain electronics, ProtoBricks can record brick
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position and color. Specialized knowledge is not required to build
our system as it uses widely available components and 3D printing.
We contribute the full software and hardware specification of the
toolkit. We evaluate the utility of the toolkit by reporting on past
use cases and prototyping workshops. We show that the toolkit
facilitates creativity and effectively supports prototyping. Proto-
Bricks lowers the entry threshold for experimenting with tangible
interfaces and enables researchers and designers to focus on the
interaction with their prototype, delegating implementation to the
toolkit.

CCS CONCEPTS

+ Human-centered computing — User interface toolkits.
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1 INTRODUCTION

Toy bricks have been entertaining children and adults for centuries.
Over the years, the materials, manufacturing techniques, and shape
of these toys have changed, but the idea of interacting with physical
bricks in space remains popular among different groups of users
around the world [3]. Recent technological advancements brought
new capabilities for interacting with bricks, making them more
dynamic and open for new applications. Previous works introduced
a number of interactive brick systems, exploring both the technical
aspects of interlacing bricks with electronics, and the design space
of new interaction techniques that they provide [17]. Moreover, the
inherent tangibility of bricks hints at their potential as building
blocks of Tangible User Interfaces (TUI) [4, 40] or accessible data
physicalization tool [8]. However, while previous endeavours in
HCI presented different approaches to designing interactive brick
systems, they usually required expensive external equipment [67],
knowledge about electronics and computer science to operate [35]
or were focused on very specific applications [44, 52]. Furthermore,
although HCI developed a rich body of work on data physicalization
and its benefits for understanding and reflecting on the data [28],
we lack a versatile solution facilitating the physicalization of data
in different contexts for research and personal purposes. To address
these issues, we developed the ProtoBricks toolkit—an interactive
brick system for data physicalization and tangible interface proto-
typing (see Figure 1).

ProtoBricks can be built using 3D printing with simple electron-
ics. The main parts are dedicated bricks and a base plate, which
were printed using a conductive, composite PLA filament. The sys-
tem relies on detecting changes in capacity through sensors hidden
in the base. Recording activities involving bricks and interacting
with the structure in 3D space is captured by thresholding the read
value, derived from the user’s hand contact via a conductive fila-
ment. The open architecture of both the hardware and Arduino
microcontroller-based software enables versatile application and
adaptation to user needs. Toolkit enables using bricks as digital
input signals, enabling building versatile tangible interfaces. More-
over, our toolkit facilitates the recording of activity logs, which can
contribute to easier measurement during data physicalization.

In our work, we draw on the natural properties of toy bricks to
aid researchers with an accessible, versatile tool, employing affor-
dances of well-known toys played by people in different age groups
and cultures. Moreover, we developed ProtoBricks to facilitate mea-
surement and allow for further extensions and modifications. We
designed ProtoBricks to address the needs of two primary audi-
ences: researchers and educators. For researchers, the toolkit can
serve as a versatile research probe, possible to tailor to the specific
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study scenario or employed as a tangible prototype suitable for
diverse participant groups. For educators, ProtoBricks can act as a
resource to teach electronics, prototyping, and Arduino program-
ming. We evaluated our toolkit using several evaluation strategies,
following recommendations by Ledo et al. [37]. First, in two case
studies, we demonstrated how ProtoBricks can be used as a re-
search probe in studies exploring tangible user interfaces. Then,
we investigated the usage of our toolkit in a series of participatory
workshops, gathering insights from individuals with varying expe-
rience in prototyping and electronics. Finally, in a series of expert
interviews with educators, we explored ProtoBricks’ capability to
act as educational tool.

This paper contributes (1) the design and implementation of
an interactive brick toolkit for data physicalization and Tangible
User Interface prototyping, (2) detailed instructions for replicating
and using the toolkit, (3) insights from an empirical evaluation of
the ProtoBricks toolkit, including demonstrations of using it in
user-studies, and (4) directions and tools for further extensions and
modifications.

2 RELATED WORK

In this section, we present prior research that inspired and informed
the design of ProtoBricks toolkit, covering (1) different technical
approaches to detect and interact with bricks in 3D space, (2) Tan-
gible User Interfaces, and the benefits of data physicalization, and
(3) the use of toolkits in HCL

2.1 Tracking and interacting with bricks in
space

Previous research explored various technical approaches to using
bricks as tangible controllers [52], primarily for digitizing physical
collections into databases [50, 60, 70] or proposing builds [70], with
the aim of enhancing interactions. Many of these systems were
based on RGB or RGB-D camera image analysis [20, 52], most often
supported by neural networks (machine learning) [50, 60, 70] for
bricks detection and tracking. While there exist a number of image-
recognition algorithms, introducing new colors or shapes of bricks
requires modifying the program, making it complex and hard to fol-
low [20, 52]. Employing machine learning helps to overcome these
limitations but introduces new challenges, e.g., time-consuming
training of the network and usually advanced hardware [60]. Nev-
ertheless, the implementation of brick recognition based on a vision
system has been used in commercial solutions. Rebrickable® [50]
developed a mobile application providing a comprehensive list of
bricks after scanning the image of owned LEGO® bricks. Another
app—Brickit [70] suggests possible builds with LEGO® bricks based
on a photo of available parts. While these examples showcase the
capabilities of vision systems to brick detection, such an approach
requires external apparatus that has to be placed above the work
surface or model, which can considerably impede the system’s
versatility and necessitates capturing the shot from an overhead
perspective. While vision systems are powerful tools for object
detection, they come with a number of limitations, which strip the
toy bricks from their ease of use and availability. Therefore, HCI
lacks the tools to allow for tangible interaction without the need
for complex software solutions or expensive external devices.


https://doi.org/10.1145/3643834.3661573

ProtoBricks: A Research Toolkit for Tangible Prototyping & Data Physicalization

Prior studies in Human-Computer Interaction (HCI) has inves-
tigated how interacting with bricks on a tabletop facilitates real-
time analysis of the shape and position of the construction’s base.
This analysis can be achieved through built-in cameras [13] or in-
frared sensors [6, 44], and is often enhanced by the use of tangible
object applications such as game pieces and controllers [19, 59].
Furthermore, these systems support the physicalization of data
through brick representations like notes [44] or content from white-
board [19, 34]. They also track objects by register logs and critique
constructions, which can be implemented in games or used to digi-
tally encapsulate information tangibly [6]. Moreover, both tabletops
and smaller screens (tablets/smartphones) based on capacitance
measurement allow the use of RFID tags, capacitors, or conductive
3D printing as a trigger for detecting bricks [19, 34, 59]. While
tabletops provide a variety of ways to detect and track the bricks,
they are usually limited to the analysis of the base of the build. To
overcome this limitation, Chan et al. [13] introduced the capacitive
technique of analyzing the blurring of a marker image. However,
similarly to vision systems, these solutions require expensive ex-
ternal screens to operate on, limiting the interaction to a dedicated
workstation. In our work, we developed a system for bricks-play
that remains mobile, allowing for playing in various environments.

Another approach to implementing interactive bricks includes
embedding the active or passive electronics inside. This implemen-
tation primarily focuses on the technical preparation of elements,
tracking changes position of physical elements in 3D space, and
visualizing these changes in the GUI through the presentation of the
construction [25, 26, 69]. Rapidly developing 3D printing techniques
allow for designing customized shapes and sizes using classic ma-
terials and flexible or conductive filaments. Moreover, 3D-printing
facilitates replication [10]. Using 3D printing, Yoshida et al. [69]
developed Capacitive Blocks—bricks acting as capacitors. This idea
was later extended by Tkegawa et al. [26], who introduced Light-
weight Capacitance—bricks with electronics hidden inside, which
increased the detection accuracy. However, this approach limited
the detection of higher construction, as stacking more than four
bricks notably impeded the detection. Therefore, Ikegawa et al. [25]
introduced Tesla Blocks, where magnets were inserted into the
popular Duplo bricks, allowing for precise detection of higher struc-
tures. Moreover, RFIBricks [23] or NFCStack [39] operate without
the need for an expensive display base, enabling the construction of
interactive 3D geometry using passive stackable blocks. However,
although electronic components miniaturize rapidly [66], it is still
difficult to embed them into toy bricks while maintaining the size
and shape of the traditional bricks. Despite the advancements made
in the field of interactive brick systems, HCI still lacks an easy and
accessible solution for designing tangible bricks-based interfaces,
allowing for tracking bricks detection in 3D space and preserving
the affordances of popular toy bricks.

2.2 Physicalization and tangible user interfaces

Representing abstract information in a physical form has been
used from prehistory [29, 55]. Throughout history, people devel-
oped a number of ways to translate numbers, ideas, and messages
into physical forms, including mock-ups, sculptures, models, or
installations [28]. With the growing popularity of LEGO®, toy
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bricks have become a popular material for physicalizing spatial
planning [21, 65], personal health data [9] or even a calendar [58].
One of the key characteristics of toy bricks facilitating physical data
representations is the large variety of available shapes and colors
and the possibility to re-use and dynamically manipulate. Moreover,
toy bricks allow for stable connections while also remaining modu-
lar and re-shapable of construction, which positively influences the
satisfaction of the interaction [24, 49]. However, while toy bricks
are a powerful tool for physicalizing abstract concepts, traditional
bricks do not allow for the dynamic link between digital data and
their tangible representation. While prior research proved data
physicalization to foster reflection, creativity, and understanding of
complex phenomena, flat, paper- or screen-based representations
have been prevailing due to their versatility and availability [28].
In contrast, Tangible User Interfaces (TUIs) allow for interacting
with physical objects associated with digital information, connect-
ing the physical and digital worlds. HCI developed a rich body of
work on Tangible User Interfaces, covering a number of applica-
tions, including education [15], health [14], collaboration [1] and
leisure activities [41]. However, implementing high-fidelity TUIs
requires electronics knowledge, time to design, implement, and test
the solutions, and often advanced hardware resources, making Tan-
gible User Interfaces less accessible for some researchers. Therefore,
HCI lacks versatile, replicable, and easy-to-use tools for rapidly im-
plementing Tangible User Interfaces for research and educational
purposes. In our work, we aim to bridge this gap by developing a
reconfigurable, reusable TUI, the implementation of which requires
minimal knowledge of electronics and limited hardware resources.

2.3 Toolkits in HCI

Developing prototypes for new systems is a core activity in HCL
These prototypes serve not only as a medium for exploration, test-
ing, and iteration but also as an effective solution to challenges
in user interfaces. Nonetheless, prototype development is not al-
ways the primary research focus. There are instances when the
investment in prototype development does not align with the re-
sults achieved. For such scenarios, toolkits serve as intermediate
research artifacts, offering insights into creating interactive sys-
tems [37]. This allows users (researchers) to employ them without
complete knowledge of how the solution works from a technical
point of view, as delineated by Oulasvirta et al. [45]. Ledo et al. [37]
outline the objectives of toolkit development: reducing authoring
time and complexity, creating paths of least resistance, empowering
new audiences, integrating with existing practices and infrastruc-
tures, and enabling replication and creative exploration. Our work
uses these goals as guiding principles for developing ProtoBricks.

Transforming physical objects and interfaces into digital forms
through tangibles has been widely explored, particularly in terms
of universal and flexible surfaces. Examples of such sensor sys-
tems include Project Zanzibar [63], the VoodooIO Gaming Kit [64],
and VoodoolO [62] itself. These systems serve as sensor platforms
that seamlessly integrate tangible interactions with digital environ-
ments. Each system showcases how flexible and adaptable surfaces
can be used not only to detect and interact with physical objects
but also to enhance user control and customization. This merger of
physical inputs with digital outputs facilitates enriched interactive
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detecting the position
of a brick

color recognition touch detection

Figure 2: The basic features of ProtoBricks are scanning and
color recognition, recognizing and recording the addition or
removal of a brick, and detecting and locating the position
of touching the brick.

experiences. Such projects play a crucial role in advancing TUI
technology and in making physicalization easy and accessible to
implement. However, these projects focused solely on the detection
and integration with objects in two-dimensional space.

Our work is also inspired by past efforts in toolkits designed
specifically for tangible interfaces. Villanueva et al. introduced
ColabAR, a toolkit designed for remote collaboration in Tangible
Augmented Reality (TAR) laboratories, leveraging physical proxies
to manipulate virtual objects [61]. Steuerlein and Mayer developed
a toolkit for everyone to train deep learning tangible recognizers,
mainly focusing on capacitive screens [57]. Petrelli et al. explored
how heritage installations can be supported by a tangible interac-
tion toolkit [47]. Earlier, Klemmer et al. introduced Papier-Maché,
which supports tangible input through a combination of computer
vision, electronic tags, and barcodes, demonstrating the breadth of
toolkit possibilities in this domain [33]. Our work is interestingly
different from these toolkits as it centers on building tangibles from
bricks, enabling its users to create complex interfaces from discrete
parts.

Historical research in the HCI domain underscores the value of
evaluating toolkits. However, it also recognizes the inherent chal-
lenges in conducting toolkit evaluations [37, 43]. Four evaluation
strategies for HCI toolkits have been proposed by Ledo et al. [37]:
Demonstration, Usage, Technical Performance, and Heuristics. In
our study, we adopt two of these strategies: Demonstration and
Usage to verify and evaluate the requirements made for the Pro-
toBricks toolkit: (1) Does our toolkit facilitates data physicalization
and rapid prototyping of TUIs?, (2) Is the ProtoBricks toolkit suitable
for using in both research and educational settings? and (3) Does the
toolkit support creativity during usage?

3 THE PROTOBRICKS TOOLKIT

We developed ProtoBricks to facilitate two main purposes: data
physicalization and TUI prototyping. ProtoBricks addresses the
needs of two primary audiences: researchers and educators. Our
toolkit facilitates building data physicalizations and tangible user
interfaces with interactive toy bricks.

The toolkit can sense when bricks are added or removed by mon-
itoring changes in capacity, identifying their respective positions
in 3D space. Furthermore, the system can detect when bricks are
touched. The logs from the performed interactions can be stored,
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allowing to bridge the gap between digital information and physical
interaction with the tangible construction, offering users a more
intuitive and immersive experience with the data.

The act of touching a brick serves as a triggering mechanism:
if the brick’s color has been previously scanned and a touch is
subsequently detected, the interaction is interpreted as the addition
of a brick. Conversely, if a button has been activated prior to the
touch detection, the interaction is read as the removal of a brick
(see Figure 2)

In instances where the color of the brick has not been scanned,
nor has a button been engaged prior to touch detection, it can serve
as a trigger for a specific action, particularly in the context of Tan-
gible User Interface (TUI) prototyping. For instance, touching a
tower on one of the plates can activate powering the LED. Our
system consists of dedicated 3D-printed parts: bricks and a base
plate. To allow for seamless integration with electronics, the print-
outs were manufactured using two filaments: standard, colorful
PLA and conductive composite.

The base plate is equipped with capacitive touch sensors, which
are connected to conductive plates arranged in a grid.

Additionally, the system includes a color sensor which allows
to recognize the color of the brick. This color scanner is placed
in a dedicated slot on the baseplate, separate from the main grid
that detects the position of bricks (see component d) in Figure 2).
Information about the color might be used for data physicaliza-
tions. For example, different colors might indicate different units of
measurement.

Our toolkit is based on the Arduino UNO microcontroller, allow-
ing users to customize functions through code. The main features
of the ProtoBricks toolkit include logging the building process,
creating connections between the structure and visualizations, or
interfacing with Arduino-controlled outputs. Finally, the set com-
prising ProtoBricks can be extended with additional optional soft-
ware extensions and additional hardware parts. Those include a
brick distributor, and software features based on machine learning
or allowing for wireless communication with the system.

3.1 Design requirements

After reviewing existing solutions and their limitations (see sec-
tion 2.1), we determined design requirements for the toolkit, with
the goal that is facilitates data physicalization and prototyping of
TUIs. First, we wanted to implement (1) relatively simple hardware
and software solutions without the need to employ external appa-
ratus (vision systems, tabletops, etc.) that would allow for easy and
quick replication with basic knowledge of electronics and 3D print-
ing. Ensuring the system is hidden inside the base allows for a more
efficient implementation reminiscent of building on a classic base
of bricks. Another aspect was to ensure (2) easy reconfiguration
and expansion of the system to adjust it for different, specific needs.
Moreover, (3) we wanted to make our toolkit compatible with the
popular LEGO® bricks, available in many shapes and colors that
could enrich the constructions made with our toolkit. On the soft-
ware level, we wanted to provide (4) flexible, transparent solutions
that can be used in the basic version, as well as easily expanded with
custom algorithms, thereby accommodating users with different
skill sets. Finally, we wanted to build our toolkit from available and
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Figure 3: Overview of all parts of the ProtoBricks toolkit.

affordable materials, ensuring the system’s compatibility with a
wide variety of platforms.

The ProtoBricks toolkit includes the following parts shown in
the diagram in Figure 3:

(a) set of dedicated 3D-printed bricks made from two types of
materials (classic and conductive);

(b) 3D-printed baseplate with its case made out of two types
of materials (classic and conductive);

(c) custom PCB board placed beneath the baseplate;

(d) color scanner with a prepared slot designed for brick place-
ment;

(e) shield for the Arduino UNO board;

(f) dedicated software.

In order to facilitate understanding and replication, we provide a
series of resources along with ProtoBricks. These consist of a repos-
itory! containing essential files for recreating the system, along
with extension elements. The materials include editable schematics
and PCB designs for the Eagle® software, executable files for printed
circuits directly intended for ordering (Gerber), a list of electronic
components, and STL files of individual models. We also offer files
containing the instruction of assembly of all base printouts and
parts, including PCBs and mounting elements, in the Fusion360°
format (.f3z), as well as fully functional code for Arduino UNO
Rev3* that enables the recognition of six basic colors. Additionally,
we provide three trained neural networks (action recognition, auto-
matic brick scanning, color recognition) designed for use with the
Arduino Nano 33 BLE® board, STL files for brick’s dispenser along
with assembly in .f3z format, code for controlling automatic brick
feeding, and an archive containing models in .stl format and PCB
designs from the first two iterations.

All iterations of developing the ProtoBricks toolkit are presented
in the Appendix A.

3.2 Quick start—assembling the toolkit

In the following section, we describe the requirements and steps
to be followed to quickly build a system based on open-source
resources available on our GitHub. The workflow allows creating
a prototype without the need for advanced technical education

!https://github.com/JuliaDominiak/ProtoBricks
Zhttps://www.autodesk.com/products/eagle/overview
3https://www.autodesk.com/products/fusion-360/overview
“https://docs.arduino.cc/hardware/uno-rev3
Shttps://docs.arduino.cc/hardware/nano-33-ble
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in the field of PCB design or 3D modeling. However, in order to
build the toolkit, basic knowledge of electronics, 3D printing, and
programming is required to understand and use the available code.

The process consists of seven steps in four sections (see Fig-
ure 4)—preparing the hardware first, then uploading the code and
calibrating the system for further programming and use of the
toolkit.

Connecting the individual parts is done with screws to ensure
easy access to the microcontroller and electronics. The exception is
the base plate with 2x2 plates that require gluing. During assembly,
glue is applied to the bottom tabs in the base. Then, the plate is
held to the edge points of the base plate or previously mounted
elements with a top brick to avoid spacing changes resulting from
the clearance included in the 3D printing model’s design.

3.2.1 Hardware. The prepared models and designs have been adapted
to the Raise3D E2° printer and to the PLA materials offered by
Raise3D’. Moreover, Proto-Pasta conductive material® and Poly-
maker PolyLite PLA green material” was used. The customized
code we provide for each of these colors makes it a recommended
solution for makers without specialist experience.

The 3D printing process includes a modular cassette consisting
of 5 printouts made of standard material like PLA and 16 plates
of conductive filament: (1) the top cover, which covers the touch
sensors and contains a place for mounting the button and color sen-
sor, (2) the base plate, enabling the installation of conductive pads
in accordance with the designed dot spacing, (3) the color sensor
cover with a place for repeated placement of bricks for scanning,
(4) 16 2x2 conductive plates that are responsible for transmitting
the capacitance values of the bricks placed on them, (5) a shelf hold-
ing the PCB board together with the base plate (number 2 above)
mounted on it, (6) the base chamber for the microcontroller with an
only USB cable and wires connected to button to start the process
of removing bricks. In addition, it is necessary to print bricks —
as many as needed - in a two-material printing process from a
standard and conductive filament (see Figure 6).

The next step is soldering the PCB with electronics and connect-
ing it to the 3D printouts. A characteristic feature of this tool is its
flexibility and ease of adaptation to various projects. Therefore, the
primary way to connect parts is to use connecting cables with BLS
plugs, gold pins, and a shield for Arduino or breadboard. On the
surface of the dedicated PCB, there are sockets for two 12 buttons,
MPR121 capacitive touch sensors, an I2C bus for connecting to the
Arduino microcontroller, and 16 pass-through pads dedicated to
connecting 3D printing with the electronics layer. We calculated the
number of required sensors by dividing the number of plates by 12
(the number of pads on each sensor), always rounding up. Due to the
use of two identical sensors on one I2C bus, it is necessary change
the address of one of them, which has already been implemented
by default on the board. Sensors have two separate addresses—one
default 0x5A and one changed to 0x5C. Goldpins are soldered in a
standard way for the THT method, but in the case of connecting
the PCB with conductive material, it is necessary to prepare 16

®https://www.raise3d.com/products/e2/
https://www.raise3d.com/filaments/pla/
8https://proto-pasta.com/pages/conductive-pla
“https://polymaker.com/product/polylite-pla/
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https://8https://proto-pasta.com/pages/conductive-pla
https://7https://www.raise3d.com/filaments/pla
https://6https://www.raise3d.com/products/e2
https://3https://www.autodesk.com/products/fusion-360/overview
https://2https://www.autodesk.com/products/eagle/overview
https://1https://github.com/JuliaDominiak/ProtoBricks
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Figure 4: Workflow for constructing the ProtoBricks toolkit based on provided materials.
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Figure 5: A diagram showing the connections between individual printouts and parts of the toolkit.

the conductive plates, using the heat-set insert'’ technique. After
connecting the wire, we solder it to the PCB, being careful to not
to overheat the structure, nor cause the wire to move in the plastic,
and cut off the excess. The connection of parts with the Arduino
can be achieved using a breadboard or a universal shield dedicated
to the Arduino. In both cases, it is important to connect to the I2C
bus—from the main board, the touch sensors, and directly from the
color sensor, two buttons—one from the color sensor and the other
from information about removing bricks. In the shield, there is an

Figure 6: The parts necessary to construct the base made option to lead out all unused pins, which allows the connection of

using 3D printing technology. additional electronics, such as LEDs, screens, or sensors. The last
stage is to connect all the parts and close the entire system in the
housing.

approximately one-centimeter lengths of silver-coated copper wire.

After attaching the PCB and the 3D base with conductive pads

USing SCrews, we place a piece of wire in each of the 16 vias, and Ohttps://ultimaker.com/learn/how-to-use-heat-set-inserts-to-securely-fasten-3d-
then, after heating it with a soldering iron, we melt the wire into printed-parts/
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Figure 7: A cheat sheet containing the visual legend of the
position in the array and matrix, color numbers, and the
value of the digit for adding or removing a brick.

3.2.2  Software. The prepared code is compatible with both the
first and the second version of the Arduino IDE and consists of
seven files: the main program that initializes all the necessary
files and settings (Brick_plate_mini.ino); the program responsi-
ble for checking the I12C connection with touch and color sensors
(MPR_connections.ino); programs for displaying raw readings from
touch sensors in a serial port monitor, used to calibrate thresholds
and check connections between the conductive filament and PCB
(cap_1l.ino, cap_2.ino); a program that acquires RGB values from a
color sensor and then compares the values of individual dyes to the
defined ranges for each of the six colors and returning a number
(color.ino); a program responsible for detecting interactions (both
adding and removing bricks) and assigning location numbers (loca-
tion.ino); additional code for decoding values from location.ino to
XY coordinates, returning two values (decoding.ino).

After completing the calibration, one can proceed to use the code.
Upon disabling the display of textual information and calibration
verification values, the program outputs four comma-separated
values in the Arduino’s serial port monitor. The first two represent
the XY coordinates, followed by a number corresponding to the
implemented colors and a variable indicating whether a brick was
added or removed. Figure 7 presents a "cheat sheet" containing the
direction of position value incrementation, numbers corresponding
to individual colors, and an interaction visualization corresponding
to the last value. We decided not to implement a GUI, as it would
have to be adjusted to the particular context of use. ProtoBricks
allows for easy extensions of the toolkit’s software, including im-
plementing a dedicated GUI for specific needs.

Furthermore, within the code, it is possible to return a single loca-
tion value within the range of 0-15 (the locations of individual fields
are also depicted in Figure 8) using the location() function. Addi-
tionally, it can display the color name immediately after performing
a scan to verify the measurement accuracy by uncommenting line
51 in the color.ino file.

3.3 Extension and modifying

The ProtoBricks toolkit was designed to facilitate expansion and
modification on both hardware and software levels. However, we
emphasize that modifying the toolkit goes beyond the presented
Quick Start 3.2 and requires specialist knowledge.
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3.3.1 Hardware. The fundamental expansion capability of the sys-
tem lies in altering the dimensions of the base plate. To accommo-
date the dimensions of a matrix composed of 2x2 plates requires a
change in both the 3D model and the PCB circuit design. Both files
are available in an editable version within the GitHub repository!!.
As part of our experimental scope, we proceeded to increase the
matrix from 4x4 to 8x8. The most significant change introduced
in the model was relocating the microcontroller to the same level
as the PCB board, allowing for material usage minimization and
increasing the number of touch sensors, which necessitated the use
of an I2C multiplexer.

Another crucial aspect to consider is the number of capacitance
sensors employed. When utilizing solutions available in the market,
we have options due to the quantity of channels—1, 12, or 30. In this
scenario, depending on the matrix’s size and planned higher number
of sensors, it needs to solve duplicated addresses by (1) modifying
the hardware address, (2) modifying the software address, or (3)
implementing an external multiplexer to expand the quantity of
independent 12C buses.

Furthermore, while we employed Arduino Uno as the controller
for ProtoBricks, different consumer-grade and custom microcon-
trollers can be embedded into our toolkit. Therefore, it is possible
to make our system wireless (by employing a microcontroller with
Wi-Fi or Bluetooth communication), increase the processing power
(by choosing a microcontroller with different computing param-
eters), or fulfill more specific requirements. An example of such
expansion by connecting the toolkit to a Raspberry Pi is presented
in an article showcasing an intergenerational, remote brick-playing
system [56] (see Section 4.1). Finally, ProtoBricks toolkit offers
extensive possibilities for integrating sensors and feedback parts
(such as vibrational motors, screens, LEDs, and speakers) based on
specific needs.

3.3.2  Software. While the whole software is fully editable, we
highlight a few directions to extend and modify it, which can prove
especially useful, considering the purpose of ProtoBricks:

o Adapting the program to the chosen number of colors of the
elements and the dimensions of the base plate’s matrix.

e Extending the program to support additional electronics,
sensors, and communication.

o Changing the way values are printed or enriching the graphi-
cal user interface layer (using for example Processing, Python
with PySerial and Tkinter/PyQt, or Node.js with Electron).

o Connecting the GUI to a display device allowing for visual
data presentation in various environments (integrate with
display devices such as screens, projectors, or LED matrices).

e Ensuring wireless communication through communication
modules for Arduino or by establishing connections with
Raspberry Pi.

e Modifying the brick detection pipeline, increasing filtration,
or enhancing sensitivity to signal changes.

3.3.3
ProtoBricks toolkit—a dispenser that allows for serving individually
2x2 brick-sized printouts in a chosen quantity. This extension was

Dispenser. We also developed an optional extension to the

https://github.com/JuliaDominiak/ProtoBricks
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Figure 8: Construction of the dispenser with a housing and a
servo mechanism with dedicated horns.

distributed to researchers who used it in a study on physicalization
of personal data to enhance reflection, described in Section 4.2.

The dispenser’s structure is entirely composed of 3D-printed
parts. Inside the chamber, up to 20 bricks can be held. The dispens-
ing process is carried out by two servo mechanisms equipped with
dedicated horns, forming the dispensing system. When the lower
releasing gripper opens to dispense a single brick, the upper grip-
per holds the column of elements in the chamber, preventing them
from spilling (see 1 and 2 on Figure 8). After delivering a single
brick, the trapdoor system closes (see 3 on Figure 8), and the upper
servo mechanism releases the column of bricks (see 4 on Figure 8),
allowing for the start of the next cycle.

The software initiates the dispensing process after entering a
single number in the serial monitor or using multiple dispensers;
the user can input a sequence of numbers separated by commas.
The algorithm is also equipped with a calibration mode to ensure
the system’s reliability.

In our GitHub repository'?, we provide both 3D models com-
patible with micro-sized servos like the PowerHD HD-1810MG'3,
as well as software prepared for the Arduino Uno Rev3 microcon-
troller!?, which coordinates the operation of the servo mechanisms
through an 18-channel Mini Maestro servo controller!®.

3.3.4 Atrtificial neural networks. During the evaluation phase (see
section 5.4.1), our participants suggested implementing automatic
detection of adding and removing the bricks and automatic color
recognition (without the need to scan the bricks or press a dedi-
cated button). Some participants ideated on implementing machine
learning algorithms to automate these interactions. To explore this
possibility, we trained three neural networks based on our proto-
type to manage specific tasks related to brick manipulation and
recognition. The first network was designed to detect added and
removed bricks by analyzing capacity readings over two-second
intervals, categorizing the data into labels: addition, removal, or
no action. This allowed for precise tracking of brick configuration
changes. The second network focused on detecting the placement
of bricks on a color scanner, utilizing readings from a color sensor
without additional lighting to preserve ambient light conditions,
with labels for the data including placement of brick, shadow, or no
action. The third network, responsible for recognizing brick colors,
used controlled lighting to enhance the detection of pigments from

2https://github.com/JuliaDominiak/ProtoBricks
Bhttps://www.pololu.com/product/1047
https://docs.arduino.cc/hardware/uno-rev3
Shttps://www.pololu.com/product/1354
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the sensor readings, categorizing the data into specific color labels
such as red, orange, yellow, blue, green, and gray. This strategic
approach enabled a robust system capable of handling different
aspects of brick manipulation and identification efficiently. As this
was just an attempt to train the networks for the first two cases,
we collected 100 samples for each label, and for the last case, 50
samples. Considering the requirement for simplicity in modifying
and expanding the toolkit, we used the online application Edge
Impulse!® to develop the neural network, which offers cloud-based
work with a user-friendly interface. After gathering the necessary
datasets, we uploaded them to the project and divided them into
typical proportions—60% training data, 20% validation data, and
20% testing data. Then, the program analyzed the data in terms of
attributes (characteristic features for each label), and vectors were
generated for each data point based on these attributes as input
signals for the neural network. Due to the defined labels, we applied
a classification network, returning the probability of belonging to
specific classes. The accuracy of the obtained classification for indi-
vidual neural networks was 97.9% in the case of distinguishing the
adding or removing of a brick (including the neutral state), 95.2% in
the case of distinguishing the placement of a brick when scanning
the color and shadow resulting from the operation of arms over
the base and the surroundings, and 100% when distinguishing six
colors prepared in the toolkit. The developed neural networks and
the library were also published in a shared repository.

4 DEMONSTRATIVE EVALUATION

We investigated the capabilities of ProtoBricks as a tool for user
studies on data physicalization and rapid prototyping of TUIs by
adapting Demonstration as toolkit evaluation strategy described by
Ledo et al. [37]. This method was proved efficient in other toolkit
contributions in HCI [36, 42]. To demonstrate the capabilities of
ProtoBricks, we distributed our toolkit to two research groups who
used it in their respective research studies. The studies explored
two different applications: remote inter-generational interaction
between children and grandparents and supporting self-reflection
by physicalizing the data about one’s health. In the latter, our toolkit
was extended with the bricks dispenser. Here, we describe the use
of the ProtoBricks toolkit in these endeavors to exemplify how the
toolkit can be utilized in future HCI research studies.

4.1 Case 1: ProtoBricks as a research probe to
study intergenerational remote play

Stefanidi et al. [56] investigated how interactive toys can support
intergenerational distributed play. They conducted a within-subject
study with 6 pairs of grandparents and their grandchildren, compar-
ing two conditions: playing over distance with regular toy bricks
(RB) and with MagiBricks (MB), which utilises our ProtoBricks
toolkit. Participants took part in both structured (create specific
structures) and unstructured play (interact with the toy bricks
freely). During the study, the participant pairs interacted with the
toy bricks while being in different spaces and could communicate
through video calls. In this study, our toolkit was extended with a
feedback system, including a server-client model for communica-
tion between the ProtoBricks toolkit that each participant interacted

Lohttps://edgeimpulse.com/
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Figure 9: The ProtoBricks toolkit as used in the study with
pairs of grandparents and grandchildren in the context of
remote intergenerational play.

with, as well as a portable mini-projector that provided visual and
audio feedback. In particular, in the MB condition, ProtoBricks
detected the placement of bricks and allowed transferring that in-
formation between the players through the aforementioned server-
client system. Player 1 could experience feedback from Player 2 (and
vice versa) in the form of sound and color. On top of a baseplate, the
projector displayed green in the corresponding place when a brick
is added, red when a brick is removed, and pink for showing all the
current positions where player 2 has placed a brick (see Figure 9).
Thus, Player 2 had an overview of any changes that Player 1 made
on their baseplate for the entire duration of play. Our toolkit allowed
for real-time detection of changes regarding what participants con-
structed upon the baseplates. Tracking the current position of the
bricks allowed for displaying dynamic feedback, creating an engag-
ing and tangible experience of remote intergenerational play. The
study found that playing with interactive toy bricks enhanced the
communication and collaboration between participants, leading to
increased feelings of connectedness while playing over a distance.
Moreover, the findings suggest that tangible artifacts enhanced
with feedback can support children’s empowerment and positively
affect collaborative activities.

The process and findings of this study demonstrate how the
ProtoBricks toolkit could be used as a research probe to investigate
tangible interfaces. The form of toy bricks provided affordances
familiar to both children and grandparents, making the interaction
natural and easy. Moreover, the capability of tracking the position
of the individual bricks allowed for displaying dynamic visual and
audio feedback. While in this study interaction data was not col-
lected or stored, this capability of the system could further support
the analysis, providing information about each interaction with a
timestamp.

4.2 Case 2: ProtoBricks as a tool for data-based
reflection

Using our toolkit, Bentvelzen et al. [9] investigated whether build-
ing tangible representations of health data can offer engaging and
reflective experiences. They conducted a between-subject study
with N = 60 participants who physicalized their immediate blood
pressure data in relation to medical norms. The study compared
three conditions: using a standard mobile app, building data rep-
resentations from toy bricks with instructions, and completing a
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free-form brick build. In the instructional condition, participants
used a bricks dispenser—an extension to our ProtoBricks toolkit
whose implementation details are described in Section 3.3.3. One
dispenser was employed for each of the four bricks’ colors. It pro-
vided participants with the exact amount and color of bricks that
they needed at the moment, according to the instructions. The main
motivation behind using the dispenser was to limit the presence of
the experimenter—they would have to count and provide the bricks,
making the condition appear more social than the use of the mobile
app or a free-build. The study revealed that the degree of control is
a determining factor for designing physical data representations
in personal informatics. The study showed that while free-form
conditions necessitated extra time to complete and lacked usability,
instructional conditions supported with the brick dispenser fostered
focused attention and comparison.

In this study, the bricks dispenser, being an extension to Proto-
Bricks toolkit, was used to serve researchers in conducting a user
study on self-reflection with data physicalization. The presence of
the dispenser reduced the bias of instructional conditions being
perceived as more social and provided the users with an easy-to-use
device, aiding the process of data physicalization.

5 USAGE EVALUATION

As described by Ledo et al. [37], usage evaluation allows studying
how users appropriate the toolkit, investigating whether the toolkit
is conceptually clear, easy to use, and valuable to the audience.
This evaluation method was proven successful in previous toolkits-
based research [7, 38], often in combination with the Demonstra-
tion technique [54, 68]. We therefore opted for a similar approach.
Inspired by previous endeavours [31], we conducted a two-level
Usage Evaluation consisting of (1) workshops with students who
used ProtoBricks during their classes and (2) expert interviews with
educators and researchers. This approach corresponds to the key
aspect of scaleness for ProtoBricks.

5.1 Workshops

To elicit early feedback and user experiences of using ProtoBricks
for data physicalization and TUI prototyping and investigate which
usage scenario holds a greater potential in supporting creativity,
we conducted a series of participatory workshops with students.
We used participatory techniques as they allow for juxtaposition of
perspectives, ensuring triangulation [2, 46], contributing to a more
credible and trustworthy inquiry [22]. Moreover, this approach was
used in previous toolkit studies [31]. During workshops, students of
varying experience with electronics and programming completed
two tasks using ProtoBricks: data physicalization and TUI rapid
prototyping. They were observed during these tasks and prompted
about their experience. Each workshop took about 2h. Moreover,
at the end of each task, they filled CSI questionnaire [12]. This tool
was designed to evaluate how well a tool supports creativity which
corresponds which one of our requirements for the toolkit.

5.1.1 Participants. We conducted three sessions of workshops with
a total of N = 11 participants (5 males, 6 females, aged 19-26, M
= 22.90, SD = 2.34). There were 3—4 participants present at each
workshop. Participants of these studies were bachelor’s and mas-
ter’s students affiliated with the Human-Computer Interaction field
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Figure 10: An example legend of the value distribution along
with a physical visualization of data regarding power con-
sumption during the first task of the workshops.

from a university located in central Europe. As the study was con-
ducted during extra-curricular classes, there was no remuneration
provided, in line with local regulations. Table 1 shows the overview
of participant’s profiles.

5.1.2 Workshop Structure. At the beginning of the workshop, we
obtained informed consent and distributed a short survey on par-
ticipants’ subjective experience with electronics, microcontroller
programming, and interest areas in prototyping at large.

Then, one researcher introduced the ProtoBricks toolkit and
explained the provided software and hardware and the toolkit’s
capabilities. Afterwards, participants were provided with instruc-
tions for Task 1: Data Physicalization. Students were instructed to
physicalize data of one month’s electrical energy consumption in a
studio apartment. The data attached to the task was an anonymized
record of the electricity usage of one of the authors. The data was
provided in the form of an Excel spreadsheet containing monthly
records of electricity consumption in kilowatt-hours (kWh) for each
day, along with information about the hour and value of the highest
peak consumption. For this task, participants were provided with
dedicated conductive bricks in 6 available colours (red, green, yel-
low, grey, blue, orange). Moreover, they were free to use Excel for
calculations or perform the necessary calculations by hand when
needed. Participants had full freedom in deciding which data and
characteristics they wanted to present and how they would visual-
ize them. When participants were ready to show their visualization,
students completed CSI surveys [12]. Then, the researcher took
photos of the construction, turned on the audio recording, and
conducted a short group interview in the form of a focus group to
delve into their perceptions regarding the physical representation
of data - if and how they found this approach suitable, whether
they identified advantages of such representation, and if they envi-
sioned alternative data for presenting in this form and the benefits
associated with them. Moreover, students were prompted about
the system—whether it is easy to use, whether they would use it in
different contexts, and what improvements they would suggest.

Afterwards, participants were provided with instructions for
Task 2: Rapid prototyping of the tangible smart home interface. Due
to space limitations of the base plate, we suggested designing a
studio apartment with basic furnishings. This time, participants
had access not only to dedicated bricks but also to original LEGO®
bricks of various shapes and colours, enabling a more straightfor-
ward visual presentation of rooms. 3D-printed conductive bricks
were used as control elements, such as switches, volume, or position
control in the room. Meanwhile, output visualizations were created
using Arduino-compatible electronics, such as LEDs, servo motors,
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Figure 11: Sample mock-ups of a studio apartment with the
implemented hardware side of the electronics connected to
Arduino during the second task using the system as an IoT
interface.

buzzers, screens, or vibration motors. This task facilitated verifica-
tion of the integration between the input layer represented by the
bricks and the output layer in the form of electronics, using stan-
dard code functions. After completing the task, participants were
again provided with CSI surveys. Again, the researcher conducted
a short group interview in the form of a focus group concerning the
usage of the system and the presented control panel. The interview
was audio-recorded, and the constructions made by the students
were photographed.

5.2 Expert interviews

To complement the evaluation of ProtoBricks, we conducted a series
of expert interviews to define potential areas of system applica-
tion and target users in education. Moreover, this stage allowed
us to contrast the experiences of younger, less experienced users
with views of older participants with more years of experience in
microcontroller-based systems.

5.2.1 Participants. We recruited five experts who had at least five
years of experience in conducting classes with students (4 male, 1
female, aged 27-47, M = 37.60, SD = 7.09). No remuneration was
provided for their participation in the interviews. Table 2 provides
a detailed description of the participants’ profiles, their experience
with microcontroller-based systems, and the types of projects they
were involved in. The participants had varying levels of experience
in prototyping. Except for one person, all participants designed and
programmed their own systems.

5.2.2  Procedure. First, the participant signed an informed consent
form and filled in a short survey concerning their academic ex-
perience and technological proficiency. Then, we presented the
ProtoBricks toolkit, describing its functions, capabilities, hardware,
and software solutions. Participants could play with the toolkit,
test the provided code, and see logs available in the program. Af-
ter familiarizing themselves with the toolkit, a researcher asked
questions about their overall impressions regarding the aesthetic,
technical, and usability aspects of the system. Additionally, they
were inquired about their opinions on the potential difficulties of us-
ing the toolkit in its current form and at what stage of education the
system could be integrated and in what form. Next, we moved on to
questions about the possibilities for changes and adaptations they
envisioned for younger users with less programming experience.
Furthermore, we prompted them whether and how they would use
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Table 1: Participant profiles in the interviews, including their current level of study prototyping experience (5-item Likert
scale) as well as the purpose of creating prototypes and types of projects

ID Age Gender Currentdeg. Prot.exp. Purpose of prot. Types of projects

P11 25 male Ph.D. 2 professional subject, thesis

P12 24 female  MSc. 1 education subject, research projects

P13 22 male Eng. 0 - -

P1.4 19 male Eng. 1 hobby -

P21 23 male MSc. 4 hobby automation, entertainment/decoration, thesis
P2.2 20 female  Eng. 1 education lifestyle, competition

P2.3 20 male Eng. 2 hobby entertainment/decoration

P3_1 26 female  MSc. 1 education subject

P3_2 25 female  MSc. 2 education entertainment/decoration, subject
P33 24 female MSc. 2 education automation, subject

P34 24 female  MSc. 2 education subject

Table 2: Participant profiles in the interviews, including their prototyping experience (5-item Likert scale) as well as the purpose

of creating prototypes and types of projects

ID Age Gender Y.ofexp. Prot.exp. Purpose of prot.

Types of projects

Eo 38 male 11 2 professional automation, entertainment/decoration, subject
E1 27 male 5 3 professional, hobby automation, entertainment/decoration, subject
E2 38 female 12 2 professional subject

E3 38 male 14 4 professional entertainment/decoration, research projects

E4 47 male 20 2 professional, hobby automation, lifestyle, entertainment/decoration

ProtoBricks to physicalize data or prototype IoT interfaces in their
everyday life. Finally, they were asked whether they saw any limi-
tations and what their general impressions were regarding tangible
systems.

5.3 Analysis

All collected data encompassing the group interviews conducted
during the workshops and the expert interviews were recorded and
then transcribed verbatim (total duration 2 hours and 37 minutes).
We applied a pragmatic approach to thematic analysis [11]. Due
to the limited number of interviews, we established a preliminary
coding framework through open coding of all interviews, which
were divided among three researchers. In a joint discussion session,
a preliminary coding tree was constructed. All interviews were
subsequently split between two coders and analysed a second time
using the preliminary coding tree. During a final discussion session,
we refined the coding tree and identified recurring themes in the
data.

5.4 Results

In this section, we present the results of our study, divided into
three main themes developed during the thematic analysis process:
Creativity, Limitations, and Interaction. We have supported and
illustrated the results with quotes, highlighted in italics, and labelled
with participant or expert numbers. Within all the themes, we
present the study participants’ accounts, which showcase common
and contrasting attitudes, aiming to provide comprehensive insight
into using the ProtoBricks toolkit. Moreover, all works constructed
during workshops with students are presented in the Appendix B.
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5.4.1 Creativity. During interviews with both workshop par-
ticipants and experts, a variety of diverse potential applications
emerged, encompassing both education and entertainment, as well
as data physicalization. The participants themselves noticed the
multitude of ideas suitable for a wide range of target groups.

Physicalization The application of various forms of physical
representation of numerical data was highlighted by both groups
participating in the study. The starting point for the discussion was
the proposed task, which also had a connection to the physicaliza-
tion of data related to pulse and heart rate [9]. The most common
types of data to visualize that emerged during our studies were fi-
nancial tracking (house budget, types of expenses, savings, currency
exchange rates). One of the workshop participants commented that
they would use the toolkit to track their personal spending.

(P1_1) Tracking your household budget would also be easy with
this, as the colors would indicate what you’re spending on.

Moreover, some participants suggested using SmartBricks as a
means to manifest socially important topics, encouraging reflection.
Our participants ideated on installing visualizations of the amount
of waste thrown every day, food waste, and meat consumption in
schools and other public spaces. As an alternative to digital coun-
terparts and inputting data into electronic systems, especially in
preschools and primary schools, points for activity and task division
in calendars were considered. Drawing inspiration from the second
task related to I/O programming, the toolkit found its application
in controlling smart homes (including a control room for children),
physical space design for individuals unfamiliar with 3D room
design, and in the interface for managing access to rooms. Algo-
rithmics/Programing The construction of code and the structure
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Figure 12: The distribution of CSI scores and its subscales across conditions: Physicalization and IoT. Significant pairs are
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.010*2), and a triple asterisk denotes a significance of (p = .017*2)

of the toolkit have been extensively discussed in various applica-
tion scenarios, especially by experts who see its application at all
stages of coding and electronics learning. Starting from preparing
brick coding and wiring connections to advanced stages of micro-
controller programming and user interface development, including
graphical user interfaces (GUIs) for different application scenarios.
One expert also ideated on using ProtoBricks as the tool to teach
the basics of UX design.

(E2) Well, that’s why the best solution would be to make it a
good tool for learning, for example, as a task to design and im-
plement an interface. And it could also lead to some additional ...
introduction to, for example, UX at this point, doesn’t it?

Two experts also suggested using the toolkit to teach computational
thinking, for example, by using smart bricks as interactive puzzles,
such as the Tower of Hanoi. However, experts emphasize that to
fully use the potential of this toolkit, advanced knowledge above
the basic level associated with the Arduino platform is required.
One expert suggested that tangible bricks could be used to represent
the values in an artificial neural network (e.g., weights, number of
neurons, etc.). They elaborated that such tangible representations
could help students to understand machine learning. Some experts
also noted that in the early stages of education for younger children,
the toolkit can serve as a tool to make the classes more engaging
by physically representing values or by using bricks for voting
in quizzes. One expert also noted that ProtoBricks could help to
visualize syllables in the early stages of grammar learning.
Entertainment In addition to offering the toolkit for remote
play [56] and integrating it with playful education, experts noticed
the broad potential of the toolkit as a universal platform for playing
board games, both in hybrid form and for remote gaming between
players in distant locations. Thanks to the physical form of the
bricks, they do not disrupt immersion, unlike screens or digital
board game versions, creating a "bridge" between online gaming
and the traditional form of board games. In this form, participants
envisioned games such as chess, tic-tac-toe, battleships, or Master-
mind. In the case of local games, the baseboard with its bricks could
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serve as statistic markers in RPGs or as interactive tokens during
poker games with automatic counting values.

(E0)But on the one hand, you have physical cards, where there
is a mess, and on the other hand, you have it in a purely digital
version, where it disturbs this immersion, and if we use these
bricks, then we are perfectly in between a board game and a
digital one.

54.2 Limitations. During both workshops and expert interviews,
many aspects related to technical expectations of the system emerged.

The key issue raised by all individuals from both groups was
the insufficient base plate size. During workshops, particular atten-
tion was paid to this issue, especially concerning tasks related to
physicalization. The opinions were related to the constraints of this
aspect, often requiring a choice between trends and numerical val-
ues, which prioritized surface requirements over the achievement
of the intended effect or the relevance of the parameter and trend.
This led to the neglect of data or a less logical arrangement of data
from the participant’s perspective. The compact dimensions also
hindered the readability of bricks in the middle of the workspace
and made it difficult to operate within the structure, especially
during creating and presenting tasks related to I/O. During the
workshop, general opinion surfaced about the need to increase the
size of the base. Experts were inclined not only to increase the di-
mensions but also to change the shape and placement of the sensor
pads.

(E4) Maybe my thinking is a bit limited cause it’s only four by
four.

Most experts have emphasized the need to implement feedback in
the form of a small screen, LED matrix, or RGB LEDs to confirm
actions such as placing a brick or scanning a color. They also high-
lighted that it offers the possibility to develop a more advanced
graphical user interface without the need to connect it to a com-
puter. One expert emphasized that in the case of frequent use of
the color scanning function, the immediate display of information
within the prototype would work better.
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(E4) "Well, well, I often need this [prototype], don’t I? Because
later, well, when I place this block [brick], even if it’s taught [pro-
grammed], and it doesn’t work, I don’t know what’s happening,
right?"
Concerning technical aspects associated with the production of
bricks, there was a recurring opinion regarding color saturation
and soiling caused by the thin color layer compared to the black,
conductive core. Participants noticed an issue with the thin layer
of colored material around the black core, which resulted in a sig-
nificant reduction in the aesthetics of the brick.

(P1_2) I mean, I don’t think there’s enough material; it’s too thin
and too see-through, this black is visible...

During the workshops, participants also noted the lack of perfect
fit and the bricks tending to "laying" on top of each other rather
than properly connecting. The number of available colors gener-
ally satisfied the participants. However, they pointed out that for
more complex tasks, especially those related to physicalization, a
greater variety would always be advantageous. The available colors
allowed for both mapping specific visualized values onto bars and
were based on associations (e.g., blue—water/air, yellow—light, red—
OFF, green—ON). Participants in one of the groups also suggested
the possibility of enhancing the bricks’s surface with a texture to
facilitate better differentiation for visually impaired individuals.

While working with the system, users noticed an issue with
the prepared color recognition algorithm, which required frequent
rescanning. This was inconvenient, especially when colors were
frequently changing.

(P3_1) Those colors were irritating when [the system] wouldn’t

read them.

Due to the necessity of using the buttons both for signaling the
removal of bricks and for scanning colors, participants pointed
out the need to change the method of doing so. They suggested
implementing automatic color recognition. This idea applies to
recognizing signals during interaction on the base plate, as well
as recognizing the brick’s color after placing the element in the
scanner or summing up the tower’s heights.

(P1_2) However, as for future expansion plans, it would be auto-
matic color detection; for example, when placing [a brick], the
sensor should immediately record [this], and I shouldn’t have to
press the button.

5.4.3 Interaction. During both student workshops and expert
interviews, our participants noted many aspects of interacting with
bricks related to their familiar form. Most individuals, both in child-
hood and adulthood, have experienced associations and confidence
in using the developed system while playing with bricks, building
them, or collecting them. Participants had no trouble completing
constructions during tasks or finding diverse applications for dif-
ferent age groups. They appreciated the versatility of the kit and
its compatibility with LEGO® sets available on the market, which
expanded the possibilities and aesthetics of the created models. For
example, in rapid TUI prototyping task, students used LEGO® flow-
ers to decorate the flat, LEGO® similar to modern furniture or even
placed LEGO® figures inside the flat. The ability to operate not only
in three-dimensional space through the use of spatial bricks but
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also to add a fourth dimension through color has been emphasized
by experts as an expansion of the operational space.

(E4) Well, it’d be a waste not to take advantage of it [color]. The

color, in terms of its position, doesn’t seem overly exotic to me, but

the height or elevation [of the build], feels like another coordinate

or dimension.
Other aspects related to the toolkit highlighted in interviews in-
cluded the challenges and the necessity of creating simplified ver-
sions of the program for less advanced users, engaging the youngest
individuals in building and education through play with the toolkit,
and providing extensive support for collaboration during activities,
especially for fostering creativity. However, the current form of the
toolkit was assessed as best suited for quick exposition of general
data rather than precise data in the context of data physicalization.
However, the current universal code form and technical layers have
been assessed by experts as requiring knowledge, which means that
the toolkit may not find initial use in the early stages of learning
microcontroller programming.

(E0) The bricks are simple, and Arduino is simple, but if you

combine one with the other, you have to be a master at both.

6 DISCUSSION

Here, we first present an overview of potential applications of the
toolkit, as suggested in the studies. Then, we discuss ProtoBricks’
potential in supporting creativity. Following this, we address the
toolkit’s limitations and consider directions for future development.

6.1 Potential applications

The core motivation for developing ProtoBricks were supporting
data physicalization and TUIs prototyping in research and educa-
tion. Here we reflect on the applicability of the toolkit in relation
to these categories.

6.1.1  Physicalization. The ProtoBricks toolkit offers practical means
for researchers, educators and designers to explore data physical-
ization. By working with ProtoBricks, designers can be supported
in deciding which elements of their physicalization ought to be
interactive, as every brick can be interactive or not.

By analyzing and gathering feedback from both research partici-
pants and the researchers who received the toolkit, we can identify
the various ways in which ProtoBricks can be applied for designing
physical representations. We present some examples below, relating
to different fields:

e Ecology: As a visual of electricity consumption and waste
generation. During the workshops, students created a num-
ber of bar chart-like representations of electricity consump-
tion.

o Spelling and mathematics: As a visualization tool to teach
spelling or simple mathematical operations. In this case,
bricks can help to visualise words which are broken down
into syllables or simulate numbers. This feature is partic-
ularly useful in early school education, aiding students in
mastering fundamental linguistic and mathematical concepts
through interactive and engaging visual representations, as
noted in the expert interviews.
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e Finance: As a way to track personal finances, monitor house-
hold budget and savings, visualize market trends, and pro-
vide a holistic view of users’ financial landscape. As noted
by one of the students, different colors of the bricks could
indicate different category of spending (for example, food,
clothes, energy, etc.)

e Well-being: For monitoring various metrics for analyzing
personal health and well-being. For example, it could provide
a visual record of meat consumption, weight, blood pressure,
and pulse readings.

6.1.2  TUIs prototyping. Through evaluation with research partici-
pants and researchers to whom the toolkit was distributed, we can
identified key examples of using ProtoBricks in the domain of rapid
prototyping TUIs:

e Smart home and buildings: A control panel designed for
controlling a room. The bricks can be used to build proto-
types of augmented everyday objects, which is in line with
the needs of researching technology for the home [16]. The
toolkit allows for the distribution of access to different rooms
through the placement of bricks on a spatial model, func-
tioning as an interactive spatial remote control.

o Interactive board game or score counter: A tangible plat-
form for digital board games played remotely, such as chess,
tic-tac-toe, battleship, and Mastermind. Moreover, it can
function as a score counter for RPG games or poker chips.
Experts also noted that the toolkit can serve for younger
children as an educational toy: for example they could use
bricks to vote for quizzes.

e Learning programming/electronics: As ProtoBricks is
based on Arduino, it is a promising tool to learn how to pro-
gram it and connect to other components. The affordances
of toy bricks might make it more pleasant form factor for
beginner users.

Except the use-cases mentioned explicitly in the studies, we
believe that ProtoBricks can be used in a number of other areas
due to its adaptable nature and familiar affordances, yet, other
applications require further investigations.

6.2 Supporting creativity

As toy bricks are known for they ability to spark creativity [18, 48],
we were interested whether ProtoBricks also holds such potential.
Observing numerous ideas for using the toolkit in various contexts,
we are optimistic that ProtoBricks, sharing the affordances of toy
bricks, can spark inventiveness, as using existing objects in dif-
ferent ways for new purposes supports creativity [30]. Moreover,
using CSI questionnaire, we investigated which usage scenario
(data physicalization or TUI prototyping) seems more promising
in supporting creativity. The differences in CSI scores between the
two workshop tasks revealed that rapid prototyping of TUIs out-
performed the physicalization task in terms of creativity support.
Particularly, significant differences were observed in the categories
of Collaboration and Results Worth Effort. We observed that in the
TUI prototyping task participants were especially enthusiastic over
combining ProtoBricks with the LEGO® bricks and electronic com-
ponents. Our findings suggest that the prototyping of Tangible
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User Interfaces through increased complexity allows for better task
allocation and more joint collaboration within the group.

6.3 Limitations and future work

The ProtoBricks toolkit, while versatile in its applications, does
have a significant barrier in terms of its accessibility. The neces-
sity for programming aptitude became apparent during its usage.
Feedback from experts indicated that utilizing the toolkit requires
understanding of the Arduino platform. This sentiment was echoed
during the workshops. Participant groups voiced apprehensions
regarding the intricacy of the tasks. Only the second group, which
had a member with an advanced skill level (4) in programming,
was able to navigate through the tasks without seeking external
aid. This individual’s proficiency in coding enabled the group to
sidestep major challenges. In contrast, Groups 1 and 3, devoid of
members with skills surpassing level 2, frequently required guid-
ance throughout the programming phase.

The toolkit is crafted in a broad-spectrum style, utilizing C/C++
for Arduino compatibility. This design choice ensures that it can be
flexibly tailored to various projects, research, or envisioned appli-
cations. Nonetheless, the inherent requirement for programming
skills can deter potential users. To bridge this gap and cater to the
prospective user without a programming background, our future
endeavors should encompass the development of a more intuitive
user interface. Such an interface would either eliminate the need
for direct coding or incorporate visual programming. This way, the
toolkit’s benefits could be harnessed by a wider audience, thereby
increasing its usability and impact. Moreover, considering its open
architecture, future iterations could facilitate the incorporation of
any electronics compatible with the chosen microcontroller, ampli-
fying its adaptability.

The form of ProtoBricks is not without its set of limitations.
Drawing inspiration from the conventional brick form factor, these
tools carry the weight of cultural connotations associated with
bricks, which are well-known toys. Such cultural context can influ-
ence and sometimes restrict the range of conceptualizations and
creative applications users might explore. Furthermore, their form
is innately discrete. While this characteristic ensures modularity
and ease of use in many scenarios, it also implies a fixed granu-
larity in design, potentially limiting the flexibility and continuity
in more intricate projects. Therefore, users must approach these
tools with an understanding of these constraints, recognizing both
the potential and the limitations the brick form introduces to their
work. That is why, if the target design is a form of high fidelity,
we recommend using our toolkit in the early stages of the design
process.

6.4 Sustainability considerations

While ProtoBricks facilitates tangible interface prototyping, it does
introduce some environmental considerations, chiefly due to the
utilization of 3D filaments and printed circuit boards (PCBs). The
use of carbon filament, although necessary to provide connectiv-
ity to the bricks, has ecological implications. We also cannot ig-
nore the energy required to print bricks and PCBs. To enhance
the sustainability of ProtoBricks, future iterations could explore
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incorporating biodegradable or recycled 3D printing materials. Ad-
ditionally, adopting a modular PCB design, which allows users to
replace only the faulty or outdated components rather than discard-
ing the entire board, can minimize electronic waste. We encourage
users to repurpose or recycle used bricks, as they are suitable to
be used in filament recycling machines. Using our toolkit in the
early stages of the design process is also an environmental consid-
eration. Larger deployments of interacting with bricks prototypes
should use standard bricks and dedicated electronics to minimize
the footprint.

7 CONCLUSION

In this work, we introduced and evaluated ProtoBricks—a versa-
tile and replicable toolkit for tangible prototyping and data phys-
icalization. We provided detailed instructions about the toolkit’s
fabrication process, tools and materials necessary to replicate the
toolkit, and information on how to access and use the open-source
code provided with the toolkit. Moreover, we described optional
expansions and modifications, including both hardware and soft-
ware alterations. We also illustrated the possible use of ProtoBricks
in future HCI endeavors by presenting two case studies where our
toolkit was used in two user studies as a tangible user interface
and data physicalization tool. We evaluated the usage of Proto-
Bricks in workshops with students and a series of expert interviews.
Our results indicate that ProtoBricks might facilitate creativity and
has the potential to be used in a wide range of scenarios in data
physicalization, TUIs, and education. Furthermore, workshops with
students and expert interviews helped us to identify space for future
improvements and modifications. As we make the toolkit available
for the wider research community, we hope that it inspires creative
research endeavors.
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A TOOLKIT DEVELOPMENT PROCESS

Here, we present the successive iterations of ProtoBricks, as we
believe that sharing the challenges and knowledge from the devel-
opment process can streamline the replication or modification for
others.

The final form of the toolkit required three iterations. Testing
different electronic components, available 3D-printing materials,
and techniques eventually resulted in meeting all specified require-
ments. To present the complete workflow, we describe two proto-
type versions that did not meet all of the specified requirements,
yet were essential for the developement of the final version of the
ProtoBricks toolkit.

A.1 First prototype—resistance change

The first method to detect the bricks was to use one of the basic
features of the Arduino board—measuring the voltage using the pin
with an analog-to-digital (A/D) converter. Our initial approach was
to assign significantly different voltages to the 2x2 plates arranged
as a matrix by implementing a voltage divider (see c) on Figure 13).
The base PCB had the form of a potentiometer where the voltage
distribution was controlled by the position of the brick acting as a
voltmeter (see b) on Figure 13). Despite the high efficiency, simplic-
ity of the base design, and the ability to detect many bricks on the
board as well as upwards, this solution required connecting wires
to the brick, impading usability.

A.2 Second prototype—closing the electrical
circuit

The second idea for the prototype was to develop a matrix of "but-

tons" by implementing a checkerboard of dots (a single inset in

the LEGO® system), consisting of digital pins and GND (digital

pins are indicated in green, while GND is represented in gray in

a) and b) illustrations in Figure 14). The prototype assumed a field
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Figure 13: Functional diagram of the first version of the
toolkit based on the analog reading of the voltage value on
the 2x2 plate.
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Figure 14: Functional diagram of the second version of the
prototype based on the detection of closing the circuit by a
conductive brick.

size of 10 x 10 dots, which required connecting 50 digital pins and
a common ground to the Arduino MEGA (see a) inFigure 14). In
order to simplify the connection, we designed a dedicated PCB for
easy assembly. The PLA base was screwed to the printed circuit,
and then the dots were glued and heat-set inserted with a wire
so that it was possible to create a connection between the print
and the electronic layer of the system. The "button" circuit was
closed by placing the brick on the surface and connecting the digital
pins declared in the program as INPUT-PULLUP to GND, which
was detected as a change state from HIGH to LOW (see b) and c)
illustrations in Figure 14). In this case, it was possible to use bricks
of different sizes (starting from 1x2) and orientations on the entire
surface of the base. Moreover, the implementation of the detection
pins (digital pins) and the detected factor (GND) inside the main
board did not require to connect the bricks to the wire. However,
the disadvantage of this approach was the possibility of detecting
only the first layer of bricks, which prevented recognizing higher
structures (bricks stacked on top of each other). Another technical
problem was the fragility of individual dots in the base. Due to the
technique of making 3D filament conductive by adding carbon, the
material has less cohesion between layers and is more brittle. As a
result, the pins were damaged during the tests, making it impossible
to use a fragment of the board.

A.3 Final prototype—capacitance change by
touch

As the results obtained from the second prototype indicated sus-

ceptibility to breakage and fragility when using individual pins, we

have decided to return to the 2x2 sensor plate configuration on the

base (see c) on Figure 15). Two types of 3D material were used in
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each iteration. The main filament used in ProtoBricks development
was PLA due to its availability, accessibility, and a large palette of
colors, allowing for versatile combinations. Additionally, we used
conductive filament as a carrier of sent and received signals. Previ-
ous works utilizing conductive 3D printing to measure electrical
capacity focused on exploring human touch as a trigger [27, 32].
However, none of these endeavours explored this technique to de-
tect tangible bricks in 3D space. Another system was Capacitive
Blocks [69], where the bricks were equipped with two shells of
conductive material to form a capacitor. However, the disadvantage
of this solution was the limitation of the possibility of precise recog-
nition of the number of bricks. Moreover, the detected capacity was
characterized by significant issues with the consistency of values
and the lack of repeatability of readings, especially for stacks of
more than two bricks. Despite the use of the dimensions of the
LEGO® 1x1 brick, the connection between the inner and outer of
the capacitor shell with the 3-pin system inside the base was not
optimal. Our solution is based on detecting the brick’s position by
detecting the high capacitance of our hand applied to the brick,
which becomes the extender of the electrode located in the base.
This is enabled by the MPR121'7, which is a capacitance sensor
mainly focused on touch detection (see Figure 15). The sensor trans-
mits its reading via I2C communication to the Arduino UNO board,
where the values are appropriately converted to a position by ap-
plying a mask between the sensor pin numbers and the coordinates
connected plates in the base matrix. The connection between the
base plate and the rest of the electronics was designed in a similar
way as in the second prototype—by designing and making a PCB
that allows connection with the printout through a heat-set insert.
In order to simplify the project, a coherent I12C pin has also been
added on the board, and sockets for MPR121 headers along with
the implemented address change connection required to perform
when using two or more touch sensors. Due to the high capaci-
tance value of our body [53], it is possible to detect bricks that are
placed in very high stacks. Due to the sensor’s readings, primarily
influenced by the capacitance of our body, the mechanism requires
placing one brick at a time. Consequently, the placement of two or
more bricks will be detected as a single action of adding one brick.
Height detection is based on a software analysis of the detected
number of bricks in one position and incrementing the variable
assigned to a specific plate. During testing, we reached a height of
30 bricks. Higher values were difficult to achieve due to the stability
of a single tower caused by the 3D technology used, not due to the
capacity measurement technology used.

During the development of the prototype, tests were also carried
out on the possibility of detecting the parasitic capacitance of the
bricks themselves without the touch—hand factor, but the value
was insufficient to clearly determine the operation of adding the
brick. Our bricks are too small for this technique compared to
other research works [5, 26] where this has been used. We also
experimented with larger dimensions for the parts (200% of bricks
inspired by DUPLO™ series), which ended with a positive result.
Another solution would be to use a dedicated capacitance sensor
sensitive to small changes. Unfortunately, both ideas did not meet

https://www.adafruit.com/product/1982
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the assumptions of compatibility with the LEGO® System and ease
of assembly for people not specialized in electronics.

As an integral part of the prototype, an Adafruit TCS34725 color
sensor'® has been implemented to enhance functionality. Placed
within a specially designed slot, calibrated to fit the size of the single
brick, the sensor scans the color of the inserted brick. Employing 12C
communication, it then transmits RGB pigment information to the
Arduino. Subsequently, the Arduino decodes this data, translating
it into the corresponding brick colors.

A.4 Dimensions and shape of bricks and dots

In parallel with the tests of various prototypes, we conducted size
and shape tests for the best fit with both 3D-printed bricks and
the LEGO® System. The printouts that were adapted in terms of
dimensions and design consist of the bricks, the conductive plate
of the base, and a color frame that is both a holder of conductive
2x2 plates and a mounting element with the rest of the case.

As a starting point, we used the base dimensions of LEGO® 2x2
brick—15.8 x 15.8 mm in width and length, a height of 9.6 mm of
the base, and a dot diameter of 4.8 mm with 1.7mm of height. Due
to the use of the FFF printing method, there is a difference in size
between the designed model in CAD and the actual printout. In
order to adjust the dimensions, it is possible to use tables of rules
with recommended values useful to be considered in the design [51].
However, they are a general presentation not based on a specific
printer model, material, or g-code settings. The list of parameters
affecting the change of dimensions is the precision of the printer’s
stepper motors, belt tension, nozzle size, temperature and flow
material, and layer thickness, as well as the model itself. Due to all
these differences, we decided to always print on the same printer—
the two-extruder Raise3D E2'°. During six sessions of iterating
dimensions, we determined that reducing the brick dimensions to
98% would be the most optimal, with the exception of the height of
the dot, which is 22% higher, in order to increase the contact area
of the conductive printouts, while maintaining the ease of their
separation. However, in the case of conductive base plates and base
frames, which are made of one material and did not require printing
with supports, the most optimal dimension was 99%.

While designing the shape of the brick, we started with a model
that would provide the largest contact surface, fully adhering to
both the dots and the base of the brick (see a) in Figure 16). However,
this solution required full, perfect fit and uniformity between prints,
which made the process of achieving easy replication difficult. In
addition, after obtaining a perfect fit, the lack of free space caused
difficulty separating and fast abrasion of the surface, resulting in
failure to connect. The following attempts were based on a classic
shape with a central, round tab ensuring good connection while
allowing the bricks to fit together (see b), ¢) and d) in Figure 16).
With this method, the connection of the bricks met all the criteria.
However, it was necessary to cover the inner surface of the brick
with conductive PLA in addition to the ring in order to ensure a
good electrical connection (see c) of Figure 16). Because of this
aspect, it was necessary to specify the thickness of both colored
and conductive walls. Using the most popular 0.4 mm nozzle, we

Bhttps://www.adafruit.com/product/1334
Yhttps://www.raise3d.com/products/e2/
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Figure 15: Functional diagram of the final version of the prototype based on a capacitive sensor triggered by the body capacity

value transmitted by the brick.

Figure 16: The evolution of our smart bricks compatible with
the capacitive detection system implemented inside the base.

had three wall lines—2 colored PLA and one conductive. In addition,
we used a small gap between them of 0.05 mm to prevent excessive
mixing of materials, thus increasing the resistance of the pads and
darkening the color of the shell. The last iteration was based on
tests using the prototype and was related to different habits of
catching bricks also without contact with the upper surface. In
order to ensure electrical continuity between the base and the
finger, regardless of the place of touch, a 1mm strip of conductive
paint, and in the final iteration of conductive PLA, has been added
around the brick to detect contact with any surface of the model
(see d) on Figure 16).

B SUMMARY OF PROTOBRICK
CONSTRUCTIONS AT WORKSHOPS

Group 1

Physicalization The first group divided the 30 data points of daily
energy consumption into five parts, each represented by a tower
placed on one of five plates. Each tower was constructed from
bricks, representing the average energy usage over six days. The
values were assigned colors ranging across the spectrum from blue
to red. Each bar consists of the sum of the values assigned to the
colors of the blocks, representing the average kWh used (see left
on Figure 17).

Rapid prototyping In the second task, the group assigned two
plates on a matrix for sound control and two lamps. On the first
plate, placing a yellow brick activated the output, while a red brick
deactivated it. The second plate featured a tower whose height
controlled the brightness of the light or the volume of the sound.
This was demonstrated using two LEDs and a buzzer. The final
functionality involved controlling the degree of window opening,
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Figure 17: Construction of the first group for physicalization
and rapid prototyping during workshops

Figure 18: Construction of the second group for physicaliza-
tion and rapid prototyping during workshops

represented by the height of a tower made from blue bricks on a ma-
trix plate, which corresponded to the position of a servo mechanism
(see right on Figure 17).

Group 2

Physicalization The second group concentrated on visualizing
the peak hour of highest power usage in kilowatts (kW) during
the day. They utilized twelve of the sixteen plates on the matrix,
assigning each plate a 2-hour slot from divided the 24-hour day.
Each day was represented by a brick, which varied in color from
gray to red, corresponding to the range of peak values. The height
of one tower represented the amount of power used during a two-
hour slot, while the color of the brick indicated the peak value (see
left on Figure 18).

Rapid prototyping In the rapid prototyping task, they assigned
one plate on the matrix to each functionality and applied a uniform
scale for all components where blue indicated "off" Each subse-
quent color in the four-color spectrum from green to red indicated
increasing intensity of light, degree of window opening, or sound
frequency (see right on Figure 18).

Group 3
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Figure 19: Construction of the third group for physicalization
and rapid prototyping during workshops

Physicalization The last group decided to represent data from
four parts - the average energy consumption in kWh per week,
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represented by individual towers arranged in a single line. Unit
values were assigned to each of the five brick colors. Each column
consists of the sum of values assigned to the colors of the bricks,
representing the average kWh consumed (see left on Figure 19).

Rapid prototyping In the next task, instead of adding blocks like
previous groups, the team utilized touch detection. Each of the
four functionalities was assigned to one plate on the array and
paired with a corresponding color. Two light points were assigned
one yellow brick each, opening a window got a gray brick, and
activating sound a blue brick. These bricks serve as switches that
toggle the state to the opposite, turning on or off an electronically
connected Arduino component—LED, buzzer, or servo (see right
on Figure 19).
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