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Figure 1: Left: a user is typing on iText in an ARHMD. It uses an imaginary (invisible) keyboard and allows efficient text entry
in a hands-free and occlusion-free manner. Right: iText accepts user input through eye blinks, dwell, or head swipe gestures
and predicts the intended words from a statistical decoder.

ABSTRACT
Text entry is an important and frequent task in interactive devices
including augmented reality head-mounted displays (AR HMDs).
In current AR HMDs, there are still two main open challenges to
overcome for efficient and usable text entry: arm fatigue due to mid-
air input and visual occlusion because of their small see-through
displays. To address these challenges, we present iText, a technique
for AR HMDs that is hands-free and is based on an imaginary (in-
visible) keyboard. We first show that it is feasible and practical to
use an imaginary keyboard on AR HMDs. Then, we evaluated its
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performance and usability with three hands-free selection mech-
anisms: eye blinks (E-Type), dwell (D-Type), and swipe gestures
(G-Type). Our results show that users could achieve an average
text entry speed of 11.95, 9.03 and 9.84 words per minutes (WPM)
with E-Type, D-Type, and G-Type, respectively. Given that iText
with E-Type outperformed the other two selection mechanisms in
text entry rate and subjective feedback, we ran a third, 5-day study.
Our results show that iText with E-Type can achieve an average
text entry rate of 13.76 WPM with a mean word error rate of 1.5%.
In short, iText can enable efficient eyes-free text entry and can be
useful for various application scenarios in AR HMDs.
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1 INTRODUCTION
Augmented reality head-mounted displays (AR HMDs) have be-
come increasingly more practical and appealing due to a reduction
in their weight and size, and significant improvements in their
display and computing power. They provide virtual overlays that
augment the physical world and have the potential to help users
complete everyday tasks such as checking emails, browsing infor-
mation, and online chatting more effectively and conveniently [16].
However, efficient typing (or text entry) remains an important open
challenge in these scenarios, one that needs to be solved before this
vision can become a reality.

The state-of-the-art AR devices, such as HoloLens 2, require
users to perform pinch gestures to select keys on amid-air keyboard.
However, due to the small see-through displays, virtual interfaces
(e.g., the virtual keyboard) can occlude users from seeing what
objects are behind the interface, either virtual and/or physical [14].
This occlusion and lack of awareness of their surroundings can
even cause physical injuries when users are standing and walking
[28]. Another challenge with pinch-based approaches is that the
hands may be unavailable for typing, because they are occupied
with other tasks, such as holding other items. Moreover, mid-air
input can easily lead to arm fatigue [10]. Due to these issues, current
techniques based on mid-air typing and visible virtual keyboards
are difficult to apply to everyday use scenarios for AR devices,
which are meant to give users the ability to move around.

The above challenges can be addressed by having a text en-
try technique that is hands-free and uses an imaginary (invisible)
keyboard. Typing on an imaginary keyboard, where the keys are
not shown on the display, affords users with almost full visibility
of physical environments [38]. Additionally, a technique that is
hands-free allows users to type even when their hands are occu-
pied. Therefore, integrating hands-free and an imaginary keyboard
is a promising solution for text entry in AR systems.

In this paper, we present iText, a technique that is hands-free and
uses an imaginary keyboard for efficient text entry for AR systems.
The final implementation of iText is the result of an iterative design
process. In a first study, we used a Wizard of Oz approach [3] to
explore the feasibility of hands-free text entry on an imaginary key-
board. We explored two types of selection mechanisms: (1) D-Type
(short for dwell type) that allows users to select letters discretely
by hovering the cursor on the keys, and (2) G-Type (short for ges-
ture type) which allows text entry by making continuous gestures.
Our results show that it is feasible to use hands-free input with an
imaginary keyboard as users could recall imaginary key positions
accurately. Based on the statistical decoders derived from the first
study, iText was implemented with three selection mechanisms
(D-Type, G-Type, and E-Type), where E-Type (short for eye type)
uses eye blinks to trigger selections. E-Type was included since
recent research [17] showed that eye blinks are an efficient and
usable hands-free technique for virtual reality HMDs. We evaluated
their effectiveness and usability through a second user study with
18 participants. Our results show that iText with E-Type, D-Type
and G-Type can reach an average text entry speed of 11.95, 9.03

and 9.84 words per minute (WPM). As E-Type showed superior
performance and higher user preference, we ran a third 5-day study
to understand text entry speed, error rate, learning curve and eye
fatigue levels of iText with E-Type based on longer-term use of the
technique. Our results show that iText with E-Type achieved an
average of 13.76 WPM on the last day of deployment. Furthermore,
induced eye fatigue was low, and user performance and usability
of iText was barely affected.

The main contributions of the paper include: (1) iText, a novel
efficient hands-free text entry technique for AR HMDs that uses an
imaginary keyboard; (2) an empirical study to show the feasibility
of hands-free text entry on an imaginary keyboard in AR HMDs; (3)
an implementation and comparative evaluation of three hands-free
selection mechanisms (blinking, dwell, and gesture) on imaginary
keyboards; and (4) a long-term evaluation of iText with blinking as
input. As a hands-free technique that uses a non-visible keyboard,
iText addresses two important issues: occlusion and arm fatigue.

2 RELATEDWORK
In this section we present our review of the literature on text entry
techniques for AR/VR, invisible/imaginary interfaces, and hands-
free approaches for text entry.

2.1 Text Entry Techniques in AR HMDs
Several techniques have been proposed to enable text entry in AR
HMDs. For example, VISAR [4] allows users to input text via a
visualised input surface with mid-air hand typing. To avoid visual
occlusion, VISAR minimizes the visual clutter by only showing
the outlines and labels of the keys. In the final experiment, VISAR
was reported to achieve an average of 17.75 WPM text entry speed.
HIBEY [15] employs a one-line keyboard layout and allows users
to browse through or select a key via mid-air gestures, and was
proposed as a viable solution for text entry in a constrained AR
screen. A long-term user study showed that HIBEY led to a mean
typing rate of 9.95 WPM over an eight-day study. Both VISAR and
HIBEY were implemented in HoloLens 1, which afforded a limited
size of field of view (FOV = 34 degrees [8]). Xu et al. [33] evaluated
eight text entry techniques with four input mechanisms (controller,
head, hand and hybrid) with two selection methods (tap and swipe)
in AR HMDs. The results indicated that controller-based typing
techniques were better than other techniques in terms of text entry
performance and subjective feedback. However, the above mid-air
text entry techniques were reported to have a common issue of
hand/arm fatigue during the experiments. To our knowledge, no
hands-free text entry technique has been investigated in AR HMDs
for scenarios where users’ hands are busy with other tasks.

2.2 Hands-free Text Entry Techniques
Speech recognition is a feasible way to achieve hands-free text entry.
Ruan et al. [29] used a state-of-art speech recognition system and
compared it with a mobile touchscreen typing method. The study
revealed that transcribing phrases using speech was nearly three
times faster than on a touchscreen keyboard. Although speech al-
lowed speedy text entry in transcribing tasks, Foley et al. [5] stated
that speech was no better than typing on a touchscreen for compos-
ing tasks, and people were more inclined to choose a touchscreen
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keyboard according to their subjective feedback. In addition, there
are two major disadvantages of speech techniques: (1) they require
a relatively quiet environment for speech recognition techniques
to work properly; and (2) they can lead to privacy concerns. These
issues prevent speech text entry to be used in many public spaces
like libraries, restaurants, malls, etc.

Besides speech recognition, a few techniques allow users to enter
texts through head/eye movements. Dwell-based input [24, 26] is a
prevalent solution for selecting one target key at a time (character-
level text entry), in which a user gazes at a target key for a certain
time (so called dwell time) to trigger the selection. Eyes-S [27] allows
users to draw letters on 9 pre-determined regions based on a 400ms
dwell time and enables users to reach a text entry speed of 6.8 WPM
on average. Majaranta et al. [20] conducted a long-term user study
that allowed the users to personalize the dwell time. Their results
showed that the mean typing speed increased to 19.9 WPM after
some practice. Mott et al. [22] proposed a dwell-based text entry
with a cascading dwell time. This approach led to a mean typing
speed of 12.39 WPM. Instead of eye gazing, Yu et al. [37] indicated
that it is possible to reach 10.59 WPM with a constant 400ms dwell
time for VR HMDs using a head-based typing technique. However,
dwell-based approaches have inherent limitations—a long dwell
time can decrease user performance and a short dwell time is likely
to ‘push’ users to select keys quickly, which could increase the
likelihood of false-positive selections. Dwell-free techniques can
overcome the shortcomings of using a dwell time and allow users to
have more control of their typing speed. RingText [34], for example,
provides users with a circular keyboard to type in a dwell-free
fashion in VR HMDs. Experts were able to reach an average typing
speed of 13.24 WPM after 90 minutes of training. BlinkType [17]
is an alternative dwell-free approach, where users enter text by
blinking their eyes. An experiment showed that BlinkType was
more efficient (13.47 WPM) and preferred by users compared to a
dwell-based approach.

Some dwell-free techniques may also allow word-level text en-
try (i.e., entering a word each time rather than a character). With
EyeSwipe [13], users select the first and last characters of a word
by reverse-crossing and glancing through the vicinity of the middle
characters. Candidate words were displayed when performing the
gesture. EyeSwipe reached a typing rate of 11.7 WPM after 30 min-
utes of practice. In Filteryedping [25], users looked at characters
in the same order of a required word, then the system automat-
ically filtered out unwanted words and ranked candidate words
according to their length and frequency. This technique reached
a mean text entry speed of 15.95 WPM. In addition to gaze-based
typing methods, a head-based technique called GestureType [37]
has been shown to achieve a typing speed of 19.04 WPM in VR en-
vironments. However, GestureType was not completely hands-free
since controller buttons were used to indicate the start and end of
drawing.

It should be noted that common eye-tracking systems are highly
sensitive to noise, and gaze-based text entry normally suffer from a
low typing speed and high error rates. In order to correctly obtain
the selections, a gaze-based keyboard usually requires a large key
size (e.g., one key occupies about 90px in EyeSwipe [13]). Therefore,
controlling the pointer movement through users’ head with head-
based selection techniques (e.g., head-based dwelling, head-based

gestures, head movement + blink selection [17]) can potentially
lead to more robust results.

2.3 Imaginary Keyboard
To type on an imaginary keyboard, users have to recall key positions
of the QWERTY layout. Zhu et al. [38] investigated an imaginary
keyboard on a smartphone, where virtual keys were hidden to save
screen space. Users were reported to reach an average text entry
speed of 37.9 WPM after 3 days of practice. Their results indicated
that users could recall key positions correctly, and the typing para-
digm based on imaginary keyboards was easy to learn. Imaginary
keyboards have also been explored in eyes-free conditions, where
users enter text without looking at the keyboard while receiving
text feedback from a distant display. BlindType [18] leverages the
thumb’s muscle memory to type on a touchpad and can lead to a
typing rate of 17-23 WPM. Their work also reported that a classical
decoding algorithm was capable of hands-free text entry. i’sFree
[39] is a word-level eyes-free text entry technique. It decodes ges-
tures drawn on a remote control device and was reported to reach a
text entry speed of 23 WPM. Xu et al. [35, 36] presented text entry
on a fingertip keyboard using thumb-tip gestures. With a bimanual
fingertip keyboard, this technique approached an average typing
speed of 23.4 WPM. From our literature review, we argue that the
imaginary keyboard can be successfully adapted from smartphones
to AR HMDs without losing any of its remaining advantages.

2.4 Summary
Based on our review, we highlight that dwell-based and dwell-
free gesture-based selection mechanisms are viable candidates for
hands-free text entry on imaginary keyboards based on a QWERTY
layout. Therefore, dwell (D-Type) and gesture (G-Type) were the
two selection mechanisms chosen for the feasibility study. We then
introduced eye blinking (E-Type) as an alternative input mechanism
for discrete, character-level text entry (as an alternative to the dwell-
based approach) because of the high usability and efficiency of using
eye blinks for character selection and the relatively cheap cost for
eye blink detection (rather than gaze tracing) [17].

3 DESIGN OF ITEXT
3.1 Keyboard Layout
The keyboard was placed one meter away at the center of the user’s
view. The size of the keyboard was 40*20cm and one key-width
was set as 3.4cm. The keys were hidden and the panel was 30%
transparent, which could be adjusted based on user preference. The
last row of the keyboard is slightly more visible for indicating (from
left to right) a space key, delete key and function key for moving to
the next phrase. The cursor is controlled by users’ head movements.
The most likely suggested letter predicted via our statistical decoder
appears close to the pointer.

3.2 The Three Selection Mechanisms: D-Type,
G-Type, and E-Type

These three selection mechanisms were inspired from our literature
review. D-Type allows users to enter text by hovering the cursor
over a key for a predefined dwell time. We conducted a pilot test
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Figure 2: Three illustrations (from left to right) that represent D-Type, G-Type and E-Type, the three techniques that enable
hands-free text entry on an imaginary keyboard in AR environments. (a) The user dwells the pointer over a location for a
certain time to trigger a selection. (b) The user draws the letters in sequence to enter a word. (c) The user blinks their eyes to
trigger a selection. Note that the transparency level of the imaginary keyboard area does not affect the functionality of iText:
(a) and (b) show two levels of transparency while in (c) the keyboard area is fully transparent.

to determine a suitable range of dwell time. At the end, we set the
dwell time to be 600ms which represented an appropriate trade-off
between speed and unintentional selections. A red circular progress
bar (Figure 2.a) is used to indicate the dwell time, and a light beep
sound to help users know whether the character has been selected.
One issue for dwell-based text entry is that users may dwell on the
same key after selecting it as they search for the next key. Because
of this, dwell time is set to be 800ms after a key is activated. The
dwell time refreshes if the cursor moves more than 1.7cm, which is
suitable according to our pilot studies.

G-Type lets users enter text by drawing a path through letters
of a word in order. G-Type is semi dwell-based, which means the
gesture starts or ends from a cursor hovering on a certain place for
a dwell time. To be consistent with D-Type, a dwell time of 600ms
indicates the start and 800ms indicates the end of the gesture. In
addition to a red circle that represents dwell time and a beep sound
to indicate a selection, a short red tail is used to help users visualize
the cursor movement (Figure 2.b). The dwell time refreshes once
the cursor moves more than 1.7cm. Furthermore, users can select a
single letter or a suggested word by keeping the pointer on a target
place (within 1.7cm) during the period of drawing a gesture.

E-Type allows users to enter text using eye blinks. A recent paper
[17] showed that blinking with both eyes resulted in much higher
accuracy (∼100%) compared to left eye blinking (79.5%) and right eye
blinking (69.4%). Therefore, E-Type also uses the blinking of both
eyes to trigger selections. We set 400ms as the minimum gap time
between double-blinking entries. To avoid false-positive selections
caused by unintended eye blinks, users are allowed to look at any
space outside the keyboard to reset their eyes temporarily (Figure
2.c). Eye trackers produced by different vendors provide distinct
mechanisms to detect eye blinks. In this research, we use a HoloLens
2 which supports an API to identify if the headset is receiving the
eye tracking data successfully. We enforced a rule that the system
recognizes an eye blink once the headset loses eye tracking data
(which happens when eyes are closed) for more than 150ms.

4 USER STUDY 1
This experiment aimed to investigate typing behaviors of D-Type
and G-Type on an imaginary keyboard. It was carried out with three
goals: 1) To understand whether users can transfer their memory

of the location of the keys to AR environments and type with an
imaginary keyboard in AR HMDs; 2) To understand whether users
can perform hands-free text entry on an imaginary keyboard; and
3) To capture and compare endpoint distributions of D-Type and
G-Type.

4.1 Participants and Apparatus
We recruited 16 participants aged from 19 to 23. The average score
of the familiarity with the QWERTY keyboard layout (1: novice; 5:
expert) was 4, with a minimum of 3. The average score of confidence
of typing without looking at the keyboard (1: not confident; 5:
confident) was 3, only one participant gave a rating of 1. Nine
participants also reported having limited exposure to AR HMDs.
The experiment was conducted with a HoloLens 2, which afforded
a diagonal field of view (FOV) of 52 degrees. We developed the
experimental environment with Unity3D.

4.2 Experiment Design and Procedure
Since users perform different typing patterns under gesture-like
(G-Type) and tap-like (D-Type and E-Type) methods according to
prior studies [18, 39], we only captured typing behaviors from two
input modalities (D-Type and G-Type) in this study. That is, we
did not include E-Type because D-Type and E-Type were likely
to have similar endpoint distributions, given that they are both
characterized by head pointing and character-level entry (i.e., text
entry is done character by character). We designed a Wizard of Oz
experiment to collect users’ unbiased typing behaviors, and no de-
coding algorithms were employed. Wizard of Oz is an experimental
approach in which participants interact with a computer system
(in our case, via a keyboard interface) that they believe to be au-
tonomous and functional but it is actually pre-defined or operated
by an unseen human [3]. Participants were required to transcribe
phrases using D-Type or G-Type. The system always displayed the
correct text no matter where the pointer hit.

The experiment followed a within-subjects design. The inde-
pendent variable was Selection Mechanism (D-Type and G-Type).
Their order was counterbalanced to avoid carryover effects. At the
beginning of the experiment, each participant was briefed with the
details of the selection mechanism and the AR HMD they would use.
Participants were instructed to complete two tasks, one for each
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Figure 3: Imaginary key distributions on D-Type (a) and G-
Type (b) covered by 95% confidence ellipses.

mechanism. Participants were given 5 phrases to get them familiar
with each of the two mechanisms. We instructed participants to
complete the warm-up session or until they got comfortable us-
ing the keyboard, which happened at a different pace for different
participants. Each task consisted of 4 blocks, and each block had 6
phrases. The phrases were randomly generated from the MacKen-
zie phrase set [19]. Participants could take a short break between
blocks and review the real QWERTY keyboard if they wanted to.
Participants were instructed to provide the endpoints as accurately
and naturally as possible. The experiment took around 50 minutes
for each participant.

4.3 Results
4.3.1 Data Pre-processing. It is not straightforward to obtain imag-
inary key positions directly from a gesture which is made up of
continuous points. We employed the method used in i’sFree [39]
to infer users’ imaginary key positions. Their method was based
on a dynamic time warping (DTW) algorithm [1]. The key idea is
to compare the input gesture with the templates from the corpus
(both sampled into 100 equidistant points), and then find the opti-
mal match. The imaginary key has the shortest DTW distance to
the corresponding key position in the template.

We used endpoint distribution to illustrate the results, which
is formed by multiple intersection points of the selection ray (as
controlled by the head) and the virtual keyboard when a key selec-
tion happens. The endpoints made by D-Type and G-Type can be
regarded as "Touch Down/Up" and "Swipe" events on a touchscreen.
At the end, we collected a total of 20370 number of endpoints from
the experiment, 9397 with D-Type and 10973 with G-Type. In order
to reduce the effect of outliers, we dropped the points that are far
away (more than three standard deviations) from the key centroids.
This process led to the removal of 1354 outliers (6.65%).

4.3.2 Variances. Figure 3 shows that the mean standard devia-
tions across imaginary keys, which are 3.94cm and 2.44cm in the
x-axis, and 2.90cm and 1.46cm in the y-axis for G-Type and D-Type,
respectively. One-way ANOVA tests showed that Selection Mecha-
nism had significant effects on mean standard deviations (𝐹 (1,50) =
36.056, 𝑝 < 0.001 for the x-axis; 𝐹 (1,50) = 69.092, 𝑝 < 0.001 for the
y-axis). A repeated-measures ANOVA with Greenhouse-Geisser
correction showed that the mean standard deviations significantly
differed between the axes (𝐹 (1,50) = 115.176, 𝑝 < 0.001). The mean
standard deviation in the x-axis was 0.99cm greater than the y-axis.

4.3.3 Offsets. The horizontal (x-axis) and vertical (y-axis) offsets
were calculated by (𝑥𝑡 , 𝑦𝑡 ) − (𝑥𝑣, 𝑦𝑣), where (𝑥𝑡 , 𝑦𝑡 ) represents
the coordinate of the imaginary key position, and (𝑥𝑣, 𝑦𝑣) is the
coordinate of the target key. The positive and negative value of the
offset indicate that the imaginary key is located above or below
the key center. The mean horizontal offset across keys is -1.65cm
(𝑆𝐷 = 1.30) for D-Type and -3.31cm (𝑆𝐷 = 2.20) for G-Type. D-
Type and G-Type yielded 0.16cm (𝑆𝐷 = 0.46) and 2.71cm (𝑆𝐷 =

1.45) vertical offsets, respectively. One-Way ANOVA tests revealed
that selection methods had a significant effect on offsets (𝐹 (1,50) =
10.921, 𝑝 < 0.002 for the x-axis; 𝐹 (1,50) = 72.974, 𝑝 < 0.001 for the
y-axis).

4.3.4 Discussion. During the experiment, we found that most of
the participants did not complete the practice sessions and went di-
rectly to the formal task; in particular, they practiced fewer phrases
in D-Type compared to G-Type. Moreover, most participants did
not need to review the layout of the keys on a real keyboard after
the second break. The confidence ellipses revealed that the centers
of the imaginary keys almost match those of the keys in a standard
QWERTY keyboard layout. This shows that participants could recall
key positions on the imaginary keyboard in AR environments (Goal
1). Similarly, the results show that they can perform hands-free text
entry on the imaginary keyboard based on the QWERTY layout
(Goal 2). We also observed that G-Type resulted in larger mean
standard deviations across keys, which was about 1.5cm greater
than D-Type in both axes. These results indicate that D-Type is
more stable with smaller standard deviation of key positions (Goal
3). Despite this, the mean standard deviation of G-Type is about
one key-width, which is still acceptable. The offsets showed that
imaginary keys with the two typing mechanisms were likely to be
located on the upper left of the key centers (Goal 3). Our results
also show that G-Type shifted nearly one-key width to the left and
D-Type barely shifted in the y-axis.

4.4 Deriving Typing Decoders
We used the data to implement a statistical decoder with an adapted
spatial model to suggest words to the users. Normally, the statistical
decoder [6] consists of a spatial model which gives the probability
distributions with regard to key locations on the keyboard, and a
language model that decides the prior probabilities of words based
on the corpus. We adapted a spatial model to fit the imaginary key-
board [38]. At the end, the decoder could infer the most likely letters
according to the spatial model once the user triggers a selection
according to the following equation:

𝐶∗ = argmax
𝐶∈𝐴

𝑃 (𝑥,𝑦 |𝐶) (1)

where 𝐴 is comprised of 26 letters of the English alphabet on the
keyboard, (𝑥,𝑦) represents the endpoint coordinate the user hits on
the keyboard, 𝐶 is one character belonging to the alphabet, and 𝐶∗

is the predicted character. Equation 1 was used to produce the most
likely character under the current selection endpoint (as shown in
Figure 2). Then, we assume that each selection is independent and
𝑃 (𝑥,𝑦 |𝐶) follows a bivariate Gaussian distribution. Based on this,
the decoder suggests the words with high probabilities calculated
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with the following equation:

𝑊 ∗ = arg max
𝑊 ∈𝐿

𝑃 (𝑆 |𝑊 )𝑃 (𝑊 ) (2)

where 𝐿 is the language corpus which has a lexicon of 10k words
from the American National Corpus [11],𝑊 represents a particular
word in the corpus, and 𝑆 is the input. In this case, 𝑃 (𝑆 |𝑊 ) is
calculated from the adapted spatial model with parameters collected
from Study 1 and 𝑃 (𝑊 ) is from a language model.

For G-Type, since a dwell-based like mechanism is used to indi-
cate the start/end of a gesture, we employed Equation 1 to recognize
the corresponding letters. We also applied the gesture recognition
algorithm reported in previous research [12, 21, 37]. The algorithm
infers the most probable word by measuring the similarities of the
shapes. The words in the corpus are transformed into templates in
the form of lines that connect the center of each letter of a word
in order. Then, the input gesture and templates are sampled into
100 equidistant points. The algorithm prunes the corpus by remov-
ing the templates whose start/end positions are more than 1-key
width away from the input’s start/end positions. The similarity
is calculated by the sum of the Euler distance between points on
the gesture and the template. The word that leads to the minimum
Euler distance is the best candidate word based on the gesture.

5 USER STUDY 2
We conducted a second study to evaluate the effectiveness of the
three hands-free selection mechanisms on an imaginary keyboard.
Our aim was to explore typing speed, error rate, learning rate, and
subjective feedback and usability issues.

5.1 Participants and Apparatus
We recruited another 18 participants from a university campus, 6
for each technique. The participants were aged between 19 to 23
years (mean=21). No participant was involved in the previous study.
The average score of their familiarity with QWERTY keyboards (1:
naive; 5: expert) was 4. The average score of confidence of typing
without looking at the keyboard (1: not confident; 5: confident) was
3. The experiment was conducted with the same device as Study 1.

5.2 Experiment Design and Procedure
The experiment followed a between-subjects design to avoid cross-
learning effects. Participants were asked to provide their demo-
graphic information before the experiment. Then, they were briefed
with the details of the hands-free text entry mechanisms and imag-
inary keyboard interface. At the beginning of the task, participants
were given 5 phrases to get them familiar with the system. Then, a
total of 40 phrases were randomly generated for each participant
from the MacKenzie phrase set [19]. The phrases were divided into
5 blocks evenly. Participants were allowed to have a short break
between the blocks. After they completed the task, participants
were asked to fill out a NASA-TLX [9] and a short version of User
Experience Questionnaire (UEQ-S) [31] to provide their subjec-
tive feedback. The whole experiment took about 50 minutes per
participant.

Figure 4: Mean text entry speeds of E-Type, D-Type and G-
Type across 5 blocks. Error bars indicate the standard error.

Figure 5: Word error rates of E-Type, D-Type and G-Type
across 5 blocks. Error bars indicate the standard error.

5.3 Results
To analyze the data collected in this study, we employed repeated-
measures ANOVAs (RM-ANOVAs) and Bonferroni-adjusted pair-
wise comparisons with Block (blocks 1-6) as the within-subjects
factor and Selection Mechanism (D-Type, G-Type and E-Type) as
the between-subjects factor.

Text entry speed was measured in Words Per Minutes (WPM):

𝑊𝑃𝑀 =
|𝑆 − 1|
𝑇

× 1
5

(3)

where 𝑆 is the length of the transcribed string in characters and 𝑇
is the elapsed time in minutes timed from the first keystroke to the
last keystroke for one phrase.

The word error rate [2, 32, 38] was measured by MinimumWord
Distance (MWD) because the keyboard employed word-level cor-
rections. The MWD was the smallest number of word deletions,
insertions, or replacements needed to transform the transcribed
string into the desired string. The word error rate is defined as:

𝑟 =
𝑀𝑊𝐷 (𝑆, 𝑃)

|𝑃 | × 100% (4)

where 𝑀𝑊𝐷 (𝑆, 𝑃) represents the 𝑀𝑊𝐷 between the transcribed
phrase 𝑆 and the target phrase 𝑃 , and |𝑃 | denotes the number of
words in 𝑃 .

5.3.1 Text Entry Speed. RM-ANOVA tests yielded a significant
effect of Block (𝐹 (4,60) = 88.385, 𝑝 < 0.001) and Selection Mech-
anism (𝐹 (2,15) = 6.829, 𝑝 < 0.008) on text entry speed. E-Type
was the fastest mechanism as pairwise comparisons showed that
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Table 1: UEQ scales in terms of pragmatic, hedonic and overall quality.

Technique Pragmatic Hedonic Overall

E-Type 1.67 (Good) 1.29 (Above Average) 1.48 (Good)
D-Type 1.21 (Above Average) 1.04 (Below Average) 1.13 (Above Average)
G-Type 0.38 (Bad) 0.88 (Below Average) 0.63 (Below Average)

Figure 6: NASA-TLX ratings of E-Type, D-Type and G-Type
in terms of Mental Demand (MD), Physical Demand (PD),
Temporal Demand (TD), Performance (Pe), Effort (Ef) and
Frustration (Fr). Error bars indicate the standard error.

E-Type was significantly faster than D-Type (𝑝 = 0.014) and G-
Type (𝑝 = 0.023). Participants achieved an average of 7.77 WPM
(𝑆𝐷 = 1.45) in the first block, and the typing speed increased to
11.95 WPM (𝑆𝐷 = 1.30) in the final block. D-Type was faster than
G-Type in the first two blocks. However, G-Type achieved an aver-
age of 9.84 WPM (𝑆𝐷 = 1.37) in the final block, which was faster
than D-Type (𝑀 = 9.03 WPM, 𝑆𝐷 = 1.15).

5.3.2 Error Rate. The word error rate was low in the final block
among the three mechanisms, with E-Type, D-Type and G-Type
having 4.6%, 3.7% and 2.3% respectively. G-Type yielded a relatively
low error rate through the five blocks; it dropped below 3.0% in
the last two blocks. With E-Type, the error rate dropped from the
first block of 6.9% to the fifth block of 4.6%. The mean error rate of
D-Type in the first block was 5.3%, and decreased to 3.7% in the last
block. RM-ANOVA tests did not reveal a significant effect on word
error rate (𝐹 (2,15) = 2.215, 𝑝 = 0.144).

5.3.3 Subjective Feedback. One-way ANOVAs showed that Selec-
tion Mechanism had a significant main effect on the "Complicated-
Easy" subscale of UEQ (𝐹 (2,17) = 13.280, 𝑝 < 0.001). Post-hoc tests
showed that the G-Type was significantly more complicated than
E-Type (𝑝 < 0.001). No other significant effects were found. Table
1 shows the summary of UEQ-S ratings. E-Type was considered as
the most pragmatic and hedonic mechanism compared to the other
two. G-Type was rated lower in the pragmatic value than E-Type.

Figure 6 shows the NASA-TLX subscale ratings for Mental De-
mand (MD), Physical Demand (PD), Temporal Demand (TD), Per-
formance (Pe), Effort (Ef) and Frustration (Fr). One-way ANOVAs
did not show any significant effect of Selection Mechanism on MD
(𝑝 = 0.267), PD (𝑝 = 0.632), TD (𝑝 = 0.494), Pe (𝑝 = 0.368), Ef
(𝑝 = 0.753), or Fr (𝑝 = 0.234).

5.4 Discussion
Results from this study confirm the feasibility of the three hands-
free text entry approaches (that is, dwell-based, dwell-free and
gesture-based) with an imaginary keyboard.

E-Type is the most promising solution in terms of text entry
speed and user experience feedback. Compared to G-Type and D-
Type, E-Type is around 2-3 WPM faster. G-Type and D-Type have
similar text entry speeds. E-Type is faster probably because it does
not require any dwell time before a selection. While there was
no significant difference of Selection Mechanism on word error
rate, G-Type showed a slight advantage in error rate while E-Type
led to a slightly higher error rate. This is because G-Type requires
users to type by selecting suggested words other than character-by-
character which offers an alternative way to enter text in characters.
This mechanism forces users to be conscious of selecting correct
words. Unintended eye blinks are probably the main reason that
made E-Type have a slightly higher error rate.

The subjective feedback shows that E-Type had a higher prefer-
ence score, based on both pragmatic and hedonic measures. G-Type
was rated low in pragmatic because of its complexity. Though
participants successfully recalled key positions of the QWERTY
keyboard and results from prior research [39] have shown that a
G-Type selection on an imaginary keyboard using hands was faster
than on a visible keyboard, our results show that drawing a word
trace based on head motions is not easy for users as the head is not
a common input method and is not as natural and conventional as
using hands.

The results also show that the typing speed of G-Type was lower
compared to previous studies (e.g., 15.58 WPM in [37]). This could
be due to the following reasons: (1) The HoloLens 2 used in this
experiment affords only half the FOV of a Samsung Gear VR (52 vs
96 degrees), which resulted in a much smaller keyboard size and
constrained the speed of drawing traces. (2) Participants could have
faced additional challenges when they had to continuously recall
key positions in real-time when performing head-based gestures.
(3) Our implementation of G-Type is fully hands-free where the
start/end of a gesture is decided by a dwell time. On the other hand,
the head-based gesture typing in the previous study [37] is not
entirely hands-free given that the start/end of the head gesture is
triggered by pressing a button using hands.

Because E-Type showed an obvious advantage in text entry speed
and user preference, we wanted to explore further its performance
over a longer use period and see how long users would need to
reach peak entry rates and whether there could be eye fatigue and
its effect on performance and usability.
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Figure 7: Means of text entry speed of 5 participants across
5 days with E-Type.

Figure 8: Word error rates of 5 participants across 5 days
with E-Type.

6 USER STUDY 3
We conducted a third 5-day user study to examine the long-term
usage of iText with E-Type as its only selection mechanism. Since
Study 2 revealed that E-Type was the most efficient and preferred
by participants, this last study aimed to explore the potential per-
formance (in terms of typing speed and word error rate), learning
rate and eye fatigue of iText with E-Type. Five participants were
recruited from the same campus, aged between 20 to 22 years
(mean=21). These participants were not involved in the previous
two studies. The average score of their familiarity with QWERTY
keyboards (1: naive; 5: expert) was 4. The average score of confi-
dence of typing without looking at the keyboard (1: not confident;
5: confident) was 3. The apparatus used was the same as in the two
previous studies.

6.1 Experiment Design and Procedure
The study consisted of 5 continuous days. Participants were in-
structed to complete two blocks, each block consisted of 8 phrases
randomly generated from the MacKenzie phrase set [19]. Partici-
pants were able to have a rest between blocks. Over 5 days, partici-
pants were given two phrases to warm up before the actual task
and were asked to rate their eye fatigue (1: very low; 7: very high)
after the task.

6.2 Results
6.2.1 Text Entry Speed. A one-way ANOVA revealed a significant
main effect of Day on text entry speed (𝐹 (4,49) = 17.018, 𝑝 < 0.001).
Post-hoc comparisons showed significant differences between Day

1 𝑣𝑠. Day 3 (𝑝 = 0.003), Day 1 𝑣𝑠. Day 4 (𝑝 < 0.001), Day 1 𝑣𝑠.

Day 5 (𝑝 < 0.001), Day 2 𝑣𝑠. Day 4 (𝑝 = 0.002), Day 2 𝑣𝑠. Day 5
(𝑝 < 0.001), Day 3 𝑣𝑠. Day 5 (𝑝 = 0.020). Participants achieved
average text entry rates of 13.04 and 13.77 WPM on Day 4 and Day
5, respectively.

6.2.2 Word Error Rate. There was no significant effect of Day on
word error rate (𝐹 (4,49) = 0.677, 𝑝 = 0.611). Overall, the word error
rate was low for most of the study. All participants had an error rate
under 3.0% in the last two days (𝑀 = 0.9% in Day 4,𝑀 = 1.5% in Day
5). While P1 (𝑀 = 3.0%, 𝑆𝐷 = 1.2%) and P2 (𝑀 = 2.3%, 𝑆𝐷 = 0.9%)
had a relatively higher error rate compared to the other participants
over 5 days, they performed text entry with high speed (𝑀 = 13.33
and𝑀 = 12.16, respectively).

6.2.3 Subjective Ratings. One-way ANOVA tests revealed a main
effect of Day on eye fatigue (𝐹 (4,24) = 4.875, 𝑝 = 0.007). Post-hoc
comparisons showed that there is a significant difference between
Day 1 and Day 5 (𝑝 = 0.005). The mean rates dropped 60% from
Day 1 (𝑀 = 3.00, 𝑆𝐷 = 1.0) to Day 5 (𝑀 = 1.20, 𝑆𝐷 = 0.45). 4 par-
ticipants rated 1 in eye fatigue in the last day. The results indicated
that eye fatigue decreased along with users getting familiar with
the blinking mechanism.

7 DISCUSSION AND POTENTIAL
APPLICATION SCENARIOS

The results of the three studies lead to three main findings. First,
the distributions (Figure 3) of imaginary key positions indicate that
users can transfer their memory of the QWERTY keyboard to an
imaginary keyboard in AR. They can recall the positions of keys
correctly with both discrete selection (D-Type) and continuous se-
lection (G-Type) mechanisms. While dwell-based selection shows
a closer match of key locations with small standard deviations,
gesture-based selection is still viable on an imaginary keyboard.
This result paves the path for exploring further imaginary key-
boards in AR HMDs (and potentially for VR HMDs as well). Second,
E-Type outperforms D-Type and G-Type in terms of text entry
speed and subjective feedback. While our results show that E-Type
is practical and easy to learn and use, D-Type and G-Type are both
practical and feasible mechanisms for text selection on imaginary
keyboards. Third, a 5-day user study shows that E-Type can achieve
a text entry rate of 13.77 WPM with a word error rate below 3%.
Moreover, self-reported ratings indicate that entering text via eye
blinks only causes slight eye fatigue (4 of 5 participants rated eye
fatigue as very low in the last day). While E-Type is promising and
works very well with iText, it requires an eye tracker which may not
be available for all AR HMDs. However, eye tracking technology
is becoming cheaper [7, 30] and is integrated into more AR HMDs
including HoloLens 2 and Magic Leap, and also VR HMDs such as
HTC VIVE Pro Eye, HP Reverb G2 Omnicept Edition, and Pico Neo
2 Eye. As such, we believe that eye tracking will likely be a standard
feature of these devices. Overall, we recommend that E-Type gets
priority for iText type of text entry techniques when eye tracking
is available; otherwise, D-Type and G-Type are feasible alternatives
when eye trackers are not available.

We envision that iText could be applied to various scenarios.
Below, we propose three potential application scenarios.
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Figure 9: Three potential application scenarios for iText. (a) a user is walking with his hands occupied. With iText he could
enter text while walking and still seeing the surrounding objects clearly. (b) a user is sitting and making a concept map while
listening to a lecture. He could use iText to search for a key concept on a search engine without losing sight of the speaker. (c)
a user is playing a game in a VR HMD and a message comes in. He could reply quickly using iText without stopping the game.

• Mobile augmented reality is intended to be used for interact-
ing with mid-air interfaces on the go. Some existing research
has explored the use of AR HMDs while users are walk-
ing [14, 23]. Both of these studies have indicated issues of
users lacking awareness of their physical surroundings. By
leveraging the advantages of hands-free and an imaginary
keyboard interface, iText could be an effective solution for
text entry while users are walking while at the same time
being able to see clearly nearby surrounding objects, which
should lead to a safer and more comfortable experience (see
Figure 9.a).

• iText makes it possible to achieve text entry on an overlap-
ping interface and as such it is suitable for switching among
interfaces in a more seamless way, while still having a clear
view of the environment. For example, let’s imagine that a
user is attending a lecture talk. With their hands occupied
making a concept map of the content of the talk, they want
to search for a definition of a concept that the lecturer is
talking about. With a standard keyboard, it will be likely
that the keyboard will cause occlusion. On the other hand,
with iText, the occlusion will be reduced and the user could
type in the search keyword and still be able to have a good
view of the lecturer and the hall (see Figure 9.b).

• iText could also be implemented in VR HMDs. As using eye
blinks as a hands-free selection mechanism has been shown
to work well in VR HMDs already [17] and these devices
can capture head motions, iText in VR can provide a similar
level of performance and user experience. iText in VR can
open the door for some interesting uses and possibilities
not possible with a visible keyboard, for example allowing
users to play games and respond to text messages without
significantly interrupting the game (see Figure 9.c) .

8 LIMITATIONS AND FUTUREWORK
Our research has some limitations which can represent directions
for future work. First, we did not explore how keyboard size af-
fects the text entry performance and usability. Smaller key sizes

could speed up the movement of the pointer across keys. How-
ever, because the experiments were already lengthy (∼ 50 minutes),
adding more independent variables would introduce fatigue issues.
Therefore, our work focused on comparing the performance of
the three hands-free selection mechanisms with a single keyboard
size. Future work can explore different keyboard sizes which may
affect user performance. Moreover, even with the state-of-art AR
HMDs, their FOV is limited. As such, it is difficult to have large
or small keyboards in these devices. When newer HMDs come
with expanded FOV, issues related to key sizes and gaps between
keys could be explored further for non-visible keyboards. Second,
although the keyboard area in the experiments is shown as trans-
parent, it was only tested with a clean background inside a closed
door lab environment (see Figure 2). It will be useful to explore
the performance of iText in other environmental backgrounds and
with users performing other tasks (like walking or running).

9 CONCLUSION
In this paper, we have presented iText, a novel hands-free text
entry technique on an imaginary keyboard for augmented reality
head-mounted displays (AR HMDs). Being hands-free and using
an imaginary keyboard overcomes usability issues related to arm
fatigue due to mid-air input and occlusion of objects (both virtual
and physical) because of their small see-through display. To develop
iText, we first showed via a user study the feasibility of using hands-
free for text entry on an imaginary keyboard, as users were able to
recall key positions with relatively high accuracy. From the data
collected, we were able to then derive adapted statistical decoders
suggesting words in iText. In our second study, we evaluated the
performance of iText with three hands-free selection mechanisms:
E-Type that uses eye blinks, D-Type that is based on dwell, and
G-Type that relies on swipe gestures. Our results show that users
could achieve average text entry rates of 11.95, 9.03 and 9.84 WPM,
respectively. A third, five-day study with iText plus E-Type showed
that users can achieve an average typing speed of 13.76 WPM with
a low word error rate and negligible eye fatigue. Overall, iText is
a novel technique that allows for efficient hands-free text entry
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via an imaginary keyboard and has great potential to be applied in
mobile AR HMDs and be integrated with other applications.
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