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Figure 1. A person in Virtual Reality, using their feet for teleportation while simultaneously using their hands for interaction. 

ABSTRACT 
Virtual Reality (VR) allows for infinitely large environments. 
However, the physical traversable space is always limited by 
real-world boundaries. This discrepancy between physical and 
virtual dimensions renders traditional locomotion methods 
used in real world unfeasible. To alleviate these limitations, 
research proposed various artificial locomotion concepts such 
as teleportation, treadmills, and redirected walking. However, 
these concepts occupy the user’s hands, require complex hard-
ware or large physical spaces. In this paper, we contribute 
nine VR locomotion concepts for foot-based locomotion, re-
lying on the 3D position of the user’s feet and the pressure 
applied to the sole as input modalities. We evaluate our con-
cepts and compare them to state-of-the-art point & teleport 
technique in a controlled experiment with 20 participants. The 
results confirm the viability of our approaches for foot-based 
and engaging locomotion. Further, based on the findings, we 
contribute a wireless hardware prototype implementation. 
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INTRODUCTION 
While Virtual Reality (VR) allows for infinitely large spaces, 
the real-world space the user’s physical body resides in is usu-
ally limited. This discrepancy needs to be overcome using ar-
tificial locomotion. Current approaches in standard consumer 
applications rely mainly on third party controllers or the two 
controllers present with most VR devices on the market. Lo-
comotion is either realized via direct motion or teleportation, 
both rely on button inputs and controller or head-mounted 
display (HMD) positions. 

However, the hands are usually used for interaction, the head 
for exploration, and feet for locomotion. While hands and head 
can naturally be used for their real world purposes in VR, feet 
are still a neglected input modality. In this paper we explored 
possible input modalities relying on feet for locomotion input, 
to more naturally distribute task to the users’ interaction habits. 

An established group of approaches utilizing feet for loco-
motion in VR is redirected walking. Locomotion relying on 
redirected walking lets the user explore the world around them 
freely by walking around. However, the user’s walking path is 
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altered to direct them back towards the center of the tracking 
space, by imperceptibly altering their point of view. 

Although additional hardware aiming to improve virtual loco-
motion is available, it is specialized1, bulky2, expensive [11], 
or any combination of these. They offer either walk in place 
locomotion or advanced force feedback for seated experiences. 

In this paper, we present an approach aiming to tackle the 
task of locomotion in VRs by providing a walking inspired 
interaction method relying on the user’s feet. Furthermore, the 
minimal augmentation still allows for natural walking along-
side the presented teleportation based approach. By utilizing 
the user’s foot rotation, placement or shift in weight we enable 
movement independent from the user’s current visual focus, 
allowing for more natural interaction. 

We evaluate multiple methods for determining the distance 
and direction of teleportation in VR with regards to accu-
racy, efficiency and usability. Additionally, we compare our 
approaches to the currently widespread controller-based tele-
portation methods. 

While determining a best option is difficult due to the vari-
ety of VR applications, we provide viable combinations that 
can be specifically adjusted to a given application. In our 
study, participants took longer and the Raw NASA Task Load 
Index (RTLX) was higher, compared to hand-based point & 
teleport. We are confident that training with our proposed in-
put modalities can improve the Task Completion Time (TCT) 
and task load, as participants felt confident they could im-
prove given time to practice. For many applications, especially 
games, slower but intuitive foot-based locomotion could be a 
worthwhile trade-off. Users could also benefit from their real 
world experience such as using their hands while walking, to 
more efficiently interact with the virtual world. 

RELATED WORK 
A variety of different approaches aim to address the problem 
of limited available space in VR [6, 8]. 

Virtual Reality Locomotion 
Utilizing specialized hardware to closely mimic the locomo-
tion used in VR is a method to reduce the discrepancy between 
virtual and real world [58, 26]. This can, however, rarely be 
used in a different context. 

Pressure sensors can be used directly for Center of Pres-
sure based locomotion. The Center of Pressure can either be 
mapped directly to movement [24, 28, 26, 55] or to abstract ac-
tions [10, 12, 55]. Similar effects can be achieved by tracking 
the user’s body and react to changes in posture [15]. 

An alternative is Walking in Place employing a similar to 
walking motion which does not move the user, such as arm 
swinging [59] or mimicking walking [52, 54, 5]. A more natu-
ral approach is countering the user’s movement [41] by mov-
ing them or holding them in place [11, 51]. Such approaches 
leave the hands free for interaction, the indirect movements, 
however, can induce motion sickness [35, 30, 44] 
1https://www.feelthree.com/ 
2https://www.infinadeck.com/ 

Abstract actions for locomotion allow users to stand in place 
while moving in the virtual world. This can be achieved 
by simply Pressing a Button, Head Tilting [53] or Gaze 
based locomotion [29]. However, the further an action is 
removed from the resulting motion, the higher the risk of 
cyber sickness [33]. 

Users can also be tricked into walking in circles, known as 
redirected walking. This approach requires big, open spaces 
since the user’s path can only be slightly altered. A recent 
implementation incorporating Electronic Muscle Stimulation 
succeeded in reducing the required area [2], however, this still 
requires larger than typical living room dimensions. 

Scaling of natural movement is another method to deal with 
limited space. This can be achieved by enlarging the user [31, 
1], scaling movement [25] or exaggerating specific motions 
such as jumping [7]. These approaches, while reducing the 
required space, do still rely on rather large space, usually not 
available in the average home. 

Finally, we have Teleportation, allowing users to travel ar-
bitrary virtual distances without moving in the real world. 
Current approaches for teleportation rely on the user’s Hands 
for Input [19, 9] occupying them and hindering interaction. 
Set Locations for static portals [18] can also be used, this, 
however, is inflexible, allowing users to only teleport from one 
position to another. Gaze [34] can be used here, however, this 
binds the user’s view to their movement, only allowing them 
to explore in the direction they are traveling. 

Considering the insights detailed above a good VR locomotion 
technique should use teleportation to minimize cybersickness, 
disconnect the user’s gaze from their direction of travel and 
leaves their hands free for interaction. One technique able to 
address all characteristics mentioned is foot-controlled telepor-
tation. Using teleportation reduces cybersickness, employing 
the user’s feet keeps their hands free and allows them to move 
independently from their gaze and hands. 

Foot-based interaction 
The topic of foot-based interaction is very well covered and 
examined [57] especially in the field of operating industry ma-
chines [3, 4, 14, 32, 45]. Foot-based interaction can be found 
in seated [56], standing [47, 42] and walking context [61], all 
with their respective use cases. Often times, foot pedals or 
similar hardware is used for foot-based input in such industrial 
applications. 

For many use cases, discrete actions as opposed to continuous 
inputs suffice. Many models exist, mapping different foot 
gestures to specific actions thus forgoing the need to install 
foot pedals or buttons [16, 17, 37, 43, 40]. In the case of 
accurate teleportation in VR however, discrete actions will not 
work, thus rendering classification approaches moot. 

Apart from foot pedals, there are many other implementations 
of standing, foot-based interactions. Kicking, for example, 
can be used either in a mobile context [21, 36] or for large 
displays [27] to trigger events, even if the user’s hands are 
occupied. Due to the sudden nature of kick motions however, 
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Figure 2. Illustration of the different direction input methods. a) inter 
feet direction b) foot direction c) Point and lean 

these are not well suited for accurate, continuous interaction 
such as steering movement in VR. 

When using feet as input devices, many features can be lever-
aged. Relative position or movement between the user’s feet, 
for example, [50] is an interesting feature to utilize. A single 
foot can also suffice for input, just the position and orienta-
tion of a single foot [36, 38] can produce the discrete input, 
depending on the situation. Finally, an individual foot’s pres-
sure distribution can be leveraged as input modality [39]. All 
approaches have their own benefits and disadvantages when it 
comes to our proposed interactions technique. For this reason, 
we included interaction methods for both in our experiment. 

Foot-based interactions can also be combined with other 
modalities such as head movement [49] or gaze [20, 46]. As 
mentioned earlier, gaze-based interaction comes with its own 
disadvantages when it comes to VR locomotion when captur-
ing the user’s focus. For this reason, we refrained from using 
gaze as an input modality for our teleportation parameters. 

FOOT-BASED TELEPORTATION CONCEPTS 
In this section, we introduce our input modalities for distance 
and direction. We decided to only augment one foot with 
pressure sensors which we denote as active foot. For the sake 
of comparability, this was also always the right foot. 

Input 
Since feet are naturally mapped to movement they are a prime 
suspect for VR locomotion. Utilizing them also leaves the 
user’s hands free for other interactions. Lastly, foot movement 
is disconnected from head movement to a degree, allowing 
users to move independently from their current visual focus. 
Therefore, we propose and evaluate foot-based locomotion 
techniques relying on teleportation for reducing cybersickness. 
We implemented multiple modes of input for the direction in 
which the user will teleport and for the distance of the teleport. 

Taking an abstract look at teleportation, we find it can be 
defined by a distance and a direction. The different features 
that feet can produce are orientation, position and pressure 
distribution. We developed three distance and three direction 
metaphors, relying on these foot features. Since the feet are 
occupied performing inputs and we wanted to keep the user’s 
hands free, a head nod detection is used to trigger the teleport. 

We will now present our proposed input modalities. For di-
rectional input we devised three different methods, relying on 
geometric input metaphors to achieve a direct mapping. 

Figure 3. Illustration of the different distance input methods. a) forefoot 
lift b) inter feet distance c) intra foot pressure 

Inter feet direction The first method incorporates the passive 
foot as point of reference. The teleportation direction is 
defined by the vector from the passive to the active foot as 
seen in Figure 2 a). 

Foot direction This method for determining the direction of 
teleport is to point the foot in the desired direction as shown 
in Figure 2 b). For this approach the pointing direction of 
the active foot determines the direction of the teleport. 

Point and lean The point and adjust approach uses a similar 
scheme to the foot direction approach, extending on the 
general idea. The direction the foot is pointing to determines 
the primary teleport direction. The user can fine tune this 
direction by shifting their weight on the active foot left and 
right as seen in Figure 2 c). This weight shift results in 
small adjustments in the corresponding direction. 

The teleportation distance metaphors borrow poses found in 
regular walking motions and established VR input modalities. 

Forefoot lift This approach aims to mimic the known hand 
controlled teleport method by using a similar parabola 
metaphor. By lifting the forefoot, the starting angle of 
the parabola is determined, similar to controller based tele-
portation. This parabola’s intersection point with the floor 
is used to determine the teleport distance. The parabolas 
trajectory is driven by a simple function, aimed to emu-
late the baseline’s parabola. Figure 3 a) shows a schematic 
representation of this input modality. 

Inter feet distance For his approach the distance between the 
active foot and the passive foot is determined and scaled to 
input the desired teleport distance (see Figure 3 b)). This 
borrows from the walking metaphor by implying larger 
steps, which result in faster movement, for longer teleporta-
tion distances. 

Intra foot pressure In this method, the distance of the teleport 
is determined by the ratio of pressure under the active foot. 
If the user applies more pressure towards their toes, the re-
sulting teleport will span a bigger distance. This modality is 
loosely based on the human joystick concept [22], matching 
pressure in the forward direction to distance of the teleport 
Figure 3 c) further illustrates how this input method works. 

Prototype 
To realise the point and lean and intra foot pressure input 
modalities, the prototype needs to track the user’s Center of 
Pressure (CoP) in 2D. For every input modality except intra 
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Figure 4. The inside of our prototype with two visible sensors (left), the 
top sole with the four pins (middle) and an example of how the prototype 
is worn (right) 

foot pressure, we need to track the user’s foot position and ro-
tation. In the case of inter feet distance and inter feet direction, 
the position of the second foot is also required. 

The pressure distribution was tracked by four pressure sensors 
under each foot, Figure 4 shows the internals of the prototype. 
For this setup, we used FSR 400 thin pressure sensors, and 
an ESP WROOM 32 for processing and communication. The 
pressure sensors were placed in four grooves in the 3D-printed 
sole and covered with a 3D-printed plate with matching feet 
which fit in those grooves. By using this slot and pin concept, 
distortion stemming from direct contact of the two sole parts, 
without any pressure sensor, was minimized. 

The feet’s orientations and positions were tracked using off the 
shelf SteamVR trackers affixed to the participants feet. On the 
active foot, the tracker was attached to the prototype, on the 
passive foot we used a simple strap since we only needed the 
position and not the CoP. The foot orientations were initially 
calibrated using know points of reference in real space. 

Visualization 
We decided to adapt the visualizations to the respective input 
modalities and metaphors. As a result, visualisations for the 
different teleportation techniques are combinations of individ-
ual visualizations of the different input modalities. Their look 
is based on the that of the default teleport (see Figure 5), with 
a light blue line ending in a circle with upwards fading walls 
and a downward pointing arrow in the center. In every case 
the distance inputs provide the Z (forward) and if applicable 
the Y (upward) portions of the resulting path to the target. 
The directional inputs provide the X (left/right) portion of 
aforementioned line. 

Since forefoot lift uses a parabola to determine the teleporta-
tion distance, similar to hand based teleport, we decided to 
communicate this to the user. However, only the Z and Y 
coordinates of the parabola were used, since the X coordinate 
was governed by the direction adjustment input modality it 
was combined with. 

For intra foot pressure and inter feet distance the teleporta-
tion distance was represented by a simple line with matching 
length. 

The point and lean method provided a straight line for 90% of 
the total distance, stemming from the foot’s directional input. 
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The pressure adjustment, only providing a comparably small 
adjustment, was visualized by curving the last 10% of the line 
to the left or right according to the given input. 

For foot direction and inter feet direction approaches provided 
a simple, straight line in the matching direction. 

Depending on the different direction adjustment methods, the 
resulting visualization line starts at either the passive or the 
active foot. For both, the foot direction and point and lean 
approach, the starting point was the active foot, for inter feet 
direction it is the passive foot. These root points were chosen 
to closely match how the direction is determined in order to 
make it easier for the participants to understand the respective 
input method. 

METHODOLOGY 
To evaluate our concept, we conducted a controlled experiment 
with 20 participants. In particular, we assessed the accuracy, 
efficiency and usability of our concept. As a baseline, we used 
the point & teleport technique. With the experiment, we aim 
to answer the following research questions. First, we consider 
the accuracy: 

RQ1 Which combination of foot based teleportation inputs 
delivers the best accuracy? 

RQ1A Which direction input delivers the best accuracy? 
RQ1B Which distance input delivers the best accuracy? 

The following research questions consider efficiency: 

RQ2 Which combination of foot based teleportation inputs 
delivers the best efficiency? 

RQ2A Which direction input delivers the best efficiency? 
RQ2B Which distance input delivers the best efficiency? 

We present the research questions that consider the usability: 

RQ3 Which combination of foot based teleportation inputs is 
the most convenient? 

RQ3A Which direction input is the most convenient? 
RQ3B Which distance input is the most convenient? 

Finally, we want to compare our concept to the baseline: 

RQ4 How do the foot-based teleportation input modalities 
compare to point & teleport? 

Design 
In the experiment, we compared all possible combinations of 
our three directional and three distance input modalities. This 
results in nine conditions. The baseline of point & teleport 
forms the tenth condition. We opted for a within-subject 
design to be able to compare the different conditions with the 
same participants. The condition order was counterbalanced 
using Balanced Latin Square to mitigate for sequential effects. 

As task, we instructed the participants to teleport to targets 
spawning in front of them. We specifically told them to tele-
port as close as possible to the target’s center. To provide a 
frame of reference in the Virtual Environment, we used a low 
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Figure 5. Screenshot of our testing environment, showing a target and a 
teleport being performed. 

poly Virtual Environment. The teleportation targets were kept 
in a similar visual style, providing a visual representation of 
the center point (see Figure 5). 

In each condition, we presented 15 targets at a distance of 2m, 
6m and 10m. To evaluate the directional adjustment, we spread 
them out from -60° to 60° in front of the participant. The 
targets’ positions were randomized to avoid learning effects. 
Participants were told that the targets could only spawn in a 
specific area in front of them. The study setups consisted of a 
2m × 2m SteamVR tracking space, using SteamVR tracking 
1.0, two Vive Trackers and an HTC Vive with one standard 
wand controller. The test application was written in Unity3D, 
using the standard SteamVR plugin from the integrated asset 
store. Furthermore, we used an HTC Vive as VR HMD with a 
Deluxe Audio Headstrap. 

The independent variables in our experiment are the input 
modalities for distance and direction, based on the concepts 
presented above. We logged the time participants took to con-
firm the teleportation movement after spawning the current 
target and how often participants teleported to assess the effi-
ciency. We recorded their final offset to the current target to 
asses the accuracy. 

We used RTLX questionnaire to access the perceived task load. 
To gain a deeper understanding of the participants’ perceptions, 
we asked additional questions. In particular, we asked about 
their perceived convenience of the teleportation technique and 
how accurately they reached the targets in their view (see 
Figure 8). The answers could be given on a 5-point Likert 
scale (1: strongly disagree, 5: strongly agree). 

Procedure 
The procedure of the controlled experiment was as follows: 

1) Welcome and Demographics. We commenced by welcom-
ing the participants and explaining the study’s purpose. Then, 
we detailed which data is collected during the experiment and 
asked them to sign a consent form. Afterward, the participant 
provided demographics and reported their VR experience. 
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2) Calibration. We proceeded by calibrating the pressure 
sensors for each participant by logging the minimum and 
maximum values while lifting the foot then placing it down, 
leaning left, right, forward and backward. The minimum 
and maximum were recorded for each sensor. We used this 
information to obtain a center of pressure for the foot. 

3) Interaction. We asked the participants to the targets as 
detailed above. We furthermore allowed the participants to 
adjust their final position by walking. Once they were con-
fident that they reached the target, participants could accept 
their current position by pressing the controller’s grip button. 
after confirmation, the participants were reset to the starting 
position. This allowed them to return to a neutral stance. The 
spawning of a new target could be initiated by another press 
on the grip button. After each condition, we asked the partici-
pants to fill out the RTLX questionnaire and to give answers 
to the additional questions. 

4) Interview. After the interaction with all conditions, we 
conducted semi-structured interviews. We specifically asked 
the participants whether they liked or disliked any aspect of 
the interaction. We employed open-coding for the answers 
given and used representative quotes when more than half of 
the participants agreed on a fact. 

Participants 
We recruited 20 participants by word-of-mouth and snowball 
sampling. 13 identified as male, six identified as female and 
one as non-binary. The age of the participants ranged from 20 
to 31 (Mean = 26, SD = 3.27). Concerning their VR experi-
ence, five participants reported to be experts, two considered 
their experience as above average, seven as average, five as 
below average and one participant used VR for the first time. 

Analysis 
To analyse our data, we first used means for 2-factorial anal-
ysis to uncover significant effects within the levels of the 
two factors of our design (direction modality and distance 
modality). Second, to compare our methods to the baseline 
Point&Teleport method, we used 1-factorial tests comparing 
the baseline to our nine combinations. 

For the 2-factorial analysis, we analyzed the recorded data 
using two-way repeated-measures (RM) ANOVAs. We tested 
the data for normality using Shapiro-Wilk’s test and found 
no significant deviations. When Mauchly’s test indicated a 
violation of the assumption of sphericity, we corrected the 
tests using the Greenhouse-Geisser method, reporting the ε . 
When the tests revealed significant effects, we conducted Bon-
ferroni corrected pairwise t-tests for post-hoc analysis. For 
the analysis of the NASA TLX questionnaires, we applied the 
raw method, indicating an overall workload as described by 
Hart et al. [23]. For the analysis of the non-continuous data 
of the Likert questionnaires, we performed an Aligned Rank 
Transformation as proposed by Wobbrock et al. [60]. For 
the 1-factorial analysis, we analyzed the recorded data using 
one-way repeated measures ANOVAs, ensuring compliance 
with the assumptions as described above. Again, we used 
Bonferroni corrected post-hoc tests for post-hoc analysis. For 
the 1-factorial analysis of the Likert questionnaires, we used 

Paper 499 Page 5



 CHI 2020 Paper

0.0

0.1

0.2

0.3

0.4

Point & teleport
 Foot direction and lean

Foot direction
 Inter feet direction

Distance

E
rr

or
 (

in
 m

)

Angle
Point & teleport
Inter feet distance
Forefoot lift
Intra foot pressure

Figure 6. Error in position, measured between the target center and the 
participants’ active foot. 

Friedman’s test. When significant effects were revealed, we 
used Nemenyi’s pairwise post-hoc test. 

For all results, we report eta-squared η2 as an estimate of 
the effect size and use Cohen’s suggestions to classify the 
effect size as small, medium or large [13]. As an estimate 
of the mean response of the individual factors, we report the 
Estimated Marginal Mean (EMM) as proposed by Searle et 
al. [48]. 

RESULTS 
In this section, we present the results of our experiment. 

Accuracy 
We measured the accuracy as the distance error from the 
center of the presented target to the participants active foot. 
The analysis showed a significant (F2,38 = 12.32, p < .001, 
η2 = .056) effect of the direction modality on the participants’ 
accuracy with a small effect size. Post-hoc tests confirmed 
significantly higher error values for the point and lean condi-
tions (EMM µ = 0.304m, σx = 0.015m) compared to both, 
the foot direction (EMM µ = 0.263m, σx = 0.015m, p < .05) 
and the inter feet direction conditions (EMM µ = 0.238m, 
σx = 0.015m, p < .001). Further, the analysis revealed a sig-
nificant (F1.28,24.39 = 19.90, p < .001, ε = .64, η2 = .228) 
effect of the distance modality on the accuracy with a large 
effect size. Post-hoc tests showed significantly higher er-
ror rates for the intra foot pressure (EMM µ = 0.346m, 
σx = 0.018m) conditions compared to both, the forefoot lift 
(EMM µ = 0.233m, σx = 0.018m, p < .001) and inter feet 
distance (EMM µ = 0.226m, σx = 0.018m, p < .001) con-
ditions. We could not find any significant (F2.79,53.01 = .537, 
p > .05, ε = .70) interaction effects. 

Comparing the conditions to point & teleport hand-base 
method using a one-way RM ANOVA revealed a significant 
(F9,171 = 13.8, p < .001, η2 = .318) effect on the participants’ 
accuracy with a large effect size. Post-hoc tests confirmed 
significantly lower error rates for point & teleport (EMM µ = 
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0.186m, σx = 0.021m) compared to the inter feet direction-
intra foot pressure (EMM µ = 0.317m, σx = 0.021m), point 
and lean-Forefoot lift (EMM µ = 0.264m, σx = 0.021m) and 
the point and lean-intra foot pressure (EMM µ = 0.388m, 
σx = 0.021m) conditions (all p < .001). Figure 6 depicts the 
measured mean errors for all conditions. 

Task-Completion Time 
As a measure for the effectiveness of the participants in 
our experiment, we measured the TCT as the time between 
spawning a new target and confirming one’s final position. 
The analysis revealed a significant (F2,38 = 46.77, p < .001, 
η2 = .217) effect of the distance modality on the TCT with 
a large effect size. Post-hoc tests confirmed significantly 
higher TCTs for the intra foot pressure (EMM µ = 10.32s, 
σx = 0.56s) conditions compared to both, the inter feet dis-
tance (EMM µ = 7.49s, σx = 0.56s) and the forefoot lift 
(EMM µ = 6.50s, σx = 0.56s) conditions (both p < .001). 
We could not find a significant (F2,38 = 1.54, p > .05) effect 
of the direction modality on the TCT. The analysis revealed 
significant (F4,76 = 10.89, p < .001, η2 = .055) interaction 
effects between the two factors with a small effect size. 

Comparing the conditions to point & teleport in a one-way 
ANOVA revealed a significant (F9,171 = 26.2, p < .001, η2 = 
.387) effect on the TCT with a large effect size. Post-hoc 
tests revealed significantly smaller TCTs for point & teleport 
(EMM µ = 3.45s, σx = 0.65s) compared to all conditions 
(p < .01 for foot direction-forefoot lift, p < .001 otherwise). 
Figure 7a depicts the measured mean TCTs for all conditions. 

Number of Teleports 
As a second measure for the effectiveness, we measured the 
number of teleports participants required to reach the target. 
The analysis revealed a significant (F1.34,25.43 = 3.98, p < .05, 
ε = .669, η2 = .016) effect of the distance modality on the 
number of teleports with a small effect size. Post-hoc tests 
confirmed a significantly higher number of teleports for the 
intra foot pressure (EMM µ = 1.3, σx = .07) conditions com-
pared to the forefoot lift (EMM µ = 1.17, σx = .07) conditions 
(p < .05). We could not find significant effects of the direction 
modality (F1.18,22.33 = 1.33, p.588, ε => .05, η2 = .021) nor 
interaction effects between the factors (F4,76 = .79, p > .05). 

Comparing the conditions to point & teleport in a one-way 
ANOVA did not yield any significant results (F2.13,40.42 = 1.42, 
p > .05, ε = .236). Figure 7b depicts the measured mean 
numbers of teleports for individual conditions. 

NASA Task load Index 
We measured the participants’ mental load using the RTLX. 
The analysis revealed a significant (F2,38 = 6.56, p < .01, 
η2 = .034) effect of the direction modality on the participants’ 
mental load with a small effect size. Post-hoc tests unveiled a 
significantly lower mental load for foot direction (EMM µ = 
30.1, σx = 3.29) compared to both, inter feet direction (EMM 
µ = 36.6, σx = 3.29, p < .05) and point and lean (EMM 
µ = 37.2, σx = 3.29, p < .01) conditions. Further, the analysis 
revealed a significant (F2,38 = 21.84, p < .001, η2 = .083) 
effect for the distance modality on the RTLX with a medium 
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Figure 7. Efficiency and convenience metric of all presented input modalities including point & teleport as baseline. 

effect size. Post-hoc tests confirmed a significantly higher 
mental load for intra foot pressure (EMM µ = 41.7, σx = 
3.23) conditions compared to both, inter feet distance (EMM 
µ = 32.2, σx = 3.23) and forefoot lift (EMM µ = 30.9, σx = 
3.23) conditions (both p < .001). Lastly, we found significant 
(F4,76 = 2.63, p < .05, η2 = .017) interaction effects between 
the two factors on the RTLX with a small effect size. 

Comparing the conditions to the point & teleport method using 
a one-way ANOVA revealed a significant (F4.82,91.62 = 15.5, 
p < .001, ε = .536, η2 = .240) effect of the condition on the 
RTLX with a large effect size. Post-hoc tests confirmed a 
significantly lower mental load of the point & teleport con-
dition (EMM µ = 13.7, σx = 3.57) compared to all direction 
modality and distance modality combinations (p < .05 foot 
direction-forefoot lift, p < 0.001 otherwise). Figure 7c depicts 
the measured mean RTLX values the individual conditions. 

Questionnaire 
After each condition, we asked our participants the rate 
their experiences in three questions on a 5-point Likert scale 
(1:strongly disagree, 5:strongly agree). In this section, we 
analyze the participants’ answers. 

Convenience 
As a first question, the questionnaire asked the participants 
about the convenience using the locomotion method. The 
analysis revealed a significant (F2,38 = 11.12, p < .001) effect 
of the direction modality on the perceived convenience. Post-
hoc tests confirmed significantly higher ratings for the foot 
direction conditions compared to both, the inter feet direction 
(p < .01) and the point and lean (p < .001) conditions. Further, 
the analysis unveiled a significant (F2,38 = 7.16, p < .01) effect 
of the distance modality on the perceived convenience. Post-
hoc tests confirmed significantly higher ratings for the Forefoot 
lift and inter feet distance conditions compared to the intra 
foot pressure conditions (both p < .01). We could not find any 
significant (F4,76 = 1.7, p > .05) interaction effects between 
the two factors. 

Friedman’s test showed a significant (χ2(9) = 60.52, p < 
.001) effect of the condition on the perceived convenience. 
Post-hoc tests confirmed higher ratings of point & teleport for 

all conditions except for inter feet direction-inter feet distance, 
foot direction-forefoot lift, foot direction-inter feet distance. 
Figure 8 depicts all answers of the participants. 

Confidence 
We asked the participants about their confidence to accu-
rately have reached the targets using the respective locomo-
tion method. The analysis showed a significant (F2,38 = 3.86, 
p < .05) effect of the direction modality on the participants’ 
confidence. Post-hoc tests confirmed significantly lower rat-
ings for the point and lean conditions compared to the inter 
feet direction conditions (p < .05). Also, the analysis revealed 
a significant (F2,38 = 26.33, p < .001) effect of the distance 
modality on the participants’ confidence. Post-hoc tests un-
veiled significant differences between all groups (inter feet 
distance > forefoot lift (p < .05), inter feet distance > intra foot 
pressure and forefoot lift > intra foot pressure (both p < .001)) 
The analysis did not show any significant interaction effects 
(F4,76 = .98, p > .05). 

Friedman’s test showed a significant (χ2(9) = 72.06, p < 
.001) effect of the condition on the confidence of the partici-
pants. Post-hoc tests confirmed significantly higher confidence 
ratings for point & teleport compared to foot direction-intra 
foot pressure (p < .01), point and lean-intra foot pressure 
and inter feet direction-intra foot pressure (both p < .001). 
Figure 8 depicts all answers of the participants. 

Would like to Use 
Lastly, we asked the participants if the would like to use the 
respective combination of direction modality and distance 
modality for locomotion in VR The analysis revealed a signifi-
cant (F2,38 = 9.20, p < .001) effect of the direction modality 
on the participants’ ratings. Post-hoc tests confirmed signifi-
cantly lower ratings of the point and lean conditions compared 
to both, the inter feet direction (p < .01) and the foot direc-
tion (p < .001) conditions. Further, the analysis revealed a 
significant (F2,38 = 12.13, p < .001) effect of the distance 
modality on the participants’ ratings. Post-hoc tests showed 
significantly lower ratings of the intra foot pressure condi-
tions compared to both, the forefoot lift and the inter feet 
distance conditions (both p < .001). We also found significant 
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Figure 8. The results of our custom questionnaire on a 5-point Likert scale (1:fully disagree, 5:fully agree, percentage of answers) 

(F4,76 = 4.08, p < 0.01) interaction effects between the two 
factors. 

Again, Friedman’s test showed a significant (χ2(9) = 50.43, 
p < .001) effect of the condition. Post-hoc tests confirmed 
significantly lower approval ratings for point and lean-forefoot 
lift (p < .01), inter feet direction-intra foot pressure and point 
and lean-intra foot pressure (p < .001) compared to point & 
teleport. Figure 8 depicts all answers given. 

Qualitative Feedback 
We gathered qualitative feedback from every participant in a 
semi-structured interview after the last condition. 

Most participants liked the idea of foot-based teleportation 
either for its novelty or practical application in VR games. 
Especially participants with more VR experience, knowing 
about the shortcomings of current point & teleport approaches, 
voiced interest in the adaption of some input combinations. 

The pressure sensors were lacking inaccuracy, especially for 
short distances. Participants reported having problems getting 
the teleport destination onto the close targets. P16 noted that 
"The teleport destination for [intra foot pressure] felt like a 
dog that refuses to come closer". P3 said "There was a point 
for [intra foot pressure] when I tried to get the destination any 
close, it moved away again unless I was really careful. 

Many participants felt that the sideways adjustment of point 
and lean was too weak. P4 mentioned, "I wish the effect of 
the sideways pressure was stronger, in its current form it is 
useless". Some input combinations did not work well together, 
P12 for example noted in the semi-structured interview "[Inter 
feet distance-point and lean] was really annoying, when the 
target was far away, it was very hard to keep my balance and 
the teleport target kept moving from left to right.". 

Participants mostly ignored the leaning adjustment of point 
and lean when combined with forefoot lift, P18 noted "How 
should this work? I can’t lift my foot and put pressure on it at 
the same time.". 

Even though participants did not find inter feet direction con-
venient, they liked using it. P5 remarked "I like this sliding 
around, reminds me of my tango lessons." and P7 mentioned 

during inter feet distance-inter feet direction "My thighs will 
be sore tomorrow but I don’t care, it’s fun.". 

The flat sole of our prototype in combination with the tiled 
floor we tested on, made it easy for participants to adjust their 
heading. P14 noted "I liked how I could just slide my foot 
around to the desired position. I think it would be annoying 
on carpet though.". 

We could also observe the participants relaxing their arm hold-
ing the controller when using foot-based input. When asked 
most participants were certain that they could use their hands 
for a different task while teleporting. P19 said, "I can definitely 
imagine doing something while teleporting. Maybe shooting 
at enemies or something like that.". P1 remarked, "This would 
be nice in a game, I could move backward while shooting at 
zombies in front of me.". 

Multiple participants expressed interest in trying specific input 
combination after some training. P8 said, "I think if I train 
using [inter feet distance-inter feet direction] for a week, I 
will get good at it.". P2 remarked, "Now I want to try this 
locomotion in [VR-game] at home.". 

DISCUSSION 
In this section, we discuss the findings of the user study and 
answer our research questions. 

Accuracy 
Direction 
For RQ1A, concerning the accuracy of the directional inputs, 
we found significant better results for inter feet direction over 
point and lean, as well as foot direction over point and lean. 
We attribute the difference between both pairs to the same 
effect. Participants reported, that the adjustment effect of 
point and lean was too weak in their opinion. In comparison 
with foot direction, we observed participants relying more on 
the foot’s direction than on leaning. The second effect was the 
inability to adjust the pressure in combination with forefoot 
lift. We observed forefoot lift making it almost impossible to 
control for the participants, since their foot did not rest on the 
floor, making pressure adjustment unfeasible. 

Multiple participants reported having trouble accurately aim-
ing with the seemingly random left and right offsets. Further, 
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we observed participants having problems maintaining accu-
rate control over their foot’s CoP when placing their feet far 
apart in combination with the inter feet distance condition. 

Foot direction and inter feet direction did also benefit from the 
flat sole of our prototype. The sole slid easily over the tiled 
floor making it easy to adjust foot position and rotation. Par-
ticipants favored adjusting their foot’s direction via pressure 
in the point and lean condition. In this situation, the pressure 
adjustment became a nuisance to them, as it changed when 
turned their foot. 

Distance 
Regarding RQ1B concerning the distance inputs, we found 
that inter feet distance and forefoot lift performed significantly 
better than intra foot pressure. 

Inter feet distance did also benefit from the sole of our proto-
type, making it easy for participants to slide their foot around 
for adjustments. Not needing to lift their foot, participants 
could also see their teleportation target in real-time. In com-
bination with the scaled direct mapping of foot distance to 
teleport distance, participants had no problems with accurately 
adjusting their teleport distance. 

Concerning forefoot lift, many participants drew from their 
experience with controller-based input, making it easier to 
learn. Some participants even held their foot in the air, not 
resting their heel on the floor as originally intended. 

Changing rotation or position of one foot inevitably changes 
the center of pressure on that foot putting intra foot pressure 
at a disadvantage. This means that participants had to either 
readjust their distance after adjusting their direction or accept 
the error. Intra foot pressure is also limited to the smaller input 
range of a foot, compared to the 1-meter range of inter feet 
distance, making it harder to perform fine adjustments. 

There is no singular answer to RQ1 (which combination is the 
most accurate) since we could not find significant differences 
between the four possible combinations of foot direction, inter 
feet direction, inter feet distance and forefoot lift concerning 
accuracy. This also matches the participants’ perception which 
is reflected in the final questionnaire (Figure 8). 

Efficiency 
Direction 
Answering the question RQ2A, which directional input is the 
most efficient, we rely on the TCT and number of teleports 
as quantitative measures. Apart from various individual com-
binations exhibiting significant differences between them, as 
seen in Figure 7a, we found no significant differences between 
directional input modalities. 

Point and lean in combination with intra foot pressure per-
formed significantly worse compared with all other conditions 
except for foot direction-intra foot pressure and inter feet di-
rection-intra foot pressure. Especially in combination with 
forefoot lift, participants found it very difficult to control their 
teleportation distance using intra foot pressure as input. Other 
directional input modalities required the participant to move 
their feet when adjusting their heading, introducing errors into 

their intra foot pressure adjustments. Participants also had 
trouble accurately adjusting their center of pressure in two di-
mensions simultaneously which explains the bad performance 
of point and lean-intra foot pressure. 

The inter feet direction in combination with intra foot pressure 
performed significantly worse than all other combinations not 
involving intra foot pressure and also worse than the combi-
nation of foot direction with intra foot pressure. This can be 
explained by the same effect presented in the answer to RQ1B 
where participants had to sacrifice accuracy in directional in-
put for accuracy in distance input and vice versa. We could 
not find any significant differences in number of teleports for 
directional input. 

Distance 
Taking a look at the TCT for distance input to answer RQ2B we 
found significant differences between the 3 input modalities. 
We find both, forefoot lift and inter feet distance to be signifi-
cantly better than intra foot pressure. Intra foot pressure again 
suffered from input changes introduced when adjusting the 
directional component of a teleport, which had to be countered 
by the participants. These adjustments were further hindered 
by the inaccuracy of the sensors involved which made it hard 
for participants to find the right input, often alternating be-
tween too far and too close. Participants generally felt they 
had a more accurate grasp of the required input adjustments 
when using forefoot lift and inter feet distance. 

The ability to slide their feet over the floor was also beneficial 
for inter feet distance input method, eliminating the need to 
lift one’s foot. Balancing one’s foot on its heel made it easier 
for participants to adjust the input direction when using foot 
direction or point and lean. 

We could only find significant differences between forefoot 
lift and intra foot pressure concerning number of teleports 
between the distance modalities. Again, there is no definitive 
answer which input modality is most efficient, however with 
forefoot lift being significantly better concerning number of 
teleports we would suggest a combination including forefoot 
lift when efficiency is important. Thus to answer RQ2, the 2 
most efficient input modalities are forefoot lift-foot direction 
and forefoot lift-inter feet direction. 

Convenience 
Direction 
We gathered three measures for the convenience of our in-
put methods, RTLX and two questions from the final ques-
tionnaire. One question asked how convenient participants 
perceived the interaction technique, the other how much par-
ticipants would like to use the given modality on a daily basis. 

Concerning the directional input modalities, we found foot 
direction to be favored in all measures. Participants found it 
easy to simply point at the target and then adjust the required 
distance. inter feet direction scored lower in the RTLX and 
the direct question about convenience than foot direction but 
significantly better than point and lean concerning the every 
day use. Participants found it difficult to coordinate their feet, 
especially without the possibility to switch which foot had to 
be in front, to input a direction. However, many participants 
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found joy in the required motions, especially in combination 
with inter feet distance. Point and lean scored significantly 
lower in all measurements, compared to inter feet direction and 
foot direction. This again shows the difficulty of accurately 
controlling one’s center of pressure with the given measuring 
hardware. 

Considering all measures equally when answering RQ3A, foot 
direction is the most convenient directional input in this study. 

Distance 
Considering the distance input methods, we found both fore-
foot lift and inter feet distance to score significantly better in 
all 3 measures, compared to intra foot pressure. 

Participants had trouble controlling their foot’s center of pres-
sure with, especially for close targets. Forefoot lift and inter 
feet distance were also perceived as more intuitive and en-
joyable, compared to intra foot pressure, judging from the 
remarks in the semi-structured interview. 

Overall, forefoot lift and inter feet distance both are equally 
well suited for convenient distance input. 

Overall 
Regarding all results concerning the convenience of the dif-
ferent input modalities, there again is no definitive answer to 
RQ3. The most convenient combinations of inputs are forefoot 
lift-foot direction and inter feet distance-foot direction. 

Baseline comparison 
We will now answer RQ4, taking a look at how foot-based 
input modalities hold up against established point & teleport 
input. Point & teleport exhibited a significantly lower TCT 
compared to all foot-based input combinations. As such it is 
still the prime choice when speed is the only consideration. 

However, considering accuracy and number of teleports, in-
ter feet distance-foot direction, inter feet distance-inter feet 
direction, forefoot lift-foot direction and forefoot lift-inter feet 
direction did not perform significantly different from point 
& teleport. Additionally, participants agreed they are confi-
dent that they could interact using their hands while using our 
foot-based interaction methods. This would be especially in-
teresting for planable locomotion, such as moving somewhere 
once a task, e.g. picking an apple tree clean, is completed. 

Regarding the RTLX, point & teleport performs significantly 
better than foot-based interaction. This might be explained 
by the familiarity of the participants with the point & teleport 
method, as most have used VR before. Pointing with the 
hand also is a familiar task from the real world trained in 
everyday life. We expect that training with our foot-based 
input techniques could improve the task load of using foot-
based teleportation techniques. 

LIMITATIONS & FUTURE WORK 
In this section, we will discuss the limitation of our approach 
and suggest possible improvements for the future. 

Improved Prototype 
One limitation of the prototype used in this experiment was 
the need to support multiple input modalities. A specialized 

foot controller for an individual input method could address 
problems inherent to the given input combination. This could 
improve the control users have over their input. 

Furthermore, we found that the rigid material of the prototype 
made some input modalities difficult to control. This problem 
was most apparent with the forefoot lift method. Utilizing 
more flexible material could alleviate this problem, making 
the critical combinations more feasible. 

The sensing characteristics of the utilized pressure sensors, 
while enabling the required interaction for this experiment, 
could have been improved. Considering the error in distance 
to the target and the task completion time in conditions relying 
on pressure input, the limitations become apparent. More accu-
rate, reactive sensors could greatly increase the accuracy with 
which users can input their desired teleportations, potentially 
marking pressure input a viable alternative. 

Different Input Modalities 
The presented concept did also rely on absolute input 
metaphors, relative input metaphors might be an interesting 
field to explore as well. Intra foot pressure forward to move 
the teleportation target away, backward to move it close and 
neutral CoP to stop is one such idea. 

Incorporating pressure sensing for both feet is also promising, 
resulting in a pressure input modality requiring less accurate 
balance shift. 

CONCLUSION 
We presented nine novel, foot-based input methods for tele-
portation locomotion in VR, relying on foot-based input. We 
compared them to current controller-based teleportation input 
with regards to accuracy, efficiency, and convenience. Four 
approaches proved promising with regards to efficiency while 
performing worse concerning accuracy and convenience, com-
pared to current, controller-based approaches. Foot based 
teleportation, on the other hand, allows for hands-free locomo-
tion which is not given with controller-based methods. This 
trade-off between a quick locomotion, interrupting users’ hand-
based interactions and slightly slower locomotion allowing 
users to keep interacting will have to be made on a per-use 
case basis. Additionally, it is not yet clear whether training 
with our proposed interaction techniques could improve their 
efficiency. 

The presented prototype did cater to all our proposed interac-
tion techniques simultaneously, thus detracting from its poten-
tial for each interaction technique. Specialized hardware for 
every interaction type might improve their respective perfor-
mance further. 

After establishing their viability, the proposed locomotion 
techniques could be tested in scenarios exploiting their hands-
free nature. Thus examining whether their predicted advantage 
over controller-based input holds up in reality. 

ACKNOWLEDGEMENT 
This work has been funded by the LOEWE initiative (Hesse, 
Germany) within the emergenCITY centre. 

Paper 499 Page 10



 CHI 2020 Paper CHI 2020, April 25–30, 2020, Honolulu, HI, USA

REFERENCES 
[1] Parastoo Abtahi, Mar Gonzalez-Franco, Eyal Ofek, and 

Anthony Steed. 2019. I’m a giant: Walking in large 
virtual environments at high speed gains. In Conference 
on Human Factors in Computing Systems - Proceedings. 
ACM Press, New York, New York, USA, 1–13. DOI: 
http://dx.doi.org/10.1145/3290605.3300752 

[2] Jonas Auda, Max Pascher, and Stefan Schneegass. 2019. 
Around the (Virtual) World. In Proceedings of the 2019 
CHI Conference on Human Factors in Computing 
Systems - CHI ’19. ACM Press, New York, New York, 
USA, 1–8. DOI: 
http://dx.doi.org/10.1145/3290605.3300661 

[3] Ralph M Barnes, Henry Hardaway, and Odif Podolsky. 
1942. Which pedal is best. Factory Management and 
Maintenance 100, 98 (1942). 

[4] Ralph L Barnett. 2009. Foot Controls: Riding the Pedal. 
The Ergonomics Open Journal 2, 1 (2009), 13–16. DOI: 
http://dx.doi.org/10.2174/1875934300902010013 

[5] Jiwan Bhandari, Sam Tregillus, and Eelke Folmer. 2017. 
Legomotion: Scalable walking-based virtual locomotion. 
In Proceedings of the 23rd ACM Symposium on Virtual 
Reality Software and Technology - VRST ’17, Vol. Part 
F1319. ACM Press, New York, New York, USA, 1–8. 
DOI:http://dx.doi.org/10.1145/3139131.3139133 

[6] Costas Boletsis. 2017. The New Era of Virtual Reality 
Locomotion: A Systematic Literature Review of 
Techniques and a Proposed Typology. Multimodal 
Technologies and Interaction 1, 4 (sep 2017), 24. DOI: 
http://dx.doi.org/10.3390/mti1040024 

[7] B Bolte, G Bruder, and F Steinicke. 2011. The Jumper 
Metaphor: An Effective Navigation Technique for 
Immersive Display Setups. Proceedings of Virtual 
Reality International Conference (VRIC) April (2011), 
6–8. http://www.uni-wuerzburg.de/fileadmin/06110000/ 
user_upload/Paper/IMG/2011/P34_VRIC_2011_BOLTE_ 
Benjamin.pdf 

[8] D.A. Bowman, David Koller, and L.F. Hodges. 1997. 
Travel in immersive virtual environments: an evaluation 
of viewpoint motion control techniques. In Proceedings 
of IEEE 1997 Annual International Symposium on 
Virtual Reality. IEEE Comput. Soc. Press, Albuquerque, 
NM, USA, USA, 45–52,. DOI: 
http://dx.doi.org/10.1109/VRAIS.1997.583043 

[9] Evren Bozgeyikli, Andrew Raij, Srinivas Katkoori, and 
Rajiv Dubey. 2016. Point & Teleport locomotion 
technique for virtual reality. In CHI PLAY 2016 -
Proceedings of the 2016 Annual Symposium on 
Computer-Human Interaction in Play. Association for 
Computing Machinery, Inc, 205–216. DOI: 
http://dx.doi.org/10.1145/2967934.2968105 

[10] Richard Byrne, Joe Marshall, and Florian ’Floyd’ 
Mueller. 2016. Balance Ninja. In Proceedings of the 
2016 Annual Symposium on Computer-Human 
Interaction in Play - CHI PLAY ’16. ACM Press, New 

York, New York, USA, 159–170. DOI: 
http://dx.doi.org/10.1145/2967934.2968080 

[11] Tuncay Cakmak and Holger Hager. 2014. Cyberith 
Virtualizer: A locomotion device for Virtual Reality. In 
ACM SIGGRAPH 2014 Emerging Technologies on -
SIGGRAPH ’14. ACM Press, New York, New York, 
USA, 1–1. DOI: 
http://dx.doi.org/10.1145/2614066.2614105 

[12] Marcello Carrozzino, Giovanni Avveduto, Franco 
Tecchia, Pavel Gurevich, and Benjamin Cohen. 2014. 
Navigating immersive virtual environments through a 
foot controller. In Proceedings of the 20th ACM 
Symposium on Virtual Reality Software and Technology -
VRST ’14. ACM Press, New York, New York, USA, 
23–26. DOI:http://dx.doi.org/10.1145/2671015.2671121 

[13] Jacob Cohen. 1988. Statistical Power Analysis for the 
Behavioral Sciences. Routledge. DOI: 
http://dx.doi.org/10.4324/9780203771587 

[14] E. N. Corlett and R. P. Bishop. 1975. Foot pedal forces 
for seated operators. Ergonomics 18, 6 (1975), 687–692. 
DOI:http://dx.doi.org/10.1080/00140137508931504 

[15] Gerwin de Haan, Eric J. Griffith, and Frits H. Post. 2008. 
Using the Wii Balance BoardTM as a low-cost VR 
interaction device. In Proceedings of the 2008 ACM 
symposium on Virtual reality software and technology -
VRST ’08. ACM Press, New York, New York, USA, 289. 
DOI:http://dx.doi.org/10.1145/1450579.1450657 

[16] Mingming Fan, Yizheng Ding, Fang Shen, Yuhui You, 
and Zhi Yu. 2017. An empirical study of foot gestures 
for hands-occupied mobile interaction. In Proceedings 
of the 2017 ACM International Symposium on Wearable 
Computers - ISWC ’17, Vol. Part F1305. ACM Press, 
New York, New York, USA, 172–173. DOI: 
http://dx.doi.org/10.1145/3123021.3123043 

[17] Yasmin Felberbaum and Joel Lanir. 2018. Better 
understanding of foot gestures: An elicitation study. In 
Proceedings of the 2018 CHI Conference on Human 
Factors in Computing Systems - CHI ’18, Vol. 
2018-April. ACM Press, New York, New York, USA, 
1–12. DOI:http://dx.doi.org/10.1145/3173574.3173908 

[18] Sebastian Freitag, Dominik Rausch, and Torsten Kuhlen. 
2014. Reorientation in virtual environments using 
interactive portals. In IEEE Symposium on 3D User 
Interfaces 2014, 3DUI 2014 - Proceedings. IEEE 
Computer Society, 119–122. DOI: 
http://dx.doi.org/10.1109/3DUI.2014.6798852 

[19] Markus Funk, Florian Müller, Marco Fendrich, Megan 
Shene, Moritz Kolvenbach, Niclas Dobbertin, Sebastian 
Günther, and Max Mühlhäuser. 2019. Assessing the 
Accuracy of Point & Teleport Locomotion with 
Orientation Indication for Virtual Reality using Curved 
Trajectories. In Proceedings of the 2019 CHI 
Conference on Human Factors in Computing Systems -
CHI ’19. ACM Press, New York, New York, USA, 1–12. 
DOI:http://dx.doi.org/10.1145/3290605.3300377 

Paper 499 Page 11

http://dx.doi.org/10.1145/3290605.3300752
http://dx.doi.org/10.1145/3290605.3300661
http://dx.doi.org/10.2174/1875934300902010013
http://dx.doi.org/10.1145/3139131.3139133
http://dx.doi.org/10.3390/mti1040024
http://www.uni-wuerzburg.de/fileadmin/06110000/user_upload/Paper/IMG/2011/P34_VRIC_2011_BOLTE_Benjamin.pdf
http://www.uni-wuerzburg.de/fileadmin/06110000/user_upload/Paper/IMG/2011/P34_VRIC_2011_BOLTE_Benjamin.pdf
http://www.uni-wuerzburg.de/fileadmin/06110000/user_upload/Paper/IMG/2011/P34_VRIC_2011_BOLTE_Benjamin.pdf
http://dx.doi.org/10.1109/VRAIS.1997.583043
http://dx.doi.org/10.1145/2967934.2968105
http://dx.doi.org/10.1145/2967934.2968080
http://dx.doi.org/10.1145/2614066.2614105
http://dx.doi.org/10.1145/2671015.2671121
http://dx.doi.org/10.4324/9780203771587
http://dx.doi.org/10.1080/00140137508931504
http://dx.doi.org/10.1145/1450579.1450657
http://dx.doi.org/10.1145/3123021.3123043
http://dx.doi.org/10.1145/3173574.3173908
http://dx.doi.org/10.1109/3DUI.2014.6798852
http://dx.doi.org/10.1145/3290605.3300377


 CHI 2020 Paper CHI 2020, April 25–30, 2020, Honolulu, HI, USA

[20] Fabian Göbel, Stefan Vogt, Konstantin Klamka, Sophie 
Stellmach, Andreas Siegel, and Raimund Dachselt. 2013. 
Gaze-supported Foot Interaction in Zoomable 
Information Spaces. In Conference on Human Factors in 
Computing Systems - Proceedings, Vol. 2013-April. 
ACM Press, New York, New York, USA, 3059–3062. 
DOI:http://dx.doi.org/10.1145/2468356.2479610 

[21] Teng Han, Jason Alexander, Abhijit Karnik, Pourang 
Irani, and Sriram Subramanian. 2011. Kick: 
Investigating the use of kick gestures for mobile 
interactions. In Proceedings of the 13th International 
Conference on Human Computer Interaction with 
Mobile Devices and Services - MobileHCI ’11. ACM 
Press, New York, New York, USA, 29. DOI: 
http://dx.doi.org/10.1145/2037373.2037379 

[22] Alyssa Harris, Kevin Nguyen, Preston Tunnell Wilson, 
Matthew Jackoski, and Betsy Williams. 2014. Human 
joystick: Wii-leaning to translate in large virtual 
environments. In Proceedings of the 13th ACM 
SIGGRAPH International Conference on Virtual-Reality 
Continuum and its Applications in Industry - VRCAI ’14. 
ACM Press, New York, New York, USA, 231–234. DOI: 
http://dx.doi.org/10.1145/2670473.2670512 

[23] Sandra G. Hart. 2006. Nasa-Task Load Index 
(NASA-TLX); 20 Years Later. Proceedings of the 
Human Factors and Ergonomics Society Annual 
Meeting 50, 9 (oct 2006), 904–908. DOI: 
http://dx.doi.org/10.1177/154193120605000909 

[24] Andre Hilsendeger, Stephan Brandauer, Julia Tolksdorf, 
and Christian Fröhlich. 2009. Navigation in Virtual 
Reality with the Wii Balance Board. 6th Workshop on 
Virtual and Augmented Reality (2009), 269–280. 
https://techfak.uni-bielefeld.de/ags/wbski/hiwis/ 
ahilsend/files/navigation 

[25] Victoria Interrante, Brian Ries, and Lee Anderson. 2007. 
Seven League Boots: A New Metaphor for Augmented 
Locomotion through Moderately Large Scale Immersive 
Virtual Environments. In 2007 IEEE Symposium on 3D 
User Interfaces. IEEE, 167–170. DOI: 
http://dx.doi.org/10.1109/3DUI.2007.340791 

[26] Jia Wang and Robert W. Lindeman. 2012. Comparing 
isometric and elastic surfboard interfaces for 
leaning-based travel in 3D virtual environments. In 2012 
IEEE Symposium on 3D User Interfaces (3DUI). IEEE, 
31–38. DOI: 
http://dx.doi.org/10.1109/3DUI.2012.6184181 

[27] Ricardo Jota, Pedro Lopes, Daniel Wigdor, and Joaquim 
Jorge. 2014. Let’s kick it: How to stop wasting the 
bottom third of your large scale display. In Proceedings 
of the 32nd annual ACM conference on Human factors 
in computing systems - CHI ’14. ACM Press, New York, 
New York, USA, 1411–1414. DOI: 
http://dx.doi.org/10.1145/2556288.2557316 

[28] Alexandra Kitson, Abraham M. Hashemian, Ekaterina R. 
Stepanova, Ernst Kruijff, and Bernhard E. Riecke. 2017. 

Comparing leaning-based motion cueing interfaces for 
virtual reality locomotion. In 2017 IEEE Symposium on 
3D User Interfaces (3DUI). IEEE, 73–82. DOI: 
http://dx.doi.org/10.1109/3DUI.2017.7893320 

[29] Konstantin Klamka, Andreas Siegel, Stefan Vogt, Fabian 
Göbel, Sophie Stellmach, and Raimund Dachselt. 2015. 
Look & Pedal: Hands-free Navigation in Zoomable 
Information Spaces through Gaze-supported Foot Input. 
In Proceedings of the 2015 ACM on International 
Conference on Multimodal Interaction - ICMI ’15. ACM 
Press, New York, New York, USA, 123–130. DOI: 
http://dx.doi.org/10.1145/2818346.2820751 

[30] Eugenia M. Kolasinski. 1995. Simulator Sickness in 
Virtual Environments. (1995). DOI: 
http://dx.doi.org/10.1121/1.404501 

[31] Andrey Krekhov, Sebastian Cmentowski, Katharina 
Emmerich, Maic Masuch, and Jens Krüger. 2018. 
GulliVR: A walking-oriented technique for navigation 
in virtual reality games based on virtual body resizing. 
In CHI PLAY 2018 - Proceedings of the 2018 Annual 
Symposium on Computer-Human Interaction in Play. 
ACM Press, New York, New York, USA, 243–256. DOI: 
http://dx.doi.org/10.1145/3242671.3242704 

[32] K. H. Kroemer. 1971. Foot operation of controls. 
Ergonomics 14, 3 (1971), 333–361. DOI: 
http://dx.doi.org/10.1080/00140137108931255 

[33] Ernst Kruijff, Alexander Marquardt, Christina 
Trepkowski, Robert W. Lindeman, Andre Hinkenjann, 
Jens Maiero, and Bernhard E. Riecke. 2016. On Your 
Feet!. In Proceedings of the 2016 Symposium on Spatial 
User Interaction - SUI ’16. ACM Press, New York, New 
York, USA, 149–158. DOI: 
http://dx.doi.org/10.1145/2983310.2985759 

[34] Andreas Linn Kth. Gaze Teleportation in Virtual Reality. 
Technical Report. www.kth.se 

[35] Joseph J. LaViola. 2000. A Discussion of Cybersickness 
in Virtual Environments. ACM SIGCHI Bulletin 32, 1 
(jan 2000), 47–56. DOI: 
http://dx.doi.org/10.1145/333329.333344 

[36] Zhihan Lv. 2013. Wearable smartphone: Wearable 
hybrid framework for hand and foot gesture interaction 
on smartphone. In 2013 IEEE International Conference 
on Computer Vision Workshops. IEEE, 436–443. DOI: 
http://dx.doi.org/10.1109/ICCVW.2013.64 

[37] Zhihan Lv, Shengzhong Feng, Muhammad Sikandar Lal 
Khan, Shafiq Ur Réhman, and Haibo Li. 2014a. Foot 
motion sensing: Augmented game interface based on 
foot interaction for smartphone. In Proceedings of the 
extended abstracts of the 32nd annual ACM conference 
on Human factors in computing systems - CHI EA ’14. 
ACM Press, New York, New York, USA, 293–296. DOI: 
http://dx.doi.org/10.1145/2559206.2580096 

[38] Zhihan Lv, Alaa Halawani, Shengzhong Feng, Haibo Li, 
and Shafiq Ur Réhman. 2014b. Multimodal Hand and 

Paper 499 Page 12

http://dx.doi.org/10.1145/2468356.2479610
http://dx.doi.org/10.1145/2037373.2037379
http://dx.doi.org/10.1145/2670473.2670512
http://dx.doi.org/10.1177/154193120605000909
https://techfak.uni-bielefeld.de/ags/wbski/hiwis/ahilsend/files/navigation
https://techfak.uni-bielefeld.de/ags/wbski/hiwis/ahilsend/files/navigation
http://dx.doi.org/10.1109/3DUI.2007.340791
http://dx.doi.org/10.1109/3DUI.2012.6184181
http://dx.doi.org/10.1145/2556288.2557316
http://dx.doi.org/10.1109/3DUI.2017.7893320
http://dx.doi.org/10.1145/2818346.2820751
http://dx.doi.org/10.1121/1.404501
http://dx.doi.org/10.1145/3242671.3242704
http://dx.doi.org/10.1080/00140137108931255
http://dx.doi.org/10.1145/2983310.2985759
www.kth.se
http://dx.doi.org/10.1145/333329.333344
http://dx.doi.org/10.1109/ICCVW.2013.64
http://dx.doi.org/10.1145/2559206.2580096


 CHI 2020 Paper CHI 2020, April 25–30, 2020, Honolulu, HI, USA

Foot Gesture Interaction for Handheld Devices. ACM 
Transactions on Multimedia Computing, 
Communications, and Applications 11, 1s (oct 2014), 
1–19. DOI:http://dx.doi.org/10.1145/2645860 

[39] Denys J.C. Matthies, Franz Müller, Christoph Anthes, 
and Dieter Kranzlmüller. 2013. ShoeSoleSense: Proof 
of concept for a wearable foot interface for virtual and 
real environments. In Proceedings of the ACM 
Symposium on Virtual Reality Software and Technology, 
VRST. ACM Press, New York, New York, USA, 93–96. 
DOI:http://dx.doi.org/10.1145/2503713.2503740 

[40] Mark McGill, Daniel Boland, Roderick Murray-Smith, 
and Stephen Brewster. 2015. A Dose of Reality. In 
Proceedings of the 33rd Annual ACM Conference on 
Human Factors in Computing Systems - CHI ’15. ACM 
Press, New York, New York, USA, 2143–2152. DOI: 
http://dx.doi.org/10.1145/2702123.2702382 

[41] Vangelis Metsis, Kenneth S. Smith, and Denise Gobert. 
2018. Integration of virtual reality with an 
omnidirectional treadmill system for multi-directional 
balance skills intervention. In 2017 International 
Symposium on Wearable Robotics and Rehabilitation, 
WeRob 2017. Institute of Electrical and Electronics 
Engineers Inc., 1–2. DOI: 
http://dx.doi.org/10.1109/WEROB.2017.8383831 

[42] Florian Müller, Joshua McManus, Sebastian Günther, 
Martin Schmitz, Max Mühlhäuser, and Markus Funk. 
2019. Mind the tap: Assessing foot-taps for interacting 
with head-mounted displays. In Conference on Human 
Factors in Computing Systems - Proceedings. ACM 
Press, New York, New York, USA, 1–13. DOI: 
http://dx.doi.org/10.1145/3290605.3300707 

[43] Toni Pakkanen and Roope Raisamo. 2004. 
Appropriateness of foot interaction for non-accurate 
spatial tasks. In Extended abstracts of the 2004 
conference on Human factors and computing systems -
CHI ’04. ACM Press, New York, New York, USA, 1123. 
DOI:http://dx.doi.org/10.1145/985921.986004 

[44] Randy Pausch, Thomas Crea, and Matthew Conway. 
2017. A Literature Survey for Virtual Environments: 
Military Flight Simulator Visual Systems and Simulator 
Sickness. In Simulation in Aviation Training. Vol. 1. 
Routledge, 147–166. DOI: 
http://dx.doi.org/10.4324/9781315243092-10 

[45] Glenn Pearson and Mark Weiser. 1986. Of moles and 
men: The design of foot controls for workstations. In 
Proceedings of the SIGCHI conference on Human 
factors in computing systems - CHI ’86. ACM Press, 
New York, New York, USA, 333–339. DOI: 
http://dx.doi.org/10.1145/22627.22392 

[46] Vijay Dandur Rajanna. 2016. Gaze and foot input: 
Toward a rich and assistive interaction modality. In 
Companion Publication of the 21st International 
Conference on Intelligent User Interfaces - IUI ’16 
Companion. ACM Press, New York, New York, USA, 

126–129. DOI: 
http://dx.doi.org/10.1145/2876456.2876462 

[47] William Saunders and Daniel Vogel. 2016. 
Tap-kick-click: Foot interaction for a standing desk. In 
Proceedings of the 2016 ACM Conference on Designing 
Interactive Systems - DIS ’16. ACM Press, New York, 
New York, USA, 323–333. DOI: 
http://dx.doi.org/10.1145/2901790.2901815 

[48] Shayle R. Searle, Fred M. Speed, and George A 
Milliken. 1980. Population Marginal Means in the 
Linear Model: An Alternative to Least Squares Means. 
The American Statistician 34, 4 (nov 1980), 216–221. 
DOI:http://dx.doi.org/10.1080/00031305.1980.10483031 

[49] Mara G. Silva and Doug A. Bowman. 2009. Body-based 
interaction for desktop games. In Proceedings of the 
27th international conference extended abstracts on 
Human factors in computing systems - CHI EA ’09. 
ACM Press, New York, New York, USA, 4249. DOI: 
http://dx.doi.org/10.1145/1520340.1520648 

[50] Adalberto L. Simeone, Eduardo Velloso, Jason 
Alexander, and Hans Gellersen. 2014. Feet movement in 
desktop 3D interaction. In 2014 IEEE Symposium on 3D 
User Interfaces (3DUI). IEEE, 71–74. DOI: 
http://dx.doi.org/10.1109/3DUI.2014.6798845 

[51] Nancy A. Skopp, Derek J. Smolenski, Melinda J. 
Metzger-Abamukong, Albert A. Rizzo, and Greg M. 
Reger. 2014. A Pilot Study of the VirtuSphere as a 
Virtual Reality Enhancement. International Journal of 
Human-Computer Interaction 30, 1 (jan 2014), 24–31. 
DOI:http://dx.doi.org/10.1080/10447318.2013.796441 

[52] Mel Slater, Martin Usoh, and Anthony Steed. 1995. 
Taking steps: the influence of a walking technique on 
presence in virtual reality. ACM Transactions on 
Computer-Human Interaction 2, 3 (sep 1995), 201–219. 
DOI:http://dx.doi.org/10.1145/210079.210084 

[53] Sam Tregillus, Majed Al Zayer, and Eelke Folmer. 2017. 
Handsfree Omnidirectional VR Navigation using Head 
Tilt. In Proceedings of the 2017 CHI Conference on 
Human Factors in Computing Systems - CHI ’17. ACM 
Press, New York, New York, USA, 4063–4068. DOI: 
http://dx.doi.org/10.1145/3025453.3025521 

[54] Sam Tregillus and Eelke Folmer. 2016. VR-STEP: 
Walking-in-place using inertial sensing for hands free 
navigation in mobile VR environments. In Proceedings 
of the 2016 CHI Conference on Human Factors in 
Computing Systems - CHI ’16. ACM Press, New York, 
New York, USA, 1250–1255. DOI: 
http://dx.doi.org/10.1145/2858036.2858084 

[55] Dimitar Valkov, Frank Steinicke, Gerd Bruder, and 
Klaus Hinrichs. 2010. A multi-touch enabled 
human-transporter metaphor for virtual 3D traveling. In 
3DUI 2010 - IEEE Symposium on 3D User Interfaces 
2010, Proceedings. IEEE, 79–82. DOI: 
http://dx.doi.org/10.1109/3DUI.2010.5444715 

Paper 499 Page 13

http://dx.doi.org/10.1145/2645860
http://dx.doi.org/10.1145/2503713.2503740
http://dx.doi.org/10.1145/2702123.2702382
http://dx.doi.org/10.1109/WEROB.2017.8383831
http://dx.doi.org/10.1145/3290605.3300707
http://dx.doi.org/10.1145/985921.986004
http://dx.doi.org/10.4324/9781315243092-10
http://dx.doi.org/10.1145/22627.22392
http://dx.doi.org/10.1145/2876456.2876462
http://dx.doi.org/10.1145/2901790.2901815
http://dx.doi.org/10.1080/00031305.1980.10483031
http://dx.doi.org/10.1145/1520340.1520648
http://dx.doi.org/10.1109/3DUI.2014.6798845
http://dx.doi.org/10.1080/10447318.2013.796441
http://dx.doi.org/10.1145/210079.210084
http://dx.doi.org/10.1145/3025453.3025521
http://dx.doi.org/10.1145/2858036.2858084
http://dx.doi.org/10.1109/3DUI.2010.5444715


 CHI 2020 Paper CHI 2020, April 25–30, 2020, Honolulu, HI, USA

[56] Eduardo Velloso, Jason Alexander, Andreas Bulling, 
and Hans Gellersen. 2015a. Interactions under the desk: 
A characterisation of foot movements for input in a 
seated position. In Lecture Notes in Computer Science 
(including subseries Lecture Notes in Artificial 
Intelligence and Lecture Notes in Bioinformatics), Vol. 
9296. Springer Verlag, 384–401. DOI: 
http://dx.doi.org/10.1007/978-3-319-22701-6_29 

[57] Eduardo Velloso, Dominik Schmidt, Jason Alexander, 
Hans Gellersen, and Andreas Bulling. 2015b. The feet in 
human-computer interaction: A survey of foot-based 
interaction. Comput. Surveys 48, 2 (sep 2015), 1–35. 
DOI:http://dx.doi.org/10.1145/2816455 

[58] Julius von Willich, Dominik Schön, Sebastian Günther, 
Florian Müller, Max Mühlhäuser, and Markus Funk. 
2019. VRChairRacer: Using an Office Chair Backrest as 
a Locomotion Technique for VR Racing Games. In 
Extended Abstracts of the 2019 CHI Conference on 
Human Factors in Computing Systems - CHI ’19. ACM 
Press, New York, New York, USA, 1–4. DOI: 
http://dx.doi.org/10.1145/3290607.3313254 

[59] Preston Tunnell Wilson, William Kalescky, Ansel 
MacLaughlin, and Betsy Williams. 2016. VR 
locomotion: Walking>Walking in Place>Arm swinging. 
In Proceedings of the 15th ACM SIGGRAPH 
Conference on Virtual-Reality Continuum and Its 
Applications in Industry - VRCAI ’16, Vol. 1. ACM 
Press, New York, New York, USA, 243–249. DOI: 
http://dx.doi.org/10.1145/3013971.3014010 

[60] Jacob O. Wobbrock, Leah Findlater, Darren Gergle, and 
James J. Higgins. 2011. The Aligned Rank Transform 
for nonparametric factorial analyses using only ANOVA 
procedures. In Conference on Human Factors in 
Computing Systems - Proceedings. 143–146. DOI: 
http://dx.doi.org/10.1145/1978942.1978963 

[61] Tetsuya Yamamoto, Masahiko Tsukamoto, and Tomoki 
Yoshihisa. 2008. Foot-Step input method for operating 
information devices while jogging. In 2008 
International Symposium on Applications and the 
Internet. IEEE, 173–176. DOI: 
http://dx.doi.org/10.1109/SAINT.2008.97 

Paper 499 Page 14

http://dx.doi.org/10.1007/978-3-319-22701-6_29
http://dx.doi.org/10.1145/2816455
http://dx.doi.org/10.1145/3290607.3313254
http://dx.doi.org/10.1145/3013971.3014010
http://dx.doi.org/10.1145/1978942.1978963
http://dx.doi.org/10.1109/SAINT.2008.97

	Introduction
	Related Work
	Virtual Reality Locomotion
	Foot-based interaction

	Foot-Based Teleportation Concepts
	Input
	Prototype
	Visualization

	Methodology
	Design
	Procedure
	Participants
	Analysis

	Results
	Accuracy
	Task-Completion Time
	Number of Teleports
	NASA Task load Index
	Questionnaire
	Convenience
	Confidence
	Would like to Use
	Qualitative Feedback

	Discussion
	Accuracy
	Direction
	Distance

	Efficiency
	Direction
	Distance

	Convenience
	Direction
	Distance

	Overall
	Baseline comparison

	Limitations & Future Work
	Improved Prototype
	Different Input Modalities

	Conclusion
	Acknowledgement
	References 



