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ABSTRACT

Finger use plays an important role in the development of cognitive
(e.g., numerical) concepts. Such embodied relationship between
fingers and numbers persists even into adulthood when fingers are
typically no longer used for counting. Better understanding how
this embodied relationship builds up and plays out is a relevant
and ongoing endeavor. To help researchers on this subject, we
propose a novel method to investigate finger-based representations
using virtual reality. The system is based on virtual hands that
match the participant’s real hands through tracking and allows for
manipulating the virtual model to produce incoherencies between
the actual physical finger pattern and the virtual one. We briefly
introduce the system components and discuss the first results of
the usability of the system.
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1 INTRODUCTION

Using fingers is often one of the first strategies used by children
for dealing with numbers. This was observed to influence (the de-
velopment of) number processing in different ways, even in adults
[6]. Such influence appears to be stronger when specific patterns of
fingers are used to represent numbers — so-called canonical finger
patterns (i.e., culturally prevalent finger postures for depicting nu-
merical quantities such as index and middle finger representing 2
in Brazil). For example, numerical magnitudes are recognized faster
when displayed in canonical as opposed to non-canonical patterns
[5], suggesting that embodied representations of numbers influence
number processing.

Two main lines of behavioral research have explored signatures
of the embodiment of fingers in adult number processing. The first
one investigates sensorimotor influences on adult number process-
ing (e.g., [2]), whereas the second one pursues the question of how
visual recognition of specific finger numeral patterns grants access
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to mental representations of numbers (e.g., [3, 5]), and how individ-
ual finger counting habits modulates this effect. While both lines
substantiate that finger patterns activate numerical representations,
there is still a lot to learn about the embodiment itself that is in-
volved in the phenomena. Virtual reality (VR) emerges as a relevant
technology that can be used to manipulate ones’ sense of embodi-
ment in virtual environments and try to provide new insights into
how this influences number processing. The goal of this work is to
create a new model for embodied cognition researchers to use, that
is easy to build and has enough documentation available, providing
an innovative way to address embodied cognition research that was
not possible before. We aim to develop and validate a custom-made
device for finger stimulation and its integrated virtual environment
to be used in this context.

The SVR topic for this work is Perception presence, and cognition
in VR/AR/MR and this is an ongoing Ph.D. thesis.

1.1 Motivation

Virtual Reality is being used by cognitive and neuroscientists to
broaden possibilities for experimentation [4]. In embodied cognition
research regarding finger-based numerical representations, VR can
be used to detach visual and motor inputs received by a participant
while producing a specific finger pattern with their own hand. This
allows researchers to disentangle each of those perceptual systems’
influence on the cognitive experience. This is relevant because
experimentally manipulating experienced levels of embodiment
over one’s own hand is not trivial using other techniques. VR,
on the other hand, can use known manipulations of presence and
immersion[9] to trigger a sense of ownership over a virtual hand
and then manipulate it to generate naturally impossible scenarios.

1.2 Related Work

Although different approaches have been taken to study finger
movements’ influence on number processing, VR has never been
used to achieve the decoupling of physical and visually perceived
finger postures. Studies such as [7] found that the perception of
closing or opening hand movements can lead to a bias towards
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generating smaller or larger numbers, respectively . Interestingly,
this effect was only observed for human-looking hands, but not
for robot-like hands [1]. Nevertheless, no study to date explored
the effect of observing one’s own hands on numerical cognition, as
done in the present study.

Another line of work focuses on the influence of tactile stimu-
lation on number processing. For example, [8] used a braille cell
to stimulate specific finger patterns. However, these studies only
shed light on the motor perceptual features of (embodied) number
processing. The present work seeks to provide means for simul-
taneous visual and tactile stimulations, granting the possibility of
dissociating them.

2 PROPOSED SOLUTION

This work aims to provide a complete solution that allows the use
of VR to approach the respective research questions. To achieve
this, we developed a VR system for the Oculus Quest that uses
the built-in hand tracking embedded in the hardware to show VR
hands to a participant and then manipulate them. The system allows
the decoupling of the participant’s physical finger postures from
what they actually see in the virtual environment without breaking
immersion. We achieved this by swapping one or more of the fingers
moved by the participant with another ones on the VR hand, so
that the virtual hand still appeared to move naturally but displayed
a finger pattern different from the one currently produced by the
participant. This is the central point of the system, as it allows
us to manipulate the congruence of motor and visual inputs in
ways that were neither thoroughly explored nor possible before.
For instance, the participant may lift his index and middle finger
(i.e., using his motor system to create the canonical pattern for 2)
but see his VR hand stretching index finger and pinky, constituting
a non-canonical finger pattern.

Besides, the system can also convey more classical experimental
setups, allowing to evaluate the efficacy of VR as a tool compared to
many behavioral methods that have been tested before. For this end,
the system shows the stimuli in a virtual blackboard (e.g., photos of
produced finger patterns and Arabic numbers for comparison with
physically produced or virtually seen finger patterns), reflecting
standard experiments in numerical cognition research.

Lastly, to complete the experimental setup, we also created a
piece of hardware capable of physically stimulating the partici-
pant’s fingers to elicit numerical patterns without using verbal or
visual stimulation, which might otherwise interfere with exper-
imental results. The equipment uses an Arduino board and five
vibration motors attached to the participant’s fingertips, allowing
us to stimulate fingers individually according to the pattern the
participant is meant to experience and reproduce .

The system reads from a list of stimuli and presents each trial
following those pre-specified experimental conditions. During each
trial, the system records the onset time of the presented motor and
visual stimuli and the participant’s response times for later analysis.

3 PRELIMINARY RESULTS

The system has been tested for its usability and viability. The finger-
stimulating hardware went through different stress tests that vali-
dated that it can deliver stimulation without delays and for a long
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time without interruptions or failures. The motors were also tested
for reliability and were observed to stimulate the respective fingers
adequately. The VR system was tested with different hand patterns
(both canonical and non-canonical) and all possible conversions. It
could create adequate responses for all the cases, except for patterns
exclusively involving pinky and thumb.

4 CONCLUSIONS

In this article, we presented a novel method for investigating finger-
based representations using virtual reality. In particular, the pre-
sented system allows for the independent manipulation of tactile
and visual stimulation, allowing experimentally induced incoheren-
cies between these two perceptual channels. Beyond investigating
embodied influences on cognitive (number) processing, this method
may also allow the evaluation of influences of embodiment experi-
ences on how participants interact with VR and how they perceive
their body parts and concepts related to them.
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