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Figure 1: Bimanual text input with TipTopTyping and the proposed OPTI character layout, which is optimized for efficient
thumb-to-finger text input in mobile scenarios. From left to right: a standing user typing in virtual reality (VR); the OPTI
character layout and its corresponding, balanced character allocation; a walking user interacting with the system through

augmented reality (AR) glasses.
ABSTRACT

While text input remains the primary interaction method with most
computer applications, it faces diverse challenges with spatial com-
puting devices becoming successively more wearable and mobile.
We present TipTopTyping, a novel computer vision-based thumb-to-
finger text input method for virtual and augmented reality that uses
pinch gestures between thumb and fingertips for easy and more
intuitive text entry. With OPTI, we further propose a new character
layout specifically designed and optimized for this input modality.
The system performance is evaluated in a user study (N = 20) of two
mobile scenarios: standing and walking. After only 12 sentences of
practice, the participants quickly achieved mean text entry rates of
6.15 and 5.69 words per minute and mean accuracies of 1.27 and
1.43 keystrokes per character while standing and walking, respec-
tively. Furthermore, OPTI not only shows a 4.36 % better typing
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accuracy but also the potential to outperform QWERTY layouts in
writing speed with a little more practice.
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1 INTRODUCTION

Despite the introduction of diverse new designs and alternative
text input methods, the QWERTY keyboard layout has been the
most widely used layout for more than 150 years. With technology
rapidly evolving and the emergence of new consumer products
in computing paradigms such as ubiquitous, wearable, and spatial
computing, there is a unique opportunity to introduce new ideas for
text input and interaction. However, looking at common interfaces
in extended reality applications shows that typing on QWERTY
keyboards remains the preferred choice of text input.

Since the interaction with computer systems has become increas-
ingly mobile and ubiquitous, hard- and software keyboards are not
practical as they require user attention competing with tasks aris-
ing simultaneously from the environment. Alternative text input
methods can be useful in these cases. Thanks to the achievements
of recent years in speech recognition and computational linguistics,
users can nowadays use speech-to-text software in almost every
modern smartphone or personal computer. By simply dictating
the desired text to the computer system, no keyboard is needed
anymore. Paired with a virtual assistant software agent, speech
recognition becomes a powerful tool for performing actions and
formulating text. However, noisy environments have a negative
effect on the accuracy of speech recognition while in public spaces,
users might not want to dictate their private message to their virtual
assistant.

Current commercial head-mounted displays (HMD) for spatial
computing like the Meta Quest and the Apple Vision Pro are limited
to typing with the index fingers on a flat virtual representation
of the classical QWERTY keyboard. Typing on these keyboards,
however, is somewhat reminiscent of the ‘hunt and peck’ method of
150 years ago, where typing primarily employed the index fingers
and often made a visual search necessary. In addition, the use of a
floating virtual keyboard can lead to arm fatigue over periods of
prolonged use [12] as the user needs to hold their hands in midair,
compared to resting them on the wrist support or next to a real
physical keyboard on the desktop.

The thumb-to-finger text input method is a promising keyboard-
less alternative that involves all fingers of the user’s hand. It allows
the typist to rely on proprioception, which, with a little training,
makes it possible to type out of sight. Previous research [4, 14, 30,
37] has focused on the incorporation of the standard QWERTY and
allows the users to leverage their existing knowledge of the layout
to perform better than alternative ones, when using the system for
the first time. Approaches that do not rely on QWERTY usually
decide on a simple sequential, alphabetical (ABC) layout [13, 36].
Although the important design aspects for optimizing keyboard
layouts have been identified [37], to our knowledge, an optimized
layout has never been proposed and evaluated so far.

The use of smartphones and texting on them in mobile scenarios
has been studied well for a decade [24, 29]. In contrast, none of the
proposed hand-based text input systems, although advertised as
means of mobile text input, have actually been evaluated in mobile
settings with the users standing or walking.

Therefore, in this paper, we make the following contributions:

o We present TipTopTyping, a thumb-to-finger text input system
that uses computer vision for the real-time tracking of finger
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pinch gestures in the video stream of a conventional, off-the-
shelf webcam. For this system, we propose OPTI, an optimized
character layout that places the most frequent characters on the
most comfortable finger positions.

The system performance is evaluated in a user study with 20
subjects (17 male, 3 female) in the age of 23.05 + 3.65 years and
assessed the text input rate, accuracy, and workload in two mobile
scenarios: standing and walking. After 12 sentences of practice,
the participants achieved mean text entry rates of 6.15 and 5.69
words per minute (WPM) with mean accuracies of 1.27 and 1.43
keystrokes per character (KSPC) for standing and walking.

Both TipTopTyping and OPTI are open-source, publicly available,
and accessible through our GitHub repository:
https://github.com/bromanoff/TipTopTyping/

2 RELATED WORK

Today, there exists a large variety of alternative and keyboard-less
text input methods and research on such also diverged into various
directions. While most approaches have focused on text input, there
are also studies that specifically explore outputting continuous
signals for the purpose of controlling whole applications. While
early concepts have primarily investigated gestures as a means to
improve inclusion, later approaches incorporated the interaction
with passive surfaces and body parts to make text input more
natural and especially mobile.

2.1 Alternative Text Input Methods

Systems for the keyboard-independent text input have been subject
to research since the late 1970s. Most early approaches for the hand-
and gesture-based input involve hand-worn data gloves to track
the position of the hand and fingers. Early examples like the Sayre
Glove by DeFanti and Sandin [1] used optical sensors to determine
the bending angle of the finger joints, to estimate the hand posture,
and eventually to control or interact with a computer. As surveyed
by Sturman and Zeltzer [31], systems such as the Grimes Glove
and the CyberGlove later enabled the translation of signs from the
American sign language to character output or spoken language.
About two decades later, also inertial measurement units (IMUs)
are regularly used to track hand postures and translate fine-grained
gestures to characters [8, 23, 30, 32]. More recent approaches, such
as the Mobile Lorm Glove [6], further introduced new alphabets
that enable users to input new messages and perceive incoming
ones through vibration motors across the hand.

With a slightly different focus on fast and efficient text input,
the Chording Glove [28] and the hand-held Twiddler device [17]
introduced mobile chording, a technique that allows fast text input
from a small number of keys by pressing multiple keys simultane-
ously, generally freeing one hand from the interaction. Chording
has long been used in courtrooms by shorthand writers on steno-
type machines. Advances in camera-based computer vision allowed
for new input modalities such as midair text input, where users
typically interact with their hands and arms reaching forward. Vul-
ture [22], a midair word-gesture keyboard allows users to write
text by tracing a pinch gesture over a visual representation of a
keyboard. With gesture keyboards, instead of typing every char-
acter of a word, the user draws its shape by steering over every
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letter of the word in a uid motion. Other projects such as the
Air Typing Keyboard (ATK) B9, a midair text entry method on
a virtual keyboard in ten- nger touch typing manner. The VISAR
keyboard B] allows for midair single-hand text input via an aug-
mented reality (AR) HMD. Generally, midair text entry methods
result in fast typing speeds since users are able to leverage their
existing typing knowledge. However, the lack of haptic feedback
and the requirement to keep the arms constantly in the air are
reported as crucial drawbacks [2, 9].

An alternative to midair text input is tapping on at surfaces such
as a tabletop. Non-Keyboard QWERTY introduced ten- nger
touch-typing as a more spacious alternative to the miniaturized

QWERTY keyboards in personal digital assistants (PDAs) and hand-
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and continuous input on the ngers and proposes a hand-worn
prototype using magnetic tracking for the control of smartwatch
applications.

PinchType f] compares the text entry performance and the
induced mental and physical task load of the thumb-to- nger proto-
type with PokeType, a conventional, virtual “"hunt and peck' midair
keyboard. PinchType achieved54WPM, which is approximately
half of the text input rate of the opposing PokeType. However, users
of PokeType rated it as less comfortable than its thumb-to- nger
counterpart. The proposed interface of PinchType requires the user
to type while facing the back of the hand, similar to typing on a
desktop keyboard. The user interface provides a visual represen-
tation of the keyboard with color-coded letter groups to associate

held computers. Taps are detected through pressure sensors on the ngers with corresponding keys and o ers an e ective candidate

user's ngertips while each nger is assigned a distinct group of
letters originating from the vertical columns of keys of the QW-
ERTY keyboard layout. QwertyRin@]is a nger-worn device

that enables the index nger of one hand to type on an imaginary
miniature QWERTY keyboard residing under the index ngertip.
TapType BQ enables users to type freely with ten ngers on sur-
faces by wearing two unobtrusive sensing wristbands. Tapping on
rigid surfaces opens up more space and allows for haptic feedback,
which has been shown to have a positive e ect on mid-air selection
methods [2].

Enabling the user to interact with their skin or other body parts
takes the concept of haptic feedback even further. With on-body
interaction, proprioception and sensing of location and movement
can help the user with text input. Several approaches have ad-
dressed the eld of skin- and body-based input. ThumbRi3g][is
a ring worn on the thumb to touch and slide nger segments for
item selection in extended reality (XR) applications. The project
iSkin [33 introduces a thin, biocompatible sensor overlay that is
worn on the skin to detect touch inputs, extending the input space
for on-body interactions while SkinMarks34 enables interaction
with noticeable body landmarks such as knuckles or skin folds
by applying a skin-worn, tattoo-like electronic sensor. STARY[
enables mobile on-skin typing for AR applications on the side of
the index nger in resemblance to typing on a smartphone.

2.2  Thumb-to-Finger Text Input

Thumb-to- nger text input combines the use of all ngers with ad-
vantages due to the tactile on-body interaction and proprioception.
The method exploits the opposition of the thumb, which refers to
the anatomical position of the thumb being on the opposite side
of the remaining ngers on the hand. Depending on the imple-
mentation of the technique, users usually move both thumb- and
ngertips towards each other to form a pinch gesture. As imple-
mented in previous researchl]5, 35, every nger represents a
distinct letter group from which words are composed. By touching
a speci ¢ sequence of targets on the ngers, associated with speci ¢
letter groups, the user can e ortlessly compose text without the
need for a conventional keyboard.

DigiTouch [35 detects the continuous positions and intensity of
wipe and touch gestures by using a recon gurable, touch-sensitive
glove and achieved a mean text entry ratel@words per minute (WPM).
DigitSpace 11] investigates ergonomic factors regarding discrete

selection including ve potential word candidates. After the user
has input a series of pinches, a range of possible words is displayed
on the right for users to choose from and disambiguate if needed.

DigitSpace by Huang et a[11] addresses in two studies the
comfort ratings of distinct nger segmentsliang et al. [13tame
up with a similar approach and studied the level of comfort on
even ner areas of the nger segments. Their one-handed two-
step approach achievei82WPM after 25minutesof training. The
two studies with similar ndings lead to the following conclusions
regarding on-hand comfort regions: 1) the closer a nger is located
to the thumb, the easier it can be reached; 2) the higher up a nger
segment towards the tip of the nger, the more comfortable it is
to be reached. Accordingly, the ngertip of the index nger is the
most comfortable and accessible area for thumb-to- nger text input,
while the rst nger segment of the pinky nger, closest to the
palm, is the least comfortable one.

Apart from that, Huang et al[11] investigated the touch preci-
sion capabilities of participants. They tested the number of di erent
targets participants can discriminate on nger segments with a com-
fort rating of three or more without looking. They found that the
test subjects were able to distinguish ve individual targets on the
index and middle ngers, four on the ring nger and two on the
pinky nger, resulting in a total of 16 distinct targets per hand. Their
results show that the available input space of the thumb-to- nger
text input method can be extended to additional nger segments of
at least three ngers without compromising overall comfort and
user-friendliness.

In the two consecutive studies TipTex8§ and BiTipText [37),

Xu et al explored the feasibility, design, and performance of eyes-
free text entry via micro thumb-tip gestures on the index ngertip.
The micro thumb-tip gesture approach lets users type with their
thumb on a visually hidden miniature QWERTY layout grid. They
explore the general feasibility of transferring the method to biman-
ual use. TipText achievetil’9WPM while users of BiTipText typed

an averag234WPM. Their nal bimanual QWERTY layout grid
considered the user's natural handedness expectation when typing
across two hands. Additionally, the researchers discovered that, in
order to optimize a layout for text input speed, it is best to avoid
alternating side-to-side typing and instead choose same-side taps
when using the thumb-to- nger method. Similar to the aforemen-
tioned TapType BQ and PinchType {], also TipText and BiTipText
considered the QWERTY layout for the sake of learnability, thus
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Figure 2: TipTopTyping palm-facing TTT-QWERTY layout
with a letter- nger allocation that resembles the use of a
smartphone.

building upon the idea that users can leverage their internalized
QWERTY knowledge when typing eyes-free.

Also two-step approaches exist in which the users rst specify a
selection of characters before they then select a speci c letter from
it[7,13 26, usually to save screen space. These multi-step methods
are often meant to be used unimanually, as they are designed for the
application in smartwatches or smart glasses. Other approaches are
designed to be used strictly unimanual, like FingerB&| which
maps the T9 keypad character layout of ancient cell phones onto
the nger links (phalanges) of a single hand. Other approaches
require the user to strictly use both hands for text input such as
DigiTouch [35 and BiTipText [37], which allow for more input
space but also introduce alternation between hands and, therefore,
higher coordination e orts to the user.

3 SYSTEM DESIGN

With TipTopTypingwe propose a computer vision-based thumb-to-
nger text input system that allows users to input text by perform-
ing pinch gestures between the thumbs and the four other ngers
of each hand. Th@6letters of the English alphabet are arranged
into six letter groups and mapped onto the index, middle, and ring
nger of each hand. Space and delete functions reside on the pinky
ngers. A tree data structure forms the basis for storing and recog-
nizing words. A simple user interface displays the character layout,
text input, and an autocompletion word previeWipTopTypingises
the Hand Landmarker of Google Mediapip4(], a real-time hand
landmark detection and tracking model. It takes a continuous video
stream as input and outputs location information for speci ¢ hand
landmarks such as the ngertips. As illustrated in Fig. 1, the users
hold their hands with the palms facing upwards into the eld of
view of the downward-facing camera. The adjustable setup allows
for su cient exibility to enable every participant a comfortable
stand and arm posture, similar to holding a smartphone in their
hands.

3.1 TypTopTyping QWERTY Character Layout
Originated in classical desktop keyboards, the QWERTY character

layout is still the most common one and hence used as a baseline.
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SinceTipTopTypings speci cally designed for mobile use, the im-
plemented adaption of the QWERTY layout, illustrated in Fig. 2
and hereafter called TTT-QWERTY, resembles the use of a smart-
phone with the palms facing the user. Previous approaches, such
as [4, 5, 15 30, usually mapped QWERTY spatially in a way that

it resembles the use of a physical keyboard, with the back of the
hand facing the user. This approach assumes that users can rely
on their previously learned knowledge when using such QWERTY
keyboards.

However, the standard QWERTY letter distribution across both
hands entails an uneven distribution of letters. With a palm-facing
TTT-QWERTY, the letters are almost equally distributed across
both hands with12letters left andl4letters right. In comparison
to that, PinchType 4] assignsl5letters to the left andl1letters
to the right hand, and BiTipText37 maps everil6letters to the
left and 10to the right. This shows not only the imbalance of let-
ter distribution in backhand-facing QWERTY layouts but also a
considerable weighting on the left hand. Considering that approxi-
mately 90 %of the world's population are right-handed7, this
means that the majority of pinch gestures have to be performed
with the non-dominant hand. This highlights a major drawback
of the backhand-facing QWERTY layout as it may lead to lower
performance compared to the palm-facing counterpart.

3.2 Optimized OPTI Character Layout

In order to create the optimized character layoOPTIfor thumb-
to- nger text input, the comfort ratings by Huang et a[11] and
the ndings regarding the alternation between hands for bimanual
input by Xu et al [37] have been incorporated. The design follows
two rules: 1) assign the most common letters of the English lan-
guage to the most comfortable and easily reachable positions on
the ngers, making them more accessible to the thun#)reduce
alternation between hands by placing the letters of the most com-
mon two-letter sequences (bigrams) onto one hand. According to
the comfort rating of tap gestures on ngers by Huang et §il1],
the closer a nger is positioned to the thumb, and the higher up a
nger segment is located towards the tip of that nger, the more
comfortable it is to reach.

Apart from that, Xu et al [37] modeled tapping speed for thumb-
to- nger text input in order to optimize the bimanual text entry

Figure 3: The optimized OPTI character layout places the
most frequent characters on the index- and middle nger of
the right hand.
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Figure 4: Grouping of the English letters according to the bigram frequencies and their allocation to the optimal nger positions
to establish the OPTI character layout. c.f. Norvig [25]

system. It was discovered that, when typing on the ngers, alter- layout with OPTIlin both standing and walking settings. The deter-
nating between hands results in slower performances compared to mined performance measures are the writing speed in words per
tapping on the same hand. Therefore, minimizing alternations is minute (WPM) and the writing accuracy as keystrokes per charac-
advisable when aiming to improve text entry speed. To incorporate ter (KSPC)2) the users' weighted task load for both layouts and

both design concepts, the frequency of letter usage in the Eng-
lish language has to be analyzed. In 2012, Nof2ig] performed

a frequency-analysis of letter combinations in English words by
taking data from the Google Books database. The six most frequent
letters in the English language afg, T, A, O, |, and NThe anal-
ysis also revealed the most frequent two-letter sequences, called
bigrams. The results and the corresponding distribution of letters
across the rst three ngers of each hand are illustrated in Fig. 4.

These ndings are applied to create the optimized character
layout OPTI When mapping the ten most frequent letters to the
index and middle nger of one hand, the nine most frequent bigrams
can be written in between those ngers. This demonstrates that
both design considerations can be met using this approach. With
OPT] the user can reach the most common letters with the highest
level of comfort and does not have to alternate between hands as
much as with any QWERTY layout implementation.

Compared to the juxtaposing TTT-QWERTY layo@PT) as
depicted in Fig. 3 above, equally balances the number of letters on
each hand tdl3letters on either side. While the ten most common
letters reside on the index and middle nger of the right hand,
the frequency distribution is continued on the other hand with
letters numberl1to 20placed on the index and middle nger of
the left hand. Then again, the remaining six letters in the frequency
distribution are equally split over both ring ngers starting on the
right. Like with the TTT-QWERTY layout, the space key is placed
on the left pinky while the delete key is placed on the right pinky
nger.

4 USER STUDY

A quantitative user study was conducted to investigate and evalu-
ate the capabilities of the proposé&dpTopTypinghumb-to- nger

text input system and, in particular, the optimized character layout
OPTI The study comprises two partg) the evaluation of the sys-
tem performance by juxtaposing the palm-facing TTT-QWERTY

mobility scenarios is assessed in a questionnaire survey.

4.1 Participants

A user study with20participants ( 7male and3female) in the age of
20to 37years (M= 2305 was conducted. All participants reported
to be right-handed and 2subjects said that they were expert typists,
which was de ned as the ability to type on a standard QWERTY
keyboard without looking. Besides corrected vision impairment
(i.e. wearing glasses), no participant reported any relevant health
constraints.

4.2 Study Design

The user study follows a 2 2 within-subjects factorial design, with
the two factors “character layout' (levels: TTT-QWERTY aDBT)
and ‘mobility scenario’ (levels: standing and walking). In order to
evaluate the quantitative performance of the system, a text copy
task as recommended by MacKenzie and Soukdi®] is chosen.
During the task, the users are given multiple test phrases, in blocks
which have to be typed with the respective text input method.

4.3 Apparatus

The prototype system uses the Logitech C922, a commercially
available, o -the-shelf webcam with a 1080p/ Full HD resolution
(1920 1080pixels). The camera is mounted on a regular tripod
with a horizontal arm reaching over the interaction space. The we-
bcam is connected to a 2021 Apple MacBook Pro that also runs the
software. The video stream and the user interface are shown on a
large monitor connected to the computer. The camera is positioned
in a way that it is centered over the participants' hands, facing
downwards at @0 angle. It is ensured that every participant can
properly see the user interface and that it is not occluded by the
webcam setup. To evaluate the e ects of the two di erent mobility
conditions standing and walking, an electric treadmill is placed be-
neath the webcam. Participants are asked to stand on the treadmill
for the whole experiment. For the walking scenario, the treadmill
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Figure 5: Example of a randomized procedure of the user study, starting with either standing or walking and either TTT-

QWERTY or the optimized OPTI character layout.

is set to a speed that resembles normal walking or strolling, which
is estimated with abouSkme h in industrialized western countries
according to Levine and Norenzay#h6]. The monitor showing the
interface is mounted on the wall directly in front of the treadmill
and was used to display the test phrases and to help participants
remember the current character layout. The entire experimental
setup is presented in Fig. 6.

4.4 Task & Procedure

The experiment is divided into four sessions, one for every condi-
tion. In each session, participants are asked to type three random
sentences from the test phrase set and then complete a NASA TLX
task load questionnaire. The phrases were taken from the phrase
set of MacKenzie and Soukorg20] for evaluating text entry tech-
niques. The set contairs00phrases which are aroun80characters
long and easy to remember. To reduce the complexity of the study
design, the predictive text feature was only used in pilot tests and
hence not enabled during the user study. The experiment starts
with a random character layout (e.g. TTT-QWERTY). With this
layout, participants go through both mobility conditions within two
sessions. After the second session, respectively before switching to
the other layout, participants are asked to Il out an additional user
experience questionnaire regarding their perceived experience with
the character layout. Afterward, the experimenter switches to the
other layout (e.gOPT) and the participant continues sessions three
and four. After the last session, the participants are asked to |l
out another user experience questionnaire for the second character
layout. An exemplary study procedure is illustrated in Fig. 5. The
overall duration of the experiment and survey is estimated wif
minutes.

Before the entry of text, each participant has the opportunity to
familiarize themselves with the setup, thEpTopTypingorototype,
and the text input method under a random layout. To avoid sequen-
tial learning e ects, all conditions were randomized. However, the
layout condition was randomized in the sense of starting layout but
not randomized overall. Therefore, once a participant starts with
one layout, the following session uses the same layout. For example,
a participant starts with TTT-QWERTY in the walking condition
and continues then with TTT-QWERTY in the standing condition.
The choices for the starting layouts were counterbalanced, as half
of the participants started with TTT-QWERTY while the others
started withOPTI This approach was chosen in order to extend the
time a participant spends on one character layout at a time before
switching to the other layout.

In total, every participant completes four sessions with three
test phrases each. Before each session, participants are given a brief
explanation of the procedure to follow. To reduce potential biases
towards the character layouts, th@PTllayout is simply termed as
“alternative layout' throughout the whole experiment. Also, it is not
speci ed that the layout was optimized in any way. This precaution
was considered for everything involved in the study. All participants
are encouraged to take a short break in between sessions. After
the fourth session each participant is asked to participate in a user
survey regarding the overall experience with the system.

5 EVALUATION

In order to evaluate the performance of the proposEgTopTyping
prototype and the optimized character layo@PT) the common
performance measures entry rate and accuracy are determined.
With the beginning of the rst keystroke, or pinch gesture respec-
tively, a timer is started and then stopped the moment the partic-
ipant nishes copying three sentences from the provided phrase
set.

5.1 Text Entry Rate

The text entry rate is calculated as words per minute (WPM) by
applying equation (1) below. To calculate the WPM, the number of
entered characters j is divided by the required timg in seconds,
which provides a measure for characters per second (CPS). Accord-
ing to MacKenzie and Soukorg19], the standard word length for
evaluating text input is ve characters, regardless of punctuation
or spaces. To obtain the metric of words per minute, the measured
CPS rate is, therefore, multiplied 80 s equivalent to one minute,
and divided by5, the standard word length.

J

|
)
5.2 Text Entry Accuracy

The accuracy of text input is measured in keystrokes per charac-
ter (KSPC), where one keystroke refers to one selection of a charac-
ter group by performing a pinch gesture. According to MacKenzie
[18], KSPC describes the number of keystrokes required to write
a distinct character in a given text input technique. On a standard
QWERTY keyboard, ideally, KSPC equals one since the user is able
to write one character with every keystroke. In two-step thumb-
to- nger text input approaches such asr[ 13 26 KSPC would
ideally equal two, assuming that the user makes no mistakes. For
TipTopTypingthe ideal KSPC equals one, with KSPQ for any

60s

WPM = = 1)
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