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Abstract. This work presents an approach for text entry in virtual reality (VR)
environments, using handwritten letters drawn in the air as a form of natural
interaction. The system was developed for the Meta Quest 2 device and is
composed of different integrated modules: real-time capture of gestures per-
formed by the user, character recognition using a convolutional neural network
(CNN) trained with the EMNIST dataset, and the construction of words through
a Trie structure, which enables efficient term search based on recognized let-
ters. Furthermore, the final selection of words is performed based on their
usage frequency, which allows prioritizing more probable terms within a com-
mon linguistic context. The method allows for complete word input in VR, with
consistent performance in the identification of individual letters and automatic
suggestion generation, demonstrating that it can provide a fluid, intuitive expe-
rience compatible with the immersive interaction proposal in three-dimensional
environments.

1. Introduction

The growing use of wearable devices and virtual reality (VR) has driven new forms of
interaction between humans and computational systems [Katona 2021]. Ubiquitous com-
puting, as proposed by [Weiser 1991], promotes natural, continuous, and context-aware
interactions. In immersive environments, there is a demand for input methods that do not
interrupt the user experience.

Inspired by enactive systems [Kaipainen et al. 2011] and grounded in the theory
of enactive cognition [Varela et al. 1992], this work proposes a gesture-based text entry
method in which users draw cursive letters in the air using the Meta Quest 2 device.
These gestures are captured and recognized by a convolutional neural network (CNN)
trained on the EMNIST dataset [Cohen et al. 2017], enabling accurate letter recognition
in three-dimensional environments.

This approach aims to make text entry in virtual reality more natural and fluid
by removing the need for traditional graphical interfaces such as virtual keyboards. By



prioritizing freehand gestural movement and intelligent interpretation of inputs, the sys-
tem seeks to reduce cognitive load and foster a more immersive, intuitive, and ergonomic
experience for users.

Furthermore, the combination of pattern recognition techniques, optimized data
structures (such as the Trie), and linguistic frequency analysis allows for real-time word
suggestions, accelerating text composition. This may make the system suitable for appli-
cations such as VR communication, note-taking in immersive environments, or contextual
commands in interactive systems. Figure 1 illustrates this process, showing how words
are built letter by letter with real-time suggestions from the recognized prefix.
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Figure 1. lllustration of the word construction process for “THING” with sugges-
tions based on recognized prefixes, letter by letter.

2. Related Work

Several methods have been developed to facilitate text entry on devices with unconven-
tional interfaces, such as small screens and three-dimensional environments, aiming to
overcome the limitations of traditional keyboards, especially in immersive systems.

Gesture-based techniques for VR and wearable devices have emerged as natu-
ral alternatives for interaction. For example, continuous gesture recognition on smart-
watches integrated with Google Cardboard was proposed in [Nascimento et al. 2017a],
while the performance of gesture-based mid-air text entry with different hand postures
in virtual environments was investigated in [Wang et al. 2021]. Personal authentication
and recognition of aerial Hiragana input using deep neural networks was investigated
in [Mimura et al. 2021], and a CNN-based air-writing recognition framework for multi-
linguistic characters and digits was presented in [Kumar et al. 2022]. Multimodal inter-
faces combining facial touch and gestures have also shown potential to improve usabil-
ity [Gugenheimer et al. 2016].

Ergonomic and precision limitations of physical controllers have been discussed
in [Boletsis and Kongsvik 2019a], which highlight fatigue and inaccuracy associated with
prolonged raycasting. To address these, an ambiguous keyboard inspired by virtual drums
was proposed in [Boletsis and Kongsvik 2019b]. Handwriting-based text entry using
Leap Motion was studied in [Tsuchida et al. 2015], and a smart ring-based system for
mid-air writing was introduced in [Shen et al. 2024].

Handwritten character recognition has employed techniques such as neu-
ral networks [Elmgren 2017, Lu et al. 2019], machine learning for trajectory recog-
nition [Chen et al. 2022], association rules for handwritten character recogni-
tion [Carvalho 2000], and image preprocessing [Blanco Junior 2022]. Naive Bayes clas-
sification based on geometric shapes was used in [Nascimento et al. 2017b] to recog-
nize letters on smartwatches. More recent work explores immersive text editing strate-
gies. Efficient mid-air text correction using gesture-based strategies was proposed



in [Dudley et al. 2024], and probabilistic input with floating QWERTY keyboards was
analyzed in [Dudley et al. 2023]. An adaptation of the flick technique for Japanese char-
acters was implemented in [Monobe and Ohishi 2025].

These approaches reflect a convergence of ergonomics, Al, and gesture-based in-
teraction in the evolution of VR text entry. The present work distinguishes itself by in-
tegrating these techniques into a single pipeline, combining 3D gesture capture, robust
CNN-based recognition, and dynamic word suggestion using a Trie structure weighted
by usage frequency—originally proposed by [Nascimento et al. 2023] for text entry on
smartwatches and here adapted to immersive VR environments—offering a natural and
effective text entry solution.

3. Proposed Method

This work proposes a method for text entry in virtual reality through freehand cursive
gestures captured in real time using the Meta Quest 2. Users draw letters with natural
hand movements, which are rendered as 3D trajectories, converted into 2D images, and
sent to a remote server for recognition via a convolutional neural network (CNN). The
recognized characters form a prefix buffer used to query a Trie data structure containing
English words weighted by usage frequency, enabling predictive word suggestions to the
user within the virtual environment. This integration aims to provide an immersive, fluid,
and efficient text entry experience.

3.1. System Overview and Architecture

The system consists of four modules: (1) gesture capture, where the user draws letters in
VR with the controller and the 3D trajectory is visualized and converted into 2D images
for transmission; (2) image processing and character recognition on the server using a
CNN trained on the EMNIST Letters dataset; (3) word generation through a Trie structure
that efficiently retrieves possible completions based on the current prefix; and (4) user
interaction, which displays word suggestions ranked according to frequencies derived
from linguistic corpora, allowing for selection or continuation of input. Figure 2 shows
the complete system architecture and communication among these modules.
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Figure 2. System architecture showing interaction among the modules of the
proposed method.



3.2. Handwriting Capture and Character Recognition

Users initiate gesture capture by pressing a controller button, recording the 3D position
of the brush tip rendered by a LineRenderer. Upon completion and user confirmation, an
orthographic camera captures the trace as a 2D PNG image, which is encoded and sent
via HTTP to the server. The CNN classifies the image into one of the 26 English alphabet
letters, adding it to the current prefix.

3.3. Word Suggestion and Prediction

As each letter is recognized and appended to the prefix under construction, the system
uses a Trie data structure to efficiently retrieve all words starting with that prefix. The
Trie was preloaded with a large English vocabulary associated with usage frequencies
extracted from reliable linguistic corpora, allowing the determination of the likelihood of
each word.

To prioritize suggestions, each candidate word w has its probability calculated by
normalizing its frequency f(w) relative to the sum of the frequencies of all candidate
words {w; }!_; matching the current prefix, according to the formula:

P(w) = ”i(}u()wi) .

This probabilistic approach ensures that more common and likely words are pre-
sented first, increasing typing efficiency and reducing user effort. The system displays the
top three most probable words in real time within the virtual environment, allowing the
user to quickly select the desired option or continue writing to refine the suggestions.

3.4. User Interaction

The user interface is integrated into the virtual environment, clearly and accessibly dis-
playing the word suggestions generated by the server for selection. The user can navigate
through the options using the VR controller or continue drawing letters to expand the
prefix and refine suggestions.

This continuous interaction allows a natural and fluid input experience, combining
gesture recognition with intelligent support to accelerate text composition. Immediate
suggestion display and selection capability facilitate rapid word and phrase construction
without traditional typing, aligning with the immersive characteristics of VR. Figure 3
shows the process of capturing 3D gestures, converting them to 2D images, and sending
them to the server for recognition.

4. System Evaluation and Preliminary Results

The implemented method allows users to input complete words in VR environments by
drawing cursive letters in the air using the Meta Quest 2 device. The application, de-
veloped on the Unity platform, integrates real-time gesture capture, character recognition
via a CNN trained on the EMNIST dataset, and word suggestion using a Trie structure
weighted by usage frequency.

Preliminary tests involved ten short sentences adapted from the set proposed by
[Vertanen and Kristensson 2011], widely used in text entry studies on mobile devices.
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Figure 3. lllustration of the word insertion process based on letter recognition
and display of suggestions in the VR environment.

Punctuation was removed due to limitations of the current system version. Table 1
presents the sentences employed during the evaluation.

Table 1. Sentences selected for preliminary evaluation.

Are you going to join us for lunch?
Are you in today?

Do you need it today?

How are you?

I am on my way.

I am walking in now.

Is it over?

OK with me.

See you soon!

Yes, I am playing.

During the evaluation, the system demonstrated stable performance: gestures were
captured, letters were correctly classified, and coherent word suggestions were presented.
These results confirm the feasibility of the approach for text entry in immersive environ-
ments. Although formal user testing has not yet been conducted, the system shows sat-
isfactory results in terms of execution time, accuracy, suggestion rate, and questionnaires
such as SUS and UEQ-S.

5. Final Considerations

This work introduced a method for text entry in virtual reality that allows users to draw
letters in the air using the Meta Quest 2. The system combines gesture capture, character
recognition through a convolutional neural network trained on EMNIST, and word for-
mation via a frequency-weighted Trie structure. The proposed solution offers an intuitive
and immersive alternative to traditional keyboards, particularly suited for environments
emphasizing freedom of movement and gestural interaction.

Initial evaluations conducted by the development team confirmed the system’s
technical viability, with accurate character recognition and coherent word suggestions.
However, challenges remain in handling less standardized gestures and improving error
resilience. The next steps will involve usability testing with a broad user base using
SUS and UEQ-S instruments to refine the system for practical applications in everyday,
educational, and professional VR contexts.
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