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Kurzfassung

Aktuelle Entwicklungen von "Virtual Reality"-Geräten sind hauptsächlich darauf
fokussiert einen höheren Level der Immersion zu erreichen, indem Displays und 3D-
Sound Wiedergabe verbessert werden. Der Einfluss von Interaktion und des haptischen
Feedbacks werden hierbei oft vernachlässigt. Aktuelle Geräte sind meist auf Gamepads
basiert und zwingen den Nutzer Controller in die Hand zu nehmen, welche haptis-
ches Feedback lediglich durch generische Vibration wiedergeben. Solche Interaktions-
möglichkeiten und Methoden des haptischen Feedbacks erlauben den Nutzer weniger
tief in die virtuelle Welt einzutauchen. Wir schlagen vor, Quadrocopter als ein Gerät zum
erzeugen von haptischen Feedbacks zu nutzen. Wir haben drei Studien durchgeführt
um Feedback erzeugt durch Quadrocopter zu evaluieren, die Möglichkeit der Simula-
tion verschiedenster Objekte zu erforschen und zusätzliche Feedback Möglichkeiten
zur Verbesserung der Simulation von Gegenständen mit extremen Eigenschaften zu
testen. Die Studienergebnisse zeigen das Quadcopter in Kombination mit Hand Tracking
eine plausible Möglichkeit bietet um haptisches Feedback zu erzeugen. Des Weiteren
eignet sich Feedback, welches durch Quadcopter erzeugt wird, vor allem um leichte
oder weiche Gegenstände zu simulieren. Im Falle von unbeweglichen, soliden Objekten,
können zusätzliche Feedbackarten einen gefühlt höheren Widerstand erwirken.

Einschränkungen im Entwerfen von virtuellen Welten müssen zwar bedacht werden,
jedoch sehe wir Quadcopter als geeignete Methode um flexibles, dreidimensionales,
haptisches Feedback zu ermöglichen.
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Abstract

The current development of Virtual Reality technologies are mostly focused on provid-
ing deeper immersion by improving displays and 3D audio quality. The influence of
interaction and haptic feedback is often neglected. State-of-the-art technologies are still
adapting gamepads and forcing the user to hold controllers that give haptic feedback by
simply applying vibration. Such interaction and haptic feedback methods are therefore
inducing less presence on the user. We suggest a method of combining hands free hand
tracking and providing haptic feedback by utilising quadcopters as a feedback device.
We reviewed haptic quadcopter feedback by conducting three user studies to validate
the quality of quadcopter feedback, explore the ability to simulate various objects and
explore additional feedback methods for simulating objects with extreme properties. We
found that haptic feedback provided by quadcopters in combination with hand tracking
is a feasible improvement of providing feedback. Furthermore, haptic quadcopter feed-
back is well received while simulating interaction with small, light object or objects with
a soft surface. In cases of non-moving, solid objects additional feedback methods can be
applied to increase the resistance felt by the user.

While limitations have to be kept in mind when it comes to designing virtual worlds to
include quadcopter feedback, we see it as a suitable way of providing flexible, three-
dimensional, hands-free, haptic feedback.
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1 Introduction

Virtual Reality (VR) allows us to venture forth into worlds that would be otherwise
unreachable for us. We can venture forth in dangerous places, fictional places, or places
cut off from time, as the Jurassic past or the distant future. In all cases, the presence of
a user is an integral part of making these places seem real.

The first attempts to commercialise VR took place in the early 90s [BM07], but failed
due to various technical factors. Recent advances in display technology and tracking,
which are the result of the increased popularity of smartphones, allowed to overcome
limitations of bygone days [Des+14; Ocu15].

Current VR head-mounted displays (HMDs) that offer a great technological way of
diving into the virtual world are Oculus Rift, HTC Vive and PlayStation VR. For persons
who only want to peek through a less interactive window into the virtual world, there
are smartphone based, low priced alternatives, such as Google Cardboard or Samsung
Gear VR.

The increased interest in modern VR devices further encourages the development of
even better technologies. Displays have higher resolution, therefore less or no pixels
(reminding fragments of the real world) are visible. Headphones and corresponding
sound frameworks allow even clearer and more realistic 3D sound.

The development of these technologies increases the immersion, that is the ability of
the technology to present the user with a world that seems real (see Section 2.1.4).
Immersion depends on the quality of technology and can be achieved by putting on an
HMD and headphones that make the world as indistinguishable from the real world as
possible. Room-scale tracking, the ability to move and walk around in a room sized area,
further increase this immersion.

The level of immersion that can be achieved is already on a high level and keeps on
rising. In contrast, the feeling of presence - that is how the user receives these virtual
worlds - is often broken as soon as the user gives in to the urge to interact haptically with
objects in the virtual world. Even though the technological quality of these VR systems
is really high, when it comes presenting these worlds, the quality of the interfaces that
let the user interact with these worlds is still relatively low compared to the huge boost
in display quality. State-of-the-art input devices are merely controllers that are adapted
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1 Introduction

from classical gaming controllers. Even though these controllers can simulate touching
an object by applying vibration, the user will still be touching air rather than feeling the
resistance of touching an actual object.

There is a need to improve these input devices or even replace them completely by
finding a way of providing a more natural and accurate way of input and feedback. As
we see these as an essential and under represented part of VR that has a huge effect on
the presence received by the user, we propose a method of providing haptic, hands-free,
highly flexible virtual world interaction by using quadcopters.

1.1 Of Drones and Quadcopters

The last part of the title of this Thesis "...while using quadcopters" is a nice sounding
title that doesn’t instantly raise the association with news channels talking about killing
humans with "drones" (often referred to as unmanned aerial vehicles, short UAVs). These
military drones are not similar to the vehicles we use in our study. The closest thing to
"shooting" our drones come to is shooting movies. They are often used to carry cameras
or other objects. The title "... while using quadcopters" contains the correct term, as
we use a drone which has 4 rotors (lat. quadrum ‚foursquare‘ and gr. pteron ‚wing‘).
Other models have three, six or even eight rotors and are respectively called tricopter,
hexacopter or octocopter.

Therefore, to make it more applicable to a general case, from now on we will use the
broader and more commonly used term drone.

1.2 Motivation

We see a lack of suitable interaction methods in VR that allows users to fully immerse
into virtual worlds. The presented work investigates a method of providing tactile and
haptic, hands-free, highly flexible virtual world interaction by using quadcopters.

Structure

This thesis is structured in the following manner:

Chapter 2 – Related Work: We investigate the development of VR and methods of
providing haptic feedback by different approaches.
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1.2 Motivation

Chapter 3 – Approach We present our approach to provide hands-free, haptic feedback.

Chapter 4 – Setup The setup how to realise our approach is presented here.

Chapter 6 – Challenges and Limitations We present limitations and challenges that
we found while developing the haptic feedback provided by drones.

Chapter 7 – User Study 1 - Comparison of State-of-the-Art, Quadcopter and non-haptic Feedback
In the first user study we evaluate state-of-the-art, non-haptic and haptic feedback.

Chapter 8 – User Study 2 - Representation of different Objects by Haptic Drone Feedback
We further investigate drone feedback reagarding several objects.

Chapter 9 – User Study 3 - Improvement of Feedback for non-moving, solid Objects
To neglect the limitations to mimic solid, non-moving objects we investigate differ-
ent additional feedback methods in the third user study.

Chapter 10 – Conclusion In this last chapter we review the thesis and conclude upon
the obtained evaluation. We also give a climpse towards future improvements.
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In this chapter, we are going to take a look at state-of-the-art technologies regarding
VR. We will review how the technical part of VR has developed and furthermore we
will explore different feedback methods that are in use or could be used. We will also
present how illusions can be used to trick the user into feeling haptic feedback and show
the inclusion of drones in Augmented Reality (AR) and VR.

This chapter will also show how different projects and ideas influenced our decision to
use drones as a feedback method for a hands-free VR experience.

2.1 Virtual Reality

The term virtual reality and its use in a scientific context was coined by Lanier [Lan89].
The definition of Burdea and Coiffet [BC03] is: "Virtual Reality is a high-end user
interface that involves real-time simulation and interactions through multiple sensorial
channels. These sensorial modalities are visual, auditory, tactile, smell, taste, etc."

2.1.1 Distinction to other Terms

In the last few years the use of the terms Augmented Reality (AR) and Virtual Reality
(VR) increased vastly. They both appear in all kinds of media and are sometimes part of
the story1,2. The terms often get mixed up, used interchangeably or are not defined at all.
The term Mixed Reality (see Figure 2.1) is often used in case of an unclear distinction of
AR and VR. Mixed Reality, by Milgram and Kishino [MK94] is defined as "...anywhere
between the extrema of the virtuality continuum."

1https://en.wikipedia.org/wiki/Ready_Player_One
2https://en.wikipedia.org/wiki/Metal_Gear_Solid
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Figure 2.1: Mixed Reality Continuum by Paul Milgram and Fumio Kishino (1994).

Augmented Reality

Augmented Reality, together with Virtual Reality, are the most common types of Mixed
Reality. With AR the real world gets supplemented with virtual information [Azu97].
This information can be shown via AR-Glasses (e.g. Microsoft HoloLens) or common
screens (like a smartphone or TV). AR often takes place in sporting events, where
additional information about moves or markings on the field is shown. Augmentation is
done in real time and in a 3D context with environmental elements.

Augmented Virtuality

Augmented Virtuality (AV) is part of the mixed reality continuum. In AV real world
objects or person get integrated into and merged with virtual worlds. The predominant
part of AV are virtual environments that then get augmented with physical objects. This
was for example used with the Sony EyeToy in 2003, where players are recorded by a
camera and put live on the screen where they could play games and interact with the
virtual world.

2.1.2 Other forms of Mixed Reality

In cases where the terms VR or AR are used, people are normally referring to their
visual forms. In AR usually, 3D models or other information, like descriptive texts, are
shown in the real world. The augmentation of the real world does not only have to be
visual (like placing virtual creatures into the camera picture of the real world). Other
ways of augmentation are for example used by the mobile games Pokémon GO and
Ingress. These augment the real world by adding in-game places and objects to real
world locations. In Pokemon GO, real world monuments are often turned into Gyms
(gathering points where players can battle each other). Another way to augment the
real word is to provide additional sounds (artificial sound spots) and therefore guide
visually impaired people. This can be done by using drones to give impaired people
acoustic 3D-positioned signals that show the way [AFH15].
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2.1 Virtual Reality

2.1.3 Historical Development of VR

"The Sword of Damocles" by Ivan Sutherland is regarded as the first VR system that
uses an HMD [McL96; Sut]. It was developed in 1968 and was a huge mechanism that
was suspended from the ceiling and was hanging above the user. This was done to
allow position tracking and support its own weight. The user was presented with simple
wireframe environments.

In the early 90s, the first attempts to commercialise VR [BM07] failed due to the low
frame rate, low resolution, and bad tracking. The provided immersion and therefore the
acceptance was too low. In 2010 Palmer Luckey of Oculus developed the first prototypes
which later would become the Oculus Rift [Des+14; Ocu15]. These prototypes showed
promising features and great potential for VR that was not provided by older VR systems.
Together with Valves success in creating suitable displays in 2013, they made the first
viable steps towards the breakthrough of VR. After several years of different prototypes
and developer versions, HTC shipped the first HTC Vive HMD on April 5, 2016, and
was, therefore, the first purchasable VR device for normal consumers. From this point
onwards it was possible to experience virtual worlds at home in the own living room and
not only in show rooms of developers. Several other VR HMDs from different developers
followed.

2.1.4 Immersion and Presence

Slater [Sla03] comments on the use of words, like immersion and involvement, that
are commonly used to describe how we perceive virtual worlds. He proposed that
a distinction should be made between immersion, presence, involvement, emotional
response, and degree of interest. We are going to concentrate on the first two terms,
immersion and presence. As they are most important for our proposed new method.

Slater writes: "Just as the emotional experience engendered by a colour is not the
same as the perception of the colour, which is not a simple function of the wavelength
distribution, so involvement, interest or emotional response in a virtual reality is not the
same as presence, which is not the same as immersion."

Immersion is the objective technical level to let the user dive into a virtual world
and presence is how real this virtual world is perceived. It is the human reaction to
immersion. Immersion and presence don’t necessarily correlate but immersion can have
an influence on presence. A book, for example, has a low level of immersion, as it is
merely black ink on a paper, but still can induce a high level of presence as you can still
"be there" in the book.
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The level of immersion can be measured and is simply dependent on how much weight is
given to different technical factors, like displays, speakers, tracking, etc. Presence, on the
other hand, can so far only be measured by questioning people that have been induced
with an immersive technology. Often the level of presence is hard to be separated by
other factors as involvement, emotional response, degree of interest, even though they
have a definite distinction (real life can be boring at times but still has a high presence).
Typically, a questionnaire is used to assess presence such as the presence questionnaire
created by Witmer, Jerome, and Singer [WJS05].

2.1.5 Visual Aspects of VR

The visuals are the main focus of most VR applications. This results in a high quality
and fast development of high-resolution displays [Bro99]. To create an immersive
experience, among many other factors, a high-resolution display [Dee92] and a stable,
high number of frames per second (fps) is needed [SVS05]. If those specifications are
not provided, it often results in experiences that make the users dizzy or nauseated
(hereto see simulation sickness [Bio92; HC97; Kol95; Lin+02]) or simply makes the
user realise that it is merely a simulation that is shown via a screen.

(a) (b)

Figure 2.2: Evolution of VR visuals: (a) Dactyl Nightmare (1991) (b) The Lab (2016)
Source: warebable.com, staticworld.com

In 1991 Dactyl Nightmare (see Figure 2.2) was a VR game that was powered by an
Amiga 3000 and offered simple graphics on a resolution of 276x372 pixel and a low
frame rate. The Lab (see Figure 2.2b) offers highly detailed environments on an HTC
Vive with 2x OLED each 1080×1200 pixel and 90 fps with highly detailed environments.
Comparing the Oculus Rift Development Kit Version 1 (DK1) (March, 2013) with a
1280x800 pixel resolution (640x800 per eye), RGB pixel layout, no OLED, a latency
of 50ms-60ms and a refresh rate of 60Hz with a Oculus Rift Development Kit Version
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2 (DK2) (July, 2014) with a 1920x1080 pixel resolution (960x1080 per eye), pentile
pixel layout, OLED, a latency of 20ms-40ms and a refresh rate of 75Hz, shows the
fast development and improvement of the display quality. The Oculus Rift CV (March
2016) even has a higher resolution with 2160x2400 pixel (1080x1200 per eye), and
a lower persistence (2 ms for each frame). This results in an experience that does not
involve motion blurring or judder like on a regular monitor. Oculus released a statement
that they will release a successor to the current model in 2-3 years, due to the rapid
innovation in the VR industry3.

2.1.6 Auditive Aspects of VR

The sense of hearing is important to localize sound sources and receiving a world that
seems real. Laterization is important to receive the position of a sound source through
interaural time differences between the left and the right ear [BT00, Chapter 2-3]. If
the visual position of the sound source and the received auditive position align, the
perceived virtual scene seems to be more realistic and is more immersive and therefore
results in a higher presence [Din+99; SS04].

Together with the visuals, the auditory aspects of VR are the modalities that get the most
focus and are developed4 further than other modalities.

2.1.7 Smell and Taste in VR

Smell and taste are modalities that are quite uncommon for computer devices and
even more so in VR. Narumi et al. [Nar+11] created a gustatory display that is based
on edible markers for AR, that could also be adapted in a similar fashion to VR. For
promotion purposes Ubisoft presented the Nosulus Rift to make the wearer able to smell
odors that result from different attacks in the upcoming South Park game 5. This was
rather meant as a PR stunt and a reference to Oculus Rift and the abilities to "pull the
user into the games", than as a serious product. Capcom released an unusual accessory
for its VR-supported horror game Resident Evil 7. The "Resident Evil 7: Wood, Sweat
and Fears 4D VR Candle" 6 is a scented candle and one of the few purchasable "devices"
that let the user immerse even more into the virtual world by providing odours, in this
case of rotten wood and blood. Koei Tecmo is planing on releasing a VR-cabinet that

3https://uploadvr.com/oculus-rift-cv2-palmer/
4https://www.roadtovr.com/oculus-rift-dk2-realsense-3d-audio-preview-download/
5http://nosulusrift.ubisoft.com/?lang=en-GB
6https://www.merchoid.com/product/resident-evil-7-blood-sweat-and-fears-4d-vr-candle/
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is not only an isolated place to play with the PlayStation VR HMD but also offers a
motion-simulating seat, a scent function, a wind function, a thermal function, a touch
function, and a mist function. 7,8

2.1.8 Haptics in VR

Interaction and haptic feedback are important factors to make VR even more immersive
and increase the presence of the user [BBKP07; RJSa01]. Humans tend to "see" and
check with their hands and would realise that the world around them is not real if the
feedback is not similar to what they expect it to feel [MBJS97; SPL06]. If a virtual world
only allows being observed but not interacted with at all (no input device or activate
by gaze), it seems like it is only a movie that is rolling in front of the user. Having an
influence on the world by physically interacting with it and observing the reaction of the
world increases the presence of the user. In the next section, we are going to present
how interaction with the world can be enabled and how feedback for the user can be
achieved by different devices.

2.2 Input Devices and Haptic Feedback in VR

Interaction and haptic feedback are two of the most important aspects of VR (next to
visual and audio). In this section, we are going to present different input devices and
feedback methods that could help to increase the users’ presence by providing the ability
to directly interact with and manipulate the virtual environment.

2.2.1 Input Devices

Generally, devices that are operated with the users’ hands are often used to input
commands into a computer program. For office computers, a keyboard and a mouse are
the most common choices of input. Depending on the task these can change or adapt its
form. Controllers (gamepads)[IA93] are often used for providing input in video games.
Also, other input devices like flight sticks (for flight simulations), driving wheels (for
driving games) are used. Other means of input are movement controls like Microsoft
Kinect [Zha12], where a camera is recording the movements performed by the user and

7https://www.roadtovr.com/koei-tecmos-new-vr-arcade-cabinet-tickles-senses-launching-dynasty-
warriors/

8http://www.gamecity.ne.jp/vrsense/
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2.2 Input Devices and Haptic Feedback in VR

then converts them into input signals, or movement input that is recorded by controllers
that can detect pitch and movement (Nintendo Wii [Cla+10] and Switch, PlayStation 3
and PlayStation4 controllers)

Controllers are a common mean of input in VR. For flight simulators, space simulations
and driving simulators, fans often recreate a cockpit of the corresponding vehicle. In
these scenarios, it is often sufficient if the user can sit and access stationary control
devices. At the beginning of the second wave of VR, the most common input device was
a normal gaming controller (such as the XBox or PlayStation gamepad). This allows to
give input into the virtual world but prevents naturalistic interaction. Devices like the
Vive Controller 9 or the Oculus Touch controller 10 were the first commercial products
that allowed input and interaction with virtual world in a more natural way, as the
user holds one controller in each hand and can move them independently from each
other. The controllers have a virtual representation that is shown at the same position
as they are in the real world (from the users’ point of view). In case of the Oculus
Touch controllers, it is also possible to show a representation of the users’ hands in a
virtual form. These are not perfectly mapped to the users’ hand gesture but rather an
approximation of them that are provided by different distance sensors.

The Power Glove by Mattel (1989) was an attempt to commercialise [BGC94] input via
a glove that the user wears. The glove would then detect the hand positions, rotation
and also flexed fingers [SFT94]. The idea to use a glove base input device [SZ94] is a
reasonable attempt to allow the user to use his own hands to interact with the virtual
world without letting the user merely enter commands.

Gloves restrict the users’ sensing ability and only allows to touch the inside of the glove
and not the virtual objects. Gloves also burden the user with putting on additional
devices and therefore are not quite suited for allowing natural, hands-free interaction
methods.

Blake and Gurocak [BG09] created a haptic glove that lets the wearer perceive force
feedback when touching virtual objects. It is a bulky construction that the user has to
put on, similar to a glove, that then provides force by moving its joints in the opposite
direction.

The Leap Motion (see Section 4.3) hand tracking sensor is a way to give exact
[2013analysis] virtual visualisations of real life hands. This can also be applied to
VR HMDs by simply attaching the sensor to the front of the display [Lee+15]. In case
of hand tracking, the look of the users’ hands is important and has an effect on the
presence [Sch+17b].

9https://www.vive.com/us/accessory/controller/
10https://www.oculus.com/rift/
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2 Related Work

2.2.2 Haptic Feedback

Many devices not only allow input but also are able to give some kind of haptic feedback.
The Oculus Touch and Vive Controller utilise vibration motors in the handle to provide
feedback to the user. This way vibration can be used to provide generic haptic feedback
such as collisions.

Implementations of given feedback modalities (e.g. vibration, or pulling forces) are not
perfect in the way they represent interactions with virtual objects and are limited in the
way they function [Ach+15; Bur+07]. When simulating the tension of a bow that the
user draws (e.g. Valve’s The Lab: Archery Mode) even simple feedback can make a huge
impression when done correctly. This can be achieved by activating the vibration ability
of the controller in the users drawing hand. But even if done right the immersion will
break as soon as the point is reached where it would not be possible to put more tension
on the bow and the string. At this point, the user will realise that there is, in fact, no
string holding back the drawing hand to go back further.

As feedback can be provided in many different ways and is not only limited to the use of
controllers (handhold controller, gloves, steering wheels, etc.) other interesting concepts
and devices are possible. For example, a robot arm could simulate big surfaces such
as walls or tables, even people can be coordinated to give physical feedback of what
happens in virtual reality.

Lopes et al. [Lop+17] used EMS (Electrical Muscle Stimulation) to create haptic feedback
in VR. Electrical impulses on shoulders, arms, and wrists are used to simulate walls
and heavy objects. They report that short impulses are received well, but that longer,
ongoing feedback is received as irritating and draws unwanted attention to the electrical
stimulation.

Cheng et al. [Che+14; Che+15] investigated using "human-actuators" to provide haptic
feedback and how several of those "human-actuators" can be synchronized and given
instructions.

Others explored providing feedback without the need to wear additional devices by using
air pressure [SK05] or ultrasound[Car+13; SPL06]. The downside of these body-free
feedback methods is that they have a limited operating range and therefore are unsuited
for room-scale VR.

The Institute of Robotics and Mechatronics11 developed a haptic user interface that uses
a robot arm and a small square of a surface to create the illusion of a wall or a table12.

11http://www.dlr.de/rmc/rm/en/desktopdefault.aspx/tabid-11704/#gallery/28737
12https://www.youtube.com/watch?v=EU9eb75eIZk
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2.3 Touch Sensations

Haptic feedback is an essential part of allowing more immersive experiences [Bur99;
Dio+97] and therefore should to be provided during interaction with objects in the
virtual world. As we currently see a lack of high-quality haptic feedback we want to
focus on new methods of providing haptic feedback.

2.3 Touch Sensations

For most haptic feedback methods that are currently commonly used, the sensation of
touching a surface is not possible to simulate. Often the feeling of touching a surface
is only represented by adding vibration to the device and adjust the strength of the
vibration to mimic the touched surfaces structure.

"The du-plex theory states that coarser textures (larger elements) are mainly perceived
by spatial cues, whereas finer textures are mainly perceived through temporal cues. By
spatial cue, it means that the structure can be inferred by pressing the finger against the
surface." [Lav15, Page 366]. therefore depending on the effect that has to be achieved,
simple vibration feedback is not sufficient and other means of feedback are needed (see
Figure 2.3)[LK93]. Kuchenbecker et al. [Kuc+08] present a device that provides both,
tactile and force feedback when touching a virtual object.

Figure 2.3: Kinds of interactions to identify texture, hardness, shape/volume, tempera-
ture, weight, shape of objects. (Figure by Allison Okamura, adapted from
Lederman and Klatzky [Lav15])
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2.4 Illusionary Feedback

In order to allow virtual worlds to feel immersive, the user can be tricked and the virtual
world can be adjusted to overcome those real world limitations [Azm+16]. In our bow
drawing case (see Section 2.2.2) the controllers won’t be able to physically stop the user
from pulling his drawing hand back some more, as in reality there is no string attached
to the controller. The discrepancy of the visuals and hands could be solved by making
the bow look rubbery and allow it to stretch some more. This could feel wrong or unreal
to the user as with a real bow there will be a point where it is not possible to put more
tension on the bow. A simpler trick would be to just snap the string of the bow as soon
as the maximum tension is reached (limit signaled with a strong vibration).

"Illusions are generally considered to be errors of the senses. However, in reality, they
are errors committed by the brain rather than by the senses (Goldstein, 1999)." [Léc09].
Illusions can be used to simulate haptic feedback. This can be done by letting the user
move a virtual block by moving a mouse. When the block traverses another surface and
movement gets slowed down, the user perceives this as friction without a change of
physical behaviour of the input device.

The usage of such tendencies, that humans can be tricked to feel feedback, is called
pseudo haptic feedback. Wolf and Bäder [WB15] compared electro-tactile and visual
feedback and showed that both can induce the illusion of surface deformation, even
when provided separately.

Such kind of illusions can not only be used to fine tune the human perception but can
also be used to manipulate the user into performing tasks like grabbing the same block
repeatedly while visually perceiving the feedback of touching several different blocks.
This is called haptic retargeting and presented by Azmandian et al. [Azm+16] as a way
to drastically reduce the number of needed tangible interfaces.

Even on a larger scale, human perception can be used to manipulate them into redirected
walking, where the user walks only in a small space but receives it as a big area [RKW01;
Raz+02].

2.5 Quadcopters - Inclusion into AR and VR

Quadcopters, also called drones (see Section 1.1), can be used in many ways, for example
as tools for carrying objects like cameras, but they can also be used to enhance our
environment.
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2.6 What we take from current Work and Technologies

By attaching projectors to drones it is possible to create new pieces of art or forms of
interaction that weren’t possible before or at least would have unrealistic requirements
[Sch+17a].

Matrosov, Volkova, and Tsetserukou [MVT16] use drones as a flying projector and
sensor to enable users to enhance floors by turning them into a screen and allowing
foot-interaction. Drones can also be used to enhance the human visuals by providing
them with a new perspective [HSR11]. Teixeira et al. [Tei+14] propose a way to control
a drone by head positions and gestures. The user wears a Google Glass that visualises
the images taken by the drone.

BitDrones is a toolbox that allows creating 3D displays by using nano-quadcopters as self-
levitation tangible building blocks [Gom+16]. Yamaguchi et al. [Yam+16] presented
a way to use a drone as a target for a kind of sword-fighting game in virtual reality.
Drones can not only be used as passive targets but also as actors, done by Knierim et al.
[Kni+17]. The drone is used to actively touch the user to give punctual feedback on the
whole body.

2.6 What we take from current Work and Technologies

We want to create a means of providing feedback while also having an intuitive way of
input. Therefore we are going for a hands-free method by using a Leap Motion mounted
to the HMD. If hand tracking is used the capabilities of giving vibration or force feedback
is unavailable and therefore haptic interaction lacks an important component. One could
put on gloves or attach similar objects and devices. In our opinion, this would disturb
the user and could possibly break the presence, as the user is already wearing a lot of
gear (HMD with cables, headphones, etc.) and therefore additional gear is even more
received as a burden. Furthermore, gloves or another kind of objects would restrict the
users’ movement and obscure the senses of feeling the collision with an object. Drones
give us a flexible way to place objects anywhere we want, even mid air without any
attachment or fixation to an object or a wall. This way providing feedback is possible in
an three-dimensional space. Therefore we decided to use a combination of Leap Motion
hand tracking and drones to provide a flexible, agile and automated way of providing
hands-free, non-obstructive feedback.
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3 Approach

Figure 3.1: User interacting with virtual object while feeling haptic drone feedback.

Currently the focus of the technical development of VR is on the visual and auditory
perception. High definition screens are built into HMDs and high quality 3D-sound
headphones result in a high level of immersion and therefore allows a high level of
presence. The technologies of these modalities get improved more and more and get a
lot of attention in promotion and sales. The main selling point of most HMDs and newer
versions are almost always pointing out the higher resolution, display build quality and
field of view. Other modalities like haptics, smell and taste are often still lacking (see
Section 2.1.8). Haptic interaction is usually enabled by handheld controllers that are
either similar to normal gaming controllers, with additional positional tracking functions,
or controllers that allow, to a certain degree, the tracking of hand positions and gestures.
With mobile VR devices (e.g. Samsung Gear VR, Google Daydream) there is often no
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input possible or it is usually restricted to simple clickers and remote controllers 1,2) that
don’t provide any position tracking.

As Lavalle [Lav15, Chapter 13.1] puts it "Visual and auditory senses are the main focus
of VR systems because of their relative ease to co-opt using current technology. Their
organs are concentrated in a small place on the head, and head tracking technology
is cheap and accurate. Unfortunately, this neglects the powerful senses of touch and
proprioception, and related systems, which provide an intimate connection to the world
around us."

Haptic feedback is still lacking and often only provided by vibration motors that are
inside of the controller. These vibration motors are placed inside of the handle of the
Oculus Touch and Vive Controller.

The development of the big publishers is focused on controllers and vibration feedback,
(see Oculus Touch and upcoming new Vive controller) but also add the possibility to
track the users hand and fingers.

But to increase the users presence, these steps to include finger tracking and gestures,
are only one part of the experience. It is also necessary to provide "high resolution"
haptic feedback, that is not limited to simple vibration motors (similar to go from
low resolution screens into high definition screens). It would be necessary to provide
feedback on the position where the actual contact with objects takes place (e.g. finger
tips).

A hands free experience is beneficial and removes the strain that the users have to hold
something in their hands and then additionally open and close their virtual hands (by
pressing buttons and triggers) in order to pick up an object. To provide a hands free
experience we decided to use a Leap Motion hand tracking sensor that is mounted at
the front of the HMD (see Section 4.3).

While using the leap motion as the "input device" and "controller" there is no haptic
feedback provided. One could put on gloves that provide haptic feedback in many
different ways but then it wouldn’t be a real hands free experience neither.

Furthermore we have to keep in mind that "One of the greatest challenges is the
mismatch of obstacles: What if the user is blocked in the virtual world but not in the real
world? The reverse is also possible. In a seated experience, the user sits in a chair while
wearing a headset."[Lav15]. This challenge is often not solved by providing vibration
feedback.

1https://vr.google.com/daydream/
2http://www.samsung.com/global/galaxy/gear-vr/
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Therefore "given the difficulties of engineering haptic displays, an alternative is to
rely on real objects in the match zone to provide feedback to the somatosensory sys-
tem."[Lav15]

We want to include tangible user interfaces [UI00] not as an active component (like a
button or a slider) but rather as a passive object that is utilized as a surface that provides
feedback by mimicking virtual objects surface.

We chose to use drones as a flexible, fast way of providing hands free feedback. Addition-
ally it is possible to automate the drones to give feedback according to the context of the
situation. Furthermore, drones allow positioning and feedback in all three dimensions.
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4 Setup

To implement our proposal we used a combination of different systems, customised parts
and newly implemented scripts (see Figure 8.3). We will present single components
in the following sections. The center component is Unity3D (see 4.5), which we use
for the visualisation of the virtual world. We decided to use Unity due to the versatile
options and available support to include OptiTrack (see 4.2), Leap Motion (see 4.3) and
of course Oculus Rift HMD(see 4.1). To complement the VR components and tracking
we decided on modifying a Parrot Rolling Spider Drones to provide feedback.

4.1 Virtual Reality Headset and Controllers

To cover the visual aspect of VR, most often Virtual Reality HMDs are used. The most
common HMDs are Oculus Rift, HTC Vive, PlayStation VR and HMDs that are based on
the use of a smartphone, like Google Cardboard, Samsung Gear VR, and others.

During the implementation and testing phases, we used an Oculus Rift DK2 HMD. For
the study, we switched to an Oculus Rift CV (see Figure 4.2) due to the better resolution,
more comfortable fitting as well as the possibility to include the Oculus Touch Controller
(also seen in Figure 4.2).

The Oculus Rift CV has two panels à 1080x1200 pixel (2160x1200 total). The used
OLED-panels have a field-of-view of 110 degrees and a refresh rate of 90Hz. The tracking
of the Headset is done via a sensor that is usually placed on a table and allows room-scale
tracking, where the user can walk around in a pre defined area and is warned by a
see-through net when he is at the border of the playing field.

The Oculus Touch controllers, that are available for Oculus Rift CV, consist of a pair
of hand-held devices (one fitted for the left hand, one fitted for the right hand). Each
controller contains a joystick, two buttons, and two triggers. One trigger is usually used
for grabbing objects and the other is usually used for firing a gun or activating devices
or objects. For the tracking, same as for the headset, a sensor is used to detect the
position and rotation. For the controller two sensors are needed to solve the occlusion
problem, when one hand is in front of the other and covering up the second controller.
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4 Setup

Figure 4.1: Overview of the Setup with Unity 3D as a center point.

The controllers also have several sensors that allow gesture detection to simulate virtual
hand positions and gestures similar to the real world hand gesture. All fingers but the
pinky and ring finger can be tracked. The controller has the ability to provide haptic
feedback applying vibration in the palm of the hand.

4.2 Tracking: OptiTrack

For tracking, we used an OptiTrack system. Our setup has 14 cameras of the Flex 3
Generation 2 that are mounted onto a ceiling rig. Each camera has a resolution of
640x480 pixel and a frame rate of 100 fps. We used Motive as the capture software for
capturing and streaming the markers (see Figure 4.3b) into the network.

For bringing the positions of real world objects into a virtual space, so called rigid bodies
are needed. These are build of at least three ball markers. Each rigid body has to be a
unique formation and relation of ball markers, in order to allow optimal tracking.

1www.oculus.org
2http://optitrack.com/products/flex-3/indepth.html
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4.3 Hand Tracking - Leap Motion

Figure 4.2: Oculus Rift CV and Oculus Touch controllers. Image Source: Oculus 1

The cameras send out an infrared signal that gets reflected off of the reflective ball
markers, then the cameras detect the reflected signal. If at least 3 cameras detect a given
rigid body it is tracked in an optimal way. The given system with the used calibration
file is 0.5 mm exact.

We attached 3 markers onto the drone and 4 markers onto the HMD to allow room
scale position detection of both drone and HMD and bringing them into the same virtual
space. This allows a correct relation and distance in VR of both, HMD and drone.

4.3 Hand Tracking - Leap Motion

Leap Motion is a sensor that uses two monochromatic infrared cameras and three
infrared LEDs to detect and track fingers and hand positions with about 200 frames per
second. The sensor can detect hands up to one meter in distance. The framework also
allows detecting gestures. The sensor can be placed on a table in front of the user or, as
usually done for a VR setup, can be mounted on the front of the HMD.
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(a) (b)

Figure 4.3: OptiTrack: (a) Roomscale setup consisting of 14 cameras. (b) Rigibody
consisting of three reflective ball markers.

4.4 Drone

The drone used is a Parrot Rolling Spider 3 that has the feature to attach an axis with a
wheel on each side of the drone.

(a) (b)

Figure 4.4: Parrot Rolling Spider: (a) Size comparison (b) Interaction with Touch
Surface

It is a small, lightweight drone. The diameter of the drone is 140 mm, the diameter of
the propellers is 55 mm, the spacing of the motors is 85 mm and weights 55g (65g with
wheels). The drone is powered by a removable Lithium-Polymer battery that allows an
airtime of 5 minutes. Connecting and controlling is done via Bluetooth V4.0 BLE. This
allows using a smartphone (with the respective parrot application) to control the drone.

3http://global.parrot.com/au/products/rolling-spider/
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4.4 Drone

In our setup, we connect a computer to the drone by using a USB Bluetooth dongle and
networking protocols written in Node.js4.

The stability of the drone is according to Parrot "provided by data fusion of an ultrasonic
sensor, a 3-axis gyroscope and 3-axis accelerometer, a vertical camera, and a pressure
sensor". The controlling of the drone is done with a custom made C# program that allows
controlling the drone with a keyboard, inputting coordinates via a GUI or automated
positioning via Unity3D.

4.4.1 Including Drones in VR - Digital Counterparts

With the scripts and programs described above, we can control the drone via a computer.
To bring the drone into a virtual space and therefore in VR, we combined the position of
the drone that we get from the OptiTrack tracking system and Unity.

How could drones be used to provide feedback in VR? One could attach a curtain onto
two drones, these could then carry at the place where a curtain, a wall or other objects
are in VR. And the user then touches the curtain when his virtual hands are colliding
with a virtual object. But do we even need a whole curtain (even the carry weight of the
drones could be a problem)? We only touch at one place (maybe two), therefore we
only need a piece of the curtain and place the piece of the curtain where the user would
touch it in the virtual world. In this way, we could simulate the touch by hovering the
drone on the place of interaction. For providing a touchable surface we used the wheels
that are already included with the Parrot Rolling Spider drone and affixed materials on
it (see Section 4.4.1).

We designed two major approaches on how the drone can be used to mimic objects in
the Virtual World.

Object to Drone - Method

In this method, virtual objects are placed at the position of the rigid body of the drone.
Therefore the movement of the drone directly reflects on the movement of the virtual
object. This is for example suited to be used for a bubble, a balloon, a GUI element like a
button or any object that should be moveable (see Figure 5.2b). Filters and restrictions
can be applied to the movement to customise the visual behaviour of the object.

4https://github.com/voodootikigod/node-rolling-spider
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Drone to Object - Method

For non-moving, solid objects (e.g. a wall, a door or a wooden crate) we use a different
approach. A virtual object is placed in the virtual world, the drone then is sent to the
objects real world position so that the touchable surface of the drone aligns with the
virtual object’s surface. Optionally, to ensure that the user interacts with the object at
the right moment, when the surface of the drone is aligned with the object’s surface,
we implemented an indicator. A Unity raycast is used that extends from the side of
the drone towards the object’s surface and places a visual feedback that represents a
touchable area onto the surface (see Figure 5.1). Not only the area where the object
can be touched at the given time is shown, but it is also indicated when the touchable
surface of the drone is perfectly aligned with the virtual object’s surface (plus a given
allowed offset). This is needed due to the fact that the drone can be pushed away (see
Section 6) and therefore the surface wouldn’t align anymore until the drone returns to
the correct position. Alternatively, another indicator for when an object is touchable
could be used. This could be that an object is "greyed out" to signal that the object is
non-touchable at the moment.

Surface Materials

We attached several materials onto one of the drones wheels to explore how they affect
the flying ability of the drone (see Figure 5.2. We found that certain materials or forms
affect the flying ability of the drone to a degree that it is not flyable or at least affects
the manoeuvrability so that it is not feasible to use this material anymore. In general
we found that the lighter the material the better. The more air can pass through the
material the better for manoeuvrability. Hard materials (like the plastic disc) tend to tip
over the drone if pushed/touched at the outer rim of the disc.

We decided against using flexible materials (flexible sock) because the feeling the user
gets is "too soft" and we didn’t see that the material could be used to simulate most
objects. Hard materials, on the other hand, were no suitable because of the chance
of actively affecting the flying behaviour of the drone too much. The best mix of all
material properties provided tulle. Tulle is light in weight and air-permeable, therefore
it doesn’t affect the flying ability of the drone too much. The surface of tulle is bow-taut
and tightly fitted. This provides a feeling of a solid object, as far as surface compliance
goes, without having the danger of the drone tipping over. The surface texture of tulle is
coarse enough that one could only detect the texture by pressing the finger against the
surface (see Section 2.3)[HBM00; Kat25; Lav15].
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(a) (b)

Figure 4.5: Materials tested (from left to right): (a) good: tulle, sandwich paper, plastic
disc, elastic sock (b) bad: heavy textile, foam, wire frame

4.5 Unity3D

To create our virtual environments we used the game engine Unity3D (often simply
called Unity, or Unity Engine). With Unity3D one can create 2D and 3D games or other
experiences for computers, consoles or mobile devices. It also provides the possibility to
create VR games and experiences.

In our case Unity is the center point of the project. There are plug-ins and scripts to
include and process OptiTrack data, the Leap Motion hand recognition, Oculus Rift VR
support and therefore allows automating the drone control by checking its position and
compare it to the position of virtual objects. Custom scripts allow to then send wanted
changes in position or behaviour to the drone control program, which then steers the
drone to its new position. For this, a Game Object is created and positioned at the place,
for example of an object, where the drone needs to be positioned at. If the positioning
script is attached to this Game Object, the drone will automatically position itself at the
corresponding position. Alternatively, the positioning script can be attached to already
existing objects. We advise to use a separate Game Object so that the drone can be
positioned independently from other objects if needed. The position of the Game Object
can either be directly changed via scripts or by the use of physics (as done in Chapter 8).
For the case of using physics, the Game Object that includes the positioning script needs
to be a child of the object that receives physical calculation.
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5 Scenarios

As described in 4.4 the drone offers a touchable surface and therefore can be used to
mimic virtual objects that the user can touch. We came up with two main ways how
drones can be used to represent different virtual objects. One is to place the virtual
objects onto the drones’ position, the other is to align the drones’ touch surface with
the surface of a virtual object like a wall (see Figure 5.1; see Section 4.4.1 and Section
4.4.1).

Figure 5.1: Drone positioned to mimic wall (with green touch indicator).

5.1 Moveable Objects

The method described in 4.4.1 is suitable for representing flying movable objects. For
this method, it is important that the outlines of the object align with the drones’ touch
surfaces. Otherwise, the users’ virtual hand will penetrate the virtual objects’ surface.

45



5 Scenarios

Depending on the situation, object and intention this tends to break the presence and
the user will feel that it is "wrong". This method is best suited for virtual objects that
have a similar, expected behaviour like a drone. Hovering objects like a helium balloon
or a bubble do not require special filters or manipulation of the visual representation.

In current VR games and experiences GUIs and their respective buttons, keys and
elements are usually activated by focusing the view on it. This is usually done by aiming
a crosshair, that is centered in the view, for a certain time onto the element that has to be
activated. Another method that usually is used, is by pointing a "laser pointer" onto the
element. This "laser pointer" is usually positioned at the front of the controller. Another
way to interact with interfaces is by simply pressing a button on a controller. Such
abstract virtual elements like a GUI could be represented by an interface that is hovering
at a certain point in the virtual world or in a certain position in front of the user. For
such an instance we created an Holo-GUI-Button (see Figure 5.2a). This button could
be part of a bigger, stationary interface. The button itself is hovering in front of it and
can then be interacted with by simply touching. This allows a more natural and realistic
way of interacting with interfaces and buttons. Another scenario is a helium balloon
that hovers in front of the user. The user then can play with it by pushing it away or
blowing on it. The look and feel of the drone are suited for representing a balloon even
without filtering movements or visually adjusting or manipulating the representation.
Another scenario is replacing the balloon with a bubble that bursts when you touch it.
We did this to represent an object similar to the balloon but that you would expect to be
"lighter" and also vanishes after touching it (even though the drone is still existing at
that same place). We expect that the user would pull away his hand at the moment of
burst due to experience with real life bubbles that are non-existing after you touch it and
therefore would physically investigate or explore the position where the bubble was.

Another scenario was a curtain that the user could physically interact with by touching
or blowing onto the drone. One problem we had with this scenario was the curtains
physical behaviour. After an interaction took place, the position of the drone was not
fitting the position and behaviour of the virtual curtain. After a collision takes place
(hand touching an object) the physics engine then calculates the behaviour that one
would expect from the real world. Unfortunately, the Unity engine is unsuited for such a
special and direct interaction with cloths as we would need here. This could be solved
by "pinning" a part of the curtain to the drone. So that the user would change, by
interacting with it, the position of the drone instead of changing the curtains behaviour
due to collisions and physical calculations. Unfortunately, this was not possible due to
the restrictive engine when it comes to cloth. As of yet, we didn’t find a satisfactory way
to implement our idea and seek solace in the fact that cloth physics and behaviour is
generally a big issue, even in AAA games.
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5.2 Stationary Objects

There are many other ideas that can be created by this approach, to map the virtual object
on the drones’ real life position and behaviour. Furthermore, the objects movement
and behaviour can be manipulated and adjusted. For example in the Holo-GUI-Button
scenario, additional buttons can be created (e.g. for a multiple choice quiz) that mimic
the behaviour and position of the drone (and the button with the correct answer) but
with a defined offset.

This method is best suited for hovering objects that have a similar behaviour as the
drone. The objects’ size should be the same size as the drones’ touch surface. This way
no visual manipulation is needed and the drone is the 1:1 virtual counterpart of the
object.

(a) (b) (c)

Figure 5.2: Moving objects: (a) Holo-GUI (b) Balloon (c) Bubble

5.2 Stationary Objects

The method described in 4.4.1 is suitable for representing stationary objects. Stationary
does not necessarily mean that the object can not be moved at all, but that it would not
move by itself, without the user applying forces to the object. These objects could be
walls, doors, or boxes, but also cups on a table.

One scenario we built is a domino game where the user can push over the first domino
and watch the dominoes fall over (see Figure 5.3a). The domino is non-moving but can
be tipped over. Same as the bubble scenario in 5.1, we anticipate that the user wouldn’t
touch the place where the domino stood after it has fallen over, to check if there is still
an "invisible" object. Alternatively, the drone can fly away from the user at the moment
when the domino was tipped over so that there is no possibility to touch the "invisible"
object where the domino stood.
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5 Scenarios

Another scenario included a solid wall that the user can touch (see Figure 5.3b). In the
case of the user not only touching the wall but putting constant pressure and "pushing"
against the wall the drone will be pushed away and the hand will go "through the wall"
(see Section 6). For this case we build a scenario where the wall was built out of single
bricks (see Figure 9.1). In case that the user would explore the wall and apply strong
forces by pushing, the relating bricks would break out of the wall and the user would,
therefore, have removed the reason why there should be resistance at that position.

Potentially illusions and manipulations like haptic retargeting (see Section 2.4) can be
used to reduce the felt offset of the drones’ positioning.

We implemented the option to let the drone follow the hand of the user in order to
position the drone where the user potentially could interact with an object. Depending
on the situation and type of interaction, the drone needs some time to get itself in
place and align its touch surfaces with the virtual object. To indicate when and where
the object is ready to be interacted with, we implemented a visual indicator by using
raycasts.

5.2.1 Raycast - Indication for Interaction

In cases of an object with a big surface (like a wall), we need some way to indicate
the user when and where he can touch the object (see Figure 5.1). For this, we used a
raycast that extends from the drones’ touch surface. If this raycast is colliding with the
object an indicator can be placed onto the object at where the drone is pointing at (see
green circle in Figure 5.1). With this, the user knows where the drones’ touch surface is
according to its position in the x- and y-axis. But this does not suffice to indicate the
user on when the drone is in the right position, as of the distance of the touch surface to
the objects’ surface. When the drones’ touch surface aligns with the objects’ surface in a
small allowed offset the indicator turns green to signal the user that the "object is ready
to be touched". An alternative way to indicate this to the user would be that the object
is "greyed out" when it is not ready to be interacted with.
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5.2 Stationary Objects

(a) (b) (c)

Figure 5.3: Static objects: (a) Domino (b) Solid wall (c) Brick wall
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6 Challenges and Limitations

Drones are a versatile feedback device, but depending on the size and kind of drone
they also have many components that influence the drones behaviour. These limitations
and challenges have to be kept in mind while using drones as a feedback devices. We
decided to use a Parrot Rolling Spider drone (see Section 4.4). This is a drone small
in size and is promoted and sold as a toy. We decided to use this drone due to the
possibility to integrate it into our system and to control it via a computer and Bluetooth.
In the following section, we discuss the pros and cons of using the Parrot Rolling Spider
drone.

6.1 Drone Size, Mass, and Carry Weight

We used the Parrot Rolling Spider drone because of its rather small size of 14 cm in
diameter (rotor to rotor) that also allows a decent carry weight while still being small
enough to not be problematic in an indoor setting and being of no danger to the user.
Bigger drones could be dangerous and inflict injury in case of contact with the rotors
powered by stronger motors. The downside of smaller drones is the lower carry weight.
This has a huge influence on the movability of the drone and depending on the materials
we use for the touch surface that can vary the weight greatly. If pushed against the
surface the drone will be relocated by the applied force. One has to keep in mind that
the drone in use is still considered a toy and not a professional tool that can carry heavy
cameras and keep steady. Theoretically, the drone could create opposing forces against
the point from where the pushing forces come, and therefore offer greater resistance.
But this is not viable due to the danger of the drone tipping over if it would be steering
against the pressure point. It can also be argued that a moveable drone is more suited
for the task than a massive wall or other means of "more massive" feedback, due to
the reduced risk of hurting oneself by hitting a "wall". In this case, the drone would
be simply pushed away before the user would get hurt. According to Lavalle [Lav15]
these do not have to be negative points but rather a chance, because "in spite of the
universal simulation principle ... the goal is not necessarily realism. It is often preferable
to make the interaction better than reality. Therefore, this chapter introduces interaction
mechanisms that may not have a counterpart in the physical world."
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6 Challenges and Limitations

6.2 Drone Surface

As shown in Section 4.4.1 several materials were tested for their feel and impact on the
drones flying abilities. It is important to choose the right material for the scenario that is
created, and neglect potential downsides of materials. If hard materials are used, the
drone could rotate on touch, tip over and generally lose control. When the material in
use is soft, the implications on the drones flying ability are reduced but if the material
is too soft it could have a negative influence on the users’ presence. We checked the
materials in a pre-study, but further studies of the influence of different materials are
needed. We found that if the material used is too soft (as an elastic sock, see Figure
4.5b), the feeling of touching the drones touch surfaces does not fit objects that are not
elastic or really soft. A further problem with elastic materials is that the drone can only
align its touch surface outer line to the virtual object (see Section 6.4). It is not feasible
to detect the depth if the users’ finger is penetrating through the touch surfaces elastic
material, and then adjust the visuals according to the depth of penetration. Another
problem is that if too much force is applied to the elastic material, the finger and material
could get into the drone’s rotors.The structure of the material in use could also effect
how realistic the touch interaction feels. This needs further testing.

6.3 Expected Mass and Resistance of Virtual Objects

Considering that the drone does hover and is not a fixed object, this will raise the
question if the drone is also suited to provide feedback for heavier or non-moving
objects. We will investigate if the given feedback and mass of the drone effect the
realism of how touch interaction is perceived and how much a potential difference
affects the presence of the user in our user studies. (see Chapter 8 and Chapter 9).

6.4 Discrepancy of Location

"One of the greatest challenges is the mismatch of obstacles: What if the user is blocked
in the virtual world but not in the real world? The reverse is also possible" [Lav15]. If
the drone gets pushed away during a touch interaction it will create a mismatch of the
virtual object and the real life drone position for a short time till the drone repositions
to the correct location. According to Lavalle [Lav15] (page 287) "surprisingly, a larger
mismatch for a short period of time may be preferable to a smaller mismatch over a long
period of time;" To reduce or neglect this discrepancy the proprioception could possibly
be overwritten by haptic retargeting [Azm+16].
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7 User Study 1 - Comparison of
State-of-the-Art, Quadcopter and
non-haptic Feedback

To evaluate the use of drones as a haptic feedback device we conducted a study that
compared drone feedback with two other feedback conditions, namely controller feed-
back and no haptic feedback. We have done this as a first step to check the overall
quality of the drone feedback. In study 2 (see Chapter 8), we investigate even further
into different ways of drone feedback while used on different objects. We first chose
a scenario where the drone mimics a hovering object with a similar behaviour in real
life, therefore we decided on a helium balloon. We invited twelve participants to take
part in the study. They tried one of the three conditions and were asked to fill out a
Presence Questionnaire (PQ) [WJS05] (see Appendix 11.1) and additional questions
(see Appendix 11.1). The participants were also asked to fill out some questions and
comments as a free text (see Appendix 11.1). After the participants tried out all three
conditions they were asked to fill out a final questionnaire (see Appendix 11.1) regarding
all three conditions and furthermore we conducted a semi-structured interview. This
study took approximately 50 minutes.

7.1 Method

The aim for this study was to investigate how much presence is induced by interaction
with virtual objects. We used a within-subject design with three different conditions:
"Controller", "Hands-Only" and "Drone". Participants answered a PQ Witmer, Jerome,
and Singer [WJS05]. In the PQ the participant was presented with a statement or a
question. Depending on his perceived experience the participant then has to put a cross
in one of the seven segments, that divide two opposing descriptions (e.g. "not matching"
and "matching perfectly". Additionally, we provided 5 Likert-type questions regarding
the interaction. A short questionnaire about all three conditions and a semi-structured
interview were conducted at the end.
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7 User Study 1 - Comparison of State-of-the-Art, Quadcopter and non-haptic Feedback

Figure 7.1: Party scene that was used in Study 1 including the intractable balloon (red
balloon in center)

7.1.1 Stimuli

Three different interaction methods were used. For controllers we used the Oculus
Touch controller (see Section 4.1). The second method was "Hands-Only", where only
the Leap Motion hand detection was used. As the last method, a drone, that carried
a touchable surface was used. For the "Hands-Only" and "Drone" methods we used a
leap motion hand model that we styled to look like the Oculus Touch controller hand
model. The hand model was taken from the Leap Motion SDK and adjusted to have
the same colour and transparency as the hand model of the Oculus Touch controller
(smooth surface, blue and transparent). This was done to make the two hand models
comparable as different hand models could have an impact on the presence.

7.1.2 Apparatus and Task

Our apparatus consists of an Oculus Rift Consumer Version (CV) (see 4.1), a noise
cancelling headset put over stereo earphones. For the first condition, we used the Oculus
Touch controller and the Oculus tracking. For the second and third condition we used
a Leap Motion sensor attached to the front of the HMD for hand tracking. The hand
models of the Leap Motion that have been used in (2) and (3) were adjusted to look
like the Oculus Touch hand models used in (1). For positional tracking, we used the
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7.1 Method

OptiTrack system. For the third condition, we additionally used a Parrot Rolling Spider
drone 1(including attached wheels with tulle-textile as a surface). Communication and
controlling of the Parrot Rolling Spider drone were done with custom scripts, including
and based upon a library2 that communicates via BLE. The experiment was conducted
on a PC running Windows 10 with an Intel i7-6700, 16GB RAM, and a NVIDIA GeForce
GTX 970.

We used Unity3D (see 4.5) to create a scene for our three conditions, namely: (1)
Interaction with the balloon was done with Oculus Touch controllers, the controllers
were vibrating on the palm of the hand when touching the balloon. (2) Interaction with
the balloon was done with virtual hands detected by a Leap Motion sensor, no haptic
feedback was applied. (3) Interaction was done in the same fashion as in the second
condition but additionally a customised drone was used to enable haptic feedback by
mimicking the balloon.

We designed a birthday party scene containing a table with a couple of items across it,
hovering balloons and other party items. These ambient items were placed around the
participant in a distance of approximately 1.5-2 meters. The scenes had a marking on
the floor where the participant was asked to stand.

The participant was asked to interact with a balloon that reacted to the physical interac-
tion. The physical interaction was only affecting the z-axis (away from the participant
farther into the room), the movement of the y- and x-axis was animated via a script to
ensure balloon-like behaviour. This restriction was done to ensure comparable balloon
behaviours between the three conditions, as for example, for (3) the balloon was only
touchable from the front.

7.1.3 Measures

To investigate on the influence of different interaction methods and their corresponding
feedback mechanisms on presence we used a presence questionnaire designed by Witmer
& Singer (29 items; Version 3) by Witmer, Jerome, and Singer [WJS05]. Additionally, to
address the effect of touching a virtual object, we created an additional 5-item Likert-type
questionnaire. To compare all three conditions the participants were asked to rank all
conditions and answer some questions regarding the differences in the conditions. At the
end, we conducted a semi-structured interview to check on the impressions and future
visions of VR and haptic feedback methods. In the interview, we asked the participants

1http://global.parrot.com/au/products/rolling-spider/
2https://github.com/voodootikigod/node-rolling-spider
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7 User Study 1 - Comparison of State-of-the-Art, Quadcopter and non-haptic Feedback

how they like VR, how important interaction is for them and how they would like to use
VR and potential feedback methods.

7.1.4 Participants

Our participants were students and international interns of the University of Stuttgart.
12 participants (6 female, 6 male) took part in the experiment. They had all normal or
corrected to normal vision. Participants had to wear contact lenses due to the restriction
of not wearing any glasses under current HMDs. 11 participants were right handed, 1 was
left handed. No participant reported any visual conditions (e.g. color blindness, disability
to see 3D) or movement impairments. One (right handed) participant remarked that the
tip of the middle finger of the left hand is numb. The average age was 21.58 years (SD
= 1.84). Students that took part in the HCI-class were given a certificate of attendance.
6 Participants had experience in video gaming, 3 a little, and 2 none. 5 participants
had no VR experience at all, 6 had low experience (between 5 minutes up to 1 hour),
and 1 participant had 3 hours experience but felt that her experience is still low. Most
participants didn’t know what VR devices they used before (1 said Oculus, 1 HTC Vive,
1 Samsung Gear VR). None but one had experience with the Leap Motion sensor, the
participant remarked that experience was really short.

7.1.5 Procedure

After signing the consent form and filling out the demographics, the participant was
introduced to the VR-Setup used for the corresponding condition. This always included
the Oculus CV HMD, earplugs and NC-headphones and either the Oculus Touch controller
and tracking, or the OptiTrack tracking and markers together with the Leap Motion
sensor and, if used, also the drone. After putting on the gear, the participants were
asked to get used to their new virtual hands (either Oculus Touch or Leap Motion).
When the participant was feeling ready, he or she was asked to stand on the red marking
on the VR-floor and asked to gently interact with the balloon by touching it with their
respective virtual hands. The participant was asked to touch it on a reflection light spot
on the front of the balloon. This restriction was made to ensure a comparable experience
across all 3 conditions. The participants were encouraged to start with an extended
index finger and then try out different hand positions (e.g a fist, open hand, etc.). After
3-5 minutes the participants tested out everything they liked to try interaction wise.
Then the participants took off the equipment and were asked to sit down and fill out
the PQ, additional questionnaire and free text questions regarding the condition. After
performing this for all 3 conditions the participants filled out a final questionnaire
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7.2 Results

Subscale C-H C-D H-D

Involvement 0.563 0.006 0.0528
Audio Fidelity 0.311 0.046 0.072

Haptic Visual Fidelity 0.877 0.003 0.006
Adaption Immersion 0.017 0.004 0.019

Interface Quality 0.509 0.043 0.121

Table 7.1: p-values for pairwise test: C-Controller, H-Hands Only, D-Drone

with questions regarding the comparison and liking of all 3 conditions. At the end, a
semi-structured interview about the liking and impact of VR and potential interaction
methods and use cases was conducted.

7.2 Results

To evaluate and to plot the results R was used. We present the results of the PQ,
additional questionnaire, free text questions and at the end the overall feedback for
comparing the three conditions. As we got more than two conditions and each participant
participated in each condition we used the Friedman Test to analyse our results and
Wilcoxon signed rank test with continuity correction for the pairwise analysis. Bonferroni
correction for multiple comparisons with three conditions pairwise is applied and a
significance level of 0.017 is used.

7.2.1 Presence Questionnaire

The results of the full-scale PQ are shown in Figure 7.2. The presence felt by the
participants was significantly affected by the interaction methods, χ2(2) = 18.681, p
< .05. Wilcoxon tests were used to follow-up this finding. We decided to inspect the
subscale of the PQ to get more detailed results.

As shown in Table 7.1, the "Haptic Visual Fidelity"-subscale showed to be significant
between the "Controller" and "Drone" condition (p = 0.003) and between "Hands-
Only" and "Drone" (0.006). The Adaption/Immersion-Subscale also showed significance
between "Controller" and "Hands-Only" (p = 0.017) and between "Controller" and
"Drone" (p = 0.004).
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Figure 7.2: Full PQ results regarding the conditions: Controller, Hands-Only, Drone.

7.2.2 Additional Questionnaire

As seen in Table 7.2 the question "The visuals match what I feel." has significance between
"Controller" and "Drone" (p = 0.003) and for the comparison between "Hands-Only" and
"Drone" (p = 0.003). The question "How realistic did it feel?" has significance between
"Controller" and "Drone" (p = 0.005) and for the comparison between "Hands-Only"
and "Drone" (p = 0.008). The question "I was able to pass through the object." has
significance between the comparison of "Hands-Only" and "Drone" (p = 0.012).

7.2.3 Free Text Commentary

We gave the participants a sheet with four questions and they were asked to answer
them as a freely written text. These questions were created with a stronger focus on the
surface and the feeling of interaction.

While using the "Controller" the question "Like what did it feel?" a participant answered
that "it felt like some kind of feedback while touching" while another answered that "it
mainly felt like touching an object, but not like a balloon", another participant said it
felt like a simulation. Regarding the hands, two participants remarked that the hands
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Question C-H C-D H-D

“The visuals match
what I feel.”

0.12 0.003 0.003

“How realistic did it
feel?”

0.764 0.005 0.008

“How fun was the in-
teraction?”

0.025 0.04 1

“I was able to pass
through the object.”

0.024 0.041 0.012

“The object reacted to
the interaction like I
would expect it.”

0.627 0.333 0.3394

Table 7.2: p-values for pairwise test of the additional questionnaire: C-Controller, H-
Hands Only, D-Drone

didn’t feel real but that they rather have different fixed positions and that the fingers
are not moving independently. One participant said that it felt like you would hold an
object that you use to push the balloon with, which then jerks. Another participant said
that "it did not feel like a balloon because you can feel the controller and the vibration
was only in the palm and not on the finger tips".

While using the Leap Motion in the "Hands-Only" condition, the question "Like what
did it feel?" was answered with "nothing" and "air" by 8 participants, 5 of those also
remarked that some kind of feedback or vibration is lacking. Two participants remarked
that it was hard to guess the strength and force of the virtual hands.

While using the "Drone" the question "Like what did it feel?" 5 participants pointed
out that it felt real and natural. One participant commented that "it didn’t move like a
balloon, but it was really ok" and added "The contact was the best, it was real. If you
touch it then it is good." Another participant commented, that "it is hard to describe
because I knew how it [the drone] looks like. If I wouldn’t know that then it would feel
realistic, despite the nub in the middle". A participant said that "I slightly misjudged the
distance of the hand and the balloon - but consistently off - like you would immerse
always with the same depth". Two participants felt that the balloon felt heavy. Another
participant commented, that "it felt pretty natural. The material was different from what
I expected from a balloon, but the ability to “touch” the balloon was really convincing
and neat."

"How did the surface feel?" during the "Controller" condition was negatively answered by
9 participants and ranged from that no surfaces was felt to "it felt odd". One participant
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remarked that "I could get no feeling for the surface because I only conceived the
feedback through vibration as contact with the balloon", another said "it was interesting
how I would point my finger out to touch the balloon, but the feedback came as
vibrations in my palms. So I “touched” the balloon, but not really how I would have
expected".

During the "Hands-Only" condition the question "How did the surface feel?" was nega-
tively answered by seven participants. One participant commented that he or she only
paid attention to it when he or she was catching the balloon with a flat hand another
participant said that "it is missing, but not exactly contradictory". Four participants said
that it was feeling "real". One comment was made that it was "Cooler [with "Hands-Only"
than with the controller], but the vibration of the controller was missing". Another
participant said: "even though I didn’t touch anything, it still was convincing because I
was touching where I thought the balloon was and I visually saw the balloon bounce
back. I also “saw” my fingers touch the balloon, so that also helped."

During the "Drone" condition the question "How did the surface feel?" was commented
on in a variety of ways, for example, "like a net/like textile", "too hard", "too soft",
"pleasant", "due to the drone more realistic". One participant said "Hard to tell, the
contact was only short and the focus was on the position. It was a little rougher than a
balloon". Another participant commented: "the surface felt different from the expected
rubbery touch, but it still felt like a balloon since I was looking at a balloon". Another
comment was that it felt "more ball like than before. Not irritating after a stunningly
short time, even though the look and feel differed".

The question "How did the shape of the surface feel?" was answered controversially
during the "Controller" condition. Two participants remarked it as a flat surface, while
two others said it felt round. Another participant said that the shape was ok because the
interaction time of touching was short. One participant described that "the shape was
also interesting. The balloon didn’t feel much like a balloon, so I stopped expecting it to
have the same shape as an actual balloon, but rather I was expecting it to be a plane in
space, not curved at all."

The question "How did the shape of the surface feel?" was answered negatively and
"not existing" by three participants during the "Hands-Only" condition. 7 participants
perceived it as "real" or "round", one said "you couldn’t feel it but the visual reactions
made me able to guess it", another received it as "ball-like". One participant remarked
that "the shape was also convincing even though I didn’t touch anything because I
was able to imagine the curvature of the balloon. So even though there was no tactile
feedback, there was at least no conflicting tactile feedback.

During the "Drone" condition the question "How did the shape of the surface feel?" was
answered in a positive way by 7 participants, to which some commented that "not much
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difference to the shown balloon but you could feel the plastic behind the textile" and
that "it felt realistic because I only touched it at single points, therefore, I did not realise
that it is not curved". The question was negatively answered by three participants and
one commented: "not fitting, flat with small bumps rather than curved". One participant
commented that "the shape was also a little different from what I expected since it was
more flat than curved like a balloon. I had also seen the drone and what it looked like
before, so I was able to visualize that when it felt different."

After the participants used the controller the question "How would you like different
surfaces?" was received positively by four participants and as not important because you
can’t feel it and because "you are mentally focused on the vibration of the controller",
by 2 participants. One participant remarked that "it would be nice if you could feel the
round shape and the rubber of the balloon." One participant argued that "the balloon
was interesting with those control mechanisms. Interacting with other items would have
been interesting too, since interacting with the balloon was a little unnatural, it would
have been fun to figure out how to interact with other things too. Like picking up a
cup from a table would have been difficult since my hands are already grabbing the
controllers, how would I naturally pick up a cup as well. I probably just needed to get
used to that type of control."

During the "Hands-Only" condition the question "How would you like different surfaces?"
was received by participants as "confusing, because the surfaces are not perceived ... the
focus is shifted to the fact that the environment is virtual" and "as soon as you realise that
the contact is only visual then it is obviously only a visual thing". Another participant
commented that "it would be interesting to play around with objects with different
weights since I know how a balloon reacts to a light touch, it would be interesting to try
to interact with a heavy object and see how hard I have to push it before it moves or
falls over even though I’m not actually touching it"

During the "Drone" condition the question "How would you like different surfaces?" was
commented on that "it would fit even better onto the balloon when the surface would be
out of rubber", another said that "I would like it with different textures, temperature
and how they look and feel like". One participant added that "there aren’t any specific
surfaces I would have liked to touch, but it would have been neat if there were a variety
of surfaces/materials to touch. A cat or dog would have been cool if I had to kneel down,
reach out and feel fur or something like that." One participant argued that "you don’t
question the surface because the focus is not on the surface. If the surface would change
the focus would also switch to the surface, that you would then realise as a "wrong"
surface". Another participant added that "it would be interesting. It could be irritating if
the expectation due to the visuals would vary too much from the actual feeling. It would
arouse curiosity to try out what would happen".
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7.2.4 Final Questionnaire

Rating

• Drone: 9 first; 1 second; 2 third

• Hands-Only: 3 first; 6 second; 3 third

• Controller: 0 first; 5 second; 7 third

Reasons for Drone: The reasons why participants rated the drone as best were "that
I could feel the balloon", "you could actually touch something","because interaction is
the most realistic", "you can feel the pushback of the drone, real movements of the
drone", "Did feel most realistic, other systems lacked the feedback", "because I could
really feel how I can move something. And I could estimate how far I push the balloon,
in other conditions hands felt more strong than expected","The balloon behaved like a
real one and was touchable","it was the most realistic" and "most direct to perceive the
environment. You got a feeling for your own hands (the same as in "Hands-Only") but
additionally, you got haptic feedback, which is more realistic than what a controller can
offer".

Reasons for Hands-Only: Participants said that they liked "Hands-Only" more because
"I liked not having to worry about the drone. I was able to push a little harder and I also
didn’t hear the drone, so I was able to be in the environment more.", "that I could feel
the balloon, that what you see fits on what you feel" and "I didn’t have to concentrate on
something else"

What did feel best (regarding the touch)? 11 participants liked the "Drone" best
regarding the feeling of the touch interaction. They commented that "I could really
touch the drone","it was able to really feel pushback forces","because it really fit the
visual perception; controller second because of the feedback that is lacking in "Hands-
Only", "because it was real, "Hands-Only second because the hands were really perceived
and therefore felt real", "the drone was cool because it had the power to push back, but
after a while, I realized that it wasn’t actually a balloon that I was touching. I also liked
the hands, but I also didn’t quite know when the moment of impact would occur until I
was the balloon floating away." "because I could really feel that I move something","the
contact was like real", "it was the only one that gave me some real feeling of weight
against my hands", "I didn’t have the feeling of pushing a hand-dummy against the
balloon; more free movement of fingers, more natural and more unintuitive". One
participant said, "I only liked the hands, they felt most realistic".
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Comments, Improvements and Ideas for Use

Two participants commented that "it was a thrilling experience". One participant com-
mented: "The Controller was really strange for me to use because I would be moving my
fingers in one position, but the controller wasn’t able to detect that type of detail, so it
did not reflect it visually. I spent a lot of time trying to grow used to the hands that I was
distracted from the balloon." another participant said that "the restriction to only touch
the balloon from the front destroyed the atmosphere, but it was ok when you got used
to it." One participant also said that "my new hands seemed to be significantly bigger
than my real ones [in all conditions], the contact seemed to be delayed due to that".
This should be kept in mind when designing or adjusting hand models, as it could have
a big impact on the interaction quality.

Potential improvements that got stated were to change the material of the drone (e.g.
rubber) and interacting with more objects "so I could compare how they all felt", make
the balloon touchable from all sides.

Stated use cases were games, being able to touch object in VR in general, simulations
(e.g. medical training), flight training for pilots, to train how much force you can/should
apply to objects. One participant explained his or her ideas that "This would be fun
to use with other people remotely. Like if someone from another room/place/country
could throw/punch the balloon to you and you could feel the force in which they threw
the balloon, that would be interesting. It would be kind of like a virtual reality Skype
where you can not interact directly with each other, but you could control the objects
together."

7.2.5 Semi-structured Interview

In the semi-structured interview, we first asked the participants how they liked VR. One
participant commented that "interaction makes it even more realistic". Even though
several participants commented that still improvements like screens with better resolu-
tion are needed. One participant was astonished and said "It’s really exciting! I didn’t
expect it to work that well already. Even the "Hands-Only" condition was working really
well, despite of the lack of feedback. Controllers are annoying because you have to hold
something in your hands. The "Drone" was cool because there even was something there
where I touched it." Another participant added "hands-free is great! Gloves would be ok
but too warm but could provide exact and punctual feedback. Controller vibration only
signals "yes, there is something" but not fitting to the object you touch".
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7 User Study 1 - Comparison of State-of-the-Art, Quadcopter and non-haptic Feedback

One participant said "The more feeling and sensation it has, the more realistic it seems
and the harder it is to tell that it is not real, even when it is not realistic. If you compare
"Drone" to none drone: It’s a huge difference between touching and only seeing".

The interaction was important for all participants, one added that it depends on the
scenario ("watching a movie in the cinema is ok even without interaction").

Ideas that got mentioned by the participants were that the "Drone" could be used for
giving feedback on 3D drawing apps, so far doesn’t have any feedback if drawing in air
or when two brush strokes collide. One participant added that it would be great if you
could "draw" a chair and then be able to sit on it. That you can create something out of
thin air and then be able to hold it like it would be there. Another idea was that it could
be used in an interactive office where you can select items by touching.

7.3 Discussion

We found that 9 out of 12 participants favour the "Drone" feedback. 3 out of 12
participants liked the "Hands-Only" method best.

The haptic-visual fidelity of the drone feedback is significantly better compared to both
"Controller" and "Hands-Only", according to the "Haptic Visual Fidelity"-subscale. This
also results in a more realistic experience (see Table 7.2, "How realistic did it feel?")
compared to the "Controller" and "Hands-Only" feedback.

Even though some participants noted that the "Hands-Only" method lacks haptic feedback
and that the controller at least makes a decent effort to simulate the haptic feedback of
touching a balloon (with the finger tips) by applying vibration to the palm of the user.
The feedback also prevents the participants to pass through the balloon when comparing
the "Drone"- and "Hands-Only"-feedback. The tactile feedback of the drone could be
improved, as stated by participants, by applying a more fitting, rubbery textile to the
drone touch surface.

From the results to "I was able to pass through the object" we take that feedback stops
the participants from passing through the object’s surface. Even though significance
only shows while comparing "Drone" and "Hands-Only", we argue that controllers with
vibration feedback and rough hand tracking (such as the Oculus Touch controller) do
a good job at providing feedback by applying vibration to a fixed position in the users’
hand) but that it is still preferable to use our own hands without holding a device, even
though it is lacking haptic feedback. The suggested method to use drones to provide
haptic feedback therefore enhances the hands-free method, that allows us to use "1:1"
virtual representations of hands, by providing haptic feedback.
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7.3 Discussion

As we only compared these methods with a hovering balloon the feedback only needed
to be able to mimic balloon-like objects. Therefore we are going to investigate in Study
2 (see Chapter 8) how the haptic feedback provided by our drone qualifies for objects of
different weights and behaviours.
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Figure 7.3: PQ subscale results regarding: Controller, Hands-Only, Drone.
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Figure 7.4: Additional questionnaire results regarding: Controller, Hands Only, Drone.
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8 User Study 2 - Representation of
different Objects by Haptic Drone
Feedback

After we showed how State-of-the-Art, Quadcopter, and non-haptic Feedback performed
we wanted to explore the capability of the feedback that can be provided by the drone.
Therefore we compared how the feedback felt in comparison of what the participants
would expect from the corresponding objects. This study took approximately 35 min-
utes.

8.1 Pre-study - local and global Compliance

First, we conducted a hallway questionnaire in order to investigate the expected object
compliance. We asked the participants to enter 15 items into a 10x10 matrix that has the
"surface"- or "local compliance" (how easy or hard a surface is deformable by touching
the surface) on one axis and the "global compliance" (how easy or hard it is to move the
object by touching it) on the other axis.

We asked 12 students (3 female, 9 male) to rank these items by local- and global
compliance:

1) balloon (fixed) 2) wooden chair 3) wall
4) elephant bottom 5) a car (without brakes) 6) lounge chair
7) inanimate mouse 8) a clown horn 9) cup/mug
10) car tire 11) domino 12) spider web
13) pillow 14) inflatable beach ball 15) 1x1 meter cardboard

We ranked the sum of the SDs of local and global compliance and then took the first
item that was located in each quarter. We were looking for the items with the most
extreme rating (by median) regarding the local and global compliance to represent one
of each combination. The objects we chose for Study 2 were: A balloon on a wall (high
local compliance; low global compliance), a wall (low local compliance; low global

69



8 User Study 2 - Representation of different Objects by Haptic Drone Feedback

Figure 8.1: Unity scene including the 5 objects that got used in Study 2: Balloon on a
wall, wall, wooden chair, coffee mug, and pillow (from left to right)

compliance), a pillow (high local compliance; high global compliance), a coffee mug
(low local compliance; high global compliance), and additionally we chose a wooden
chair (low global compliance; medium global compliance).

8.2 Method

The aim of this study was to investigate how the drone feedback method can represent
the perceived surface compliance (deformation on touch) and the global compliance
(repositioning by applying force) of real life objects. Therefore we designed 4 questions
on how much the participants perceived the feedback as fitting to the virtual object.

8.2.1 Stimuli

Five different virtual objects were used. One drone with a touch surface made out of
tulle was used. The haptic feedback provided by the drone was the same on every
object. Only the visuals (different object models) were changed in order to visualise
different objects. On moveable objects, the simulated variables like mass and drag were
unchanged for each object. A Leap Motion sensor was used to track the participant’s
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8.2 Method

Figure 8.2: Matrix with the objects compliances according to 12 participants. The
objects we chose are marked red.

hands. The visual representation of the participant’s hands was the standard Leap
Motion skeleton.

8.2.2 Apparatus and Task

In this study, the same setup as in Study 1 was used (see Chapter 7).

We used Unity3D (see 4.5) to create a scene with a furnished room. The participant and
objects were placed on a red carpet. We used 5 virtual objects with different surface-
and global compliances (see Figure 8.1) as ranked by the participants on the pre-study
(see Section 8.1). These were a non-moving, solid wall, a non-moving balloon that was
attached to a wall, a wooden chair, a coffee mug on a table, and a pillow on a bed.

We decided to make none of the objects deformable to ensure that the objects are more
comparable. This way we wanted to make the perceived surface compliance depended
on the drone feedback and not depended on the visual deformation (wall, coffee mug,
and chair wouldn’t have received deformations). The height of the objects (chair, table,
and bed) were adjusted in height so that they presented the part of the object that the
participants had to interact with in a comfortable (in average chest height) position.

The participant was asked to interact with the presented objects by slightly touching and
pushing them.
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8 User Study 2 - Representation of different Objects by Haptic Drone Feedback

Figure 8.3: In-VR questionnaire as presented to the user.

8.2.3 Measures

We presented the participant with an in-VR questionnaires [Sch+17b] to ensure a less
straining procedure by removing the need to put on and off the VR gear.

To review the experienced perception of the objects local- and global compliance,
we designed four questions that we presented the user in-VR after each object. The
participants were asked to rate the items on a Likert-scale (1-disagree to 7-agree). The
questions were designed to investigate the overall feedback quality ("What I see and
what I feel, match."), how fitting the experienced surface felt ("The object feels like I
expected it to feel."), how fitting the local compliance felt ("The hardness/softness of
the object felt like I expected it.") and how fitting the experienced weight and resistance
of the object felt ("The resistance/drag of the object felt like I expected it.").

After the user interacted with each object, they were presented with a picture of each
object and asked to select "What object felt most realistic" and to write down some
general comments regarding the objects.

8.2.4 Participants

Our participants were students and international interns of the University of Stuttgart
and Hochschule der Medien. 15 participants (7 female, 8 male) took part in the
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8.3 Results

experiment. The participants did not participate in Study 1. They had all normal or
corrected to normal vision. Participants had to wear contact lenses due to the restriction
of not wearing any glasses under current HMDs. 13 participants were right handed,
one was left handed and one was ambidextrous. No participant reported any visual
conditions (e.g. color blindness, disability to see 3D) or movement impairments. The
average age was 23.66 years (SD = 4.09). Students that took part in the HCI-class were
given a certificate of attendance others were given 5C as compensation.

8.2.5 Procedure

After signing the consent form and filling out the demographics, the participant was
introduced to the VR-Setup. Afterwards, the drone got introduced to the participant and
feedback mechanics (see Raycast 5.2.1) were explained. After putting on the gear, the
participants were asked to get used to their new virtual hands (Leap Motion sensor).
When the participants were feeling ready, they were asked to stand on the red marking
on the VR-floor and asked to gently interact with the object by touching it with their
respective virtual hands. The participants were asked to touch the object when the
white indicator turns green and is in front of the object. This indication was made to
ensure interactions when the hovering drone is positioned at the right position and
distance. After 2 minutes of interaction with the object, the participants were asked
to turn towards a canvas that was located on the wall to their left. On this canvas,
the questions of the questionnaire were presented one-by-one, including the answer
range (1-disagree to 7-agree). During the questionnaire the participants took off the
noise-cancelling headphones to allow easier communication and stating the chosen
answer. This procedure was repeated for each of the 5 objects. Then the participants
took off the equipment and were asked to sit down and select the object "that felt most
realistic". Furthermore, the participants were asked to write down why they chose this
object over the others.

8.3 Results

To evaluate and to plot the results R was used. We present the results of the in-VR
questionnaire and rating of the objects that were selected as the most realistic. At the
end, we present comments made by the participants at the end of the study. To analyse
our results we used the Friedman Test and Wilcoxon signed rank test with continuity
correction for the pairwise analysis.
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8 User Study 2 - Representation of different Objects by Haptic Drone Feedback

Total Balloon Wall Chair Mug Pillow

Balloon - 0.149 0.346 0.773 1
Wall - 0.174 0.098 0.089
Chair - 0.371 0.149
Mug - 1

Table 8.1: p-values for pairwise test for objects: Balloon on a Wall, Wall, Chair, Coffee
Mug, Pillow

What I see and what I
feel, match.

Balloon Wall Chair Mug Pillow

Balloon - 0.777 0.526 0.341 0.208
Wall - 0.315 0.205 0.153
Chair - 0.774 0.455
Mug - 0.871

Table 8.2: p-values for pairwise test for "What I see and what I feel, match.": Balloon on
a Wall, Wall, Chair, Coffee Mug, Pillow.

The realism of objects, as perceived by the participants, was significantly affected by the
expected local- and global compliance, χ2(4) = 10.774, p < .05. Wilcoxon tests were
used to follow-up this finding but no significance was found while comparing objects
pairwise.

The object feels like I
expected it to feel.

Balloon Wall Chair Mug Pillow

Balloon - 0.181 0.457 0.445 0.797
Wall - 0.250 0.487 0.073
Chair - 0.831 0.376
Mug - 0.265

Table 8.3: p-values for pairwise test for "The object feels like I expected it to feel.":
Balloon on a Wall, Wall, Chair, Coffee Mug, Pillow.
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8.3 Results

The hardness/soft-
ness of the object felt
like I expected it.

Balloon Wall Chair Mug Pillow

Balloon - 0.005 0.038 0.104 0.526
Wall - 0.061 0.090 0.012
Chair - 1 0.436
Mug - 0.375

Table 8.4: p-values for pairwise test for "The hardness/softness of the object felt like I
expected it.": Balloon on a Wall, Wall, Chair, Coffee Mug, Pillow.

The resistance/drag
of the object felt like
I expected it.

Balloon Wall Chair Mug Pillow

Balloon - 0.088 0.154 0.235 0.885
Wall - 0.402 0.012 0.071
Chair - 0.024 0.265
Mug - 0.146

Table 8.5: p-values for pairwise test for "The resistance/drag of the object felt like I
expected it.": Balloon on a Wall, Wall, Chair, Coffee Mug, Pillow.

8.3.1 Rating

After the participants interacted with every object they were presented with a picture of
each object and asked to select the object that "felt most realistic". The objects that got
rated most realistic are:

• Mug: 5 votes

• Pillow: 5 votes

• Balloon on a wall: 3 votes

• Chair: 2 votes

• Wall: 0 votes

Three participants commented that they chose the mug because "the touch and following
displacement of the cup felt most realistic. The feeling of displacing the drone was the
most fitting to the feeling of moving a cup."

75



8 User Study 2 - Representation of different Objects by Haptic Drone Feedback

●

Balloon on Wall Wall Chair Mug Pillow

1
2

3
4

5
6

7

What I see and what I feel, match.

Conditions

po
in

ts

(a)

● ●

Balloon on Wall Wall Chair Mug Pillow

1
2

3
4

5
6

7

The object feels like i expected it to feel

Conditions

po
in

ts

(b)

●

●

●

●

●

Balloon on Wall Wall Chair Mug Pillow

1
2

3
4

5
6

7

The hardness/softness of the object 
 felt like i expected it.

Conditions

po
in

ts

(c)

●

Balloon on Wall Wall Chair Mug Pillow

1
2

3
4

5
6

7
The resistance/drag of the object 

 felt like i expected it.

Conditions

po
in

ts

(d)

Figure 8.4: Results regarding the perception of objects: Balloon on a wall, wall, chair,
coffee mug, pillow.

Three participants commented that the material of the drones’ touch surface felt most
realistic when it was representing a pillow, as they would expect such a material used
on pillows.

One participant commented that it was too easy to move the chair, while another
participant said that "the resistance of the drone was the most accurate according to its
[the chair] weight".

A participant commented that favourite object was the balloon "because it is easy to
push" even though it "feels not realistic". Three other participants said, "the fabric of
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8.4 Disucssion

the drone was compliant in the same way the material of a balloon would feel." One of
those participants added that the chair was fitting because "the wood (of the chair) is
feeling soft" but also commented that the textile of the drone is too soft to represent the
cup or wall.

Two participants commented that they expected the pillow to deform on touch and
therefore found it less realistic. The wall was commented on to be too compliant, as it
was not fitting the visual representation due to the lack of displacement and that it was
feeling not "hard enough". One participant commented as a general statement: "In an
everyday situation I would use more force to displace the objects."

8.4 Disucssion

Most participants were in favour of an object either because the local compliance or
the global compliance was fitting. Two of the five participants that favoured the pillow,
chose it because of the local- and global compliance was fitting. The global compliance
is the best fitting for a mug. The local compliance was the best fitting for a pillow
(supported by the tactile feeling of used fabric). Therefore we suggest improving the
drone feedback by utilising more faces with different materials to adapt the provided
feedback to the expected local- and global compliance.

As the wall was the most extreme object (due to its low local-and global compliance, it
was not voted as most realistic object by any participant) we are going to investigate
different feedback methods that could potentially improve the experienced realism of
the drone feedback regarding walls(see Chapter 9).
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9 User Study 3 - Improvement of
Feedback for non-moving, solid Objects

In Study 2 (see Chapter 8) 5 different objects got explored. The objects were chosen to
represent the extremes of local- and global compliance as suggested by the participants
in our pre-study for Study 2. The objects such as the wooden chair, coffee mug were
moveable as suggested by our participants in the pre-study. The wall and the balloon
(that is stuck to a wall) were non-movable. Visual deformations were not applied to
any of the objects. Balloon and pillow were rated with a high local compliance by the
participants. There fore the pillow was rated with a high local- and global compliance.
The other extreme, a low local- and global compliance was represented by the wall.

Due to the limitations of the drone to represent objects such as a wall, we wanted to
investigate how drone feedback for such extreme objects can be improved. Therefore we
presented the participants from Study 2 with three different methods of providing feed-
back for such objects. And answer an in-VR questionnaire. After all three methods, the
participants were asked to select their favourite method. This study took approximately
10 minutes.

9.1 Method

The aim of this study was to investigate three methods of feedback and their influence on
the participant’s perception of the provided drone feedback regarding walls. Therefore
we designed three questions on how much the participants were able to pass through
the object with their virtual hands. In each of the three conditions haptic feedback was
provided by the drones touch surface. The second condition included additional sound
cues that occurred when the users’ hands collided with the wall. The third condition had
the haptic drone feedback and additional visual feedback by deformation of the wall.
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9 User Study 3 - Improvement of Feedback for non-moving, solid Objects

Figure 9.1: Brick Wall with various levels of displacement of single bricks.

9.1.1 Stimuli

Three different walls were tested. One drone with a touch surface made out of tulle
was used. The haptic feedback provided by the drone was the same on every wall.
Only the visuals and sound were changed. A Leap Motion sensor was used to track
the participant’s hands. The visual representation of the participant’s hands was the
standard Leap Motion skeleton.

9.1.2 Apparatus and Task

The same setup and scene as in Study 2 (see Chapter 8) were used.

In this study, we used three different walls. These were a non-moving, solid wall (the
same wall that was introduced in Study 2), the same wall with additional auditive cues
(in form of a knocking sound when the participant’s virtual hands collided with the wall
object), and a wall that was built out of single bricks. In case of a collision in the of the
participant’s virtual hands and a brick, the physics engine of Unity was used to move the
affected bricks and therefore visually deform the wall (see Figure 9.1). The participant
was asked to interact with the presented wall by slightly touching and pushing them.
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9.1 Method

9.1.3 Measures

As in Study 2, we presented the participant an in-VR questionnaire.

To review the experienced perception of the ability to pass through the wall with the
virtual hands, we designed three questions that we presented the participant in-VR after
each object. The participants were asked to rate the question from 1-disagree to 7-agree.
The questions were designed to investigate the overall feedback quality ("What I see and
what I feel, match."), to what degree it was possible to immerse into the wall (“I was
able to pass through the object.”), and to what degree the provided feedback method
stopped them to immerse into the object ("The provided feedback prevented me to pass
through the object.") In case of the wall with single bricks, the passing through was
referring to the single bricks and not to the wall as a whole, as was explained to the
participants.

After the participants interacted with each method, they were presented with a picture
of each method and asked to select "What method they liked best" and to write down
some general comments regarding the methods.

9.1.4 Participants

All of the participants that participated in Study 2 also participated in Study 3. Therefore
please see Section 8.2.4.

9.1.5 Procedure

As this experiment was taking place with the same participants after Study 2 they were
already familiar with the setup. They were introduced to the three different feedback
mechanics. After putting on the gear, the participants were asked to get used to their
virtual hands again (Leap Motion sensor). When the participants were feeling ready,
they were asked to stand on the red marking on the VR-floor and asked to gently interact
with the wall by touching it with their respective virtual hands. The participants were
asked to touch the wall when the white indicator turns green and is in front of the wall.
As in Study 2, this indication was made to ensure interactions when the hovering drone
is positioned at the right position and distance. After 2 minutes of interaction with the
object, the participants were asked to turn towards a canvas that was located on the
wall to their left. On this canvas, the questions of the questionnaire were presented one-
by-one, including a 7 item Likert-scale (1-disagree to 7-agree). During the questionnaire,
the participants took off the noise-cancelling headphones to allow easier communication
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and stating the chosen answer. This procedure was repeated for each of the 3 methods.
Then the participants took off the equipment and were asked to sit down and select the
method "that they liked best". Furthermore, the participants were asked to write down
why they chose this method over the others.

9.2 Results

To evaluate and to plot the results R was used. We present the results of the in-VR
questionnaire and rating of the objects that were selected as the most realistic. At the
end, we present comments made by the participants at the end of the study. To analyse
our results we used the Friedman Test and Wilcoxon signed rank test with continuity
correction for the pairwise analysis.

The acceptance of walls was not significantly affected by additional feedback methods,
χ2(2) = 3, p > .05.

9.2.1 Rating

After the participants interacted with every feedback method they were presented with a
picture of each method and asked to select the object that "they liked best". The methods
that got rated as best were:

• Brick wall: 9 votes

• Wall with sound: 4 votes

• Wall: 1 votes

Five participants commented that "Sound" was enough to stop them to push through the
wall (working even without drone, but experienced as even better with drone feedback).
One participant added, "I pulled my hand back, but still passed through it a little with
my fingertips". Another participant added that "the sound prevented me to pass through
but I still prefer haptic feedback". Two participants commented that the sound was not
fitting, and one added that it still helps as feedback to not reach through the wall. One
participant found that the sound was delayed.

Regarding the brick wall, one participant commented that due to the "instability" of the
drone it was fitting feedback because the wall also yielded when some pressure was
applied. Another participant commented that "the brick wall was most realistic and I
was not able to grab through the wall". One participant added that "being able to push
through makes it more realistic than sound only; And it would be even more realistic
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Figure 9.2: Results regarding haptic feedback combine with additional feedback meth-
ods: Wall, wall with sound cues, brick wall with visual deformation. Values
(b) got inverted to represent high points as positive)

with sound", the participant further added that "I liked it to see something change when
applying force". "The visual and haptic feedback of the single bricks, and therefore the
"depth" while pushing the bricks and the effect is astounding in VR" was commented on
by another participant.

One participant voted "Sound" and said that "visual changes would be better if sounds
were added", a second participant also uttered this notion. "For a solid wall the sound
feedback is the best; for an interactive wall the "Brick Wall" would be the best feedback"
was stated by a participant. One participant complained that "wall and sound felt "too
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soft"; the brick wall was best fitting my expectation", and also "the beams of the touch
surface way better feedback than textile;" by another participant".

"Generally the visual feedback of objects and virtual hands is the best." was stated by a
participant that also said that "additional feedbacks could be added to improve it even
further." One participant wished that the drone would follow the hand.

Even though we found no significant effect of additional feedback methods, the commen-
tary given by the participants is of value. The participants found the single additional
feedbacks, such as sound and visual deformation. We suggest using a combination of
sound cues and visual deformation to achieve a satisfactory experience of interacting
with walls.

9.2.2 Discussion

As we found in Study 2 the drone feedback is not able to provide a realistic haptic
feedback while mimicking solid, non-moving objects such as walls. In case of objects
that are unsuited to be represented with simple drone feedback, we suggest using
additional feedback modalities. Most participants that were in favour of the brick wall
liked it because it was fitting the given drone feedback. Therefore we suggest applying
deformations for objects where the drone feedback by itself is not enough. Added sounds
like a knocking sound by itself, but also a grinding sound when moving the single bricks
could be beneficial to counteract the limitations of drone feedback. If the virtual world
allows the design of walls to be interactive we suggest to use walls that are deformable.
Deformation has not to be visualized in a way such a one would expect from a pillow or
a balloon but could also be done in a more permanent way such as done with the brick
wall. If the design of the virtual world does not allow deformation, adding sound to
the haptic drone feedback improves wall feedback. We suggest to apply both additional
visual feedback and sound cues when it comes to giving drone feedback on non-moving,
solid objects such as walls.
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10 Conclusion

The advancements in the development of Virtual Reality devices made a huge leap in
the last 5 years. The main focus of development and advertisement of VR devices is
mostly on the display quality and 3D-audio output. The development of ways to interact
and get haptic feedback in virtual worlds are often reduced to various controllers that
have positional tracking (including respective visualisations) and restrict the user to
press buttons and triggers. Therefore, we explored different alternative approaches to
allow interaction and provide haptic feedback in VR. We also investigated how drones
got integrated into AR and VR.

The aspiration to provide a hands-free way to use a representation of our own hands
to interact with virtual objects is still lacking a way to provide haptic feedback while
doing so. We suggest combining hand tracking and the use of drones as a flexible,
three-dimensional way of providing haptic feedback.

In the first user study, we compared state-of-the-art input and vibration feedback meth-
ods, non-haptic feedback and the use of drones to bring haptic feedback to hand tracking.
Results show that the combination of hand tracking and haptic drone feedback is the
most immersive way to provide a hands free haptic feedback.

In the first user study the participants only interacted with a floating balloon. We
investigated the acceptance of users towards several objects with various local- and
global compliances. We compared five different objects with various local- and global
compliances in a second user study. We found that the felt resistance is comparable to
small rigid objects like a coffee mug or soft, light objects such as a pillow, as the applied
forces and felt feedback by the participants are similar to the expected behaviour. Most
participants criticised the drone feedback regarding non-moving, solid objects.

As the feedback provided by the drone is unsuited for non-moving, solid objects, we
investigated different methods of improving feedback for such objects. We conducted
a third user study were walls with three different feedback methods were tested. We
found that 9 out of 15 participants like the method best were the wall was visually
deformed upon touch, as this reduced the expected hardness of the wall. Four out of
15 participants preferred the method where additional sound feedback was applied
on collision. Several participants suggested combining the visual deformation and
additional sound feedback to create an even more realistic experience.
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10 Conclusion

While limitations have to be kept in mind when it comes to designing virtual worlds
to include drone feedback, we see it as a suitable way of providing flexible, three-
dimensional, hands-free, haptic feedback.

10.1 Future Work

To further enhance and improve haptic feedback provided by drones we suggest to
investigate this feedback method with other drones of different size and motor power.
We also suggest to include the option to let the drone follow the user’s hand, to remove
the need for touch indicators, and letting the user touch the object at any desired
location.

To enhance the ability of the drone to simulate different objects, with different textures,
we suggest the use of different faces (as at least four faces could applied to a drone).
Furthermore, multiple drones can be used to create bigger or more complex surfaces
and giving feedback for two hands at different positions.

To improve the feedback regarding solid, non-moving objects (such as walls) we suggest
to investigate the combination of EMS (as done by Lopes et al. [Lop+17]) and drone
feedback. EMS can reduce the ability to push on objects while the drone can provide
additional simulation of touching real objects with the tip of the finger and different
textures and materials.

As we found the deformation of objects (such as the brick wall) helps to hold up the
realism while touching objects, we suggest the use of illusions and manipulations, such
as haptic retargeting (see Section 2.4). These could be used to reduce the felt offset of
the drones positioning. Depending on the situation and interaction, when displaced by
interactions.

We suggest to not only to apply these changes but to integrate other types of drone
feedback into a bigger system. The drone can not only be used in a passive way where
the user touches the drone in moments where the drone mimics virtual objects. Other
ways of using drones in VR are to use drones as actuators, to simulate objects that are
actively touching the user to provide feedback. Furthermore, drones could place real
objects into the room where they are converted into virtual items that can be picked up
as physical tokens.

86



11 Appendix

11.1 Study 1

All materials that were used during the first user study are found here.

These are: Consent form, demographics, presence questionnaire, additional question-
naire, free commentary questions, and final questionnaire. As mostly German speaking
Students participated in the study we prepared the additional questionnaires in Ger-
man. This was done to render the questions more engaging and encourage more
open and detailed answers. Non-German speaking students were assisted during these
questionnaires.
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Human Computer Interaction Group (MCI), VIS

Prof. Dr. Albrecht Schmidt

Consent Form
DESCRIPTION:  You are invited to participate in  a research study about the influence of
haptic feedback in Virtual Reality.

TIME INVOLVEMENT:  Your participation will take approximately 30 minutes.
 
DATA COLLECTION:  For this study you will  interact  with objects (a Balloon) in  Virtual
Reality.
You will wear an Oculus Headset, earphones and noise canceling headphones. Depending
on the condition you will  use Oculus Touch controllers,  your hands will  be tracked by a
LeapMotion  sensor  and/or  you  will  interact  with  an  automated  quadcopter  (drone)  by
touching a surface prepared for touch interaction.
In case of your participation you will be asked to fill out demographics (as stated in detail
below you have the right to refuse to answer particular questions).
After  each  condition  you  will  be  asked  to  fill  out  a  questionnaire  and  some  additional
questions.
At the end of the study you will be asked to comments regarding all three conditions. 

RISKS AND BENEFITS: There is no risk associated with this study. The collected data is
securely stored. We do guarantee no data misuse and privacy is completely preserved. Your
decision whether or not to participate in this study will not affect your grade in school.
 
PARTICIPANT’S RIGHTS:  If you have read this form and have decided to participate in
this project, please understand your participation is voluntary and you have the right to
withdraw your consent or discontinue participation at any time without penalty or
loss  of  benefits  to  which  you  are  otherwise  entitled.   The  alternative  is  not  to
participate.  You have the right to refuse to answer particular questions.  The results of
this research study may be presented at scientific or professional meetings or published in
scientific journals. Your identity is not disclosed unless we directly inform and ask for your
permission.

CONTACT INFORMATION: If you have any questions, concerns or complaints about this 
research, its procedures, risks and benefits, contact following persons:
Matthias Hoppe: hoppems@studi.informatik.uni-stuttgart.de
Tonja Machulla: tonja.machulla@vis.uni-stuttgart.de
Pascal Knierim: pascal.knierim@vis.uni-stuttgart.de

By signing this document I confirm that I agree to the terms and conditions.

Name: _________________________      Signature, Date: _________________________  



Demographics: ID:

- Age:

- Sex:

- Occupation:

- Links- oder Rechtshänder:

- Zeigefingerlänge (cm):

- Palm width (cm):

- Corrected eye sight:
(without glasses; contact lenses are ok)

- Colorblindness:

- Other conditions (e.g. disability to see 3D):

- Movement impairments (hand/arms):

- Video Game Experience (with Controllers):

- VR experience:
(how many hours?  None - Low- Medium- high?)

- what VR devices have you experience with:

- Experience with LeapMotion?:



Participant ID: ______

Condition: ______

PQ Questionnaire
Item Stems (Version 3.0)

Characterize your experience in the environment, by marking an "X" in the appropriate box of 
the 7-point scale, in accordance with the question content and descriptive labels. Please 
consider the entire scale when making your responses, as the intermediate levels may apply. 
Answer the questions independently in the order that they appear. Do not skip questions or 
return to a previous question to change your answer.

How much were you able to control events?
1INV

NOT AT ALL SOMEWHAT COMPLETELY

How responsive was the environment to actions that you initiated (or performed)?
2INV

NOT 
RESPONSIVE

MODERATELY
RESPONSIVE

COMPLETELY
RESPONSIVE

How natural did your interactions with the environment seem?
3INV

EXTREMELY 
ARTIFICIAL

BORDERLINE COMPLETELY
NATURAL

How much did the visual aspects of the environment involve you?
4INV

NOT AT ALL SOMEWHAT COMPLETELY

How much did the auditory aspects of the environment involve you?
5AUD

NOT AT ALL SOMEWHAT COMPLETELY

1



How natural was the mechanism which controlled movement through the 
environment?
6INV

EXTREMELY 
ARTIFICAL

BORDERLINE COMPLETELY
NATURAL

How compelling was your sense of objects moving through space?
7INV

NOT AT ALL MODERATELY
COMPELLING

VERY
COMPELLING

How much did your experiences in the virtual environment seem consistent with 
your real world experiences?
8INV

NOT AT ALL SOMEWHAT COMPLETELY

Were you able to anticipate what would happen next in response to the actions 
that you performed?
9EXP

NOT AT ALL SOMEWHAT COMPLETELY

How completely were you able to actively survey or search the environment using
vision?
10INV

NOT AT ALL SOMEWHAT COMPLETELY

How well could you identify sounds?
11AUD

NOT AT ALL SOMEWHAT COMPLETELY

How well could you localize sounds?
12AUD

NOT AT ALL SOMEWHAT COMPLETELY

2



How well could you actively survey or search the virtual environment using 
touch?
13HVF

NOT AT ALL SOMEWHAT COMPLETELY

How compelling was your sense of moving around inside the virtual 
environment?
14INV

NOT AT ALL MODERATELY
COMPELLING

VERY
COMPELLING

How closely were you able to examine objects?
15HVF

NOT AT ALL PRETTY
CLOSELY

VERY
CLOSELY

How well could you examine objects from multiple viewpoints?
16HVF

NOT AT ALL SOMEWHAT EXTENSIVELY

How well could you move or manipulate objects in the virtual environment?
17HVF

NOT AT ALL SOMEWHAT EXTENSIVELY

How involved were you in the virtual environment experience?
18INV

NOT INVOLVED MIDDLY
INVOLVED

COMPLETELY
ENGROSSED

How much delay did you experience between your actions and expected 
outcomes?
19EXP

NO DELAYS MODERATE
DELAYS

LONG DELAYS

3



How quickly did you adjust to the virtual environment experience?
20ADA

NOT AT ALL SLOWLY LESS THAN ONE
MINUTE

How proficient in moving and interacting with the virtual environment did you feel 
at the end of the experience?
21ADA

NOT 
PROFICIENT

REASONABLY
PROFICIENT

VERY
PROFICIENT

How much did the visual display quality interfere or distract you from performing 
assigned tasks or required activities?
22IFQ

NOT AT ALL INTERFERED
SOMEWHAT

PREVENTED TASK
PERFORMANCE

How much did the control devices interfere with the performance of assigned 
tasks or with other activities?
23IFQ

NOT 
PROFICIENT

INTERFERED
SOMEWHAT

INTERFERED GREATLY

How much did the control devices interfere with the performance of assigned 
tasks or with other activities?
23IFQ

NOT 
PROFICIENT

INTERFERED
SOMEWHAT

INTERFERED GREATLY

How well could you concentrate on the assigned tasks or required activities rather
than on the mechanisms used to perform those tasks or activities?
24ADA

NOT AT ALL SOMEWHAT COMPLETELY 
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How completely were your senses engaged in this experience?
25ADA

NOT AT ALL SOMEWHAT COMPLETELY 

How easy was it to identify objects through physical interaction, like touching an 
object, walking over a surface, or bumping into a wall or object?
29HVF

NOT EASY MODERATELY
EASY

VERY EASY  

Were there moments during the virtual environment experience when you felt 
completely focused on the task or environment?
30HVF

NOT AT ALL SOMEWHAT COMPLETELY  

How easily did you adjust to the control devices used to interact with the virtual 
environment?
31ADA

NOT EASY MODERATELY
EASY

VERY EASY  

Was the information provided through different senses in the virtual environment 
(e.g., vision, hearing, touch) consistent?
32ADA

NOT AT ALL SOMEWHAT COMPLETELY  

5



Zusatzfragen: ID:
Condition:

“The visuals match what I feel.”

not matching matching perfectly

“How realistic did it feel?”

not real real

“How fun was the interaction?”

not fun at all/boring extremely fun

“I was able to pass through the object.”

completely not at all

“The object reacted to the interaction like I would expect it.”

Not at all  As expected



Freitextkommentar: ID:
Condition:

“Nach was hat es sich angefühlt?”:
 

“Wie hat sich die Oberfläche angefühlt?”:

“Wie hat sich die Form der Oberfläche angefühlt?”:

“Wie fändest du unterschiedliche Oberflächen?:” 



Abschliessender Fragebogen: ID:

“In welcher Reihenfolge, von gut nach schlecht, würdest du Kontroller, Nur Hände und Drone
ordnen?”:

“Warum hat diese Art dir am besten gefallen?”

“Bezogen auf die Berührung, was hat sich besser angefühlt und warum?”

Kommentare:

Verbesserungsvorschläge:

Ideen für Einsatz:



11 Appendix

11.2 Study 2 and Study 3

All materials that were used during the first user study are found here.

These are: Hallway study regarding local- and global compliance, consent form, demo-
graphics, in-VR questionnaires, and final questionnaire.
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high

surface compliance/
Oberflächen Nachgiebigkeit

low

low            gobal compliance/ high
                     globale Nachgiebigkeit

 

Bitte Zahl der Objekte an entsprechender Stelle eintragen.

Objekte:
1. eingeklemmter Luftballon
2. Holzstuhl (Lehne)
3. Wand
4. Elefantenhintern
5. Auto (ohne Bremse)
6. Polstersessel (Lehne)
7. Maus
8. Hupe (clown)
9. Tasse/Becher
10. Autoreifen
11. Dominostein
12. Spinnenetz
13. Kissen
14. Wasserball
15. 1x1m Pappkarton



      

Human Computer Interaction Group (MCI), VIS

Prof. Dr. Albrecht Schmidt

Consent Form
DESCRIPTION:  You are invited to participate in a research study about local and global
compliance of objects (Nachgiebigkeit der Oberfläche und Nachgiebigkeit des Objektes).

TIME INVOLVEMENT:  Your participation will take approximately  50 minutes.
 
DATA COLLECTION: For this study you will interact with different objects in Virtual Reality.
You will wear an Oculus Headset, earphones and noise canceling headphones. Your hands
will be tracked by a LeapMotion sensor and you will interact with an automated quadcopter
(drone) by touching a surface prepared for touch interaction.
In case of your participation you will be asked to fill out demographics (as stated in detail
below you have the right to refuse to answer particular questions).
After  each  condition  you  will  be  asked  to  fill  out  a  questionnaire  and  some  additional
questions.
At the end of the study you will be asked to comments regarding all three conditions. 

RISKS AND BENEFITS: There is no risk associated with this study. The collected data is
securely stored. We do guarantee no data misuse and privacy is completely preserved. Your
decision whether or not to participate in this study will not affect your grade in school.
 
PARTICIPANT’S RIGHTS:  If you have read this form and have decided to participate in
this project, please understand your participation is voluntary and you have the right to
withdraw your consent or discontinue participation at any time without penalty or
loss  of  benefits  to  which  you  are  otherwise  entitled.   The  alternative  is  not  to
participate.  You have the right to refuse to answer particular questions.  The results of
this research study may be presented at scientific or professional meetings or published in
scientific journals. Your identity is not disclosed unless we directly inform and ask for your
permission.

CONTACT INFORMATION: If you have any questions, concerns or complaints about this 
research, its procedures, risks and benefits, contact following persons:
Matthias Hoppe: hoppems@studi.informatik.uni-stuttgart.de
Tonja Machulla: tonja.machulla@vis.uni-stuttgart.de
Pascal Knierim: pascal.knierim@vis.uni-stuttgart.de

By signing this document I confirm that I agree to the terms and conditions.

Name: _________________________      Signature, Date: _________________________  



Demographics: ID:

- Age:

- Sex:

- Occupation:

- Links- oder Rechtshänder:

- Zeigefingerlänge (cm):

- Palm width (cm):

- Corrected eye sight:
(without glasses; contact lenses are ok)

- Colorblindness:

- Other conditions (e.g. disability to see 3D):

- Movement impairments (hand/arms):

- Video Game Experience (with Controllers):

- VR experience:
(how many hours?  None - Low- Medium- high?)

- what VR devices have you experience with:

- Experience with LeapMotion?:



Study 2: in-VR Questionnaire ID:

"What I see and what I feel, match."

disagree agree

"The object feels like i expected it to feel."

disagree agree

"The hardness/softness of the object felt like i expected it."

disagree agree

"The resistance/drag (Widerstand) of the object felt like i expected it."

disagree agree



Study 2 Final Questionnaire: ID:

"What object felt the most realistic.":
 

Please select one object.



Study 3: in-VR Questionnaire ID:

"What I see and what I feel, match."

disagree agree

“I was able to pass through the object.”

disagree agree

"The provided feedback prevented me to pass through the object."

disagree agree



Study 3 Final Questionnaire: ID:

"What method did you like best?":
 

Please select one method.
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