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Figure 1: Embodied Axes is built with off the shelf electronics components which comprise of actuated linear potentiometers
and rotary buttons. A serial communication sends the sensors’ values to the computer, and read commands from the computer to
move the sliders to given positions. An AR headset displays in place an immersive 3D visualisation inside the 3D space of the
Embodied Axes. These views are captured from the point of view of a Meta 2 headset.

ABSTRACT
We present Embodied Axes, a controller which supports se-
lection operations for 3D imagery and data visualisations in
Augmented Reality. The device is an embodied representa-
tion of a 3D data space – each of its three orthogonal arms
corresponds to a data axis or domain specific frame of refer-
ence. Each axis is composed of a pair of tangible, actuated
range sliders for precise data selection, and rotary encoding
knobs for additional parameter tuning or menu navigation. The
motor actuated sliders support alignment to positions of signif-
icant values within the data, or coordination with other input:
e.g., mid-air gestures in the data space, touch gestures on the
surface below the data, or another Embodied Axes device sup-
porting multi-user scenarios. We conducted expert enquiries
in medical imaging which provided formative feedback on
domain tasks and refinements to the design. Additionally, a
controlled user study was performed and found that the Em-
bodied Axes was overall more accurate than conventional
tracked controllers for selection tasks.
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INTRODUCTION
The inherent flatness of screens and printed media has led
to widespread application of 2D visualisation techniques for
viewing slices or cross-sectional areas of 3D volumes in med-
ical imaging, geology and engineering, to name just a few
domains. When data has no inherent spatialisation (e.g., quan-
titative and qualitative data sets involving many dimensions)
it is sometimes helpful to visualise these data in 3D—such
as in the case of 3D scatterplots to explore correlations and
clusters across three dimensions or space-time cubes for spatio-
temporal data [1]—and explore these volumes using projec-
tions and cross sections (e.g., a time slice across multidimen-
sional time-series data). However, immersive Augmented and
Virtual Reality (AR/VR) offers the capability to provide true
stereo rendering and stable positioning of such a data represen-
tation so that the user can physically peer around occlusions
in the data and perform interactions (such as selection) by
directly manipulating the data.

https://dl.acm.org/ccs/ccs_flat.cfm


Selection is a fundamental task in visualisation [18] and helps
users to: obtain details of a particular region or data point;
zoom into a region; or extract a range of data (similar to a
range query or �ltering operation). While selection has been
extensively studied on 2D interfaces, selections in immer-
sive environments remain challenging. Standard interactions
available with common types of headsets require mid-air ges-
tures with hands or tracked controller devices in a way that is
problematic for standard visualisation tasks. This is because
mid-air gestures offer little support for precise selection in
visualisation and may be fatiguing and imprecise [19]. This
poses two speci�c challenges our work is aiming to address:
(C1) to enable precise interactions for selection in 3D visuali-
sations; and (C2) to coordinate interaction and visual feedback
through direct manipulation such that the user can have a better
understanding of interactions and affordances. Traditionally,
one has to chose between these goals: tangible controllers that
provide precise selection (C1) typically give visual feedback
on a separate screen [17, 40, 44], while direct manipulation
(C2) was done with direct, but imprecise, mid-air devices [3,
33].

In this paper, we presentEmbodied Axes, a visualisation en-
vironment for making precise (C1) and direct (C2) selections
in 3D visualisations. Embodied Axes consists of three orthog-
onal tangible and actuated sliders with an augmented reality
head-mounted display that aligns a 3-dimensional visualisa-
tions “inside” the space spanned by the three sliders (Figure
1). The device is an embodied [12] representation of a 3D
data space—each of its three orthogonal arms corresponds to
a data axis or domain speci�c frame of reference. Each axis is
composed of tangible, actuated range sliders for precise data
selection, and rotary encoding knobs for additional parameter
tuning or menu navigation. The resulting device is relatively
simple, low-cost, and could conceivably be deployed on the
desk of a medical practitioner, engineer or other professional
who depends on data visualisation or imagery. To the best of
our knowledge, no work on tangible AR has directly addressed
both challenges at the same time.

We conducted a qualitative study with three medical domain
experts to �ne-tune our design and inform valid tasks for a
controlled user study. We then conducted a controlled user
study with 12 participants evaluating speed and precision of
3D selection tasks using the device versus the use of standard
tracked controllers. Our results indicate that the Embodied
Axes is more accurate and faster for single value selections,
and more precise for 3D selection compared to tracked 3D VR
controllers.

RELATED WORK
Three-dimensional representations that accurately depict spa-
tial data have obvious application in medical imaging, engi-
neering, and �ow visualizations. However, they have also been
explored for quantitative data using 3D-scatterplots [31, 13],
3D multi-dimensional scaling [31], and space-time cubes [1].
Space-time cubes—which maps the third spatial axis to time—
are popular for geotemporal visualization [6, 27, 26], as well as
for dynamic networks [2], videos [14], and multi-dimensional
data [42]. In all these cases, understanding is tightly cou-

pled to correct interpretation of spatial relationships including
distances between points or features, shapes of clusters, and
orientations. This includes generic operations [1] such as
value selection, de�ning ranges along each dimension, se-
lecting speci�c elements in each combination of dimensions,
de�ning cutting planes, selecting points and shapes in space,
or magnifying the space through lenses [10].

In this work, we consider a tight integration of visualisation
space and interaction space to improve exploration and naviga-
tion through selections, following the spatio-data coordination
principles outlined by Cordeilet al. [8]. Their design space
included several very early prototype devices coupling inter-
action space to data, including a device with axis sliders. This
device was only mentioned in passing and no design detail
or evaluation was provided. Our research provides the full
realisation and design for an evolution of such a device, with
enriched feedback using actuation, as well as a thorough evalu-
ation and comparison to conventional techniques for selection
tasks.

This section overviews interaction techniques for data visu-
alisation in immersive environments, tangible interfaces and
actuated interaction for a richer and multimodal representation
of data.

Interaction with 3-dimensional data
In all of the imaging and visualisation applications considered
above, interaction is essential, to allow users to select regions
of interest and zoom-in or otherwise navigate and explore the
data. Most interaction techniques and devices have been de-
signed for 2D screen displays. For example, medical imaging
with (software) slider controls to adjust cutting planes. Here,
users mainly interact single handed using an indirect inter-
action device like a mouse or trackball. However, emerging
mixed-reality display devices have proven superior for per-
ception in several tasks, especially when exploring complex
shapes [3]. Moreover, emerging mixed-reality displays allow
for direct manipulation with the virtual content in space, e.g.,
selecting points and placing cutting planes [3]. Most com-
monly, these operations are performed through free mid-air
interaction where users perform interactions without any phys-
ical support, while controllers—e.g., as in the case of the HTC
Vive, touch surface [37], paper [38], or even rubber ball [21]—
are often used for precision and visual feedback. Still, mid-air
interaction suffers from fatigue due to arm movements and
reduced precision due to unintended body movements, tremor,
and fatigue. Consequently, a range of tangible interfaces and
controllers that are �xed in space [24] have been designed to
alleviate these drawbacks.

Tangible User Interfaces
Tangible user interfaces (TUIs) use physical artifacts for in-
teraction [15], many of which have been designed to support
navigation and selection in 3D visualization [23, 8]. Bene�ts
of TUIs have been found in particular when performing tasks
eyes-free [24, 29]. They bene�t memorisation, propriopercep-
tion, and have been found enjoyable [39].

Some TUIs conceptually extend the mouse in that they allow
for basic navigational input, e.g. camera rotation or menu se-



lection [44, 34, 41, 36, 11]. Other approaches provide tangible
sliders or rotators to allow for value selection on axes [40].
Again, other approaches build tangible representations of the
3D space. For example, the TouchCube [44] is a cube input
device with touch-sensitive faces and edges. Rotations are
performed with drag interactions on opposite faces. Similar,
Rubikon [35] implements interactions on a rotatable Rubix
cube, including discrete rotation in 3D environments. Other
cube-shaped devices have been used for navigation menus and
setting state variables [34]. CubicMouse [17] allows for se-
lection inside a 3D volume through movable rods and buttons
mounted to the device. Sousa et al. [37] designed touch-based
interactions for VR exploration and selection of 3D slices of
CT volume scan data. Lopes et al. [30] developed a VR sys-
tem for exploring CT colonography data in 3D using mid-air
interactions to navigate and view the detailed CT slices.

While accounting for stable and precise interaction, these
devices do not include anydirect visualization overlaid over
the device, leaving a discrepancy between the interaction and
visualization space [3, 8]. CAPTIVE [7] is an example of such
a device, being an AR system that consists of a cube wireframe
and a pointing device. While the wireframe is used to track
rotation and absolute position of the visualization, the pointing
device is used to point to positions inside the wireframe.

Our technique is a novel tangible UI in that it embodies only
the spatial dimensions (axes), each bearing a set of actuated
sliders for simple and range selection. These physical axes
span a 3-dimensional space in which any data visualization
can be projected using mixed reality. Moreover, this leaves
space for additional interaction modalities with controllers,
physical cutting planes, and simple mid-air interaction.

Actuated Interaction
Actuated interaction refers to feedback given through a tan-
gible controller. For example, inFORCE [32] is a pin-based
shape display that acts both as input and haptic display. The
authors describe a series of use cases that include visualisation
of geoscience data (earth layers), and a medical application
rendering the pulse of a patient for medical training. However,
such an interface which renders only a surface cannot cope
with complex data visualisations such as scatterplots (bars can-
not depict points above one another) or dense visualisations
such as medical images or certain space-time cubes.

In virtual reality, recent research has used actuation to provide
haptic feedback on 6DOF tracked controllers for data visuali-
sation. Vibration feedback was given on the density of clusters
while the controller is moved through a virtual scatterplot and
found to improve 3D scatterplot density estimation [33]. The
actuated sliders in our Embodied Axes device also afford the
capability to provide haptic feedback about data, as described
in our Design section.

Data Physicalisation
In recent years, advances in computer aided manufacturing
(such as low-cost 3D printing) has led many data visualisation
researchers, engineers, and artists to consider the possibilities
of creating physical manifestations of data, known as data

Figure 2: (a) 1D slice selection, (b) 2D range selection, and (c)
3D (bounding box) selection. Screenshots taken from Meta 2
headset.

physicalisation [25]. Data physicalisation could be consid-
ered something of an ideal for data representation in terms
of its ability to engage people through senses beyond vision
[43]. However, this ideal is limited by current technology to
either static representation or large, expensive and cumber-
some implementations of dynamic physicalisations [16]. Our
work attempts a practical compromise, physicalising the di-
mensions of the data rather than the data itself, in a way that
supports concrete interactive tasks through tangible feedback,
with a fully dynamic AR data display. The resultant device
is relatively simple, low-cost and could conceivably be de-
ployed on the desk of a medical practitioner, engineer or other
professional who depends on data visualisation or imagery.

EMBODIED AXES: DESIGN
Embodied Axes physically embodies a three-dimensional data
visualisation space (Figure 2). The device is designed to al-
low users to make selections in this 3D data space (whether
the data be multivariate quantitative and qualitative, medical,
engineering or scienti�c visualisations, space-time cubes, etc.)
with high precision. The device consists of three orthogonal
solid axes, each representing one of the dimensions of the 3-
dimensional Euclidean space, usually referred to asx, y, andz.
All axes are the same length, to encompass a data volume of
approximately 10cmon a side. Each axis features two parallel
actuated sliders and a rotating knob (which also serves as a
push button) mounted at the far end of each axis (Figure 3).
The two parallel sliders per axis allow settings formin and
maxvalues for each axes.

Hardware Design
Figure 1 highlights the physical components of Embodied
Axes. The device is made up of three orthogonal axes, each
of which have two motorised linear potentiometers and one
rotary encoder. The potentiometers have an operating range
of 100mm with a variable resistance (0-10k ohms) reading to
indicate the physical position of the slider knob. The resistance
value is measured using a voltage divider circuit connected to
an ADC port on an Arduino Mega providing a range between
0 and 1023 to indicate the current physical position of the
slider knob.

The linear potentiometers are also equipped with a small DC
motor to provide control of the sliders' knob position. Each
DC motor is connected to a common H-bridge integrated
circuit that is also connected to the Arduino Mega. This al-
lows the direction and speed of the DC motor to be computer
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