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Abstract

Smartphones are used today to accomplish a variety of different tasks, but it has some issues that
might be solved with new technology. Augmented Reality is a developing technology that in the
future can be used in our daily lives to solve some of the problems that smartphones have. Before
people will adopt the new augmented technology it is important to have an intuitive method to
interact with it. Hand gesturing has always been a vital part of human interaction. Using hand
gestures to interact with devices has the potential to be a more natural and familiar method than
traditional methods, such as keyboards, controllers, and computer mice.

The aim of this thesis is to explore whether hand gesture recognition in an Augmented Reality
head-mounted display can provide the same interaction possibilities as a smartphone touchscreen.
This was done by implementing an application in Unity that mimics an interface of a smartphone,
but uses hand gestures as input in AR. The LeapMotion Controller was the device used to perform
hand gesture recognition. To test how practical hand gestures are as an interaction method, text
typing was chosen as the task to be used to measure this, as it is used in many applications on
smartphones. Thus, the results can be better generalized to real world usage. Five different
keyboards were designed and tested in a pilot study. A controlled experiment was conducted,
in which 12 participants tried two hand gesturing keyboards and a touchscreen keyboard. This
was done to compare how hand gestures compare to touchscreen interaction. In the experiment,
participants wrote words using the keyboards, while their completion time and accuracy was
recorded. After using a keyboard, a questionnaire was completed by the participants to measure
the usability.

The results consists of an implementation of five different keyboards, and data collected from the
experiment. The data gathered from the experiment consists of completion time, accuracy, and
usability derived from questionnaire responses. Statistical tests were used to determine statistical
significance between the keyboards used in the experiment. The results are presented in graphs
and tables.

The results show that typing with pinch gestures in augmented reality is a slow and tiresome
way of typing and affects the users completion time and accuracy negatively, in relation to using
a touchscreen. The lower completion time, and higher usability, of the touchscreen keyboard
could be determined with statistical significance. Prediction and auto-completion might help
with fatigue as fewer key presses are needed to create a word.

The research concludes that hand gestures are reasonable to use as input technique to accomplish
certain tasks that a smartphone performs. These include simple tasks such as scrolling through a
website or opening an email. However, tasks that involve typing long sentences, e.g. composing
an email, is arduous using pinch gestures. When it comes to typing, the authors advice developers
to employ a continuous gesture typing approach such as Swype for Android and iOS.

Keywords: Hand gestures, AugmentedReality, Head-mounted display, LeapMotion, Smartphone
touchscreen, Text typing
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Sammanfattning

Smarttelefoner används idag för att slutföra en mängd olika uppgifter, men det finns en del
problem som kan lösas med hjälp av ny teknologi. Augmenterad Verklighet är en teknologi
under utveckling som i framtiden kan användas i våra dagliga liv. Innan människor tar den nya
teknologin i bruk är det viktigt att ha en intuitiv metod för att interagera med den. Handgester har
alltid varit en viktig del i mänsklig interaktion. Att använda handgester för att interagera med
datorer har potentialen att vara en mer naturlig och välbekant metod än traditionella metoder,
såsom tangentbord, kontroller och datormus.

Syftet med denna rapport är att undersöka om handgestigenkänning i en Augmenterad Verklighet
i en head-mounted display kan ge samma interaktionsmöjligheter som en pekskärm för en
smartphone. Detta gjordes genom att implementera en applikation i Unity som efterliknar ett
gränssnitt för en smarttelefon, men använder handgester som inmatningsteknik i Augmenterad
Verklighet. Leap Motion kontrollen var den enhet som används för att utföra handgestigenkänning.
För att testa hur praktisk handgestigenkänning är som en interaktionsmetod valdes textskrivning
som den uppgift som ska användas för att mäta detta, vilket används i många applikationer
i smartphones. Därför kan resultaten bättre generaliseras till verkligt användande. Fem olika
tangentbord utvecklades och testades. En användarstudie genomfördes där deltagare fick använda
två tangentbord med handgester och ett tangentbord med pekskärm. I användarstudien skrev
deltagare ord med hjälp av tangentborden, medan deras tid och antal fel registrerades. Efter att ha
använt ett tangentbord fick deltagarna fylla i ett frågeformulär.

Resultaten består av implementationen av fem olika tangentbord och data som samlats in
från användarstudien. Data som samlats in från användarstudien består av tid, precision, och
användbarheten som kunde fås från ett frågeformulär. Statistiska analystester användes för att
bestämma statistisk signifikans mellan de olika tangentborden som användes i användarstudien.
Resultaten presenteras i diagram och tabeller.

Resultaten visar: att skriva med handgester i Augmenterad Verklighet är både långsamt, tröttsamt
och påverkade användarnas tid och precision negativt i förhållande till pekskärmen. Den kortare
tiden och högre användbarheten för pekskärmstangentbordet kunde bestämmas med statistisk
signifikans. Prediction och auto-completion kan hjälpa till med trötthet eftersom färre knapptryck
behövs för att skapa ett ord.

Arbetet drar slutsatsen att handgester är rimliga att använda som inmatningsteknik för att utföra
vissa uppgifter som en smarttelefon kan uträtta. Dessa inkluderar enkla uppgifter som att bläddra
igenom en hemsida eller öppna ett e-postmeddelande. Däremot, uppgifter där långa meningar
måste skrivas, t.ex. att skriva mail, är jobbigt med nypande gester. När det gäller att skriva,
råder författarna utvecklare att använda continuous gesture typing som tillvägagångssätt, som till
exempel Swype för Android och iOS.

Nyckelord: Handgester, Augmenterad Verklighet, Leap Motion, Smarttelefon pekskärm, Text-
skrivning
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Nomenclature

Acronyms

ANOVA Analysis of Variance
AR Augmented Reality
HMD Head-Mounted Display
KSPC Keystrokes Per Character
LMC Leap Motion Controller
MSD Minimum String Distance
SDK Software Development Kit
VR Virtual Reality
WPM Words Per Minute
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1 INTRODUCTION

Chapter 1 provides an introduction to the topic of the thesis and aim of the work. Section 1.1
offers motivation for the interest in the hand gesture interaction in the context of augmented and
virtual environments. Section 1.2 provides context and connects the problem in the thesis to
commercial interests in the industry. Section 1.3 describes the objectives of the work. Section
1.4 describes the scope and limitations of the study. Section 1.5 contains the main questions that
are explored by the thesis.

1.1 Introduction
Smartphones have changed how people interact with their mobile devices. Phones are no longer
just devices for calling people but have grown to become almost a necessity in today’s society.
Augmented Reality (AR) technology is the next step in the evolution of IT and it is just a matter
of time before AR glasses have developed sufficiently to compete with smartphones [1]. For this
to happen a natural input method must be found, that provides a user experience comparable
to smartphones [2]. Different possibilities are being explored, such as physical buttons, voice
recognition, and hand gesture recognition [3]. The aim of this thesis is to explore whether hand
gesture recognition in an Augmented Reality Head-Mounted Display (HMD) can provide the
same interaction possibilities as a smartphone touchscreen.

Figure 1.1: An image of Microsoft HoloLens, a head-mounted display (HMD) [4]

AR glasses (also known as wearable displays [5]) consist of a pair of glasses with a transparent
display, allowing the wearer to see the real world and virtual objects at once. AR glasses is a
form of HMD, which is any device worn on the head, with a digital display in front of one or
both of the eyes. Some HMDs are made for Virtual Reality (VR), and they block off the real
world to enable immersion into the virtual environment. However, they can be repurposed for
AR with the help of a camera showing the real world inside the HMD. Some HMDs, such as AR
glasses, are made specifically for AR, with see-through displays.

People use their phones daily to perform many simple tasks. The interaction with smartphones
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works well but it has some issues that can be solved by using AR glasses. When using phones
the users hands are occupied which makes it difficult to perform other tasks. Furthermore, when
the phone notifies the user, they do not know if the notification is worthwhile until the phone is
picked up. As a result, the phone might be picked up unnecessarily or important notifications
may be ignored. These problems can be solved with AR glasses, as the persistent virtual interface
conveniently removes the need of bringing out and holding a smartphone.

Most modern smartphones use a touchscreen as the primary input method. A touchscreen is a
display that also doubles as an input method by being able to register when one or more fingers
touch it. As the touchscreen is both an input and an output device, the user’s hands obscure the
view of the screen when making inputs. This is not the case for AR glasses as the interface is
shown right in front of the user’s eyes.

Users often look down on their phone when using them, reducing the awareness of their
surroundings. This might be dangerous for them and others around them. Several studies show
that using a smartphone can cause neck pain, and some voice concerns about the possibility that
excessive usage can cause chronic neck pain [6] [7] [8]. These problems might be mitigated
or eliminated by using AR glasses. Since AR glasses can show the virtual elements without
blocking the real surroundings, the users awareness is less affected. The users do not need
to tilt their heads downwards when using AR glasses, as they are displaying the augmented
environment in their vision, allowing a better posture that does not produce neck pain.

This work investigates whether AR glasses can be used to perform similar tasks as a smartphone,
using an AR interaction method. We decided to explore if hand gestures is a practical interaction
method to type text in AR. This decision was made as text input is required for many tasks a
smartphone is used for, e.g. sending emails. Therefore, the results might be better generalized to
the real world. Hand gestures was chosen as it might be a realistic and immersive interaction
method [9] [10] [11]. A controlled experiment was performed to compare text input through
hand gesture interaction with touchscreen input.

To measure how practical it is to write text with hand gestures, three variables are considered:
completion time, accuracy, and usability. The completion time is the time taken to type a sentence.
Accuracy is defined as having a low error frequency, that is, few incorrect characters are written.
This is measured by the amount of keys pressed, an equal amount of key presses as the length
of the sentence means that no errors were made. Usability is defined as perceived ease of use,
satisfaction, and perceived efficiency. The usability is measured in a questionnaire.

There are different ways to detect hand and finger movement. Two main approaches are discussed
in this thesis: camera-based (also known as vision-based) [11] [9], and glove-based [12] (also
known as sensor-based [13]) technologies. The camera-based approaches use cameras and
real-time image processing to estimate how the hand moves. The glove-based method requires the
user to wear a glove (sometimes called dataglove) with multiple sensors, such as accelerometers
and gyroscopes, which detects where the hand and fingers are and how they move.

There are two main commercial camera-based products on the market, the Microsoft Kinect [14]
and the Leap Motion Controller (LMC) [15]. There is no commercial hand gesture glove on the
market as of May 2017, but several have been made for academic work [12] [16], and Manus VR
[17] and Neurodigital [18] have released developer versions for their gloves. The LMC is the
hand gesture recognition device used throughout this thesis. It was chosen as it is a commercially
available product specifically made for tracking hands [10].
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1.2 Context
For the industry to be able to sell AR glasses and compete with smartphones on the market,
AR glasses must live up to the same high expectations when it comes to user satisfaction as the
phones. Rönkkö et al. [2] state that user experience will determine the success or failure on
the market for phones, and as AR glasses could become a competing technology, this might
have an impact on how well AR glasses perform on the market. Godoe et al. [19] showed that
if perceived usefulness and perceived ease of use are too low, a system will be rejected. If an
intuitive way can be found for users to interact with AR glasses, this might increase the chance of
the users adopting it as a replacement or a supplement for their phones. Interactions with hand
gesturing mimics human body language and is a natural way of communication [9] [10] [11].

The work in this thesis was accomplished with the Department of Creative Technologies at
Blekinge Institute of Technology and was not conducted in cooperation with any external
organizations.

1.3 Objectives
• Research about hand gestures and different techniques as methods of interaction, especially
within the field of AR.

• Design a program that can be used to evaluate if hand gestures are a fast and accurate
interaction method in AR.

• Implement the design for an HMD that uses hand gestures as input, and one for a smartphone
using touchscreen as input, to compare the input methods.

• Design and conduct a controlled experiment to observe how fast, accurate, and usable hand
gesturing interaction is compared to a touchscreen.

• Analyze the data using statistical methods to see if there is any statistical significant
difference regarding completion time, accuracy, and user experience.

1.4 Delimitations
For the study the LMC was chosen as hand tracking device. The LMC was chosen over Kinect as
it specifically tracks hands [10] while Kinect is developed to track the entire body. We chose
to only look for commercially available devices. A camera-based device was favored over one
that is glove-based, because the work is mostly geared towards AR. Optical cameras give a more
seamless interaction in AR, as it is easier to perform real world tasks without gloves.

Only pinch gesture is tested in the experiment. It is performed by pinching the thumb and
index finger together. Pinching is done regularly in everyday life for tasks such as picking up
small objects. This should make the experiment easier for participants. The "Tap" gesture used
by Microsoft HoloLens [3] was tested (i.e. bending and re-extending the index finger), but a
pinching gesture was found to be less tiring.

In the experiment only text typing is assessed and the buttons are deliberately small to have a fair
comparison with the smartphone interface. The population of the experiment is all university
students and staff. The variables measured in the experiment were the completion time for
writing, the accuracy, as well as the usability reported by users in a questionnaire.
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We chose to only allow users to use one hand in the experiment to keep the experiment as simple
as possible for the participants (who were mostly first-time users of LMC) and to make the LMC
behave more consistent with the hardware used in the experiment.

1.5 Thesis Questions
• Can pinch gestures be used as an input technique in a HMD to press and drag virtual
elements?

• How will the use of pinch gestures in a HMD affect the user’s completion time, accuracy,
and usability compared to using a smartphone touchscreen when typing text?

The purpose of the first question is to determine if pinch gestures can be used, from the perspective
of a HMD, to provide the same interaction possibilities as a touchscreen. And therefore, complete
tasks that a modern smartphone enables, in an AR HMD.

The purpose of the second question is to investigate whether hand gestures are practical (in
regards to completion time, accuracy, and usability) for typing text in an AR HMD. Text typing
was chosen, as it is an interaction possibility provided by a smartphone touchscreen, and is used
in common applications such as social media applications, text messaging applications, etc.
Therefore, text typing is used as a representation of common usage of the smartphone.
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2 THEORETICAL FRAMEWORK

In Section 2.1 AR is defined and different ways to experience it is mentioned. In Section 2.2 the
two main hand gesture recognition methods are described in depth. Section 2.3 presents related
research.

2.1 Augmented Reality

Within the field of AR, numerous people have made important contributions to the area of
research. Sutherland created the first AR system in 1968 [20] which allowed the user to see the
image rendered on a screen and the real world at the same time. This made it possible to create
an illusion of virtual objects existing in the real world. Although research within the field of
AR has been done earlier, the term itself was not introduced until 1992 by Caudell [21] [22].
The concept of AR reached wide-spread use, even though it was not well defined yet. In 1994
Milgram [23] defined a spectrum which stretches from a fully Real environment to a fully Virtual
environment, with mixed realities in between. Finally, in 1997 Azuma [24] created a precise
definition of AR, which is now widely recognized [5] [22] [25]. It defines AR as a system that
has the following three characteristics:

• Combines real and virtual

• Is interactive in real time

• Is registered in three dimensions

AR technology has various societal, ethical and sustainability-based implications [5]. AR can
provide people with more information about the world around them to reduce accidents by
providing real-time information, for example in traffic. During disasters critical information can
be presented to everyone in an affected area. As such, these aspects can help society develop
sustainably by improving the quality of human life. However, AR technology poses ethical
problems, as it can also be a threat to privacy. For instance, Daniel Suarez [5] believes that
an AR headset coupled with facial recognition, license plate readers, bluetooth ID’s, and other
de-anonymizing technologies could make it possible for individuals to gain detailed information
on people passing by. This in turn could lead to ethical problems about personal information;
a person can get expert information about you on the sidewalk and use it to gain your trust for
nefarious purposes.

2.1.1 AR Devices
AR can be accomplished using a variety of methods. Some of the methods that will be discussed
are handheld, video see-through, optical see-through, and AR glasses.

2.1.1.1 Handheld Augmented Reality
The most easily accessible way to experience AR today is the handheld method, for example
with a smartphone [5]. The phone is held in the hands and the touchscreen displays the world
seen through the phone’s camera, with virtual objects added on top.
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2.1.1.2 Video See-through HMDs
Video see-through head mounted displays [26] are devices which uses forward-facing cameras to
record reality in real-time. The real world is shown to the user on small displays in front of the
user’s eyes with virtual objects rendered on top. This type of AR technology has been used in the
academic world to further the technological development [27] [28].

2.1.1.3 Optical See-through HMDs
An optical see-through display [26] usually have one or two semi-transparent displays in front of
the eyes, showing virtual objects on the screen while making the real world stay visible through
the displays. Optical see-through AR glasses is where the industry is focusing its attention. Some
of the new AR glasses belong to this category [29] [3] [30].

2.1.1.4 AR glasses
AR glasses consist of a pair of glasses worn on the head with AR functionality [5]. They usually
have one or two semi-transparent displays in front of the eyes, or non-transparent screens paired
with one or more forward facing cameras that captures the world and presents it to the user. There
are a wide variety of practical applications for AR and AR glasses [5]. AR glasses can be used to
give the user more information such as:

• Give constant visual feedback in the user’s field of view, e.g. showing a runner’s heart rate,
velocity, and location when he/she is exercising.

• Cut down on the work time of various tasks by allowing the user to see how the task can
be completed, e.g showing a worker an AR view of the machine he/she is repairing, with
component labels and guided steps for maintenance [5].

• In education a hologram can be shown to the student, and the teacher can interact with it in
3D to highlight important areas.

Microsoft HoloLens is a modern example of AR glasses. HoloLens has three types of user input:
gaze, gesture recognition and voice commands. Gaze is a ray casted from the middle of the
screen and it is used to select holograms. The gesture recognition has two main gestures: "Tap"
which is bending and raising your index finger, and "Tap and Hold" which is tapping without
raising your index finger. "Tap" is equivalent to a mouse click. Both "Tap" and "Tap and Hold"
is used on items that are selected with the Gaze. Voice commands can be used to navigate, select,
open, command, and control applications [3].

2.2 Hand Gesture Recognition
Hand gesture recognition refers to the usage of instruments to identify hand and finger movements,
and the process of interpreting the movements as meaningful gestures. Gestures can be used to
trigger events in software, such as a mouse click [31] or controlling a robot [32].

When comparing with conventional human-computer interaction devices (for instance, keyboard
and mouse) hand gestures may be more natural, as the computer can be made to adapt to our
natural way of communicating, rather than the other way around [9] [10]. Several different
approaches exist to recognize hand gestures, including an approach that uses a wrist-mounted
camera [33], and an approach based on reading electrical muscle activity with an armband [34].
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Two approaches that are discussed more in-depth are the glove-based (e.g. [12] [16] [17] [18])
and camera-based approach (e.g. [14] [15] [31]).

2.2.1 Camera-based hand gesturing technology
Camera-based technology use cameras to capture the movement of the hand and its fingers. One
of two common approaches are using infrared (IR) light to measure the distance to the hand and
the fingers, this is how the LMC [35] and Kinect [14] works. The other involves using cameras
to track objects by their color. Ince et al. [36] uses skin color to distinguish the hand from the
background.

Both Leap and Microsoft have gesture recognition products on the market. Leap Motion has the
LMC [15] and Microsoft has different versions of the Kinect [14]. The LMC is a camera-based
hand recognition device that beams IR light from three IR LEDs and uses two cameras to capture
the reflected IR light. This data is analyzed using complex maths to recognize hand movements
and gestures [35]. The first generation Kinect has an IR projector that creates a net of infrared
dots and an IR camera that captures the IR image. The dot pattern is known, but relatively
random. A dot can be reconstructed in 3D by matching a dot in the captured image to the known
dot pattern [37]. The second generation Kinect emits IR light and measures the time it takes for
the light to return. By knowing the time and the speed of the light, the distance to objects in the
scene can be calculated [38]. The Kinect was created with the purpose of tracking the whole
body. The LMC is specifically made for tracking hands [10] and provide complete hand tracking
out-of-the-box, which is why it was chosen for the thesis.

There are both strengths and weaknesses for the camera-based technology. The camera tracks one
or multiple hands inside its field of view. In environments where multiple users are working close
by, but they should not interfere with each other, a camera will be disadvantageous, as it would
capture co-workers hands seen by it. However, in some cases, this might be desired behavior.
For example if multiple people are going to collaborate together in the same application, a single
camera-based device can accomplish this.

The camera-based approach has a problem with occlusion [12] [39]. When some parts of the
hand are behind other parts, or objects in the environment, they are occluded and the camera is
unaware of the exact configuration of the hand. Consequently, some gestures — especially using
two hands — may be impossible to recognize, and the technology may fail to perceive a valid
gesture if vital parts of the hand is occluded.

A camera only captures the hands when they occupy the space seen by the camera. In addition,
the precision varies with the distance to the camera, and when the hands are at the edge of the
camera’s field of view. This is the case with the LMC [40].

The camera-based device must both rely on the camera, to accurately capture the hand in an
image, and on software to analyze it. Some software algorithms used to construct the hand from
the analyzed image might lose information accuracy deliberately to make more performance
effective calculations in real-time. The LMC had an average accuracy of 1.2 mm, with a worst
case of 2.5 mm [40], this is enough for many applications.

Camera-based technologies are best used in applications where there is a limited area wherein
actions are allowed to be taken. In AR, it is undesirable to accidentally interact with the
environment, thus, it helps that interaction only is possible inside the camera’s field of view.
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Camera-based technology is also good for extending functionality as it is not intrusive and will
not hamper the original interaction possibilities. For example, in AR the user must be able to
perform real world tasks without being inhibited.

The camera-based technology is now being used by surgeons when operating. Tedcas [41] lets
surgeons interact with devices to gain information about the patient in a sterile way. Using
a camera-based solution to interact with the computer saves time as the surgeon can interact
directly with the computer without having to scrub of and on again or alternatively instructing
someone else. This shows the benefit of being able to quickly switch between tasks.

2.2.2 Glove-based hand gesturing technology
Glove-based technology use gloves with sensors in them to track hand and finger movement
[12]. The sensors may be of one type, or a combination of several different types. Mechanical,
piezoresistive, or fibre-optic sensors can be used to measure the bending of fingers. Other sensors
include: gyroscope, accelerometers, and magnetometers, among others. The user wears the glove
when operating a connected device. The glove measures hand movements and sends signals to
software that translates the motion data into a form usable by the receiving device.

There are many different types of gloves that have been used for research in academic works [12]
[16] and lately commercial gloves are under development by companies such as Manus [17] and
Neurodigital [18]. Some examples of gloves are: Manus VR glove, ShapeHand data glove [12],
and the pinch glove made by Lee et al. [16].

The Glove-based technology has a lot of strengths. It has stable accuracy which means that the
accuracy of the device will function in a predictable manner, this coupled with the fact that the
hands cannot get occluded means that it can be relied upon in most situations [13].

When the glove is worn certain tasks might become more difficult in the daily life, as it is intrusive.
For instance typing on a keyboard or looking through pockets, becomes more challenging. As a
result, it is less suitable for AR.

The strengths of the glove-based devices make them especially suitable for some areas. Since they
have stable accuracy and work reliably independent of the hand’s alignment, it is useful whenever
safety is a concern, for instance when heavy machinery is operated. It would be devastating if the
incorrect gesture is triggered in a critical scenario. It also works well for games as the immersion
is broken if inputs are not registering. VR is an area in which the glove-based devices should be
beneficial since the user will be looking around while interacting simultaneously. A camera in
a head mounted display might not be as effective since it would not work when the hands are
outside its view.

2.3 Related Works
Kim et al. [10] propose a more accurate way of interacting in a mobile AR environment by
using the touchscreen on a handheld device to select objects, and hand gestures for direct and
interactive manipulation of the selected object. Higuchi and Komuro [42] created a handheld AR
text typing application for a phone with a backmounted camera, using hand gesture input. The
users pressed the keys in 3D on the virtual keyboard. To make the typing feel more natural the
finger was rendered on top of the keyboard. In another more recent paper [43] they accomplished
multi-finger typing. All of the papers uses handheld AR. Holding a handheld device and interact
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with an AR environment suffers from problems, as one hand will be occupied with holding the
device. Holding a device will restrict the user to single hand tasks, or if both hands are required,
the device cannot be utilized. This problem can be solved by using a HMD instead of a handheld
mobile device.

Chang et al. [44] used a screen and a RGB-camera to evaluate a typing technique called "Air
Typing" for a HMD. Their solution was shown to be comparable to typing on tablet computers
with one hand. It makes use of the palm position to select a cluster of five letters, and a letter
can be selected by bending the corresponding finger. In the paper, a HMD is not used to test the
virtual keyboards for HMD-based wearable devices. They use an RGB-camera which is affected
by skin color, background, and lighting. They had to fine-tune the camera to the conditions inside
the lab environment, reducing the external validity of the results. They state that if there is a
"serious change in the lighting condition, the effectiveness of Air Typing is noticeably affected",
in the worst case, keypresses cannot be detected. By using a depth-sensor technology, such as the
LMC, some of these problems can be fixed.

Chuan et al. [45] uses a LMC with two algorithms to detect 26 characters in the American
Sign Language. Four data sets from two signers were used as the input to the algorithms. To
detect which gesture is being used, they employ a k-nearest neighbor, and support vector machine
algorithm, on the data gathered by the LMC. Their best average results was 79.83% using the
support vector machine approach with Gaussian radial basis function (RBF) kernel. They found
that 9 characters were incorrectly classified sometimes, while the remaining 17 was always
classified correctly. Some characters (E, K, and T) were always classified wrong, regardless
of which method was used. The results of this paper is that using hand gesture recognition is
unreliable for some characters, and certain letters are rarely or never produced.

Khan et al. [46] used a LMC and a gesture recognition framework called Leap Trainer to create a
prototype capable of converting sign language into text. They conducted an accuracy study in
which they tested three different recognition techniques: Geometric Template Matching, Artificial
Neural Network, and Cross Correlation. The study was made to evaluate the performance of
their prototype. In the experiment each letter was tested 3 times for each of the techniques. The
results of their experiment showed that for the best performing technique — Geometric Template
Matching — the cumulative average recognition rates was 52.56%. 3 signs (letters T, R, and P)
were not distinguishable at all while 4 signs (letters A, B, D, and I) were recognized in all of the 3
attempts for Geometric Template Matching. It is difficult to generalize conclusions to the general
population as the sample size is small, and the researchers performed the experiment themselves.
The cumulative average measurement might not be a good representation of how often a sign
will be misinterpreted in normal usage. The authors could have weighted each character after
how frequent it is in normal text, to get a better understanding of typical usage and what would
give most positive impact to change. The cumulative average recognition rate of 52.56%, and the
fact that some of the letters are not even possible to type, still indicates that this an unreliable
way of typing.

Quesada et al. [47] evaluated the 26 characters of the American Sign Language using a LMC
and employing a supervised learning model. When evaluating if a sign was recognizable or not
they had the LMC lying on the table and the user’s palm were either facing downwards towards
the LMC, or forward perpendicular to the LMC. They conducted 3 studies: an evaluation of
the Leap Motion recognition potential, an evaluation of Support Vector Machine Classification
Potential, and an experiment with 24 participants. The Leap Motion evaluation concluded that:
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Six gestures were not recognizable in any of the two positions, 10 gestures were recognizable
only from one of the two positions, and 10 signs were recognizable from both positions. This test
was done by the two researchers. Their evaluation of the Support Vector Machine Classification
Potential consisted of testing the 20 characters that could be seen by the LMC from one or both
of the positions. The 2 researchers performed each sign 3 times in random order. Each sign
was performed 6 times in total. The signs were then categorized as "always", "sometimes", and
"never" depending on how well they were recognized. After the characters had been categorized,
the signs that were labeled as "sometimes" or "never" were tested again, and lastly, the signs
still labeled as "never" were checked for similarities. After performing the evaluation of the
techniques, they conducted an experiment with 24 right-handed participants, both male and
female, in the ages 20-35, all of whom had no previous sign language experience. The participants
were instructed on how to perform each sign during the experiment. These are the 11 signs that
were used in the experiment: Signs for number 1 - 5, left thumb, right thumb, the sign for "I love
you", and the letters S, T (modified), and F. It is not clear what the authors are trying to achieve
in this experiment. No explanation is given for the usage of numbers or other non-character
signs in the user evaluation. As different perspectives may have different recognition potential, it
is noteworthy that they tested the hand gestures from two different perspectives relative to the
LMC. As in previous articles, several signs were not possible to recognize, and some were not
consistently recognized correctly.

MacKenzie and Zhang [48] designed and tested a keyboard layout made for a mobile pen-based
system. Their new layout (called "OPTI") was designed to be optimal for single finger (or
pen-based) input, when writing English text. In a longitudinal study, the OPTI was compared
with the common QWERTY layout. After the tenth session (4 hours of practice) the average text
entry rates of the OPTI layout exceeded QWERTY. However, in this study, participants were
not allowed to delete characters, as there was no erase button. This makes the results dubious
to generalize, as erasing is used in normal text writing. Letting users delete characters mirrors
real-world usage, thereby increasing the external validity of the results [49] [50].

Soukoreff and MacKenzie [51] introduced measurements of error rate in text typing called
the Minimum String Distance (MSD) and Keystrokes Per Character (KSPC). The MSD is an
algorithm that calculates the minimum number of edits needed in a string of characters with
errors to produce the correct string. The edits are insertion, deletion, and substitution of a
character in the string. This measure is appropriate to represent uncorrected errors. The second
measure, KSPC, gives a measure of corrected errors. It is the number of keys pressed, divided
by number of characters in the string. These measures can be used as metrics to represent the
number of errors. As there is a trade-off between speed and accuracy, both time and error rate
needs to be presented and analyzed when evaluating new methods of typing.

MacKenzie and Soukoreff [49] developed a set of 500 phrases to be used when evaluating text
typing. These are designed to be representative of the English language and easy for participants
to remember. Presenting participants with sentences randomly from the set and allowing them to
write freely has an improved external validity, as the typing procedure mirrors natural writing.
As the phrase set will present a controlled set of phrases, this can also reduces variation due to
uncontrolled variables, such as pondering and re-reading the sentence. Thereby, the internal
validity is also improved.

Vulture, developed by Markussen et al. [52], is a keyboard that enables fast word entry by
drawing the shape of a word over the keyboard, in mid-air using their hand. This allows efficient
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typing of entire words, instead of typing individual characters. In a study with 6 participants,
lasting 10 sessions, they achieved a text entry rate of 20.6 Words Per Minute (WPM) (with 5
characters per word, 103 characters per minute). In a second study, where participants only
trained on a few phrases, a text entry rate of 28.1 words per minute (140.5 characters per minute)
was achieved which is 59% of the text entry rate achieved with touchscreen. This shows that
continuous gesture typing can reach high input speeds for hand gesture interaction, using a
prediction-based approach.
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3 METHOD

The method employed in this thesis is a controlled experiment that will be used to gain empirical
data about text typing. This will help answer the thesis questions quantitatively. A natural
experiment or field experiment could not be performed as both AR and hand gestures are not in
widespread use; they are still developing technologies. A controlled experiment easily allows
collection of quantitative data. A quantitative study was ideal as we are attempting to answer how
fast, accurate, and usable hand gesture input are in relation to touchscreen input. A qualitative
study was not necessary as all these questions can be answered through numerical data. A
controlled experiment also grants control of as many extraneous variables as possible. This
improves the internal validity and strengthens any conclusions drawn from the experiment data.

There are a few disadvantages of experimental research. It creates an unrealistic environment,
due to the fact that variables needs to be controlled. We made an effort to get the highest
achievable realism we could, without sacrificing the control. There is also the experimenter
effect, this was attempted to be mitigated as much as possible. For example by following the same
neutral procedure for all participants, and minimizing unnecessary interaction with participants
until after the experiment. While experiments can often determine "what" and "when", it is
typically hard to answer "why", certain consequences occur. As this study is more concerned
with establishing relations, and less with why, it is not an issue.

Ethical considerations must also be made. Standards such as voluntary participation, informed
consent, and anonymity of the participants was conformed to when designing and conducting the
experiment. Our experiment design was evaluated by the Ethical Advisory Board in South East
Sweden, they determined the study could be carried out.

First, an application had to be developed that works both with a smartphone touchscreen and hand
gestures. The development is described in Section 3.1. This is done so the exact same applications
can be compared in the controlled experiment, with the input method as the independent variable.
The design and procedure of the experiment is described in Section 3.3.

3.1 Implementation

A hand gesture recognition device was needed to answer the questions about hand gesture
interaction. As explained in Section 2.2, a camera-based hand gesturing device has advantages
over a glove-based device when used for AR. This is mainly due to the increased freedom, as
gloves can be inconvenient when performing real world tasks (e.g. eating, tying shoes). For this
reason, users are likely to prefer a camera-based interaction over gloves. Therefore, the LMC
was chosen for this thesis. One possible disadvantage is that the hands of another person could
be detected if they are close enough to the camera. The LMC is a commercial camera-based
hand gesture recognition device, made specifically for hand tracking. A LMC was available to us
during the thesis and was used for the implementation and experimentation.

A simple interface was made in Unity, the application resembles an email client on a smartphone.
It can be seen in Figure 3.1. Elements could be pressed and dragged around using a pinch
gesture. This was done to test if common touchscreen interactions (such as swiping, dragging
and pressing) can be replicated with pinch gestures. Unity was chosen as a development tool
because it has easy integration with the LMC. It is also easy to develop for multiple platforms
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simultaneously (in this case, an Android smartphone and a PC). The elements size and function
was created to mimic the behavior of elements in a smartphone’s touchscreen interface.

Figure 3.1: The simple email interface.

A small test was conducted with this interface, by the authors. It was observed that pinching
works well when the buttons are large enough, an example is the "Stop"-button in Figure 3.2.
Copying the design of a touchscreen QWERTY keyboard was not sufficient to enable typing
with hand gestures at an acceptable pace. The small buttons were difficult to press accurately
and consistently. We designed several keyboards to be used with hand gestures, and tested them,
to see if text typing can be done more effectively with an improved design. Sign language was
considered, but we wanted a general input method that does not only work for text, but also for
numerous other interactions e.g. opening an app. Therefore, the pinch gesture was chosen. We
also wanted a simple input method that most people could immediately use and sign language
did not fit this criteria.

The experiment application was developed to run on both PC and smartphone. It can be seen in
Figure 3.2. It has a keyboard in the bottom, that can be used to write text, and can be changed to
test different designs. To display the application in an HMD, it is run on a computer and the
window is streamed to a phone over LAN using an application called Trinus VR [53]. The phone
(Samsung Galaxy S7) sits inside a HMD (Samsung Gear VR Innovator Edition for S6), with a
LMC attached on the front. This setup enables hand gesture interaction in a HMD, it can be seen
in Figure 3.3. It was decided that transmitting a view of the real world from the smartphone’s
camera (this would require another Android app implementation) is not critical, as the focus is
on the hand gesture interaction. So the application instead has a mock AR interface as seen in
Figure 3.2. This makes a better comparison between users in the experiment as they will all see
the same gray background, and they can focus on the task. This means that everything runs on
the computer for the hand gesturing application and only the window is streamed to the phone.

When the application runs on a smartphone, it uses the touchscreen as input device instead
of hand gestures. With Unity, this could easily be ported to work on both platforms, with the
input being the only difference. It was used to get a reference for how the users would use a
normal touchscreen to type, and see how it compares to the hand gesturing keyboards. Since we
developed our own implementations, all data for the experiment could be gathered through the
applications, and it was ensured that the underlying application was identical. This is important
since as many variables as possible should be the same in the controlled experiment, except the
independent variable, i.e. which input method and keyboard design is used.
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Figure 3.2: A screen dump of the application used in the experiment, showing the Leap Motion
hand model, and the circular marker hovering above the Modified QWERTY. This is what the
users would see inside the HMD during the experiment.

We wanted to only use the smartphone to answer the thesis questions by connecting the LMC
directly to the phone. This was not possible as we did not receive the necessary SDK from Leap
motion. Having the LMC directly connected to the phone which runs the application would
have enabled the real world to be seen using the smartphone camera. Connecting the LMC to
a smartphone has successfully been done previously using a beta Software Development Kit
(SDK) for Android development with the LMC. Therefore, to be able to use the LMC, it had to
be connected to a computer in this implementation.

3.2 Keyboard Design

Five different hand gesturing keyboards were created. Three of the keyboards have buttons that
are selected with a marker, the position of which is controlled by moving the hand. The other
two use the rotation of the hands to select a button. In this section the marker, directional buttons
and the five keyboards will be explained in detail.
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Figure 3.3: An image of the setup of the experiment, comparing typing using a smartphone
touchscreen against using hand gestures in a HMD. Left: the QWERTY keyboard test on the
smartphone. Right: the hand gesturing keyboard test.

3.2.1 Marker

To enable interaction with elements anywhere on the interface, a simple circular marker was
conceived. It follows the movement of the hand, like a mouse cursor follows the movement of a
mouse. Buttons on the interface are interacted with by hovering over them with the marker and
executing a pinch gesture. A pinch consists of moving the thumb and index finger closer to each
other, then separating them to release the pinch and return to the idle state. The marker can be
seen in its idle state in Figure 3.5, hovering over the letter ’l’. The marker changes color and
fills a gauge around itself, to provide feedback to the user; conveying if it is idle or if the user is
interacting through pinching.

At first, the position of the marker was put between the tip of the thumb and the tip of the index
finger. This mimics natural real world interaction since the interaction is between the fingers.
However, this made it hard for the users to press the buttons because the marker would move
unpredictably when the thumb and index finger are bent; this is because the LMC does not
detect exactly how the fingers move. An attempt was made to freeze the marker when the pinch
action was started, this made the interaction a bit better but it felt unintuitive and users did not
understand why the marker was stuck. The best solution was to put the marker relative to a
finger joint in the hand, which had a more stable position when moving the fingers. This was the
solution used in the experiment.

Moving the marker with one hand and pinching with the other might have given an improvement
of the error rate and speed of the user’s typing compared to only using a single hand. This was
considered but not implemented as we wanted to see if it was possible to pinch with the same
hand to allow for typing with both hands and make it accessible for one-handed users.
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3.2.2 Keyboards
We started out with a QWERTY keyboard (see Figure 3.4) which is modelled to look like a
normal keyboard on a smartphone. This was done to see how a common keyboard would work
in an virtual or augmented reality. When we had it working we did some testing ourselves and
realized that it was difficult to press the correct button with pinching hand gestures, as the buttons
were small. This keyboard was used with a smartphone touchscreen during the experiment to
compare with the hand gesturing keyboards.

Figure 3.4: An image of the QWERTY keyboard used in for the smartphone touchscreen.

We noticed that it was difficult to press the normal QWERTY buttons and thought that larger
buttons would improve the interaction. We only had a limited amount of space to use, so all
the buttons could not be enlarged simultaneously. Therefore, we decided to enlarge the button
the marker is hovering above, this design idea became the Modified QWERTY keyboard. The
Modified QWERTY (see Figure 3.5), still has the advantage of a familiar layout, and the buttons
are easier to press as they get larger when hovered over. This keyboard was chosen for the
experiment as the accuracy and typing speed greatly improved with the small change.

Figure 3.5: An image of the Modified QWERTY keyboard with buttons that enlarge when the
marker hovers above. The marker can be seen in its unpressed state over the character ’l’.
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Figure 3.6: A directional button with the character ’a’ selected.

As a potentially more hand gesture friendly input element, directional buttons were designed.
Every button has four input characters, one for each of four directions. Because of this, fewer
buttons are needed for the whole alphabet. This means that the button can afford to take up more
space, which makes it easier to press. To type a character, the button first needs to be selected,
then a pinch-drag gesture is performed in one of the four directions. This resembles a swipe
motion on a touchscreen. How the directional button itself is selected depends on which keyboard
is used. A pinch-drag gesture is initiated by pinching the thumb and index finger together. When
the fingers are close enough, the marker turns green. Then the marker is moved by moving the
hand in one of four directions (up, down, left, right) and releasing the pinch, the marker then
turns white again and the gesture is complete. If the marker is not moved far enough in one of the
four directions, no character is written. This can be used to cancel a gesture if it was accidentally
started on an undesired directional button.

Figure 3.7: An image of the Pinch keyboard.

The most straight-forward way of designing a keyboard with directional buttons was to put them
next to each other in alphabetic order and selecting them by pinching with the marker. This
keyboard was named the Pinch keyboard (in Figure 3.7), and was hypothesized to have an even
higher accuracy than the Modified QWERTY, as the larger buttons would be easier to press. The
Pinch keyboard consists of two rows of four directional buttons each. A directional button is
selected by pinching when the circular marker is on the button, then a character is chosen by
performing a pinch-drag gesture in its associated direction. If the pinch is released on the button
again, the action is canceled. With directional buttons multiple actions are required to create
a character and we thought that this might have negative impact on the completion time. The
characters are ordered alphabetically, as we were unable to adapt the QWERTY layout for the
design. As such, users may spend more time searching for characters on the alphabetic layout
than on the QWERTY layouts. It would have been possible to enlarge the directional buttons in
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this keyboard when the marker is over them, similarly to the Modified QWERTY, but this was
not implemented.

Figure 3.8: An image of the Scroll keyboard.

We noticed that it was difficult to keep the marker still when pinching because of the LMC’s
approximation of hand movements. For this reason, the wrong button was sometimes pinched.
We thought that the problem could be solved by using gestures that does not depend on the spatial
position of the hand and fingers. The first keyboard that was invented with this interaction design
was named the Scroll keyboard (in Figure 3.8). It has one row of seven directional buttons. This
keyboard requires the user to use both hands. The button in the middle of the keyboard is always
selected, and the buttons are scrolled to the right and left by tilting the left hand. When the left
hand’s palm is facing upwards the keyboard scrolls to the left, when it is facing downwards the
keyboard scrolls to the right, otherwise the keyboard remains still. The buttons wrap to the other
side when reaching the edge of the screen. To write a character on the selected button the user
would perform a pinch-drag gesture with the right hand in the direction of the character. This
keyboard had good accuracy as it is difficult to perform the gestures incorrectly on accident.
However, this was slow and impractical to scroll through the keyboard go select the desired
button.

Figure 3.9: An image of the Grid keyboard.

As we noticed that the Scroll keyboard was slow, we tried to create a faster version were the
user did not have to scroll to get to the correct button. With this in mind the Grid keyboard (see
Figure 3.9) was designed. The Grid keyboard is 3 rows and 3 columns of directional buttons.
This keyboard requires the user to use both of its hands. The left hand controls the selected row
and the right hand controls the selected column. A button is selected by rotating your hands so
that the palms faces up, sideways or down, the selected button is highlighted to give feedback to
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the user. The user would perform a pinch-drag gesture (with any hand) in the direction of the
character to type it. This keyboard was not chosen because the LMC had problems detecting
pinch gestures when the hands were rotated since fingers become occluded. This made it hard to
type characters. This solution might work well with gloves instead of the LMC as they do not
have an occlusion problem. Instead of writing one of the four letters by performing a pinch-drag
gesture, it could have been done by pinching with different fingers, for example: ’A’ could be
typed by pinching with left thumb and index and ’B’ could be typed pinching with left thumb
and middle finger. This would also be more reliable with a glove-based technology.

3.3 Experiment

Many tasks that a smartphone is used for make use of text input, such as sending text messages
and composing emails. To investigate whether using pinch gesture to type text in a HMD can
compare to using a smartphone touchscreen, a controlled experiment was performed. The
variables that was measured was: completion time, accuracy, and usability. A within-subject
experiment design was chosen to reduce the number of participants needed for the study. A
weakness of a within-subject experiment is the carry-over effect, this is counterbalanced by
letting the participants use the three different techniques in different orders.

Ethical issues must be considered when conducting an experiment. All participants were recruited
through email, containing information about the experiment. Participation was voluntary and
they could choose to end the experiment at any time without giving a reason. Everyone that
chose to participate were informed about this, as well as what the experiment was for, what data
would be collected and that it will be aggregated so it can not be connected to any participant.
They filled out an informed consent form before the experiment was started.

Before conducting the experiment an ethical evaluation was sent to Ethical Advisory Board in
South East Sweden. They examined different aspects of the experiment such as: the risk for
participants, what data would be gathered, how the data would be gathered, and the how the data
would be stored. The ethics board determined that the risk for the participants was negligible and
no permission was needed for the study to be conducted.

In the experiment each of the participants tried three different keyboards: two hand gesturing
keyboards (the modified QWERTY, and Pinch keyboard), and one using a phone lying down on
the table (the standard QWERTY layout). The experiment was conducted in order to compare
hand gestures with touchscreen interaction. However, as there was no way of knowing for certain
which hand gesturing keyboard design had best performance, we picked both of the ones that was
determined to have good performance in the pilot testing.

In each task the participants were asked to write four words "as fast and accurately as possible"
(following current practice by MacKenzie and Soukoreff [51] [50]) with the keyboard. The words
were: "green", "yellow", "black", and "white". We chose to let all users write the same exact
words to make a better comparison between users. The order of the words was randomized so
that a participant does not learn by writing the exact same sentence. The sentences will therefore
always contain 24 characters. Users only typed lowercase characters and spaces. They were only
allowed to add characters at the end of the sentence, and erase the last letter. Two tasks were
performed for each keyboard, i.e. two sentences were written per keyboard. This decision was
made so that the speed of learning might be analyzed, and to reduce the effect of inexperience in
the second task. Colors were chosen as words since they were not too long and have different
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characters. They should also be known by the users so they can focus on writing, instead of
spending time to check the spelling and read the same word multiple times. The participants
performed the tasks once with every keyboard. The participants used the keyboards in different
orders to counterbalance the carry-over effect. They also read a short instruction paper before
each keyboard, so it is not completely unfamiliar. The test measures the speed of which the
participants type and the amount of errors they make. An image of the application in execution
can be seen in Figure 3.2.

The experiment setup can be seen in Figure 3.3. The hand gesture keyboards was used inside
the Samsung Gear VR HMD with the LMC strapped to the front. The participants used the
touchscreen keyboard on a phone (Samsung Galaxy S7 edge) lying down on the table. The phone
was strapped to the table to prevent users from holding the phone, and to ensure that the screen
was about the same distance away from each participant. The interface cannot be moved inside
the HMD, it would therefore be unfair if the phone could be moved as it alters the distance and
size of the stimuli.

A questionnaire was given to the participants after every tested keyboard to further compare
the different keyboards. It was used to gain a better understanding about the human-computer
interaction. The questionnaire can be found in Appendix A. It was inspired by the System
Usability Scale [54].

The difference for each subject in time taken to complete the tasks with the different virtual
keyboards, and the number of errors, was analyzed to see which approach has the lower completion
time, and fewest errors in general. The goal of the questionnaires was to see if one technique was
preferred over the other. Furthermore, the responses on the different questions gave a starting
point for improvement and ideas for future works.

21





4 RESULTS

Section 4.1 contains the demography and the results of the experiment.

4.1 Experiment
A total of 16 participants took part in the experiment. Gathered information of the participants can
be seen in Table B.3. Any participant that could not perform the tasks properly (due to conditions
that affected their performance, e.g. hand tracking problems) or performed considerably worse
than the rest were considered to be outliers, and were discarded from the result analysis. From
the 16 participants, 3 outliers (Participants 2, 6, 7) were removed from the analysis because
they experienced unacceptable tracking problems from the LMC or bugs in the program that
made it unfairly hard to complete the task. 1 out of the 16 participants (Participant 3) performed
almost 3 times as many errors as the second highest in that group and was considered an outlier.
Participants 2, 3, 6, and 7 were removed from the result analysis, leaving 12 participants. The
remaining participants consisted of 12 males and 0 females in the ages 21 to 27. All of the
participants used their right hand for the experiment (They were allowed to choose which hand
to use for the experiment, but they were not allowed to change hand during the experiment).
4 participants had previous experience with the LMC, and 10 participants had previous VR
experience.

4.1.1 Tasks
Every participant in the experiment performed two tasks (the task of typing a sentence) with
each of the three keyboards, a total of six tasks per participant. The tasks are abbreviated as Q1,
Q2, P1, P2, T1, and T2. Q, P, and T marks the keyboard used: Modified QWERTY keyboard
(Q for QWERTY), Pinch Keyboard (P for Pinch), and the normal QWERTY keyboard on the
smartphone touchscreen (T for touchscreen). The number 1 marks the first sentence written,
while 2 marks the second sentence. All sentences consisted of the four words "white", "black",
"yellow", "green" in randomized order, for example "white yellow green black". The sentences
will therefore always contain 24 characters.

4.1.2 Analysis
The time taken and number of keypresses was measured during the test. The time was measured
from the first keystroke to the last. In the QWERTY layouts, both for the smartphone and the
one modified for hand gestures, the number of keystrokes is equal to the times buttons were
pressed/pinched, including the ’Space’ and ’Erase’ buttons. In the Pinch keyboard, a stroke is
counted when a directional button is pinched, regardless of whether it is released on the button
to abort, or outside the rectangle to write a character. Pressing and releasing the same button
is interpreted as an error since the correct action was to produce the correct character, any
other action performed by the user is an error, e.g. producing the wrong character, or none at
all. Pressing the ’Start’ and ’Stop’ buttons, which starts and stops the task, is not counted as
keystrokes.

The users were allowed to make errors and could choose to correct them or ignore them. They
made almost no uncorrected errors. An error is a substitution (e.g. ’greem’ instead of ’green’),
omitted character (e.g. ’whte’ instead of ’white’) or a superfluous character (e.g. ’blaxck’ instead
of ’black’). An uncorrected error is an error still present in the written sentence when the user
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presses the ’Stop’ button, ending the task. The method of MSD, presented by Soukoreff et al.
[51], was used to calculate the number of errors. The majority of misspellings, omitted characters
and superfluous characters were discovered by the users and corrected immediately. This can be
seen in Table 4.1. Therefore, since almost all errors were corrected, all focus will be towards
corrected errors. The number of keystrokes (including the erase button) is used as a metric to
represent the accuracy, as it increases with the corrected errors. In a written sentence with no
errors, the number of written characters are 24, any higher number shows that a mistake was
made (i.e. lower accuracy). The uncorrected errors will not be analyzed, as they are too rare.

Participant Q1 Q2 P1 P2 T1 T2
1 1 0 0 0 0 0
4 0 0 0 0 0 0
5 0 0 0 0 0 0
8 0 0 1 0 0 0
9 0 0 0 0 0 0
10 0 0 0 0 14* 0
11 0 0 0 0 0 0
12 0 0 0 0 0 0
13 0 0 0 0 0 0
14 0 0 0 0 0 0
15 0 0 0 0 0 0
16 0 0 0 0 0 1

Table 4.1: The number of uncorrected errors each user made in each of the six tasks. Uncorrected
errors are rare, therefore all focus will be towards corrected errors, as represented by the number
of keypresses. (*) It should be noted that User 10 spelled all the words correctly in T1, but
switched the place of two adjacent words, so this will be interpreted as zero errors.

User 10 spelled all the words correctly in T1, but switched the place of two adjacent words.
When analyzing character by character using MSD, this becomes 14 uncorrected errors, however
as writing the words in the correct order is not relevant to testing the error rate of the keyboards
(this is a human error, occurring because of the poor memory and awareness of the subject and
not the keyboard), this result will be ignored.

A statistical significance test was performed on the time, accuracy, and usability data from the
experiment. The Repeated Measures Analysis of Variance (ANOVA) was used to determine
statistical significance (with 95% confidence interval). The raw data for the ANOVA can be
found in the appendix in Table B.1, B.2, and 4.8 (with subjects 2, 3, 6, and 7 excluded from
the analysis). A Mauchly’s Sphericity Test indicates that the assumption of sphericity is not
met for the completion time variable, χ2(14) = 66.067, p-value = 0.000, but it is met for the
accuracy, χ2(14) = 21.833, p-value = 0.091, and usability, χ2(2) = 4.015, p-value = 0.134. This
indicates that sphericity has been violated for time completion. Because of this, a correction
needs to be made when assessing the time completion. The Greenhouse-Geisser correction was
chosen as it makes a conservative estimation of sphericity, resulting in fewer Type I errors (i.e.
asserting statistical significance, when it is not). The results of the ANOVA shows that there is a
statistically significant difference between the samples in the time taken for the keyboard layouts,
F(2.201,24.206) = 29.037, p-value = 0.000. There was also a statistically significant difference
in the number of keypresses, F(5, 55) = 11.957, p-value = 0.000, and the usability, F(2, 22) =
25.079, p-value = 0.000.
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A Bonferroni post hoc test was then conducted on the completion time, to observe which tasks
has a statistically significant difference between their values. The p-value between each task
can be seen in Table 4.2. The post hoc test shows that both smartphone touchscreen tasks (T1
and T2) differ from all the hand gesturing tasks. It can also be seen that there is a statistically
significant difference between the completion time of P1 and Q2. There was no statistically
significant difference between the first and second attempt for any keyboard.

Q2 P1 P2 T1 T2
Q1 0.493 0.157 1.000 0.004 0.003
Q2 - 0.02 0.071 0.000 0.000
P1 - - 0.289 0.000 0.000
P2 - - - 0.000 0.000
T1 - - - - 1.000

Table 4.2: The p-values for the Bonferroni post hoc test of the completion time of the tasks. The
entries in bold mark a statistically significant difference between the completion times in the
tasks.

A Bonferroni post hoc test on the accuracy, showed a statistically significant (p < 0.05) difference
between T1 and all hand gesturing tasks except P2 (p = 0.053). There was also a statistically
significant difference between the T2 and the first attempt for the hand gesturing keyboards. The
p-value between each task can be seen in Table 4.3.

Q2 P1 P2 T1 T2
Q1 1.000 0.144 1.000 0.010 0.010
Q2 - 0.279 1.000 0.002 0.070
P1 - - 1.000 0.003 0.004
P2 - - - 0.053 0.196
T1 - - - - 1.000

Table 4.3: The p-values for the Bonferroni post hoc test of the number of keypresses in the tasks.
The entries in bold mark a statistically significant difference between the tasks.

The Bonferroni post hoc test on the usability, shows there is a statistically significant difference
between the touchscreen and the hand gesturing keyboards, p-value = 0.000. This means that the
Touchscreen received a higher usability than both of the hand gesturing keyboards. There was no
statistically significant difference in the usability between Modified QWERTY and the Pinch
keyboard, p-value = 1.000. The p-value between each task can be seen in Table 4.4.

P T
Q 1.000 0.000
P - 0.000

Table 4.4: The p-values for the Bonferroni post hoc test of the usability of the keyboards. The
entries in bold mark a statistically significant difference.

Both the average, standard deviation, and median of Q1 is higher than the measures in Q2. The
same observation is made for P1 and P2. This is true for both completion time and accuracy (this
can be seen in Table 4.5 and Table 4.6). This suggests that users learned from the first attempt.
However, for T2 and T1 there are only small differences in the performance. The p-value received
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from the Bonferroni post hoc test for the time in T1 and T2, as well as the accuracy between all
first and second attempts, is 1.000, suggesting that this is due to random chance.

Figure 4.1: The number of keys pressed for each participant in the study.

4.1.3 Accuracy

Keyboard Median Average Standard Deviation Lowest Highest
Q1 34 33.583 5.712 24 44
Q2 32 32.833 4.914 24 41
P1 40 41.250 9.734 31 66
P2 36 35.167 9.543 24 55
T1 26 25.333 1.303 24 28
T2 25 26.750 3.441 23 32

Table 4.5: Aggregated data for the keys pressed in each task.

In Table 4.5 the T2 task has the lowest value which is 23 characters, this is 1 less character than
the total length of the sentence used in the experiment. This occurred because the participant
omitted one character.

It can be seen in Table B.2 that in task T2 that User 3 (U3) pressed about 3 times as many
characters than the second highest user in that task (92 characters, vs. 32). U3 made two errors in
the start of the sentence, the second was noticed and corrected (by pressing erase all the way to
the error) after writing nearly the whole sentence, then almost the whole sentence was rewritten
before the first error was noticed and corrected in the same way. This gave rise to the discrepancy
between U3 and the remaining users which only erased a maximum of four letters. U3 was
considered an outlier because of the discrepancy.

It was observed during the experiment that the hand model of some users adjusted when only a
finger was moved which caused accuracy problems for the user. This seemed to happen more
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frequently for users with smaller hands. Users also commented that the Pinch keyboard was
easier to type with than the Modified QWERTY.

While using the P keyboard some users released the pinch close to the edge of the button when
they tried to type a character. However, it is possible to release far away from the selected button
and still type the character. For users employing this method they sometimes did not produce a
character as they accidentally released on the button. Alternatively, an incorrect character was
produced as the direction is sensitive to movements closer to the button.

4.1.4 Time

Keyboard Median Average Standard Deviation Lowest Highest
Q1 102.470 111.996 64.316 54.932 288.524
Q2 65.851 72.235 24.567 42.108 120.541
P1 146.902 156.300 70.793 79.384 311.772
P2 107.959 106.756 47.378 44.572 175.991
T1 12.232 12.564 2.437 8.910 15.845
T2 12.208 12.239 2.829 6.158 16.181

Table 4.6: Aggregated data for the time taken in each task.

The aggregated data of time taken in every task can be seen in Table 4.6. All users completed the
sentences faster with the smartphone touchscreen than any of the two hand gesturing techniques,
this can be seen in Figure 4.2b. Most users also reported that they were tired in their arms from
writing the words using the hand gesturing keyboards.

In Figure 4.2a the Q keyboard performs better the first time users use it compared to the first time
users use the P keyboard. For the second try the Q keyboard still outperforms the P keyboard
(this was statistically significant, see 4.2). When comparing the first attempt with the second, the
average completion time was 31.7 % faster for the P keyboard, and 35.5 % faster for Q keyboard.
Users with the slowest times in their first attempt made the largest improvements in the second
attempt.

(a) The average completion time for each task, with
error bars.

(b) The time taken for each participant to complete
the task.

Figure 4.2: Graphs showing the data about the completion time for each of the six tasks.
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4.1.5 Questionnaire
The participants completed three questionnaires, one for each keyboard. Each questionnaire
consists of 10 Likert items. The answers for the 10 Likert items was translated to 10 values from
1 to 5, which was then averaged to a total score. This score is used to compare which keyboard is
preferred by a user. A higher score indicates preference.

The T keyboard outperformed both of the HMD tasks in usability score. This was statistically
significant, p-value = 0.000 (see Table 4.4). In Table 4.7 it can be seen that the average is higher
for the Q keyboard than the P keyboard. But when examining the answers given by users in Table
4.8, it can be observed that 7 out of 12 (≈ 58%) preferred the P keyboard over the Q. However,
this was not statistically significant, p-value = 1.000 (see Table 4.4). User 3 (who became an
outlier because of excessive number of keys pressed) was the only one that preferred any hand
gesturing keyboard over the touchscreen keyboard.

Keyboard Median Average Standard Deviation Min Max
P 3.0 2.900 0.790 1.9 4.3
Q 3.1 3.083 0.673 2.1 4.5
T 4.7 4.625 0.286 4.1 5

Table 4.7: The average, standard deviation, min, and max values summarized from the
questionnaire for the different keyboards.

Participant 1 4 5 8 9 10 11 12 13 14 15 16
P 1.9 4.3 2 2 3.2 3.2 3.2 3.7 2.5 2.3 3.8 2.7
Q 3.9 2.9 2.3 3.5 3.1 2.7 2.5 3.1 2.1 4.5 3.2 3.2
T 5 4.9 4.9 4.3 4.4 4.1 4.3 4.8 4.8 4.7 4.6 4.7

Table 4.8: The total scores of the questionnaire responses from all users in the experiment
(outliers excluded), for each keyboard.
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Figure 4.3: Charts showing the questionnaire responses from all users in the experiment (outliers
excluded), for each keyboard that was tested. The questionnaire can be found in Appendix A.
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5 DISCUSSION

In Section 5.1 we analyze our own decisions and discuss what could be done differently. Section
5.2 talks about the discrepancy between the interaction with the touchscreen and the hand
gesturing interfaces. Section 5.3 interprets the differences between the two hand gesturing
keyboards used in the experiment, and their potential implications. Section 5.4 looks at the
results and answers the thesis questions.

5.1 Technical Decisions
When conducting this research there were several decisions that had to be made. Some of them
are discussed here.

We wanted to have results that can be generalized to actual usage in the real world. Therefore
text typing was chosen, as it is a task that is performed in the real world. In hindsight, we believe
it would have been more appropriate to use another means of comparing that does not introduce
unnecessary extra variables, as this might pollute the results. This would still be in line with the
aim of this thesis, as the focus on this study was hand gesture interaction, and text typing was
only a vehicle for comparing it to touchscreen interaction. It might have been better to let users
press squares displayed on different positions on the screen, and measure the accuracy and speed
of the pinch interaction. This would avoid the introduction of more variables such as those that
come with text typing. For instance, a choice of keyboard, the users’ spelling proficiency, and
users’ susceptibility to correct errors will not impact the interaction performance.

We chose to do the text typing in the same way as Mackenzie and Soukoreff [49] as this mimics
typical usage. The procedure is to ask the participants to write the presented sentences "as
quickly and accurately as possible" [51], but otherwise giving them freedom to enter and erase
freely, as in the real world [49]. Therefore the results about text typing has improved external
validity. However, by having an experiment that is more similar to the user interaction in the
real world we gave up a lot of control to the participants. A less controlled experiment might
give unreliable results as all of the different user behaviors must be taken into consideration.
For example, the participants can leave uncorrected errors in favor of a faster time, or write a
perfect sentence very slowly. To get more reliable results, the experiment could have been more
controlled. For instance, by not allowing the participants to erase characters, the amount of
uncontrolled variables is reduced. We believe that having an experiment that mimics typical
usage provides improved reliability in the results when doing a text typing study. According to
Wobbrock et al. [50], unnaturally constraining the natural transcription process gives doubtful
results.

A camera-based device was chosen as we think it’s more appropriate for AR than a glove-based
solution (see 2.2.1). It is important to test the technology that will be used in practice, if the
conclusions are to be applied in reality. However, there are issues with camera-based solutions
that does not exist for the glove-based. In our experiment, a glove-based solution might have
given a fairer comparison between touchscreen and hand gesture interaction; the tracking would
be more stable, and less errors would be made because of faults in the tracking device.

During the conducted experiment, the participants wrote 2 sentences with each of the 3 keyboards,
this lasted about 30 minutes. As the users had previous experience with touchscreens, but not
with our hand gesturing keyboards, there is an unfair comparison. The discrepancy between
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touchscreen and hand gesturing may be due to the users’ inexperience. It is unlikely that a single
session will increase the participants’ performance enough for a fair comparison. The short
duration of the study, combined with the low number of participants, led to a larger standard
deviation in the results and gives the results lower reliability. To answer our second thesis
question definitively, it would be necessary to perform a longitudinal study, with multiple sessions
per participant. This is what MacKenzie and Zhang did when they evaluated their new OPTI
keyboard layout [48] against the common QWERTY layout. The benefit of this approach is that
the participants are allowed to learn how to use the different layouts. This gives a better idea of
how the keyboards would function for normal users, instead of first time users.

The strength of hand gestures is the large amount of gestures that are available and can be mapped
to different interactions. By only using one gesture, we do not use the full potential of hand
gestures. An experiment that utilizes the strengths of hand gestures might have given a fairer
comparison, or made it unfair for touchscreens, depending on design. An approach that uses
hand gestures’ full potential is sign language. The LMC may have a hard time to recognize
several different gestures, for many participants with slightly different hands and movements.
Research by Quesada et al. [47] showed that certain signs in the American Sign Language are
sometimes misclassified by the LMC, as they are too similar. Similar results was obtained by
Chuan et al. [45] and Khan et al. [46]. When using a virtual keyboard and a pinch gesture, only
one gesture needs to be recognized by the LMC. This makes the interaction robust. This can also
directly mirror what the touchscreen interaction does, which is in line with the aim of this thesis.
This means that the interaction can be used for much more than just text input.

5.2 Touchscreen vs. Hand Gestures
The smartphone touchscreen outperformed the hand gesturing techniques in accuracy, completion
time, and usability. This was shown to be a statistically significant result. This was not a
surprise, as most people in the study had good or expert knowledge with smartphones, which
is also reflected in the results. Only 4 out of 12 participants had any previous experience with
the LMC which means that there is an experience gap that contributes to some differences in
accuracy, completion time, and usability. The touchscreen interaction does not need as large
movements as hand gesture interaction, this helps with completion time. For the small surface
the touchscreen has good accuracy, this can not be said for the gesture based solutions because of
the approximation made by the LMC.

When examining results from experiments on comparable input methods, similar conclusions
can be drawn. Markussen et al. [55] compared several keyboards using a motion capture system
to write on a large screen with mid-air hand gestures. Their Projected QWERTY, which is
comparable to our Modified QWERTY, reached 13.2 WPM. In our experiment, the Modified
QWERTY reached 5.5 WPM. This discrepancy is likely due to the tracking noise of the LMC;
the system employed by Markussen et al. had 24 cameras tracking markers on the participant’s
hand which which minimized the noise. Castellucci and MacKenzie [56] compared different
methods of typing on a smartphone touchscreen. The QWERTY keyboard performed the best
and achieved on average 21.4 WPM on a smartphone. In our experiment we achieved an average
entry rate on Modified QWERTY of 5.5 WPM, and on smartphone touchscreen an average of
26.2 WPM. Interestingly, all 6 participants used both thumbs in their experiment, while in ours
they were only allowed to use one hand. This points towards the same trend as Markussen et al.
[55] and Castellucci and MacKenzie [56]; the smartphone touchscreen keyboard performs faster
than the hand gesturing keyboard.
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During the implementation and experimentation, several aspects about the LMC was discovered.
The LMC tracks the hand and seems to apply a heuristic technique to make an approximation of
where the hand and the fingers are in real-time. This means that when your thumb and index are
one centimeter away from each other it may still report that they are touching (this was observed
in the experiment). As a result, the pinch gesture is triggered too early. The hand skeleton from
the LMC is convenient to work with but is insufficient if precision is required. Chuan et al.
could also observe many instances where the LMC’s visual feedback did not mimic the signer’s
hand during their experiment with sign language [45]. When moving a finger the whole hand
sometimes adjusts, even though the user experiences the rest of the hand as being still. This made
it harder for participants to pinch the intended button as the marker would sometimes move. This
depends on how the hand is aligned and how well the LMC can see it. It might also depend on
the user’s hand size and shape. It seemed that the LMC had more trouble with tracking smaller
hands; all three females had to be excluded because of the LMC’s poor tracking, possibly because
of their smaller hands. Quesada et al. [47] concluded that the researchers failed almost all sign
classifications of a certain sign, and that their hand shape is the cause.

Typing with hand gestures requires the user to have their hands raised and pressing several buttons,
this takes time. Having your hand raised for extended periods of time eventually becomes tiring
[57]. This may be mitigated by using prediction and auto-completion to type whole words in
fewer actions. An example is using Minuum [58], or a continuous gesture typing approach such
as Swype [59] or Vulture by Markussen et al. [52]. Wearing a glove-based recognition device
might also help with the arm fatigue, as the hands do not need to be in view. While it is true that
the user could look down on their hands instead of raising them, this may cause neck problems in
a similar way as looking down on a smartphone does [6] [7] [8]. If the user sits and is looking
down, the tracking might be worse as the legs reflect light and, depending on fabric, can create
poor tracking conditions.

5.3 Modified QWERTY vs Pinch

Users commented that the Pinch keyboard (P) was easier to type with than theModified QWERTY
keyboard (Q). However, this is not reflected in the usability scores from the questionnaire results.
Q had lower completion time, although the users did not perceive this, as there was no significant
difference between their usability scores.

There are several reasons why a user might report the P as being easier than Q. The buttons are
larger and therefore easier to press. It may also be easier to avoid writing the wrong character
because of the design that does not penalize a single wrong action. The additional step of having
to confirm the desired character by dragging in a direction, as opposed to writing immediately
when pinching as in the Q, is less penalizing. If an entirely wrong button is pinched it can be
aborted by releasing inside the rectangle again.

Using P, users might make the mistake of pinching the wrong button, and then aborting by
releasing on it. It does not produce a character but produces an error. Making this error is not as
severe as misspelling with Q, as there is no requirement of removing a character before being
able to add the correct character again. As the users feels less punished for this error that is easier
to repair, they might report the P as being easier.

The authors experienced that participants spent longer time searching for the correct buttons
while using P compared to using the QWERTY keyboards. Tracking the eyes of the participants

33



could have given quantitative data to support this, but tracking of the eyes was not available. It
would have been possible to give a fairer comparison, in regards to the layouts, for example by
having an alphabetic layout for the QWERTY keyboards. Alternatively, having multiple sessions
were participants could learn the alphabetic keyboard better, might have given a more equal
comparison.

5.4 Consequences
In the experiment, participants both pinched to press a button on the Modified QWERTY
keyboard, and pinched and dragged to create a character in the Pinch keyboard. As all of the
participants were able complete the tasks with the hand gesturing keyboards we have proven that
pinch gestures can be used as an input technique in a HMD to press and drag virtual elements.
This was one of the thesis questions.

When comparing the medians of the T and the Q (which had a lower median than P), the
touchscreen was 5.394 times faster than the hand gesturing keyboard. Even the slowest time on
the touchscreen (T2, 16.181 seconds) is about 2.6 times faster than the fastest time on the fastest
hand gesture keyboard (Q2, 42.108 seconds). The lower completion time of the touchscreen was
shown to be statistically significant.

In the T1 and T2 tasks, the median number of keys pressed was 25 and 26. As the sentence was
24 characters long, and almost all sentences was correct in the end, about 1 error was made with
the touchscreen. For the Q (which median was lower than P), the median was 32 in the second
attempt. With 24 correct keypresses, 8 of them was extraneous. As writing the error takes one
key press, and erasing takes another, about 4 errors was made. This suggests that the touchscreen
has better accuracy. Because of our small sample size it is difficult to draw strong conclusions
from the data about accuracy.

The data from the questionnaire shows that every participant gave a total usability score between
4.1 and 5.0 to the smartphone touchscreen, the median was 4.7. This is in the highest end of the
scale. The usability scores of the P and Q had no difference (p-value = 1.000), and their median
was 3.0 and 3.1, respectively. These values are in the middle of the scale (the score can be from 1
to 5). The difference between T and the hand gesturing keyboards was statistically significant
(p-value = 0.000). This implies that the smartphone touchscreen is perceived as being easier to
use and more efficient than hand gesturing interaction.

The results show that all of the participants in the experiment had a slower completion time
when using pinch gesture instead of touchscreen. The error frequency was higher for the hand
gesturing keyboards. The usability was perceived as worse for the hand gesturing keyboards
compared to the touchscreen keyboard. These results suggest that hand gestures in an AR HMD
are less practical than using a smartphone touchscreen for typing text, using the methods in this
thesis. A better way of typing might have been to employ a continuous gesture typing approach
such as Swype [59]. This approach has been successfully executed by Markussen et al. [52].
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6 CONCLUSIONS

The aim of this thesis is to explore whether hand gesture recognition in an Augmented Reality
HMD can provide the same interaction possibilities as a smartphone touchscreen. An application
was implemented to explore a camera-based hand gesture technology (the LMC) as input. As we
cannot test every possible application provided by a touchscreen, the scope was narrowed down
to test text typing. Text typing is used as a representative task for common usage of smartphones,
and enables the results to be generalized to actual usage in the real world. Different ways of text
input was explored through implementation and testing of several hand gesturing keyboards. A
controlled experiment was conducted to get quantitative data about accuracy, completion time,
and usability for two hand gesturing keyboards and a touchscreen keyboard. The quantitative
data for the techniques was compared with each other to gain an understanding of how they relate.
The data is discussed and conclusions are drawn in this chapter.

The contributions of this thesis include:

• An overview of hand gesture interaction in the context of AR, including a description of
glove-based and camera-based hand gesturing technology.

• An investigation into how hand gestures might be used as an input method to replicate the
interactions that are possible with a touchscreen, and a controlled experiment focusing on
text input. This was done in an effort to be able to perform similar tasks as a smartphone.

• Implementation and testing of an application that uses hand gestures to create input in a
HMD and has an interface that mimics a smartphone interface.

6.1 Conclusions
It is possible with pinch gestures as an input technique in a HMD to press and drag virtual
elements. This was proven in the experiment in which participants both pinched to press a button
on the modified QWERTY keyboard and pinched and dragged to create a character in the Pinch
keyboard.

Using pinch gestures in a HMD affects the users’ completion time, accuracy, and usability
negatively, compared to using a smartphone touchscreen when typing text.

Typing with pinch gesture is a slow and tiresome way of typing. Pinching the letters is less usable
and slower than using a smartphone touchscreen. This was a statistically significant result. The
accuracy was lower for the hand gesturing keyboards compared to the touch screen keyboard
when looking at the values in Table 4.5. It can be used when another faster and more accurate
input method is inconvenient or unavailable. However, it is more than possible to use pinching to
select elements and press buttons to, for example, open applications in an AR or VR system. The
buttons should be large enough for users not to have trouble pinching them, and if possible not
too close to each other, so the wrong button is not accidentally pressed.
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7 RECOMMENDATIONS AND FUTURE WORK

As only two sentences was written per keyboard in this experiment, a longitudinal study should
be conducted to gain more conclusive insights about hand gesture as an input device compared to
a touchscreen. This will grant the opportunity to investigate ease of learning, and if it is possible
to become proficient in a reasonable time. With participants trained to use touchscreens and
hand gesture interactions, a better comparison can be made between both input methods. This
might determine if any of the keyboards could be relevant in practice.

A study where users press squares displayed on different positions on the screen could be done
to get a more controlled comparison. This would avoid the introduction of more variables
such as those that come with text typing. This might yield better results when researching how
touchscreen and hand gesture input compares.

Auto-completion and prediction-based algorithms may improve completion time, especially since
typing one character is time consuming, and help with the accuracy since the correct word can
be suggested even though it is misspelled. It should be explored if using auto-completion and
prediction-based typing could speed up the interaction sufficiently to make hand gesturing useful
for text typing from a head-mounted perspective.

Future works should test how the interaction feels in real AR where the users can see their own
hands. When the new software for the LMC is released, that allows it to be directly connected to
a phone, research should be conducted to see how well it performs.

The authors recommend that developers who want to implement typing with hand gestures
employ a prediction-based or continuous gesture typing approach such as Swype [59], Minuum
[58], or Vulture by Markussen et al. [52].
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A EXPERIMENT QUESTIONNAIRE
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Questions are optional and may be left unanswered. 
 
What is your sex?  
☐ Male ☐ Female                      ☐ Other/Rather not say 
 
 
What is your age?  _____ 
 
 
Which hand did you use for the experiment? 
☐ Left                         ☐ Right 
 
 
Have you used Leap Motion before? 
☐ Yes                         ☐ No 
 
 
Do you have any previous experience with Virtual reality? 
☐ Yes                         ☐ No 
 
 
 
  

 



 
 
Please answer according to have how 
you agree with the following 
statements 
 

1. I think that I would like to use this keyboard 
frequently  

 

2. I found the keyboard unnecessarily complex 

 

3. I thought the keyboard was easy to use 

 

4. I found  that i had poor control using the 
keyboard  

 

5. I found it easy to press the intended button 

 

6. I thought keyboard behaved unpredictably 

 

7. I would imagine that most people would 
learn to use this keyboard very quickly 

 

8. I became tired in my arm using the 
keyboard  

 

9. I felt very confident using the keyboard  

 

10. I needed to learn a lot of things before I 
could get going with this keyboard 
 

 

 
 
 
Strongly         Strongly 
disagree           agree 

1 2 3 4 5 

 

1 2 3 4 5 

 

1 2 3 4 5 

 

1 2 3 4 5 

 

1 2 3 4 5 

 

1 2 3 4 5 

 

1 2 3 4 5 

 

1 2 3 4 5 

 

1 2 3 4 5 

 

1 2 3 4 5 

 

 

 

Please contact the students conducting the study when you are done answering the 
questions. 
 

 

 

 

 

 

  

 





B EXPERIMENT DATA

Participant Q1 Q2 P1 P2 T1 T2
1 163.132 101.203 192.365 160.981 15.578 11.071
2 353.413 194.529 369.117 252.260 9.620 13.729
3 206.140 63.096 115.475 93.211 15.101 44.057
4 118.859 54.650 99.920 44.572 10.183 13.302
5 67.573 51.101 140.333 60.611 15.844 11.233
6 281.008 186.918 866.030 253.658 14.189 8.272
7 130.999 204.688 480.536 126.736 12.297 12.305
8 101.286 69.540 239.534 109.400 13.35714 12.752
9 68.307 58.197 103.234 106.517 12.082 11.663
10 54.932 50.419 79.384 75.752 10.134 13.864
11 288.523 82.514 311.771 161.532 10.834 15.548
12 129.852 120.540 100.336 141.495 11.021 11.018
13 74.520 62.160 197.760 57.231 15.524 16.181
14 112.614 71.890 174.493 175.991 14.919 14.886
15 103.652 102.487 153.470 132.101 12.380 9.181
16 60.695 42.108 82.998 54.880 8.909 6.158

Table B.1: The time taken for each of the 16 participants to complete each task: Q, P, and T
stands for QWERTY, Pinch, and Touchscreen, respectively. 1 is the first written sentence, 2 is the
second sentence.

Participant Q1 Q2 P1 P2 T1 T2
1 40 38 36 37 26 24
2 58 37 80 44 24 32
3 50 26 36 28 28 92
4 34 30 33 26 24 32
5 24 24 42 24 26 24
6 53 36 99 69 28 26
7 27 41 50 28 24 30
8 36 28 50 25 24 28
9 26 38 42 42 26 24
10 33 32 32 34 26 32
11 44 34 66 43 24 30
12 32 32 31 42 24 24
13 34 41 41 26 26 26
14 38 37 47 55 28 30
15 34 30 39 39 24 24
16 28 30 36 29 26 23

Table B.2: The keystrokes made for each of the 16 participants: Q, P, and T stands for QWERTY,
Pinch, and Touchscreen, respectively. 1 is the first written sentence, 2 is the second sentence.
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Participant Sex Age Hand Leap experience VR experience
1 Male 21 Right No No
2 Female 23 Right No No
3 Male 28 Right No Yes
4 Male 21 Right Yes Yes
5 Male 25 Right No Yes
6 Female 38 Right No No
7 Female 22 Right No Yes
8 Male 23 Right No Yes
9 Male 25 Right Yes Yes
10 Male 24 Right No Yes
11 Male 24 Right No Yes
12 Male 27 Right No No
13 Male 24 Right No Yes
14 Male 23 Right No Yes
15 Male 23 Right Yes Yes
16 Male 24 Right Yes Yes

Table B.3: The responses for every participant to the post-questionnaire about demographics.
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