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Figure 1: A sketch of the virtual reality environment used to compare leaning- and controller-based 3D locomotion techniques
based on a broom metaphor. Participants had to fly and collect coins along an invisible trail as quick and precise as possible.

Abstract

Virtual Reality (VR) locomotion methods are mainly ground-based,
room-scale, or discrete, making them ill-suited for flying experi-
ences. Although leaning- and controller-based techniques are promis-
ing for flying in VR, we lack empirical evidence of their advantages.
We compared combinations of leaning- and controller-based meth-
ods for steering and velocity in a user study (N = 24) using a broom
metaphor to integrate these methods into an understandable loco-
motion reference. The steering methods were: 1) controller-pointing
(CP) and 2) headset-leaning (HL); and for velocity control: 1) con-
troller linear displacement (CLD) and 2) headset linear displacement
(HLD). Results indicate that HL increase presence compared to CP.
However, combining HL with CLD worsens coin collection rate,
completion time, mental load, control factor ratings, and enjoyment.
In contrast, HLD worked well when paired with either steering
method. CP-CLD led to the highest coin collection rate and lowest
mental load. All methods had comparable feelings of flying.
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1 Introduction

Over the years, humankind has achieved the great goal of flying
but still has to rely on large and complicated machines that can
only be piloted by experts [14]. As a result, flying loses a certain
element of the feeling of freedom and overcoming the natural limits
of being human. However, while the rules of physics limit us in real-
ity, they are optional in the virtual world. Thus, virtual worlds can
become places of escape from reality, where we can turn our dreams
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into a (virtual) reality (VR), including unrestricted flying without
mechanical assistance. To provide a means of flying in a virtual envi-
ronment, a locomotion technique is needed, which is a combination
of interaction techniques to control the main components of loco-
motion: steering and velocity [11]. However, as flying is not innate
to humans, flying techniques beyond ’cockpit’ interfaces have been
challenging to achieve [27, 41, 49, 74]. While numerous locomotion
methods have been proposed throughout the years [17, 59], they
are mainly for ground-based 2D locomotion [42]. Still to this day,
most VR applications rely on room-scale walking, teleportation, or
joystick-based locomotion [4], limiting the range of experiences
that VR users are interested in [58]. Moreover, many locomotion
techniques do not provide embodied (proprioceptive and vestibular)
self-motion cues. This could reduce the plausibility of locomotion,
which reduces presence [70, 71] and can cause unwanted side ef-
fects such as VR sickness, disorientation, and increased mental
load [22, 55, 60]. However, many forms of embodied locomotion
controls are often harder to control precisely, leading to poor ma-
neuverability and reduced user satisfaction [6, 26, 34, 47, 51]. With
the advent of modern virtual reality equipment, users’ body motions
can be accurately tracked in 6 degrees-of-freedom using the VR con-
trollers and headset. This offers an accessible approach to embodied
locomotion without expensive external equipment. Therefore, we
set out to investigate how VR flying with good maneuverability
could be achieved using these input sources.

Controller-based techniques employ the VR controller’s posi-
tion and orientation as input for locomotion. These techniques
have been extensively explored through the use of pointing-based
steering [11, 13, 16, 28, 53, 72], which facilitates easy and intuitive
navigation. While not overtly physical, controller-pointing can pro-
vide embodied locomotion through physical body rotations [61].
We created a technique based on controller-pointing for directional
input. Controller-based velocity, on the other hand, is often rele-
gated to button or joystick input [17], neglecting embodied motions
(discounting climbing simulations [4], which are not applicable
for flying). We, therefore, created an embodied controller-based
velocity method based on a metaphor of wind resistance. Leaning-
based locomotion has gained a surge of research interest in the
last decade. This approach allows users to lean their bodies in
the desired travel direction or map leaning magnitude to veloc-
ity [30]. While many leaning-based controls rely on external track-
ing devices [6, 22, 35, 47, 77, 80, 81], recent research has found that
the VR headset is often sufficient for precise leaning controls and
immersive embodied experiences [7, 24, 45]. For flying locomo-
tion, these headset-based leaning controls have shown promising
results compared to joystick or controller-pointing alternatives,
offering improved performance, experience, and reduced VR sick-
ness [1, 2, 25, 46]. We, therefore, developed two methods based on
leaning, one for steering and one for velocity control.

In this paper, we present the first comparison (to the best of
our knowledge) of controller- and leaning-based locomotion meth-
ods to explore maneuverability and an immersive “feeling of fly-
ing”To coherently integrate the methods, we explore a broom flying
metaphor to facilitate intuitive, natural, and realistic experiences as
users can understand their body movements in relation to a general
metaphor [5, 31, 38, 64, 65]. Simply providing means of locomotion
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without a coherent representation can break the illusion of plausibil-
ity, which reduces the user’s sense of presence [70, 71]. We demon-
strate how a broom metaphor can facilitate controller-based and
leaning locomotion. To compare the controller and leaning methods,
we conducted a controlled lab experiment (N=24) in which partic-
ipants had to fly using the broom metaphor and collect coins as
quickly and as precisely as possible (Figure 1). Leaning-based steer-
ing was found to increase presence compared to controller-pointing.
However, combining leaning-based steering with controller-based
velocity led to the worst coin collection rate, completion time, men-
tal load, control factor ratings, and enjoyment, but leaning-based
velocity worked well when paired with either steering method.
Controller-pointing with controller linear displacement led to the
highest coin collection rate and lowest mental load. All methods
had comparable feelings of flying.

2 Related work

2.1 Controller-based locomotion

Controller-based locomotion in VR uses the position and orientation
of controllers to navigate virtual environments, typically classified
as discrete or continuous techniques [17]. The most common dis-
crete method is teleportation [4, 12], which enables users to jump
to targets without physical movement, reducing VR sickness but
disrupting presence and causing disorientation [9, 11]. For flying
locomotion, where the journey matters, teleportation removes this
experience. Hybrid approaches like HyperJump offer continuous
teleportation to balance speed and sickness reduction [3, 62], but
our study focuses on full continuous locomotion to maximize flying
immersion. Previous work has explored various controller-based fly-
ing locomotion methods. Continuous motion interfaces like Slider
improved workload and usability over teleportation [43, 44]. The
magic carpet metaphor offers head- or controller-directed steer-
ing with a spatial reference via a virtual carpet on the floor [53].
Consistent with several studies [11, 13, 16], Medeiros et al. found
controller-pointing easier than head-based steering [53]. Similarly,
Bowman reported that controller-pointing improved performance
and comfort compared to head steering but could increase mental
load [11]. Caggianese et al. and Christou et al. also found fewer
errors with controller-pointing in ground locomotion [13, 16]. Fur-
thermore, Suma et al. and Hedlund et al. showed controller-pointing
enhanced target detection and navigation efficiency [28, 72].

2.2 Leaning-based locomotion

Leaning-based locomotion lets users move by leaning or taking
small steps, with direction and velocity determined relative to a
starting position [22, 30, 39, 47, 77]. This method engages proprio-
ceptive and vestibular senses, enhancing immersion and presence
while reducing VR sickness through vection [1, 7, 45, 47, 60, 68].
Some techniques support seated locomotion using spring-based
rotating stools (e.g., ChairlO [6], NaviChair [35], MuvMan [34])
but are limited to ground movement and require extra hardware;
they may offer more comfort but less vection and engagement
[84]. For leaning-based flying, studies mapped body lean to vertical
and rotational control (e.g., flying dragons or planes) but lacked
velocity control [54, 69]. The FlexPerch limbic chair [7, 80] incor-
porated velocity control, though users reported feeling unsafe and
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fatigued due to lack of physical rotation [7]. Recent VR flying lo-
comotion methods evolved from drone controls [1, 2, 25, 46]. The
“FlyingHead” technique maps headset position to drone movement
[29], while the “Modified FlyingHead” uses leaning and physical
body rotation for direction and elevation [57]. The “HeadJoystick”
adapts this for seated VR use, improving maneuverability, enjoy-
ment, presence, mental load, and reducing VR sickness compared to
joystick controls [1, 2, 24, 25, 45]. Liu et al. also found this method
supports feelings of self-transcendence [46]. In summary, controller-
based locomotion offers improved steering and intuitive naviga-
tion for ground and flying tasks, while leaning-based techniques
show promise over joysticks. This paper compares controller- and
leaning-based methods to evaluate their strengths and weaknesses
for flying VR locomotion.

2.3 Broom locomotion

Previous use of broom metaphors has relied on combinations of
leaning-based and controller-pointing techniques. The Hoverbroom
project ! featured seated locomotion with virtual rotations, mapping
leaning magnitude to acceleration, and the controller orientation
to direction. In the VR game "Broomball", users also control di-
rection with a VR controller-pointing technique 2. In contrast to
Hoverbroom, Broomball features standing locomotion with physi-
cal body rotations; however, velocity is controlled with a discrete
button input instead of embodied mappings. Kirshenbaum et al. [33]
demonstrated a flying locomotion technique similar to Hoverbroom,
but maps velocity to the distance between the VR headset and a VR
controller (attached to a stick). Although these works are closely
related to our locomotion techniques, they lack empirical evalua-
tions.

3 Locomotion Techniques
3.1 General Metaphor

Through providing a general metaphor, a VR locomotion technique
can become more intuitive, natural, and realistic as users can under-
stand their body movements in relation to a reference locomotion
technique [5, 31, 38, 64, 65, 85]. While broom flying is fictional, the
concept is widespread in modern pop culture [8, 40], which makes
the metaphor relatable to a wide range of users. Furthermore, by
introducing an egocentric reference frame (a virtual broom ren-
dered in place of the VR controller), the metaphor provides spatial
grounding [36, 52], i.e. the user understands their position in the
virtual space as sitting on a broom rather than decontextually float-
ing through the air. This can reduce the risk of balance loss, VR
sickness, and fear of heights, which is often experienced in flying
VR locomotion [53]. While our intent was to improve the flying
experience through the use of a general metaphor, this introduces
a few constraints, which we cover in the following subsections.

3.2 Steering

The proposed steering techniques for flying include (1) controller
pointing and (2) headset leaning. Both techniques enable the user
to control direction with 3DOF: forward, sideways, and vertical. For

!https://people kth.se/~hhofer/hoverbroom/
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Figure 2: Steering: (A) Controller Pointing: Forward direction
of the controller sets movement on the x-z plane; vertical
movement is controlled by controller height. Rolling the
controller adjusts lateral (sideways) movement. (B) Headset
Leaning: The vector from the headset’s reference point to
its current position controls x-z movement through lean-
ing or small steps. Vertical movement is based on headset
height—crouching flies straight; rising ascends. Sideways mo-
tion is achieved by leaning or stepping sideways.

both techniques, to steer in all directions the user must physically
rotate their body, i.e. we do not rotate the virtual camera. This
facilitates a more embodied feeling and reduces VR sickness [25, 34].
We detail the steering techniques in the following (Figure 2).

3.2.1  Controller pointing (CP). The metaphor behind this is that
the forward edge of a broom controls direction. In our case, the
broom is substituted for a VR controller. The method also builds
upon previous work that demonstrates the good maneuverability
controller-pointing interactions typically entail [11, 13, 16, 28]. It
controls the forward direction in 2D “ground” space based on the
forward vector of the controller. The 1:1 mapping between the con-
troller’s forward direction and the travel direction means that users
must physically rotate their bodies to steer in all 360 degrees. We
also constrained steering so that the controller’s forward vector
must align with the user’s body position. In other words, the user
can’t simply twist their wrists to steer but must rotate their full
bodies. The constraint was added to mitigate the risk of sensory
mismatch, which causes VR sickness [66], and to fit with the broom
metaphor. Rotating the controller on the roll orientation, like a
screwdriver, steers sideways in relation to the controller’s forward
direction. The bigger the roll angle, the more sideways instead of
forward the user flies. To fly up and down, the user moves the con-
troller up and down. The vertical axis controller distance from the
controller’s start position determines the sharpness of the vertical
flight direction.

3.2.2  Headset leaning (HL). This method is based on the “HeadJoy-
stick” steering technique [1, 2], which has been shown to facilitate
a good feeling of flying and low motion sickness. An important
difference, however, is that our method was adapted for standing
instead of seated locomotion. Leaning to steer resembles bicycle
steering, which is a familiar metaphor to most people [48, 50], and
is akin to broom steering in fictional descriptions [8, 40], which
should make the method understandable based on the metaphor.
Both the forward and sideways direction vectors are based on the
position of the VR headset in relation to its start position. In other
words, a user has to lean in any direction to steer on the 2D plane.
Similar to up and down with the controller pointing, the distance
of the VR headset from the start position acts as input for up and


https://people.kth.se/~hhofer/hoverbroom/
https://store.steampowered.com/app/504630/Broomball_VR/

VRST ’25, November 12-14, 2025, Montreal, QC, Canada

Figure 3: Velocity techniques: (A) Controller Displacement:
Speed is proportional to the controller’s distance from its
reference position. (B) Headset Displacement: Speed is based
on how far the headset moves from its reference point.

down in this method. This means the user has to bend their knees
as default, crouch to fly down, and rise up to fly up.

3.3 Velocity

Similarly to the steering techniques, we aimed to bring familiar
metaphors for the velocity techniques. We developed two velocity
techniques, where one of them is based on the controller position
and the other on the headset position. We normalized the methods
in terms of input values, transfer function (quadratic transforma-
tion) [21] and maximum velocity to be as comparable as possible.
We outline the techniques in detail in the following (Figure 3).

3.3.1 Controller linear displacement (CLD). This method controls
velocity through controller displacement from the body. The fur-
ther away the VR controller is pulled from the body, the faster the
velocity is. This mimics how cyclists lean forward to streamline
their bodies for efficient transfer of energy and reduced wind re-
sistance [48, 50], as extending your body to displace the controller
decreases the body’s angle against the wind. This is similar to Kir-
shenbaum et al’s [33] velocity method for broom flying, except we
use body-controller distance instead of headset-controller distance
to better mimic wind resistance.

3.3.2  Headset linear displacement (HLD). As in the headset leaning
steering method, this method also uses the distance between the
headset and a start position as input, but for velocity instead. The
greater the displacement, the greater the speed. This is the most
common leaning-based velocity technique [1, 2, 30, 47], and was
also leveraged in a game based on broom flying [37].

We combined the direction and velocity techniques and ended
up with four experimental conditions for the evaluation. For abbre-
viation, we refer to the four methods as CP (controller pointing),
HL (headset leaning), CLD (controller linear displacement), and
HLD (headset linear displacement). The conditions are therefore
referred to as CP-CLD, CP-HLD, HL-CLD, and HL-HLD.

4 Evaluation

The goal of our study was to compare the four locomotion tech-
niques to understand their suitability for flying in virtual reality
with the following research question: How do user performance, user
experience and VR sickness differ between controller- and leaning-
based velocity and steering control for VR flying locomotion?

Hedlund, et al.
- ~ A : e

Figure 4: The coin collection track: (left) close to ground
and (right) higher up in the air. The red arrow indicates the
next coin to be collected with the next coin visible in the
background to facilitate estimation of the flying trajectory.

4.1 Participants

We recruited 24 participants (identified as 13 F, 11 M) aged between
20 and 58 (M = 29.9,SD = 10.6) using our university’s online mar-
keting channels. Their previous experience in VR ranged between
little (< 5 h) (5), moderate (5-100 h) (11), and extensive (> 100 h) (8)
experience. Each participant received cinema vouchers worth 30 €.

4.2 Apparatus

The study setup consisted of a 3 x 3 m empty room space and
the Meta Quest 2 headset with one controller. The test application
was created with the Unity Engine (6000.0.5), using OpenXR and
OculusVR assets. We used a remote server with a web interface to
set condition settings and continuously record and store data. We
used the Meta Quest casting to observe the participants’ view from
inside the headset. For transparency and reproducibility [82, 86],
the source code with transfer functions can be found on GitHub .

4.3 Study design and Procedure

The study was within-subject with steering and velocity methods
as independent variables. Both of the independent variables had
two levels based on controller and headset input as described in the
previous section. The study consisted of a coin collection task in
which participants had to fly and collect as many coins as possible
as fast as possible (15 coins in total). Participants could see 2 coins
simultaneously to enable planning part of a trajectory beforehand.
The closest coin was the current target indicated by an oscillating
arrow above. We chose 15 coins based on the number of primitives
used to create a flying trajectory. Collecting the first coin started
the timer but was not counted among the 15 coins. Both collected
and missed coins were accompanied by audio cues for non-visual
feedback. Each flying technique reflected one experimental con-
dition and the order of the conditions was counterbalanced using
a Latin square. The virtual environment with coins was designed
with mountains in the distance to facilitate height perception. For
speed perception, we added wind sounds and mapped the volume
and pitch to the user’s current speed.

To encompass different flying maneuvers, we spawned each coin
in relation to the previous (4) using four settings: (1) direction (left,
right, straight), (2) distance (short, medium, long), (3) altitude (up,
down, same), and (4) sharpness (smooth, default, sharp). The left

3https://github.com/marthed/broom
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or right direction maneuvers refer to a 30 degree angle compared
to the current trajectory. This angle was modified +/- 15 degrees
by the sharpness setting. The altitude angle was 10 degrees up
or down as default, and modified +/- 5 degrees by the sharpness
setting. The default distance between coins was 400m, modified +/-
200m with the distance setting. Each option was used five times
per track, i.e., 5 x 3 = 15 coins, making each track comparable. Four
tracks were created in total. The four tracks were always completed
in sequential order (1-4). Counterbalancing of conditions across
participants ensured that path assignment remained balanced and
unbiased.

After obtaining informed consent, we collected participants’
demographic data and provided an overview of flying techniques.
Participants familiarized themselves with the VR environment and
techniques during a test ride before each condition. After each
condition, participants answered the study questionnaires. At the
end of the study, they ranked the methods and provided qualitative
feedback. The entire study lasted approximately one hour.

4.4 Measures
We measured the following dependent variables:

e Coin collection rate: the rate of collected coins along the track.

o Coin offset: for missed coins, we measured how close partici-
pants flew by it.

o Task completion time: time it took participants to finish a track.

o Traveled distance: the traveled distance from the start until the
end of the track.

o VR Sickness: Participants assessed the CyberSickness in Virtual
Reality Questionnaire (CSQ-VR) (7-point scale, 6 questions) due
to validity concerns with the SSQ for VR locomotion [32, 75].

e Perceived exertion: Participants completed the Borg CR10 Rating
of Perceived Exertion (RPE) to estimate their level of physical
exertion (10-point scale, 1 question) [10].

e Mental workload: Participants reported their perceived work-
load using the NASA Task Load Index (20-point scale, 6 ques-
tions) [23].

e Enjoyment: We used the short form of the Physical Activity En-
joyment Scale (PACES-S) [15] to assess how much participants
enjoyed each flying method (7-point scale, 5 questions).

e Feeling of presence: Participants rated their subjective feeling of
presence in the virtual environment using the general presence
on the Igroup Presence Questionnaire (IPQ-G) [67] (7-point
scale, 1 question).

o Ease of control: Participants rated each method on the Involve-
ment/Control (12 questions), Naturalness (3 question), and Con-
trol Factors (12 questions) of Witmer and Singer’s Presence
Questionnaire using a 0-10 scale [78].

o Comfort, joy, and likeness to flying: Participants rated perceived
comfort, joy, and resemblance to real-world flying using a 10-
point Likert scale (1 question each), identical to the questions
in Zhang et al. [80] to evaluate embodied flying.

4.5 Data analysis

To analyze the quantitative data, we fitted (generalized) linear
mixed-effects models estimated using REML and nloptwrap op-
timizer using the 1me4 r package. We included velocity technique,
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steering technique and their interaction as predictor variables and
random intercepts for the participants. To assess the significance of
the fixed effects in the model, we employed Type IIl Wald chi-square
tests due to non-parametric data (Shapiro-Wilk). For significant
main effects, we calculated Bonferroni-corrected contrasts using
the emmeans package. We provide further details for the individual
models and potential transformations in the individual subsections
of the dependent variables. To analyze the questionnaire data, we
employed the Aligned-Rank Transform (ART) [79] and applied the
ART-C [19] for post-hoc analysis.

5 Results

5.1 Coin collection rate

The analysis revealed a significant (y%(1) = 47.11, p < .0001)
main effect of steering technique on the accuracy. Post-hoc tests
confirmed significantly higher accuracy rates for CP (M = .86, SD =
.34) compared to HL (M = .72,SD = .44. Further, the analysis
indicated a significant (y2(1) = 40.64, p = .0049) main effect of
the velocity technique. Post-hoc tests confirmed significantly lower
accuracy rates for CLD (M = .76,SD = .42) compared to HLD
(M = .82,SD = .37. Finally, we found a significant ()(2(1) = 37..63,
p < .0001) interaction effect between both factors. More coins were
collected with CP-CLD (M = .92,SD = .27) compared to HL-CLD
(M = .65,SD = .47; p < .0001), HL-HLD (M = .86,SD = .35;
p =.0298), and CP-HLD (M = .86,SD = .35; p = .0401). The same
was also true of both CP-HLD and HL-HLD compared to HL-CLD
(p < .0001) (Figure 5a).

5.2 Coin offset

The analysis did not reveal significant main (steering technique:
x2(1) = 0.30, p = .6, velocity technique: y2(1) = 0.00, p = .99) or
interaction (y?(1) = 0.01, p = .9) effects. Mean coin offsets range
from M = 26m,SD = 42m for HL-CLD to M = 111m,SD = 267m
for CP-HLD (Figure 5b).

5.3 Task completion time

The analysis indicated a significant (y?(1) = 27.72, p < .0001) main
effect of the steering technique. Post-hoc tests confirmed signifi-
cantly shorter TCTs for CP (M = 87.1s,SD = 38.9s) compared to HL
(M = 128.0s, SD = 77.2s). Further, the analysis showed a significant
(¥?(1) = 9.57, p = .0015) main effect of the velocity technique that
was, however, not supported by post-hoc tests. Finally, we found
a significant (y?(1) = 8.51, p = .0035) interaction effect between
both factors. HL-CLD (M = 143.3,SD = 72.9) led to slower com-
pletion than CP-CLD (M = 84.9,SD = 43.2;p < .0001), CP-HLD
(M = 93.9,SD = 47.8;p = 0.0003), and HL-HLD (M = 106,SD =
53.9;p = .0172) (Figure 5c).

5.4 Traveled distance

The analysis indicated a significant (y?(1) = 7.33, p = .007) main
effect of the steering technique on the traveled distance. Post-hoc
tests confirmed significantly higher traveled distances for HL (M =
11243m, SD = 6104m) compared to CP (M = 9087m, SD = 2883m),
p = .0032. The analysis did not indicate other significant main
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Figure 5: Means and standard errors for coin collection rate, coin offset, task completion time, traveled distance, CSQ and NASA
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over flying methods.

(velocity technique: y?(1) = 0.02, p = .059) or interaction (y?(1) =
0.10, p = .43) effects (Figure 5d).

5.5 VR sickness (CSQ)

The analysis indicated a significant (F(1, 23) = 11.08, p = 0.0004, 5 =
0.32) main effect for steering technique. Post-hoc tests confirmed
significantly higher VR sickness for HL (M = 12.6,SD = 6.57) than
with CP (M = 10.8,SD = 6.02), p = 0.0005. Velocity control led
to comparable VR sickness between HLD (M = 11.6,SD = 6.27)
and CLD (M = 11.8,SD = 6.48). This finding was supported by the
non-significant main effect for the steering (F(1,23) = 0.13,p =

0.73,5% = 0.006). We did not observe a significant interaction ef-
fect for steering * velocity (F(1,23) = 4.23, p = 0.055,7% = 0.155)
(Figure 5e).

5.6 Mental load (NASA-TLX)

The analysis indicated a significant (F(1, 23) = 37.23,p < 0.0001, 7% =
0.61) main effect for steering technique. Post-hoc tests confirmed
significantly higher mental load for HL (M = 51.4,SD = 16.6) than
with CP (M = 37.6,SD = 12.1), is p < 0.0001. The velocity control
led to a comparable mental load with HLD (M = 43.5,SD = 14.4)
and CLD (M = 45.5,5D = 17.6), supported by the non-significant
main effect for the velocity (F(1,23) = 0.71,p = 0.38,5 = 0.03).
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We observed a significant interaction effect for steering * velocity
(F(1,23) = 19.7,p < 0.0001, 7% = 0.46). CP-CLD (M = 33.9,5D =
10.6) led to lower mental load compared to HL-CLD (M = 57.1,SD =
15.4;p < 0.0001), HL-HLD (M = 45.6,SD = 16.0;p = 0.0004),
and CP-HLD (M = 41.4,SD = 12.5;p = 0.045). HL-CLD led to
higher mental load compared to HL-HLD (p = 0.006) and CP-HLD
(p < 0.0001)(Figure 5f).

5.7 Perceived exertion (BORG-10)

The analysis indicated a significant (F(1, 23) = 6.46, p = 0.0043, % =
0.22) main effect for steering technique. Post-hoc tests confirmed
significantly higher perceived exertion for HL(M = 4.12,SD = 2.24)
than with CP (M = 3.06,SD = 2.05), p = 0.0044. The velocity
control led to a comparable perceived exertion with HLD (M =
3.69,SD = 2.28) and CLD (M = 3.5,SD = 3.69), supported by the
non-significant main effect for the velocity (F(1,23) = 0.005,p =
0.94, 7% = 0.0002). We observed a significant interaction effect for
steering * velocity (F(1,23) = 6.63,p = 0.003, 5> = 0.22). The pair-
wise comparison showed that CP-CLD (M = 2.54, SD = 1.69) led to
lower perceived exertion than HL-CLD (M = 4.46,SD = 2.13;p =
0.0013)(Figure 6a).

5.8 Enjoyment (PACES-S)

The analysis indicated a significant (F(1,23) = 6.11, p = 0.012, % =
0.21) main effect for steering technique. Post-hoc tests confirmed
significantly higher enjoyment for CP(M = 4.86,SD = 0.99) than
with HL (M = 4.67,SD = 1.01), p = 0.012. Further, the analy-
sis indicated a significant (F(1,23) = 7.70, p = 0.0015, % = 0.25)
main effect for velocity technique. Post-hoc tests confirmed sig-
nificantly higher enjoyment with HLD(M = 4.92, SD = 0.97) than
with CLD (M = 4.60,SD = 1.02), p = 0.0015. Additionally, we
observed a significant interaction effect for steering x velocity
(F(1,23) = 10.28,p = 0.0058,5> = 0.31). Post-hoc comparisons
revealed that HL-CLD (M = 4.34,SD = 1.05) resulted in signif-
icantly lower enjoyment than HL-HLD (M = 4.99,SD = 0.87;
p = 0.0017), CP-CLD (M = 4.87,SD = 0.94; p = 0.0088), and
CP-HLD (M = 4.86,SD = 1.07; p = 0.0017) (Figure 6b).

5.9 Ease of control

5.9.1 Involvement/Control (WnS). The analysis indicated a sig-
nificant (F(1,23) = 7.68,p = 0.007,7%> = 0.25) main effect for
steering technique. Post-hoc tests revealed significantly higher
involvement/control for CP (M = 6.85,SD = 1.45) than with steer-
ing technique (M = 6.29,SD = 1.54). The velocity control led
to comparable involvement and control between headset (M =
6.64,SD = 1.52) and controller (M = 6.49, SD = 1.53), supported by
the non-significant main effect for the velocity (F(1,23) = 0.73,p =
0.33,7% = 0.03). We observed a significant interaction effect for
steering * velocity (F(1, 23) = 37.5,p < 0.0001, 5> = 0.62). CP-CLD
(M = 7.26,SD = 1.12) led to higher involvement/control com-
pared to HL-CLD (M = 5.73,SD = 1.50;p < 0.0001) and CP-HLD
(M = 6.43,SD = 1.64;p = 0.02). HL-HLD (M = 6.85,SD = 1.39)
led to higher involvement/control compared to HL-CLD (p <
0.0018)(Figure 6c¢).
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5.9.2  Naturalness (WnS). The analysis did not reveal a signifi-
cant main effect of steering technique for naturalness (F(1, 23) =
1.55,p = 0.22,7% = 0.06), HL(M = 5.47,SD = 2.28), CP (M =
5.88,SD = 2.27). Velocity control also led to a comparable natu-
ralness with HLD (M = 6.0, SD = 2.13) and CLD (M = 5.34,5D =
2.38), supported by the non-significant main effect for the velocity
(F(1,23) =1.83,p = 0.09, 772 = 0.07). Finally, we observed a signifi-
cant interaction effect for steering * velocity (F(1,23) = 6.04,p =
0.037, 7% = 0.21). However, none of the pairwise comparisons were
statistically significant (p > 0.05) due to the p-value correction
(Figure 6d).

5.9.3 Control factors (WnS). The analysis indicated a significant
(F(1,23) = 8.2, p = 0.008, 5> = 0.26) main effect for steering tech-
nique. Post-hoc tests confirmed significantly higher control factor
scores for CP (M = 6.59, SD = 1.51) than with HL(M = 5.984,SD =
1.71). Velocity control with HLD(M = 6.09, SD = 1.7) was compara-
ble to CLD (M = 6.44,SD = 1.57), supported by the non-significant
main effect for the velocity (F(1,23) = 1.82,p = 0.11,7% = 0.07).
We observed a significant interaction effect for steering * velocity
(F(1,23) = 28.17, p < 0.0001, p? = 0.55). HL-CLD (M = 5.26,SD =
1.65) led to lower control factor scores compared to CP-CLD (M =
6.92,SD = 1.31; p < 0.0001), HL-HLD (M = 6.63,SD = 1.50;
p =0.001), and CP-HLD (M = 6.26,SD = 1.64;p = 0.035)(Figure 6e).

5.10 Feeling of presence (IPQ-G)

The analysis indicated a significant (F(1, 23) = 5.98, p = 0.025, % =
0.2) main effect for steering technique. Post-hoc tests confirmed
significantly higher feelings of presence with HL (M = 5.06,SD =
1.68) than with CP (M = 4.73,5SD = 1.63). Velocity control led to a
comparable feeling of presence with HLD (M = 4.96, SD = 1.7) and
CLD (M = 4.83,SD = 1.63), supported by the non-significant main
effect for the velocity (F(1,23) = 0.62, p = 0.34, 7% = 0.026). Finally,
we did not observe a significant interaction effect for steering *
velocity (F(1,23) = 2.7, p = 0.16, 7% = 0.1) (Figure 6f).

5.11 Custom questionnaires

5.11.1 | had a joyful experience. The analysis indicated a significant
(F(1,23) = 8.57,p = 0.007,5> = 0.27) main effect for steering
technique. Post-hoc tests confirmed a significantly higher joyful
experience with CP(M = 8.35,SD = 2.24) than with HL (M =
7.54,SD = 2.45). Velocity control with leaning (M = 8.12, SD = 2.19)
was comparable to a controller (M = 7.77,SD = 2.55), supported by
the non-significant main effect for the velocity (F(1,23) = 1.5,p =
0.23,7% = 0.061). Finally, we observed a significant interaction
effect for steering * velocity (F(1,23) = 11.12, p = 0.003, 5 = 0.32).
The pairwise comparison showed a significantly higher rating for
CP-CLD (M = 8.54,SD = 2.25) over HL-CLD (M = 7,SD = 2.64,
p < 0.05) (Appendix Figure 7a).

5.11.2  The method was comfortable to use. The analysis indicated
a significant (F(1,23) = 7.37,p = 0.012, 7% = 0.24) main effect for
steering technique. Post-hoc tests confirmed significantly higher
comfort for CP (M = 8.04,SD = 2.37) than with HL(M = 7,SD =
2.6). Velocity control with HLD (M = 7.6, SD = 2.5) was comparable
to CLD (M = 7.44,SD = 2.58), supported by the non-significant
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main effect for the velocity (F(1, 23) = 1.04, p = 0.31, 7]2 = 0.04). Fi-
nally, we observed a significant interaction effect for steering * veloc-
ity (F(1, 23) = 11.56, p = 0.002, 7% = 0.33). The pairwise comparison
showed a significantly higher rating for CP-CLD (M = 8.42,SD =
2.17) over HL-CLD (M = 6.46,5SD = 2.64;p < 0.05)(Appendix Fig-
ure 7b).

5.11.3 I felt like | ways flying. The analysis did not reveal a sig-
nificant main effect of steering technique for the feeling of flying
(F(1,23) = 0.39,p = 0.53,7% = 0.017), HL. (M = 6,SD = 2.9)
CP (M = 6.29,SD = 2.58). Velocity control also led to compa-
rable feelings of flying, supported by the non-significant main
effect for the velocity (F(1,23) = 2.18,p = 0.15, 772 = 0.087),
HLD(M = 6.38,SD = 2.86), CLD (M = 5.92,SD = 2.62). We did
not observe a significant interaction effect for steering * velocity
(Appendix Figure 7c).

5.12 Qualitative results

Most participants preferred controlling steering and velocity with
the same input modality, i.e. only headset or only controller, ‘Tt
was the easiest to control. Just having to focus on one thing” [P7].
Both HL-HLD and CP-CLD were preferred by 9 participants each.
Controller Pointing with Controller Linear Displacement was easy
and intuitive/natural controls: ‘Tt felt like the most intuitive and
natural way to fly a broomstick. Also the least mentally demanding
way to fly.” [P24]. Most participants (N = 18) thought this method
was the least physically demanding, with only two participants
rating it as the most demanding method; 7 participants rated it
highest for the feeling of flying. Headset Leaning with Headset Linear
Displacement was easy and intuitive: “no distraction of different
controllers for moving in the VR world, and easier to learn” [P9]. Three
participants said this method was more engaging, fun, and realistic:
“Felt more realistic. As you were actually flying.” [P2]. This method
was rated the highest for feeling of flying (N = 10) and the most
exertion inducing (N = 11). Controller Pointing with Headset Linear
Displacement was preferred by five participants with realism and the
feeling of control cited as reasons. Headset Leaning with Controller
Linear Displacement was preferred by only one participant: “It felt
most natural to steer with headset as your whole body moves along
with it. Controller is also more mentally easy to control speed with. It
felt safer for me to control the speed with my hand rather than with
my body i.e the headset.” [P20]. Most participants rated it the worst
method for feeling of flying (N = 9), but 3 participants rated it the
best. Six participants rated it as the most exerting method.

6 Discussion and future work

We found that no single method was superior to the others but dis-
covered advantages and drawbacks pertaining to both the controller-
and leaning-based steering and velocity. These trade-offs should be
carefully considered depending on the envisioned flying experience,
and more generally for continuous 3D locomotion. We discuss the
results in detail in the following subsections.

Most results showed significant main effects for steering, in-
dicating advantages of controller-pointing over headset leaning.
However, the interaction effects indicate that this was largely due
to the specific combination of headset leaning with controller linear
displacement (HL-CLD). This method resulted in the worst coin
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collection rate, completion time, mental load, control factor rat-
ings, and enjoyment compared to the other three combinations.
This method also led to increased perceived exertion, and less com-
fort and joy compared to the controller-pointing controller linear
displacement method (CP-CLD). In contrast with leaning-based
steering, the leaning-based velocity method (HLD) was compati-
ble with either steering method, supported by the non-significant
differences between HL-HLD and CP-HLD across all measures.

A plausible explanation for these results is that leaning-based
steering can substantially change direction through subtle body
sways, in particular, when crossing the start position. For example,
if the headset is slightly to the right of the origin, crossing the origin
slightly to the left would change travel direction 180 degrees. This
is not an issue when velocity is simultaneously decreased, such as
when steering and velocity are coupled (as in the HL-HLD method).
When leaning-based steering is decoupled from velocity, however,
turbulent directional changes can occur. This is unfortunate, as
leaning-based steering might be suitable for a range of locomotion-
based applications, e.g., motorbikes, parachutes, skis, surfboards,
where velocity is naturally decoupled from direction control. We
therefore encourage researchers to explore solutions that mitigate
this issue.

Flying with controller-pointing and controller linear displace-
ment (CP-CLD) led to the most coins collected and the lowest mental
load compared to the other methods. CP-CLD was also rated higher
for involvement/control compared to the other controller-pointing
method (CP-HLD) and compared to HL-CLD. One plausible ex-
planation is that leaning-based interaction involves larger muscles
(legs) which can be less precise compared to smaller muscles (hands,
arms) [56, 73, 76], and these more dexterous muscles are used in CP-
CLD, making movement more accurate and nuanced. Furthermore,
while we did not instruct participants to follow a designated path,
the longer travel distance for leaning-based steering, in general,
could potentially indicate that leaning can make flying less precise
compared to a controller.

While controller-pointing with controller linear displacement
affords improved precision and lower mental load, leaning-based
steering seems to increase presence compared to controller-pointing.
Previous studies have found leaning-based locomotion to increase
users’ sense of presence and immersion compared to joystick or tele-
portation alternatives [1, 7, 20, 25, 45, 47].0Our study adds to these
findings by demonstrating that leaning-based steering also can
increase presence compared to controller-pointing. Surprisingly,
the results also indicated increased VR sickness with leaning-based
steering over controller-pointing. Previous work has shown that
leaning-based locomotion can reduce VR sickness compared to
non-embodied joystick steering [2, 25, 45]. Moving the head in the
direction of travel facilitates self-motion cues that reduce the per-
ceptual mismatch [63]. So why did controller-pointing contribute
less to VR sickness in this context? A plausible explanation is that
controller-pointing also featured sufficient self-motion cues, as it
was paired with two embodied velocity methods that also facili-
tated self-motion. The users also physically rotated their bodies,
and the controller had to be lowered or raised, which made the
user’s head follow along the vertical direction of travel. Thus, the
self-motion advantage of leaning over less embodied locomotion
controls (e.g. joystick) was less apparent in this study. However,
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we are cautious with the interpretation of these findings, as recent
studies have shown potential issues with carry-over effects, and the
need for larger sample sizes when comparing VR sickness [83]. Fu-
ture studies should validate the sickness findings before any strong
conclusions could be made.

Leaning-based steering was in fact performative and well re-
ceived if we only consider the leaning-only method (HL-HLD),
demonstrated by the comparable results to the controller-pointing
methods across most measures, including completion time, en-
joyment, comfort, involvement, and control. This is interesting,
especially considering that controller-pointing often leads to im-
proved performance and comfort [11, 53], fewer errors [13, 16],
and enhanced target detection and efficiency [28, 72] compared to
head-directed steering. While head-directed steering couples the
headset’s orientation with travel direction, leaning allows the user
to freely scan the environment while flying, which might contribute
to the success of these methods.

Despite the increased presence of leaning, we did not find any
significant differences in the perceived naturalness or feeling of
flying. Previous work has shown that embodied leaning techniques
are useful for eliciting feelings of flying [46, 80], but our work
shows that controller-based flying can elicit similar results. This
can possibly be explained by our usage of a broom metaphor. As
the VR controller played the role of a physical approximation of the
broomstick, flying on a broom might feel more realistic if the physi-
cal proxy directly controls locomotion instead of indirectly through
leaning. This begs the question of whether an actual physical broom
prop could increase the feeling further. While a VR controller does
not fully represent a physical broomstick, it is more practical due
to its lightweight, short size, and the fact that VR users typically
have a controller, but not necessarily a broom at home. A physical
broomstick proxy will also constrain user movement, which could
affect maneuverability. However, physical proxies provide passive
haptics, which can enhance users’ sense of embodiment and pres-
ence [18]. Future research should explore how the use of a physical
broom controller impacts the feeling of flying.

7 Limitations

Our study involved a coin collection task suitable for evaluating
maneuverability. However, it does not cover other locomotion tasks,
e.g., search or free-exploration scenarios. The 3D environment did
not feature obstacles, and participants spent around 15 minutes
each in VR. Longer durations could impact proficiency with the
methods, fatigue, and VR sickness [83]. Our sample of participants
was between ages 20 and 58, and other age groups might yield
different results. The participants also varied in familiarity with VR.
We did not observe a pattern in the data related to these factors;
however, larger samples are needed to verify our observation. Our
methods are used standing with physical body rotations; however,
seated controls and virtual rotations are potentially interesting to
explore further. Likewise, general metaphors other than broom
flying might yield different results and should be explored further.
As it does not, to the best of our knowledge, exist an established
or frequently adopted flying method for VR, the study does not
compare with a baseline. Future studies might compare our methods
with, e.g., a joystick-based alternative.
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8 Conclusion

In this paper, we systematically investigated a combination of lean-
ing and controller-based locomotion techniques to facilitate an
embodied, precise, and intuitive flying experience in virtual real-
ity. The results from our controlled lab experiment (N = 24) found
that steering with headset leaning increases presence compared
to controller-pointing. However, combining headset leaning with
controller linear velocity led to the worst coin collection rate, com-
pletion time, mental load, control factor ratings, and enjoyment.
In contrast, leaning-based velocity worked well when paired with
either steering method. Controller-pointing with controller linear
velocity led to the highest coin collection rate and lowest mental
load. All methods had comparable feelings of flying.
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