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Abstract

The use of Augmented Reality (AR) has recently seen an increase in various areas
of research. Still, `handheld AR with a mid-air pen' is very much a niche research
�eld. The ARPenSystem belongs to this �eld. It allows users to perform free-hand
three-dimensional (3D) modeling directly in the real world by using a mobile pen.
This Bachelor's thesis investigates how usable, functional, and effective the ARPen
system is for 3D modeling. For that purpose, we conducted a user study.

After providing each study participant a week-long experimenting phase with the
application, we conducted semi-structured interviews. We analyzed the content by
adapting grounded theoryto identify the major themes of the interviews.

Results showcase the system's strengths, such as the freedom it offers to create
objects by sketching lines, the creation of primitives, the undo/redo feature, and
the concept of the system. Moreover, they describe the system's shortcomings,
such as perception problems of the 3D scene through the smartphone, precision
problems of pen input, and system ergonomics.

As some of these obstacles tie to the broader category of `handheld AR with a mid-
air pen', we provide design considerations for developing such a system.
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Überblick

Der Einsatz von Augmented Reality (AR) hat in letzter Zeit in verschiedenen
Forschungsbereichen zugenommen. Dennoch ist “handheld AR with a mid-air
pen” ein eher kleines Forschungsfeld. Das ARPenSystem geḧort in dieses Feld. Es
ermöglicht dem Benutzer, freih ändige dreidimensionale (3D) Modellierung direkt
in der realen Welt mithilfe eines mobilen Stifts durchzuf ühren. In dieser Bache-
lorarbeit soll untersucht werden, wie nutzbar, funktional und effektiv das ARPen
System für die 3D-Modellierung ist. Zu diesem Zweck wurde eine Benutzerstudie
durchgef ührt.

Nachdem jeder Studienteilnehmer eine einw öchige Experimentierphase mit der
Anwendung abgeschlossen hatte, wurden die Teilnehmer in halbstrukturierten In-
terviews zu ihrer Erfahrung mit der Anwendung befragt. Um die Hauptthemen
der Interviews zu identi�zieren, wurde eine Adaption der Inhaltsanalyse nach
Grounded Theorydurchgef ührt.

Die Ergebnisse zeigen die Sẗarken des Systems auf, wie zum Beispiel die Freiheit,
die es bietet, Objekte durch Skizzieren von Linien zu erstellen, die Erstellung ge-
ometrischer Primitive, die Undo/Redo-Funktion sowie das Konzept des Systems
selbst. Darüber hinaus werden die Schw ächen des Systems beschrieben, wie zum
Beispiel Wahrnehmungsprobleme durch das Smartphone, Pr äzisionsprobleme der
Stifteingabe und die Ergonomie des Systems.

Da einige dieser Hindernisse nicht nur mit unserem Beispielsystem zusam-
menhängen, sondern mit der Dom äne “handheld AR with a mid-air pen”, werden
Design-Aspekte für ein solches System aufgestellt.





xvii

Acknowledgements

I would �rst like to thank Prof. Dr. Jan Borchers and Dr. rer. nat. Simon V ölker for
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Chapter 1

Introduction

Personal fabricationis the manufacturing of a three-
dimensional (3D) model using a personal computer, digital
data, and a printer that can produce solid 3D objects
[Morris, 2007]. Recent years have shown that the interest
in personal fabrication has drastically grown, promising to
revolutionize the ways of design and production [Mota,
2011]. Nonetheless, designing 3D shapes that �t into
real-world surroundings requires intensive measuring and
a sense of spatial awareness. For example, if a user wants Modeling in-situ

might simplify

designing 3D objects

that should �t into

real-world

surroundings.

to 3D print a coffee cup holder that can be attached next
to her car dashboard, it would require her to measure the
dashboard's dimensions and then design a 3D model using
computer-aided design (CAD) software. Still, the model
might not look and �t as well as she intended. Directly
using the real-world surroundings in the modeling process
could vastly simplify this process.

Augmented Reality (AR) enables the possibility to
design objects in-situ, as it is the interface between the real AR overlays a virtual

scene over the real

world view, providing

adequate spatial

perception for 3D

modeling.

and the virtual world. Azuma [1996] de�nes AR by setting
up three characteristics: Firstly, the combination of real
and virtual worlds, which AR does by overlaying virtual
scenes over the view of the real world. Secondly, real time
interaction. And thirdly, accurate 3D registration of virtual
and real objects. A virtual effects system, for example,
allows for blending virtual objects into a real-world envi-
ronment and thus ful�lls the �rst criterion. However, it is
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neither interactive media nor are the overlays combined
with the real world in 3D and thus it would not belong to
the category of AR systems. As AR provides an augmented
view of the real-world surroundings, employing AR for 3D
modeling could provide effective spatial perception and
comprehension of designs [Shin et al., 2005].

There are numerous ways to display AR, ranging from
head-mounted displays (HMD) (e.g., Microsoft HoloLens
21 ) to handheld displays. In contrast to other AR sys-
tems, handheld AR (HAR) is socially acceptable, readily
available, and highly mobile [Zhou et al., 2008]. HAR can
be seen in different areas and on different markets, such
as medical education (see e.g., Complete Anatomy 20212)
and interior design (see e.g., IKEA Place3). Furthermore,
HAR is the most accessible way of displaying AR, as most
modern smartphones can display AR content. WackerHandheld AR proves

to be the most

accessible way of

displaying AR.

et al. [2019] developed the ARPensystem, which combines
the accessibility of AR-enabled handheld devices with the
possibility to design 3D objects in-situ.

The ARPen system is bimanual, consisting of a smart-
phone and a 3D-printed or cardboard pen. Instead ofThe ARPen system

combines the

accessibility of

AR-enabled

handheld devices

with the use of AR to

design 3D objects

in-situ.

needing extensive measurements beforehand, users can
model a shape with the pen directly in its designated
surroundings in real-time. Thus, saving the user potential
design iterations and accelerating the time to achieve de-
sign objectives. ARPen is an open-source iOS application4

that uses Apple's AR- 5 and SceneKit6, as well as Open
CASCADE Technologies7. When using ARPen, the user
holds the phone in her non-dominant and the pen in the
dominant hand (see Figure 1.1). The pen is tracked in
real-time via a marker, using image recognition techniques,

1https://www.microsoft.com/en-us/hololens Accessed
March 13, 2021

2https://3d4medical.com/ Accessed March 13, 2021
3https://www.ikea.com/au/en/customer-service/

mobile-apps/say-hej-to-ikea-place-pub1f8af050 Ac-
cessed March 13, 2021

4https://github.com/i10/ARPen Accessed March 13, 2021
5https://developer.apple.com/documentation/arkit/

Accessed March 13, 2021
6https://developer.apple.com/documentation/

scenekit/ Accessed March 13, 2021
7https://www.opencascade.com/ Accessed March 13, 2021
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Figure 1.1: The bimanual ARPen system consists of a
smartphone and a pen.

which allows the determination of the pen tip's 3D position
in the virtual world. Therefore, the pen is a pointing device
that enables true 3D input.

Previous work on the ARPen system includes the eval-
uation of speci�c parts of the application, such as menu
techniques and techniques to move 3D objects [Wacker
et al., 2020a, 2019]. We were intrigued to do a system-wide
evaluation to assess the usability and effectiveness of
our system for 3D modeling, as this had not been done
before. As our goal was to gain user insight into qualitative We conducted a

qualitative user study

to assess the

usability and

effectiveness of

ARPen for 3D

modeling.

aspects of 3D modeling with our system, we conducted
semi-structured interviews with interested individuals
using an interview script. For this, we recruited six
participants who tested the application in a week-long
experimenting phase for which we provided modeling
tasks.

Consequently, we transcribed and then analyzed user
comments by doing content analysis. As the data analysis
method, we chose to adapt grounded theory. The results in-
cluded 18 major themes that emerged from the interviews.
On the one hand, the �ndings show the system's strengths,
such as the concept of the system, the freedom it provides
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to create objects by sketching lines, the creation of primi-
tives, and the undo/redo-system. On the other hand, they
show weaknesses such as perception problems through the
handheld smartphone, precision problems of pen input,
and system ergonomics. To gain user insight into our sys-We implemented

multiple scaling and

rotation techniques,

an undo and redo

system, along with

the option to edit a

shape subsequently.

tem, we needed to provide a stable implementation of the
application with typical CAD software features. Therefore,
we added multiple scaling and rotation techniques based
on prior work [Mohammed, 2020, Klamma, 2019], the
option to edit already created shapes subsequently and an
undo/redo system to the application.

This Bachelor's thesis begins with an overview of the
related work in Chapter 2. We showcase other existing
immersive 3D modeling systems and report on related
user experiences with this software type. In Chapter 3,
we detail the additional features we added to the system.
Chapter 4 gives insight into the reasoning behind the
chosen procedure, study design, and data analysis method
to ensure our results' validity and reliability. With Chapter
5, we provide the �ndings of our study, detailing positives
as well as negatives of using the system for 3D modeling.
In Chapter 6 we interpret the results and describe the
limitations of our study. Lastly, we conclude the thesis by
summarizing our results and proposing potential ideas for
the system's future in Chapter 7.
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Chapter 2

Related Work

In the following, we explain similar work to the ARPen
System. As the ARPen project includes various signi�-
cant human-computer interaction (HCI) research topics, we
�rst cover a range of related immersive 3D modeling and
sketching systems. As this thesis aims to gain insight into
the user experience with ARPen, we then focus on reported
user studies of such systems.

2.1 Immersive 3D Modeling and Sketch-
ing Systems

The research area of immersive 3D modeling systems in-
cludes different interaction techniques to create 3D shapes
in mid-air.

One such system is DesignAR by Reipschläger and
Dachselt [2019]. DesignAR consists of an interactive sur- DesignAR combines

the use of an HMD

with a 2D interactive

surface to create

shapes via pen input

and touch gestures.

face that displays two-dimensional (2D) views and an
HMD, creating a combined output space that enables
placing 3D objects beyond display borders. The system
uses a set of pen and touch techniques for input (see
Figure 2.1). The aim was to extend a traditional modeling
environment by gaining the ability to place 3D objects
beyond the screen.
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Figure 2.1: Overview of DesignAR: (a) the augmented workstation, (b) an example
touch technique, (c) an example pen sketching technique, (d) modeling by extrud-
ing faces with the pen, and (e) a 3D object beyond display borders. Images taken
from: [Reipschl äger and Dachselt, 2019]

Peng et al. [2018] present RoMA: a direct combination
of 3D modeling with 3D robotic printing. The designer can
use partially printed shapes as a reference and, using anRoMA links 3D

modeling directly to

3D robotic printing.

HMD and a pair of AR controllers, can add new elements
to the design. RoMA allows users to integrate real-world
constraints into a design and allows extension of existing
objects.

An approach that utilizes HAR is NapkinSketchby Xin
et al. [2008]. NapkinSketch uses a piece of paper and a
tablet, displaying the 3D scene, as input devices. AfterNapkinSketch

enables 3D modeling

from 2D sketches.

de�ning a plane, the user sketches on the tablet. Simulta-
neously, the drawn sketch is projected onto the previously
de�ned plane, allowing for creating rather complex 3D
objects.

SymbiosisSketchby Arora et al. [2018] combines the
advantages of drawing in mid-air and drawing on surfaces
to model 3D shapes in AR. The system consists of an HMD,SymbiosisSketch

combines mid-air

modeling with the

precision of drawing

on a tablet.

a tablet, and a digital pen with six-degrees of freedom
(6DoF). Users de�ne a drawing plane using the tablet
and the digital pen. Although the shapes appear in the
desired surroundings, the tablet and the plane are spatially
separate.

Mobi3DSketch by Kwan and Fu [2019] is a HAR 3D
sketching system for designers using a single AR-enabled
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Figure 2.2: Overview of MagicToon system. The system transforms 2D cartoon
sketches into 3D objects. The 3D object has some over-segmented regions. By drag-
ging her �nger, the user merges those regions. Image taken from: [Feng et al., 2017]

mobile iOS device. The system uses two input sources Mobi3DSketch

allows sketching 3D

conceptual design

in-situ by tracking the

motion of a handheld

device.

to sketch in 3D: the motion tracking of the device and
the touch input. The system supports both absolute and
relative drawing, enabling the creation of 3D conceptual
designs in-situ. Additionally, Kasahara et al. [2012] pro-
posed a system that lets multiple users draw 3D sketches
on existing surfaces.

Bergig et al. [2009] present a framework for authoring
3D virtual scenes for AR based on hand sketching. MagicToon projects

2D sketches into the

3D scene.

Similarly, Feng et al. [2017] introduced MagicToon (see
Figure 2.2). Using HAR, the tool can project 2D cartoon
sketches into the 3D scene. The user interacts with the
3D objects through the touchscreen of the handheld device.

Furthermore, there are commercial applications for
immersive modeling and sketching. Grib3d 1 lets users
create 3D shapes out of 2D sketches on paper using an
AR-enabled smartphone. Just a Line2 lets users draw in AR
on a smartphone and then share a video of their creation.

Some approaches use Virtual Reality (VR). (T)ether by (T)ether is a

handheld VR system

that combines touch

input and mid-air

gestures for 3D

modeling.

Lakatos et al. [2014] combines touch inputs and mid-air
gestures for immersive 3D modeling. The system consists
of a handheld display as a window into VR and a tracking
system that tracks the user's head, hands, and �ngers.
(T)ether supports multi-user collaboration on virtual 3D
objects . Elsayed et al. [2020] proposeVRSketchPenas an
input device for immersive 3D sketching. A marker-based

1https://grib3d.com/ Accessed March 14, 2021
2https://apps.apple.com/us/app/

just-a-line-draw-in-ar/id1367242427 Accessed March
15, 2021



8 2 Related Work

motion capture system tracks the VRSketchPen in the 3D
scene. Via a VR headset, users can draw 3D sketches in theVRSketchPen

enables users to

draw 3D sketches in

VR with a pen that

uses haptic

feedback.

virtual world. The pen uses haptic feedback to help users
sketch accurate shapes without constraining their actions.
Likewise, the commercial releases Google's Tilt Brush3 and
Gravity Sketch4 let users paint in 3D space with a virtual
reality HMD and handheld controllers.

The ARPen system relies solely on the use of a smart-ARPen solely

requires a

smartphone and

enables true 3D input

through the pen.

phone instead of requiring additional hardware. Moreover,
our system tracks and determines the position of the pen,
enabling precise 3D input.

2.2 User Studies on Immersive 3D Model-
ing and Sketching Systems

Various user studies have been conducted in the �eld of
immersive 3D modeling.

Hürst and Dekker [2013] built and evaluated a HAR
system for 3D modeling using �nger- or pen-based free-
hand interactions to create and edit 3D models. The system
uses an AR-enabled mobile device's camera in order to
track speci�c gestures. The authors conducted a feasibility
study of the system with 24 subjects to gain user insight.
The study required subjects to do modeling tasks with the
system (see Figure 2.3). The results showed that free-handHürst and Dekker

[2013] introduced a

virtual grid to deal

with precision

problems.

drawing is too dif�cult for most users without solutions
such as their proposed virtual grid design, enabling
participants to draw simple geometric shapes reliably.
Additionally, ergonomic discomfort and depth perception
also were an issue. The �ndings, however, showed a high
usability and entertainment value, suggesting massive
potential for this type of system but limited utility for
serious applications.

Huo et al. [2017] presented Window-Shaping, a HAR
system that allows the direct creation of 3D shapes on and

3https://www.tiltbrush.com/ Accessed March 14, 2021
4https://www.gravitysketch.com/ Accessed March 14, 2021
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Figure 2.3: Example tasks from the feasibility study of a HAR immersive 3D mod-
eling system. Image taken from [H ürst and Dekker, 2013]

around physical objects. Using a Google Tango device,
users de�ne a plane on any physical surface by drawing
in the physical scene. Touch gestures on the device screen The results of the

user study on

Window-Shaping

showcased

limitations in

accuracy and user

fatigue.

are 'unprojected' in the physical environment to obtain a
3D point and its normal vector in the world coordinate
system. The authors conducted a user study to evaluate
their prototype. They collected user feedback regarding
the utility, experience, potential, and limitations from eight
participants. After completing design tasks, participants
�lled out a questionnaire and answered open-ended
questions. Findings show users having generally positive
reactions while also exposing limitations, including prob-
lems with accuracy and user fatigue.

Israel et al. [2009] investigated 3D sketching using a
hybrid pen in a VR-cave system. The developed prototype
for the study used line-based sketching and an undo
system. The user study aimed to compare 3D to 2D Israel et al. [2009]

found that users are

interested in using

the VR 3D space as

a medium for spatial

thinking.

sketching to �nd the advantages and disadvantages of
3D sketching. The authors conducted two focus group
interviews. Following that, they created a questionnaire
for validation of the results. Results showed that users are
interested in using the 3D space as a medium for design,
especially regarding spatial thinking.

In contrast to these studies, we gave participants a week As in none of these

studies, we designed

modeling tasks for a

week-long

experimenting phase

with ARPen.

long experimenting phase with the application before
conducting semi-structured interviews. Additionally, we
designed modeling tasks for the long-term experimenting
phase. These tasks ranged from strict to loosely de�ned to
ensure freedom in the usage of the system.
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Chapter 3

Adding New Features to
ARPen

We added several features to improve the usability of
ARPen for 3D modeling. For some features, rough im-
plementations already existed from previous studies. We
modi�ed and expanded these implementations for them to
be useable in the context of the whole system. The follow-
ing sections describe the new features added to ARPen.

3.1 Scaling

Previous work on ARPen included a user study that identi-
�ed the most effective and user-friendly scaling techniques
for the ARPen system [Mohammed, 2020]. As scaling is We implemented two

scaling techniques:

Pen Ray Scaling and

Pinch Scaling.

fundamental to the 3D modeling process, we implemented
the two recommended scaling interactions. While the study
mainly focused on scaling relative to a corner, we also de-
cided to implement scaling relative to the object's center.
All of the implemented scaling techniques perform uniform
scaling.

Pen Ray Scaling Figure 3.1 showsPen Ray Scaling. Using
ray-casting to determine whether or not the pencil point
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Figure 3.1: Pen Ray Scaling: relative to (a) a corner or (b)
the center

hovers behind or in front of one of the object's corners, PenPen Ray Scaling

uses ray-casting to

select a shape's

corner and mirrors

the pen's movement

to scale the object.

Ray Scaling lets the user select a corner and then mirrors
the pen's movement, thereby scaling the entire object. In
contrast to other pen-based scaling interactions, users felt
relaxed and enjoyed when using Pen Ray Scaling.

Scaling Using a Pinch Gesture After tapping one of thePinch scaling allows

users to scale an

object by using a

pinch gesture.

object's corners on the touchscreen, users can perform a
two-�nger pinch gesture to scale the object. Users claimed
that Pinch Scalingfelt very intuitive, as they knew the pinch
gesture for scaling from other applications.

3.2 Rotation

Additionally, work on ARPen included a user study thatWe implemented

three rotation

techniques.

evaluated different rotation techniques for the ARPen sys-
tem [Klamma, 2019]. We implemented three rotation tech-
niques that showed promising results in the study. Since
the proposed interactions from the user study focused on
rotating relative to the object's center, we chose to imple-
ment this as well.

Direct Device Rotation Direct Device RotationrequiresDirect Device

Rotation mirrors the

device's orientation

onto the object.

the user to press and hold an on-screen button. While hold-
ing the button, the device's orientation is mirrored onto the
object, allowing it to rotate by rotating the device. Direct



3.3 Undo and Redo System 13

Figure 3.2: Direct Pen Rotation: (a) selecting an object, (b)
the object mirroring the pen's orientation

Device Rotation received positive feedback overall in the
study and excelled in the categories of speed and precision.

Touchscreen Rotation Touchscreen Rotationallows the Touchscreen Ro-

tation allows the

rotation of an object

by swiping across the

screen.

user to rotate the object by swiping across the touchscreen
after tapping an object to select it. Users achieved good re-
sults in the user study using Touchscreen Rotation.

Direct Pen Rotation Direct Pen Rotation(see Figure 3.2)
works similarly to Direct Device Rotation. After selecting Direct Pen Rotation

mirrors the

orientation of the

ARPen onto the

object.

an object, the user must press and hold an on-screen button.
In contrast to Direct Device Rotation, the orientation of the
ARPen now is mirrored onto the object. By rotating the
pen, the user rotates the selected object. Direct Pen Rotation
achieved good results in the user study.

3.3 Undo and Redo System

To allow users of ARPen to reverse unwanted actions, the We implemented a

linear undo and redo

system.

development of an undo and redo system was vital. We
chose to implement linear undo. Linear undo utilizes a
stack to store signi�cant actions that the user did. When
the user performs an action, it is added to the top of the
undo-stack. A stack works according to the Last In - First
Out (LIFO) principle; hence, when the user taps the undo-
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