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Abstract. This paper reports a work-in-progress that explores the use
of 3D-printing for marker-based Tangible User Interfaces for use with
smartphone-based eXtended Reality experiences. We have explored sev-
eral ways to 3D-print matrix markers that are re-configurable so that
the underlying values can change with user interaction. We have also
applied 3D-printed markers to the development of a modular playset for
exploring the Guia Fortress cultural heritage site in Macau SAR, China.
We report some of the explorations of 3D-printed markers and describe
the Virtual Guia Fortress playset.

Keywords: 3D-printing · Tangible User Interface · Virtual Reality ·
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1 Introduction

Tangible User Interfaces (TUIs) are known for enhancing the user experience
with an interactive system by providing a more natural way to manipulate in-
formation [4]. Various technologies can be used to create tangible objects, from
electronically instrumented, active, objects, to passive ones. The use of pas-
sive objects is generally cheaper and easier to built. One way to achieve this
is through visual marker-based detection. When combined with smartphones,
this allows the development of TUIs for smartphone-based, accessible, eXtended
Reality (XR) experiences.

While smartphone-based TUI XR experiences are not new (e.g. [2]), this work
explores the use of 3D-printed, dynamic (i.e., that change shape), markers for the
development of modular toys. Our aim is to achieve an accessible tangible system
with low-cost materials and appropriate for smartphone-based XR. We also aim
at developing a system that appeals to the maker community by providing 3D-
printed TUI solutions that can then be used in a variety of ways. In this paper,
we present the design explorations of several 3D-printed marker structures and
the application of one 3D-printing solution to the creation of the Virtual Guia
Fortress playset – a modular playset for exploring an iconic cultural heritage
location in Macau SAR, China.
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2 Related Work

Visual markers have been used in many different ways to create tangible inter-
faces with very different interaction capabilities.

Zheng et al. [6] use the particularity of paper to change its shape and create
markers that appear when the paper is folded or handled in specific ways. They
explore multiple techniques: printing markers on paper edges, completing mark-
ers through collapsing paper folds, deconstructing markers through stretchable
paper structures, tearing printed paper markers, making makers visible through
wetting paper, and applying light behind the paper. Drogemuller et al. [3] also
explore printed paper markers, but in this case applying them in everyday ob-
jects. They print paper strips with multiple markers that can be fitted into
different kinds of daily objects to allow interaction by hand gestures. Lee et
al. [5] apply markers in the faces of cubes and explore two-handed interaction.
They explore two metaphors for object assembly based on the manipulation of
two cubes: screw-driving, and block-assembly.

While the previous examples were mostly applied to Augmented Reality (AR)
settings, markers have also been used in immersive Virtual Reality (VR) setting.
Cardoso & Ribeiro [2] explored the possibility of using visual markers in card-
board objects for interaction inside an immersive virtual environment. They
explored several prototypes for interacting with cultural heritage, including a
Tangible VR Book where the pages were detected through printed markers.

3 Design Explorations

Similarly to Zheng et al. [6], we started by exploring several possibilities for
3D-printed markers. This design exploration phase was purposefully divergent
in order to understand the possibilities offered by diverse alternatives. We report
here only a subset of the prototypes that have been explored so far.

We use the well-known 2D barcode markers from ARToolkit [1], which are
square markers with a black border. We use particularly the 3x3 markers. When
counting the border, these can be thought as a 5x5 matrix where the cells are
either black or white squares.

3.1 Puzzles

We started by decomposing the marker matrix into individual elements, but this
decomposition would result in very small pieces and would also be uninteresting
as a puzzle. We thus explored rectangular elements (2 square units) and corner
elements (3 square units). The elements are only for the black cells, the white
parts of the marker are assumed to be the background. Figure 1a show the pieces
and some of the markers that can be created. Of the 64 possible markers, using
the rectangular and corner elements allows us to create 62 markers.

We took this approach further and created pieces composed of 4, 5 and 6
square units. This reduces further the number of possible combinations that
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result in valid markers, but the pieces are bigger and easier to manipulate. By
combining these elements with a white box that also includes the white frame
for the markers, a set of pieces can be used as a puzzle game (Figure 1b).

We also experimented with a sliding puzzle, combining white and black
square pieces, although this further limits the number of valid combinations
(Figure 1c). A flipping puzzle was also developed, which allows achieving all
possible valid combinations of the matrix markers (Figure 1d).

3.2 LED-based markers

We also explored the possibility of creating markers with Light-Emitting Diodes
(LEDs) as this would open the possibility of dynamically and automatically
changing the value represented by the object.

One of the LED-based markers consisted of a 3D-printed case where seven
LED toggle buttons where fitted. This enables users to toggle a matrix cell on
or off thus changing the value represented by the marker (Figure 1e).

A more interesting approach is based on magnetically activated LEDs, which
consist of an independently powered LED with a magnetic switch (Figure 1f).
Hovering a magnet over each cell of the matrix marker turns the LED on or
off. Although we haven’t further pursued this approach, it should be possible to
create 3D-printed objects fitted with magnets that would turn on/off all LEDs
simultaneously when in contact with the LED-based marker, thus changing its
value.

3.3 Moving mechanisms

We also explored moving marker mechanisms to change the underlying value.
We developed 3D-printed markers composed of two components: the first is a
recessed marker that is in itself identifiable as the marker number zero. The
second component is a 3D-printed white plate with a single protruding black
cell (Figure 1g). The allows creating a marker that can change its value by
moving (translating) the underlying plate within the available white space of
marker zero (we chose marker number zero because it is the one that has the
highest inner white area). This allows six possible values to be created.

It is also possible to create simple rotation mechanisms. Figure 1h show an
example of a marker composed of a circular plate with two black cells. By placing
the second component on top (marker number zero), we can rotate the plate to
change the associated marker value. This arrangement allows changing between
four different values.

4 Virtual Guia Fortress Playset

After the diverging design explorations summarised in the previous section, we
started converging design ideas to apply some of the 3D-printed marker solutions
into mixed-reality modular toys.
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(a) Puzzle with two different pieces: 1x2
and corner pieces.

(b) Puzzle with four different pieces: 4, 5,
and 6 square units.

(c) Sliding puzzle. (d) Flip puzzle.

(e) LED-based markers with LED buttons. (f) LED-based markers with magnetically
activated LED.

(g) Single cell moves inside marker. (h) Rotating mechanism with two black
cells.

Fig. 1: 3D-printed marker explorations.
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We are currently exploring the use of 3D-printed markers on a playset (Fig-
ure 2) for the exploration of the Guia Fortress – an iconic location in Macau
SAR, China.

(a) 3D-printed layers.

(b) AR view of the map layers (day and nigh views).

(c) VR view of cannon firing.

Fig. 2: Virtual Guia Fortress 3D-printed playset.

The Guia Fortress was built in the 17th century for military use, located at
the highest point on the horizon of Macau. It is regarded as one of the most
important landmarks in Macau. The lighthouse being now a tourist attraction,



6 Chau et al.

has also played an essential role in the maritime history of Macau. As the first
lighthouse in the Far East, the Guia Lighthouse has contributed to the maritime
history of Macau since the 17th century.

The playset is a tangible object that allows users to learn about the Guia
Fortress and with the lighthouse in AR/VR. The Virtual Guia Fortress Playset
is designed as seven interactive, stackable, layers. It includes three maps from the
18th, 19th, and 21 centuries. On top of these, there is also the Guia Fortress’s
ground layer, church, and lighthouse. There is also a tangible boat that is used
in combination with the layers. When all the layers are combined, the church
and the lighthouse stay on top. The map’s outer frame was designed to look like
a brick wall and blend into the foundation outlook of the building.

Interaction with the playset occurs through the manipulation of a boat tan-
gible marker (Figure 2a, bottom left) that can be placed over the protruding
black cells in the lower right corner of each map. On each layer, placing the boat
will display an animation of a boat (with different visual appearance in accor-
dance to the century represented by the layer). In addition, the combination of
the boat and protruding cells functions as a moving mechanism so that moving
the boat up/down or left/right (depending on the layer) will alternate between
a day/night representation (Figure 2b). On the Guia Fortress ground plate, the
boat can be placed on one of four locations in a row on the bottom part. Each
location will trigger a different visual rendering of the lighthouse scenario: day
view, night view, lighthouse lights on, and cannon firing (Figure 2c).

We are currently evaluating the usability and user experience of this playset.

5 Conclusion

Exploring 3D-printed visual markers for object detection in smartphone-based
XR experiences can foster the development of accessible tangible systems that
anyone can 3D-print, adapt and reuse.

We have started exploring this avenue by 3D-printing several different ways to
create modular objects with dynamic markers that can then be used interactively
to affect the XR environment. We explored puzzles, active LED-based markers,
movable parts, etc. To demonstrate the applicability of the approach, we have
also created a 3D-printed playset for the virtual exploration of the Guia Fortress
heritage site in Macau SAR, China.

The preliminary results show that users consider the playset “creative” and
“entertaining” which gives us confidence on the usefulness of this approach.
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