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ABSTRACT

This work presents and evaluates a forearm keyboard that allows users to enter textual data using a
natural full-handed typing mechanism for virtual reality head-mounted display environments. Should the
issues noted with the keyboard during the study be solved, the keyboard would compare favourably with
others seen in the literature.

KEYWORDS

Virtual reality, head-mounted display, text entry, note taking

1. INTRODUCTION

As virtual reality (VR) technology has advanced and the cost of head-mounted displays (HMDs)
has reduced, their use in educational environments has increased [1][2][3]. These applications
have demonstrated that VR environments have proven beneficial for training in physical and
mental tasks. However, the literature rarely addresses the ability of trainees or pupils to take notes
in these environments. As [4], [5], and [6] show, note-taking improves retention of learning;
therefore, HMD-based educational applications should provide a fast, accurate, and easy-to-use
method for participants to note critical points during their learning. While stylus and wand
devices are typical of VR input, they lack the flexibility, accuracy and speed of input of a
traditional keyboard or pen [7]. To ensure compatibility with all applications, any suggested input
device should be able to move through the virtual environment with the user during their
exercise. This design requirement imposes the need for a device that can be utilised without
interfering with the natural control flow of the application, meaning that it needs to be tracked
and easily portable. As such, the idea of using parts of the body presents itself.

2. PREVIOUS LITERATURE

Numerous attempts have been made to create a keyboard suitable for VVR. [8], [9], [7], [10], [11],
[12], [13], [14], and [15] used physical keyboards with virtual representations shown allowing
participants to see the keys they were pressing. While often proving to be fast and accurate,
physical keyboards generally require a fixed physical hard surface on which to place the device
and were therefore not suitable for non-static experiences. Alternatively, [16] and [17] considered
how ideas from thumbstick-based keyboards could be applied to VR controllers. These were
relatively slow but with a low error rate. Furthermore, [18], [19], [20], and [21] attempted text
entry using tracked gloves but none undertook a systematic typing test making any comparison
impossible. Tracked controllers packaged with consumer VR HMDs have also been tried by [22],
[23] and [24]. These demonstrate three entirely different methods with moderate entry speeds and
low error rates. Other text entry methods include the use of a smartphone [25] and using gaze to
enter text [26].
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3. STUDY DESIGN

There are two segments in this study which need to be designed, the keyboards to be used and the
typing test.

3.1. Keyboard Design

Thumb Keyboard [24] provides the inspiration for the first keyboard but will use consumer
controllers. Unlike [24], the consumer controllers cannot be joined together to provide a more
stable and comfortable typing experience. However, the similarities between this keyboard and
[24] will allow for direct comparison between this work and existing validated results.

Forearm Keyboard The second keyboard will be a purely virtual keyboard visible inHMD
above the user’s forearm. To give the user visibility and spatial context, an additional tracker will
be attached to the participant’s forearm directly below the elbow. Combining this tracking point
with the tracked controller in the user’s hand will allow for the arm to be represented virtually.
Tracking of the hand to press the keys will be done using a LEAP Motion device [27] attached to
the upper arm such that when the user bends their arm at the elbow, the LEAP Motion is
projecting directly down the forearm. The LEAP Motion device will create a hand model in the
virtual environment, allowing the participant to visualise the location of their fingers in relation
to the virtual keyboard.

3.2. Typing Test Design

Before designing a typing test, [28] was considered but, as can be seen from figure 1a, the phrase
set presented has a left-hand bias. With keyboards similar to that presented in [24], a bias will
potentially reduce the input speed and result in the test being based on the language of the phrase
set rather than allowing understanding of the underlying capability of the text entry device. As
such, a new word set will be created for this study and comparisons will be drawn from speed
and error rate.

To design a word set to be used for this study, two word sets were created by selecting words that
are typed exclusively with the left or right side of the keyboard and a third set that utilises both
sides equally. These were selected such that the joint set was the same size as the left and right
sets combined. To build the collection of words for the user to enter, words were taken randomly
from each set proportioned by the set’s size. This meant a quarter of the words selected were
entered using the right side of the keyboard, a quarter with the left side of the keyboard, and half
with the whole keyboard. This list of words was then randomised to force the participant not to
use one hand or the other while also ensuring that the keyboard as a whole was used evenly. The
comparison of these word sets can be seen by comparing figure 1a and figure 1b.
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(a) A heatmap of the phrase set from [28]. (b) A heatmap of the generated phrase set.

Fig.1: Heatmaps of the phrase sets.
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3.3. Implementation

Two applications were created to implement the aforementioned designs. Both implementations
made use of the default Random library provided by C# through Windows Forms and Unity
ensuring the same random number generation algorithm was used in both cases.

3.4. Testing Procedure

Participants undertook the traditional typing test first to create a baseline value for their typing
speed and accuracy. Subsequently, participants were given 2 minutes to become familiar with
each keyboard layout before the respective typing tests. The 2-minute timing was started when
both participant and administrator were sure all keys were accessible.

4. FINDINGS

4.1. Observations During Testing

It should be noted that there were numerous issues with the forearm keyboard experienced by
participants. Firstly, there were major issues in getting the virtual arm to align with the
participant’s physical arm. As such, the two-minute allowance for participants to acclimatise to
the keyboard was not started until both participant and test administrator were certain that all
keys on the keyboard could be pressed.

Furthermore, there were issues observed with the LEAP Motion sensor. On a number of
occasions, the device ceased to track the participant’s hand leading to participants spending time
making their virtual hand re-appear. As this was a fault of the keyboard, these results were kept
as it presents a true representation of the capabilities of the device. The issue was likely caused by
the LEAP Motion device being used in a manner for which it was not explicitly designed.

4.2. Data
A total of 17 participants took part in the study. The data produced can be seen in figure 2.

From figure 2a, it can be seen that typing on a physical keyboard is significantly faster than both
of the VR keyboards tested in this study; with participants on average achieving approximately
four times the speed. Figure 2a also shows that participants were most consistent with the Thumb
keyboard as this had the tightest grouping between quartiles.

Figures 2b and 2c demonstrate that both more errors were made on the Forearm keyboard and
that these were less likely to be corrected. This implies that participants found the forearm
keyboard harder to use than the other two keyboards. On the other hand, figures 2b and 2c
demonstrate that participants found the thumb keyboard as easy to use as the physical keyboard
as similar levels of uncorrected errors can be seen.

5. DISCUSSION

Using the calculation provided in [29], we can convert our CPS measurements into wordsper-
minute (WPM) measurements to allow for comparisons to other results. In doing this, we can
produce the charts seen in figure whatever.
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Using figure 3a, we can determine that the results obtained on our Desktop Keyboard lie between
experienced and inexperienced users. Therefore, our results represent that of an average typist,
meaning that we can do deeper comparisons to other studies.
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Fig.2: Box and whisker plots showing the results of the keyboards.
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Fig.3: Comparison to other keyboards.

58



International Journal on Cybernetics & Informatics (IJCI) Vol. 12, No.4, August 2023

Another key comparison can be made between the thumb keyboard implemented in this study
and the keyboard created by [24]. [24] achieved a WPM approximately double the observed
values in this study. Therefore, giving participants further experience with each of the keyboards
created here could lead to an increase in observed typing speeds.

With this in mind, from figure 3b it can be determined that both the thumb keyboard and the
forearm keyboard stack up relatively well against keyboards seen in the literature. On the other
hand, a consideration of figure 3d shows the keyboards created for this study have a higher error
rate that those seen in the literature.

Although some achievements have been made with these keyboards, the overall picture must still
be considered. Figure 3a shows that compared to the physical keyboards, portable keyboards
demonstrate a significant disadvantage in terms of speed. Therefore, we recommend that all
seated applications look to use a physical keyboard wherever possible.

Further to this, figure 3c demonstrates how some visually occluded keyboards have fewer errors
than the keyboards for this study. This implies that participants were getting particularly
frustrated with the keyboards created such that they did not wish to interact with the keyboard
further to fix their errors.

6. CONCLUSION

This work demonstrates the advantages of creating a keyboard suitable for use anywhere within a
virtual environment. The forearm keyboard presents a way of entering textual data into a VR
HMD-based environment, allowing users to take notes as part of a learning experience.
Furthermore, by mounting the device on a part of the user, the forearm keyboard can be
integrated into existing applications with minimal interference with other interface elements;
allowing for robust if slow input. While the keyboard performed worse than some seen in
literature, an improvement in performance would be observed with an increased acclimatisation
period for users. However, if additional familiarisation with the keyboard does not improve these
then the use of context-dependent interfaces providing specific words or phrases may be
beneficial. These could be implemented in a way similar to a Japanese Kana keyboard [30],
allowing fast and efficient selection of subject-appropriate verbiage. Further improvement could
be achieved with an evolution in the design through better placement of the LEAP motion
controller to improve the accuracy of typing. In this study, the LEAP Motion device was being
used out of specification with custom hand-model transforms having to be implemented to use
the device as per our design. If mounted directly on the arm, the forearm keyboard could be
combined with [31] which demonstrated how LEAP Motion could be used for text entry
purposes. For future developments of the keyboard, it may be beneficial to consider the addition
of auto-correction technologies to increase text entry speed and reduce error rates. Alternatively,
a swipebased input system on the user’s forearm could be investigated as the tactile feedback of
the arm would allow for non-line-of-sight typing [32], though the multi-finger input that the
forearm keyboard allows would be lost, which may reduce input speed.

REFERENCES

[1] Rolls-Royce. Apr. 2019. https://www.rolls-royce.com/media/press-releases/ 2019/15-04-2019a-rr-
and-gatar-airways-use-virtual-reality-to-trainengineers.aspx.

[2] ClassVR. Virtual reality in education June 2022. https://www.classvr.com/ virtual-reality-in-
education/.

[81 News, B. 'You get fully submerged’ - Taser training in VR Sept. 2020. https://mww.
bbc.co.uk/news/avitechnology-54102968.

59



[4]
[5]
[6]

[7]

[8]

9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]
[18]
[19]

[20]

[21]

International Journal on Cybernetics & Informatics (IJCI) Vol. 12, No.4, August 2023

Peper, R. J. & Mayer, R. E. Note taking as a generative activity. Journal of Educational Psychology
70, 514-522 (1978).

Einstein, G. O., Morris, J. & Smith, S. Note-taking, individual differences, and memory for lecture
information. Journal of Educational Psychology 77, 522-532 (1985).

Matre, N. H. V. & Carter, J. F. The Effects of Note-Taking and Review on Retention of Information
Presented by Lecture. in Annual Meeting of the American Educational Research Association
(Washington, D.C., 1975).

Knierim, P., Schwind, V., Feit, A. M., Nieuwenhuizen, F. & Henze, N. Physical Keyboards in
Virtual Reality: Analysis of Typing Performance and Effects of Avatar Hands in Proceedings of the
2018 CHI Conference on Human Factors in Computing Systems (Association for Computing
Machinery, Montreal QC, Canada, 2018), 1-9. isbn: 9781450356206. https://doi-
org.ezproxy.derby.ac.uk/10.1145/3173574.3173919.

Grubert, J. et al. Text Entry in Immersive Head-Mounted Display-Based Virtual Reality Using
Standard Keyboards in 2018 IEEE Conference on Virtual Reality and 3D User Interfaces (VR)
(2018), 159-166.

Grubert, J. et al. Effects of Hand Representations for Typing in Virtual Reality in 2018 IEEE
Conference on Virtual Reality and 3D User Interfaces (VR) (2018), 151 158.

Hoppe, A. H., Otto, L., van de Camp, F., Stiefelhagen, R. & Unmu™Big, G. qVRty: Virtual Keyboard
with a Haptic, Real-World Representation in HCI International 2018 — Posters’ Extended Abstracts
(ed Stephanidis, C.) (Springer International Publishing, Cham, 2018), 266-272. isbn: 978-3-319-
92279-9.

Kim, S. & Kim, G. J. Using Keyboards with Head Mounted Displays in Proceedings of the 2004
ACM SIGGRAPH International Conference on Virtual Reality Continuum and Its Applications in
Industry (Association for Computing Machinery, Singapore, 2004), 336-343. isbn: 1581138849.
https://doi-org.ezproxy.derby.ac.uk/10.1145/1044588.1044662.

Walker, J., Li, B., Vertanen, K. & Kuhl, S. Efficient Typing on a Visually Occluded Physical
Keyboard in Proceedings of the 2017 CHI Conference on Human Factors in Computing Systems
(Association for Computing Machinery, Denver, Colorado, USA, 2017), 5457-5461. isbn:
9781450346559. https://doi-org.ezproxy.derby.ac.uk/10.1145/3025453.3025783.

McGill, M., Boland, D., Murray-Smith, R. & Brewster, S. A Dose of Reality: Overcoming Usability
Challenges in VR Head-Mounted Displays in Proceedings of the 33rd Annual ACM Conference on
Human Factors in Computing Systems (Association for Computing Machinery, Seoul, Republic of
Korea, 2015), 2143-2152. isbn: 9781450331456. https://doi-
org.ezproxy.derby.ac.uk/10.1145/2702123. 2702382.

Lin, J.-W. et al. Visualizing the Keyboard in Virtual Reality for Enhancing Immersive Experience in
ACM SIGGRAPH 2017 Posters(Association for Computing Machinery, Los Angeles, California,
2017). isbn: 9781450350150. https://doiorg.ezproxy.derby.ac.uk/10.1145/3102163.3102175.

Bovet, S. et al. Using Traditional Keyboards in VR: SteamVR Developer Kit and Pilot Game User
Study in 2018 IEEE Games, Entertainment, Media Conference (GEM) (2018), 1-9.

Wilson, A. D. & Agrawala, M. Text Entry Using a Dual Joystick Game Controller in Proceedings
of the SIGCHI Conference on Human Factors in Computing Systems (Association for Computing
Machinery, Montr'eal, Qu’ebec, Canada, 2006), 475-478. isbn: 1595933727. https://doi-
org.ezproxy.derby.ac.uk/10.1145/1124772. 1124844.

Yu, D. et al. PizzaText: Text Entry for Virtual Reality Systems Using Dual Thumbsticks. IEEE
Transactions on Visualization and Computer Graphics 24, 2927-2935 (2018).

Bowman, D. A, Ly, V. Q. & Campbell, J. M. Pinch Keyboard: Natural Text Input for Immersive
Virtual Environments tech. rep. (2001). http://hdl.handle.net/ 10919/20010.

Mehring, C., Kuester, F., Singh, K. & Chen, M. KITTY: keyboard independent touch typing in VR in
IEEE Virtual Reality 2004 (2004), 243-244.

Hernandez-Rebollar, J. L., Kyriakopoulos, N. & Lindeman, R. W. The AcceleGlove: A Whole-Hand
Input Device for Virtual Reality in ACM SIGGRAPH 2002 Conference Abstracts and Applications
(Association for Computing Machinery, San Antonio, Texas, 2002), 259. isbn: 1581135254.
https://doi-org.ezproxy.derby.ac.uk/10.1145/1242073.1242272.

Wu, C.-M., Hsu, C.-W., Lee, T.-K. & Smith, S. A virtual reality keyboard with realistic haptic
feedback in a fully immersive virtual environment. Virtual Reality 21, 19-29. issn: 1434-9957.
https://doi.org/10.1007/s10055-016-0296-6 (Mar. 2017).

60



International Journal on Cybernetics & Informatics (IJCI) Vol. 12, No.4, August 2023

[22] Boletsis, C. & Kongsvik, S. Text Input in Virtual Reality: A Preliminary Evaluation of the Drum-
Like VR Keyboard. Technologies 7, 31. issn: 2227-7080. http://dx.
doi.org/10.3390/technologies7020031 (Apr. 2019).

[23] Chen, S., Wang, J., Guerra, S., Mittal, N. & Prakkamakul, S. Exploring Word-Gesture Text Entry
Techniques in Virtual Reality in Extended Abstracts of the 2019 CHI Conference on Human Factors
in Computing Systems (Association for Computing Machinery, Glasgow, Scotland Uk, 2019), 1-6.
isbn: 9781450359719. https://doiorg.ezproxy.derby.ac.uk/10.1145/3290607.3312762.

[24] Son, J., Ahn, S., Kim, S. & Lee, G. Improving Two-Thumb Touchpad Typing in Virtual Reality in
Extended Abstracts of the 2019 CHI Conference on Human Factors in Computing Systems
(Association for Computing Machinery, Glasgow, Scotland Uk, 2019), 1-6. isbn: 9781450359719.
https://doi-org.ezproxy.derby.ac.uk/ 10.1145/3290607.3312926.

[25] Kim, Y. R. & Kim, G. J. HoVR-Type: Smartphone as a typing interface in VR using hovering in
2017 IEEE International Conference on Consumer Electronics (ICCE) (2017), 200-203.

[26] Rajanna, V. & Hansen, J. P. Gaze Typing in Virtual Reality: Impact of Keyboard Design, Selection
Method, and Motion in Proceedings of the 2018 ACM Symposium on Eye Tracking Research and
Applications  (Association for Computing Machinery, Warsaw, Poland, 2018). isbn:
9781450357067. https://doi-org.ezproxy.derby. ac.uk/10.1145/3204493.3204541.

[27] Ultraleap. Tracking: Leap motion controller https://www.ultraleap.com/product/ leap-motion-
controller/.

[28] MacKenzie, I. S. & Soukoreff, R. W. Phrase Sets for Evaluating Text Entry Techniques in CHI "03
Extended Abstracts on Human Factors in Computing Systems (Association for Computing
Machinery, Ft. Lauderdale, Florida, USA, 2003), 754-755. isbn: 1581136374. https://doi-
org.ezproxy.derby.ac.uk/10.1145/765891. 765971.

[29] MacKenzie, S. 2022. https://www.yorku.ca/mack/RN-TextEntrySpeed.html.

[30] Suhaib, M. A study of the learning curve of the Japanese keyboard on smartphone. International
Journal of Scientific Research & Engineering Trends 4, 900-901 (2018).

[31] i, X. et al. ATK: Enabling Ten-Finger Freehand Typing in Air Based on 3D Hand Tracking Data
in Proceedings of the 28th Annual ACM Symposium on User Interface Software & Technology
(Association for Computing Machinery, Charlotte, NC, USA, 2015), 539-548. ishn:
9781450337793. https://doi-org.ezproxy.derby.ac.uk/10.1145/2807442.2807504.

[32] Kern, F. et al. Off-the-shelf stylus: Using XR devices for handwriting and sketching on physically
aligned virtual surfaces. Frontiers in Virtual Reality 2 (2021).

AUTHORS

B. Davis received BSc (Hons) in Computer Science from the University of Derby. Currently, he is
pursuing his PhD at the University of Derby. His research interests include real-world applications of
virtual reality.

T. Hughes-Roberts received a doctorate from the University of Salford and is currently a Senior Lecturer
in Computer Science at the University of Derby. His research interests lie in the field of Human-Computer
Interaction and he is currently focused on immersive technology, game programming and game-making for
widening participation in education.

C. Windmill received EngD System Level Integration from the University of Glasgow, and MEng (Hons)
from the University of Edinburgh. His current research interests are in networked gamified systems and
virtual reality for game-like environments for health and wellbeing. He has over fifteen years of experience
working in industry and academia and has worked on multiple successful industrial projects. He is
currently supervising two PhD students, one on high-risk environment visualisations, and the other on
business integration and management frameworks.

61



	1. Introduction
	2. Previous Literature
	3. Study Design
	3.1. Keyboard Design
	3.2. Typing Test Design
	3.3. Implementation
	3.4. Testing Procedure

	4. Findings
	4.1. Observations During Testing
	4.2. Data

	5. Discussion
	6. Conclusion
	References
	Authors

