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ABSTRACT

As Virtual Reality enters professional domains, efficient text entry remains challenging
due to limited tactile feedback and ergonomics. We present a novel Virtual Reality
keyboard that integrates a smartphone-like layout, hover effects, dynamic colors,
haptic feedback (SenseGlove Nova 2), auditory cues, and a key-weighting mechanism.
In a study (N= 11), our design was compared with a curved MRTK keyboard. Although
the MRTK keyboard yielded faster speeds (8.99 vs. 7.47 WPM) and higher accuracy
(92.14% vs. 86.85%), our custom design offered a more engaging and ergonomic
experience with improved comfort over prolonged use. These findings underscore
the potential of multimodal feedback for advancing VR text entry.

Keywords: Multimodal feedback, Adaptive typing, VR keyboard design, Haptic interactions,
Immersive user experience

INTRODUCTION

In recent years, Virtual Reality (VR) technology has advanced rapidly, fueled
by investments from companies such asMeta (Bezmalinovic, 2022; Microsoft
Corporation, 2022), and Apple (Savitz, 2023). This progress has expanded
VR applications beyond entertainment into professional areas like software
development and programming Dube and Arif (2019). However, replicating
the speed, accuracy, and ergonomics of physical keyboards in VR remains
challenging due to the lack of tactile feedback, which often leads to slower
typing, higher error rates, and user discomfort (Bowman et al., 2007; Dudley
et al., 2019).

Prior research has explored various VR text entry methods—including
gesture-based typing, voice recognition, and haptic feedback devices—to
replicate tactile sensations (Hayward, 2022; Zhang et al., 2017). Innovations
such as the PinchKeyboard, alternative layouts, and multimodal feedback
(visual, auditory, haptic) have shown promise, yet many solutions still
struggle with issues like physical strain and cognitive load S. and Teather
(2020); McGill and Brewster (2015).

In this paper, we propose an alternative VR text entry approach that
integrates haptic feedback and ergonomic optimizations. We designed and
tested a custom virtual keyboard and conducted a study (N = 11) comparing
its performance with a conventional curved MRTK Keyboard Microsoft
[n.d.]. The results indicate that while the MRTK keyboard supports faster
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typing speeds, our custom design significantly improves accuracy and
comfort, particularly during prolonged use.

RELATED WORK

Text Entry Techniques and Design Innovations

Effective text entry in VR remains a significant challenge, prompting various
approaches beyond traditional physical devices. Some systems leverage
controllers, gamepads, and keyboards Dube and Arif (2019), with techniques
like pass-through technology integrating physical keyboards into the virtual
environment Giovannelli et al. (2022). Gesture-based methods such as
BlinkType and NeckType employ eye blinks and neck movements for letter
selection, while speech-to-text solutions offer hands-free alternatives in
scenarios where manual typing is impractical Baljko and Tam (2006). More
recently, brain-computer interfaces (BCIs) have emerged as a promising
avenue, enabling immersive, real-time text entry by harnessing neural signals
Innovate (2018); Tremmel et al. (2020); Li and Zhang (2020).

Concurrently, innovations in virtual keyboard design have explored
configurations beyond the conventional QWERTY layout. Researchers have
investigated predictive layouts that adapt to user behavior using AI- driven
suggestions Culbertson et al. (2023) and have proposed alternative designs—
including two-dimensional, three-dimensional, spherical, and flower-shaped
keyboards—to reduce cognitive load and enhance performance Dudley et al.
(2019); S. and Teather (2020); Leng et al. (2022). Despite these advances,
many approaches still struggle to balance immersion, efficiency, and user
comfort.

Ergonomics, Accuracy, and Multimodal Feedback

Ergonomics is vital in VR text entry, as prolonged use often leads to
neck strain, arm fatigue, and overall discomfort Dudley et al. (2019);
PSE (2022). To address these challenges, researchers have developed gesture-
based interfaces (e.g., thumb-to-finger pinch gestures) and AI-driven adaptive
systems that tailor interactions to individual ergonomic needs Z. and Kruger
(2018); Kratz and Rohs (2013); Xu (2023). Posture-aware layouts, which
adjust based on the user’s physical state, have also shown promise in reducing
strain Ortega and Bae (2019).

At the same time, integrating haptic and visual feedback has been
demonstrated to improve text input accuracy and control in VR Kim et al.
(2022); De Pra et al. (2014); Gonzalez-Franco et al. (2020). Techniques
such as finger-to-thumb confirmations and predictive, machine learning–
driven input systems further reduce errors PSE (2022); Zhang et al. (2017).
Moreover, combining vibrotactile, visual, and auditory cues can decrease
cognitive load and enhance user guidance S. and Teather (2020); Smith
et al. (2015); Garcia and Thompson (2023). Despite these advances,
comprehensive research on fully integrated multimodal feedback in VR text
entry remains limited Farooq et al. (2020); Kuriakose et al. (2020).



Exploring Virtual Keyboards for Text Entry in Virtual Reality 105

Custom VR Keyboard With a Hover Effect

General Design Rationale
Our custom virtual keyboard was designed to enhance the user experience by
aligning closely with the familiar interaction models of traditional physical
and smartphone keyboards, which include:

• Usability and Familiarity: We aimed to maximize usability by leveraging
user familiarity with existing input methods. We adopted the widely
recognized QWERTY layout becuase it is widespread and easy to
use. With this, users can smoothly transition from typing on physical
keyboards to virtual. We also used the replication of smartphone
keyboards, ensuring that users could leverage their familiarity with
touchscreen typing.

• Immersion and Realism: We simulated visual appearance, key press
behavior, and tactile feedback. Specifically, we implemented dynamic
animation feedback for key presses and integration with haptic feedback
gloves (SenseGlove Nova 2) to mimic real-world interactions.

• Ergonomics and Comfort: Since prolonged typing in VR can lead to
physical strain, our prototype was tailored to support extended use. The
size and spacing of keys were designed based on anthropometric data to
accommodate a wide range of hand sizes. These ergonomic optimizations
were aimed at preventing discomfort and reducing the risk of strain
during prolonged typing sessions in the VR environment.

Dynamic Virtual Keyboard Interactions
We implemented keypress animations, audio feedback, and hover effects to
enhance the responsiveness and realism of the virtual keyboard:

• Key Press Animation: The keyboard includes a 0.2-second key press
animation to provide immediate visual feedback and was based on
micro-interaction principles, ensuring that user input is acknowledged
promptly.

• Key Press Sound Feedback: To reinforce the tactile experience, distinct
audio feedback was generated for each keypress. We implemented pitch
modification techniques to create varied and dynamic sound effects that
simulate real-world keyboard interactions.

• Hover Effect: To improve the accuracy of key selection, our prototype
employs hover effects that provide immediate visual feedback as the user’s
finger approaches a key. The system detects when the user’s virtual finger
is near or interacting with the key and transitions the key’s color based
on a weighted function that accounts for the key parts in contact with
the virtual finger. Key weight calculation determines which key a user
intends to press based on their hand position and interaction with the
virtual keyboard. The color smoothly changes by interpolating between
the key’s start and end colors, depending on the weight of the key part.

• Key Parts and Subdivision: Each key on the virtual keyboard is subdivided
into smaller sections or parts, which allow for finer granularity in
detecting where the virtual finger is interacting with the key. The virtual
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finger’s contact with any of these cells will contribute to the overall weight
of that key. The more a virtual finger interacts with the cells on a key, the
greater the weight assigned to that key.

• Weight Assignment: Weights are assigned to each cell (or part) of the
key. The weight depends on the cell’s position relative to the key’s center.
Central parts of the key are assigned higher weights because they are more
likely to correspond to the user’s intended keypress. Peripheral key parts
have lower weights. The weight for each key part is calculated using the
following formula:

W
(
x, y

)
=

1√
(x− xcenter 2 +

(
y− ycenter)2 + 1

(1)

whereW (x, y) is the weight of the key part at coordinates x, y, xcenter and
ycenter are the coordinates of the key’s center. This formula ensures that parts
closer to the center of the key have higher weights, while parts farther from
the center have lower weights. The term +1 in the denominator prevents
division by zero, ensuring a finite weight at the key center.

• Overall Key Weight: The total weight Wkey of a key is the sum of the
weights of all the key parts that are in contact with the virtual finger. This
cumulative weight represents the likelihood that the key is being pressed.
The key with the highest overall weight Wkey is registered as the pressed
key, assuming it has the highest likelihood of being the user’s intended
keypress.

• Collision Detection and Event Notification: Using a physics engine, the
system detects collisions between the virtual hand model and the key
parts. When a collision occurs, an event is triggered, notifying the parent
key of the interaction. The parent key then aggregates the weights of its
active key parts and periodically recalculates the total weight. The key
with the highest total weight at the moment of interaction is considered
pressed, and its corresponding input is registered.

EVALUATION

Participants

We recruited 11 participants (age 19–34,M = 28.18, SD = 4.61) comprising
six XR researchers (1 Ph.D. and 5 research assistants), four software
engineering students, and one experienced VR educator. Their XR experience
ranged from six months to one year.

Study Design, Task, and Procedure

A within-subject study compared two keyboards: the curved MRTK
keyboard (with Meta Quest 3 controllers) and our custom VR keyboard
(see Figure 1). Participants used a Balanced Latin Square design, beginning
with a training phase (six practice phrases) followed by a testing phase where
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phrases were randomly drawn from Scott MacKenzie’s set of 500MacKenzie
[n.d.]. During testing, key metrics—typing speed, error rate, keystroke, word,
and character accuracy—were recorded. Participants used only their index
finger on the custom keyboard and were allowed to interact from various
VR positions. A 300-second rest was provided between configurations. After
testing, participants completed a questionnaire combining Likert scales and
open-ended questions to assess overall satisfaction, haptic feedback, visual
and auditory effects, typing efficiency, accuracy, and ergonomic comfort.

Figure 1: A participant interacting with the curved MRTK keyboard (A) and with the
custom VR keyboard (B).

Apparatus

The study utilized the Meta Quest 3 HMD (2064x2208 resolution per eye,
6DoF tracking) to ensure immersion. Haptic feedback was delivered via the
SenseGlove Nova 2, providing up to 20N per finger using a square waveform
(amplitude 0.6) with dynamic frequency modulation between 100 Hz and
200 Hz.

Measurements and Data Analysis

Typing speed was measured in words per minute (WPM), defining one word
as five characters Soukoreff andMacKenzie (2003). Error rate was computed
using the Levenshtein distance method Levenshtein (1966). Keystroke, word,
and character accuracy were calculated as the proportion of correct inputs,
while keystrokes per character offered insights into efficiency. Paired t-tests
were used to compare the MRTK and custom keyboards, and Pearson
correlation coefficients were calculated to explore relationships among
performance metrics.

RESULTS

Typing Speed, Error Rate, Accuracy, and Keystroke Analysis

On average, participants spent 26.64 minutes typing the text using both types
of keyboards. The curved MRTK Keyboard demonstrated a higher mean
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typing speed of 8.99 words per minute (wpm) compared to 7.47 wpm for the
custom one. Additionally, the error rate for the curved keyboard was lower
(0.50%) compared to the custom one (1.97%). Keystroke accuracy differed
between the two keyboards, with the curved MRTK Keyboard achieving
a higher mean accuracy of (92.14%) compared to (M = 86.85%) for the
custom keyboard.Word accuracy was higher for the curvedMRTKKeyboard
(M = 97.37%) than for the custom one (89.82%). Similarly, character
accuracy was greater for the curved MRTK Keyboard (M = 99.49%)
compared to custom one (97.97%). The curved MRTK Keyboard showed
a lower mean keystrokes per character (M = 0.65) compared to the
custom keyboard (0.83). The standard deviation of the error rate indicated
greater variability in performance with the custom keyboard (SD = 2.95%)
compared to the curved MRTK Keyboard (1.23%). Table 1 presents the
descriptive statistics for these metrics across the two keyboard types.

Table 1: Descriptive statistics for typing speed, error rate, accuracy, and keystrokes.

Metric Curved MRTK Keyboard Custom Keyboard

Mean Std Dev Min Max Mean Std Dev Min Max

Typing Speed (wpm) 8.99 2.35 3.46 13.77 7.47 1.73 4.03 10.75
Error Rate (%) 0.50 1.23 0.00 4.35 1.97 2.95 0.00 11.11
Keystroke Accuracy (%) 92.14 5.60 76.00 100.00 86.85 7.71 71.21 100.00
Word Accuracy (%) 97.37 7.09 75.00 100.00 89.82 17.77 16.67 100.00
Character Accuracy (%) 99.49 1.25 95.65 100.00 97.97 3.06 88.46 100.00
Keystrokes per Character 0.65 0.48 0.00 1.00 0.83 0.49 0.00 2.00
Keystroke Count 34.90 9.97 18.00 73.00 38.93 12.26 19.00 85.00
Expected Characters 30.45 5.46 17.00 43.00 29.42 5.23 18.00 42.00

Questionnaire Data for the Custom Keyboard

• User Experience. The distribution of participant ratings shows that most
(7 out of 11) rated their overall experience as 4, three as 2, and one as
3 (Md = 4, IQR = 1.5). As for the intuitiveness, four participants rated
it as 2 and 4 each, while one participant each rated it as 1, 3, and 5
(Md = 3, IQR = 2).

• Haptic Feedback, Visual, and Auditory Effects. Four participants rated
the realism of haptic feedback with 5, three with 2, and two each with
3 and 4 (Md = 3.5, IQR = 2.0). When evaluating how haptic feedback
enhanced interaction with the virtual keyboard, four participants rated
it as 4, two as 5, four as 3, and one as 2 (Md = 4.0, IQR = 1.0). For
visual feedback effectiveness, six participants rated it as 4, two as 3, and
three as 2 (Md = 3.0, IQR = 2.0). Regarding the realism and immersion
of auditory effects, the majority (5 out of 11) rated them as 3, four as 4,
and one each rated them as 2 and 5 (Md = 3.0, IQR = 1.0).

• Immersion and Ergonomics. Five participants rated the level of
immersion as 3, three as 4, two as 5, and one as 2 (Md= 3.0, IQR= 1.0).
During the questionnaire, most participants (7 out of 11) reported being
comfortable using the custom Keyboard in future use for 15–30 minutes,
two for over 60 minutes, and one each for less than 15 minutes and
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for 30–60 minutes. The median comfortable duration was 2.0 (15-30
minutes) (Md = 2.0, IQR= 1.0). Additionally, the median time reported
during the test was 26.77 minutes (Md = 26.77), with an interquartile
range of approximately 8.33 minutes (IQR = 8.33).

• Productivity. The most common rating was neutral (N = 5), 2 (N = 3),
and 4 (N = 3) (Md = 3, IQR = 2). Qualitative feedback highlighted
challenges such as the small size of the virtual keyboard and issues with
the calibration and weight of the SenseGlove.

Figure 2: Correlation heatmaps: curved MRTK keyboard vs. custom keyboard.

Correlations

A strong positive correlation (r = 0.857) between time taken and keystroke
count suggests that longer tasks involve more keystrokes. This indicates that
users tend to type more slowly when faced with longer or more complex
phrases, leading to increased keystroke activity over extended durations.
A very strong negative correlation (r = −0.958) was observed between
error rate and word accuracy, showing that minimizing errors is crucial
for achieving high word accuracy. This underscores the importance of
effective error correction mechanisms in virtual keyboards. A strong negative
correlation (r = −0.726) between typing speed and time taken indicates that
faster typing speeds lead to shorter session durations, directly contributing
to a more efficient user experience. Similarly, a strong negative correlation
(r = −0.695) between keystrokes per character and typing speed suggests
that higher efficiency is associated with fewer unnecessary corrections and
more precise input. While the correlation between keystroke accuracy and
typing speed was moderate (r = 0.560), it still indicates that higher accuracy
generally corresponds to faster typing, though other factors such as phrase
complexity may also play a role. Finally, a strong positive correlation
(r = 0.728) between expected phrase length and keystroke count confirms
that longer phrases predictably result in higher keystroke activity, reflecting
the cognitive load involved in typing more complex content (Figure 2(a)).
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A strong positive correlation (r= 0.807) between time taken and keystroke
count indicates that longer sessions involve more keystrokes, similar to
the curved keyboard. However, the slightly lower correlation suggests
differences in user behavior or typing strategies when using the custom
one. The relationship between error rate and word accuracy shows a strong
negative correlation (r = −0.844), suggesting that errors significantly affect
word accuracy. This slightly weaker correlation compared to the curved
MRTK Keyboard may reflect differences in tactile feedback and interaction
style. A robust negative correlation (r = −0.786) between typing speed
and time taken confirms that faster typing speeds result in shorter session
durations. Accuracy in keystrokes and typing speed also shows a strong
positive correlation (r = 0.663), suggesting that higher accuracy is linked
to faster typing. The stronger correlation here compared to the curved
MRTK keyboard implies that accuracy plays a more central role in typing
efficiency with the SenseGlove Nova 2, likely due to the tactile input.
The moderately negative correlation (r = −0.615) between keystrokes per
character and typing speed indicates that fewer corrections improve typing
speed. Finally, the positive correlation (r = 0.608) between expected phrase
length and keystroke count mirrors the pattern observed with the curved
MRTK keyboard, reinforcing the idea that longer phrases lead to more
keystrokes (Figure 2(b)).

DISCUSSION AND FUTURE WORK

Our results indicate a trade-off between typing speed and accuracy across
the two keyboards. While the curved MRTK keyboard allowed for faster
typing speeds, the custom virtual keyboard, augmented with haptic feedback,
offered significant improvements in typing accuracy and user comfort. This
finding aligns with previous research, such as Dudley et al. (2019), which
also noted that while speed is often emphasized in virtual text entry systems,
accuracy and user comfort are crucial, particularly for tasks requiring
sustained interaction. Haptic feedback provided by the SenseGlove Nova
2 played an important role in replicating the tactile sensations typically
missing in VR, thereby improving user comfort and reducing input errors
during prolonged use. This result is consistent with studies by Kim et al.
Kim et al. (2022), which found that haptic feedback significantly enhances
typing accuracy in VR by compensating for the lack of physical key presses.
However, our study also highlights the limitations of haptic feedback,
particularly regarding the weight and calibration issues of the SenseGlove
Nova 2, which differ from findings by S. and Teather (2020), who used
lighter haptic devices and reported fewer ergonomic complaints. Interestingly,
although participants initially typed more slowly on the custom keyboard,
their accuracy improved over time. This suggests that while there is a
learning curve associated with haptic feedback, users can achieve higher
accuracy with continued use, similar to the findings of McGill and Brewster
(2015), who observed that multimodal feedback systems in VR require an
adaptation period before users can fully benefit from the enhanced feedback
mechanisms. From an ergonomic perspective, participants reported greater
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comfort during extended typing sessions, highlighting the potential of haptic
feedback and ergonomic design to reduce physical strain in VR environments.
This supports findings by Krug̈er and Kruger (2018), who demonstrated
that ergonomic considerations are paramount in designing VR interfaces to
prevent strain and fatigue. However, our study’s mixed results regarding the
long-term use of the SenseGlove Nova 2 suggest that more work is needed to
refine the ergonomics of such devices.

The findings highlight several promising directions for future research.
One key area is the refinement of haptic feedback technologies to deliver
more nuanced and immersive interactions in VR. Adaptive haptic systems
that respond dynamically to user inputs could further enhance precision
and user engagement. Another avenue for exploration is the development of
adaptive virtual keyboards that adjust in real-time based on user behavior.
By leveraging machine learning algorithms Jurafsky and Martin (2019),
future keyboards could adapt their layout, key placement, and size to
accommodate individual typing patterns and ergonomic needs. Additionally,
incorporating assistive technologies such as word prediction and auto-
completion could reduce cognitive load, further improving typing speed
and accuracy. Improving the ergonomics of wearable devices, such as the
SenseGlove Nova 2, is also critical. Future research should focus on reducing
the weight of these devices to enhance user comfort during prolonged use. In
parallel, efforts should be directed towards improving hand tracking accuracy
and interaction fidelity through more robust calibration techniques and
collision detection algorithms. Long-term usability studies will be essential
to fully understand the potential of VR as a professional tool. These studies
should assess sustained productivity, cognitive load, and ergonomic impacts
over extended periods, offering deeper insights into how VR could transform
professional workflows, including programming and data entry.

LIMITATIONS

While this study presents valuable insights, several limitations must be
acknowledged. First, the weight of the SenseGlove Nova 2 led to user fatigue
during prolonged sessions, limiting the effectiveness of the haptic feedback.
Reducing the glove’s weight could significantly improve the ergonomics and
overall usability of the system. Another limitation involves the calibration
process for hand tracking, which some participants found imprecise. This
inconsistency affected the immersive experience and suggests that further
refinement of calibration methods is necessary to improve accuracy and
user satisfaction. The complexity of the current hand model used in the
SenseGlove Nova 2 also posed challenges, leading to decreased system
performance. Simplifying the model could enhance responsiveness and
improve the fluidity of interactions. Additionally, the collision detection
algorithm exhibited limitations, with participants noting instances where
their hands passed through the virtual keyboard without registering input.
Strengthening the robustness of this algorithmwould enhance the realism and
reliability of the VR experience. Finally, participants recommended increasing
the size of the virtual keyboard and refining the hover effects for key selection.
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These improvements could enhance both navigation and text entry efficiency,
further optimizing the usability of the system for professional use cases.

CONCLUSION

In this paper, we compared the conventional curved MRTK keyboard to
the custom-designed virtual keyboard underlying a trade-off between speed
and accuracy. While the curved MRTK keyboard enabled faster typing,
the custom keyboard significantly improved accuracy and user comfort,
particularly during prolonged use. This suggests that for tasks requiring
precision over extended periods, advanced feedback mechanisms in custom
keyboards are more effective. Haptic feedback played a crucial role in
addressing the challenges of VR text entry, such as the absence of tactile cues
and the discomfort associated with prolonged use. The custom keyboard’s
ability to replicate tactile sensations not only reduced input errors but also
enhanced user engagement and comfort.
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