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Figure 1: The user takes either a walking path that walks through the blue virtual object or a path that detours around it. 

Abstract 
In mixed reality environments, virtual objects can obscure real-
world obstacles, creating a risk of collision when users walk through 
them. Although users may choose to detour around virtual objects, 
this behavior also carries risks, such as colliding with obstacles or 
pedestrians along the detour route. To reduce collision risks, it is 
essential to understand the factors that determine whether users 
walk through or detour, as well as the walking paths associated 
with each behavior. In this research, we investigated users’ walking 
behavior toward both a static virtual obstacle and a virtual obstacle 
that disappeared as the user approached. Our findings suggest 
that individual characteristics and the width of the virtual obstacle 
influence the decision to walk through or detour. Furthermore, 

while most users initially chose paths that detoured around the 
virtual obstacle, once the obstacle began to disappear, they switched 
their walking paths toward the space where it had been. 

This work is licensed under a Creative Commons Attribution 4.0 International License. 
CHI ’26, Barcelona, Spain 
© 2026 Copyright held by the owner/author(s). 
ACM ISBN 979-8-4007-2278-3/26/04 
https://doi.org/10.1145/3772318.3790992 

Keywords 
Mixed Reality, Augmented Reality, Extended Reality, Walk 

ACM Reference Format: 
Myungguen Choi, Reiji Ohzawa, Atsushi Orii, Ikkaku Kawaguchi, and Bun-
tarou Shizuki. 2026. Walking Through or Detour? Investigating Walking 
Paths with World-Anchored Mixed Reality Objects. In Proceedings of the 
2026 CHI Conference on Human Factors in Computing Systems (CHI ’26), 
April 13–17, 2026, Barcelona, Spain. ACM, New York, NY, USA, 18 pages. 
https://doi.org/10.1145/3772318.3790992 

1 Introduction 
Mixed reality (MR) technology, delivered via head-mounted dis-
plays (HMDs) or smart glasses, overlays virtual content onto the 
physical world and has significant potential to support users’ daily 
activities. In a future where MR becomes widespread, it may be 
available to users at all times—whether at home, in urban spaces, 
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or while walking. Virtual objects can be anchored in the world 
like real-world objects, and users may encounter a wide range 
of them, including virtual advertisements [55] or alerts [14, 30], 
virtual humanoid agents [24, 45, 68], elements of large-scale MR 
games [10, 61, 65, 66] or events [34, 47], and even virtual fences 
for pedestrian safety [73, 77]. Therefore, understanding how users 
interact with these virtual objects is essential for the successful 
adoption of MR technology in society. 

MR experiences while walking often occur in everyday con-
texts, and walking in MR environments poses risks of collisions 
or falls because virtual objects can obscure obstacles [72, 79]. In 
addition, real-world objects are sometimes intentionally hidden 
behind virtual objects [14, 43]—a technique known as diminished 
reality [53, 54]—which increases collision risks [35]. In such cases, 
avoiding virtual objects may be desirable; however, there are also 
situations in which it is safer to walk through them. For example, 
when virtual objects narrow the road width, users attempting to 
avoid them may collide with obstacles or pedestrians at the detour 
destination [79]. This risk can be mitigated by walking through the 
virtual objects. Overall, whether users should detour around or walk 
through virtual objects depends on the surrounding environment 
in the direction of travel. 

However, there is limited knowledge about walking paths when 
users detour around or walk through virtual objects in MR environ-
ments, making it difficult to design objects that minimize collision 
risk and anxiety. Previous research has reported that users con-
sistently detour around virtual objects [25, 45, 68], whereas other 
studies suggest that individuals sometimes walk through virtual ob-
jects instead of detouring as a means of taking a shortcut [29, 32, 33]. 
Previous work on walking paths for virtual objects has primarily 
focused on detour routes [32, 45, 68], and leaving walk-through sit-
uations uninvestigated. Although research has confirmed that users 
sometimes walk through virtual objects [29, 32, 33], its primary 
aim was not to analyze walking paths. Furthermore, the parameters 
of the virtual objects influencing walk-through behavior in these 
studies [4, 13, 29, 58] are limited, and the effect of object shape on 
passage rates and walking paths remains unclear. 

Our goal is to investigate walking paths toward virtual objects 
that may be encountered in MR environments and to identify the 
factors influencing whether users detour around or walk through 
those objects (Fig. 1). We consider it essential to examine users’ 
walking paths for both static virtual objects that do not change in 
appearance and virtual objects with dynamic effects that disappear 
from the path when the user approaches. In virtual reality (VR) 
environments, methods have been proposed to reduce collision 
risks by displaying portions of the real space within the virtual 
scene [20, 78, 82]. Similarly, making virtual objects disappear as 
users approach could help reduce collision risks and anxiety in MR 
environments, and a technique that may be adopted in future MR 
systems. 

Our research questions are as follows: 

RQ1: Which factors influence walk-through rates for static virtual 
obstacles? 

RQ2: How do walking paths differ between walk-through and 
detour behaviors for static virtual obstacles? 

RQ3: When virtual obstacles disappear midway, how do walking 
paths change depending on the type of effect and the timing 
of disappearance? 

RQ4: How do walk-through rates and walking paths change for 
static virtual obstacles after participants experience obstacles 
that disappear midway? 

To address these questions, we conducted two studies: one in-
vestigating users’ walking paths and walk-through rates for a 
static virtual obstacle (RQ1 and RQ2), and another examining a 
virtual obstacle that disappeared as the user approached (RQ3 and 
RQ4). Both studies focused on users’ walking paths toward vir-
tual obstacles on straight routes, replicating prior walking task 
paradigms [16, 17, 45, 57, 68]. We formulated hypotheses H1a–H1e 
in Study 1 (Section 4.3) and H2a–H2d in Study 2 (Section 6.4). H1a– 
H1e concern how obstacle geometry (width, depth, height, and 
opacity) and individual differences affect walk-through behavior 
for static obstacles. H2a–H2d address how dynamic effects and their 
start timing change walking paths and detour timing. Through these 
studies, we aim to gain a deeper understanding of human walking 
path selection between walk-through and detour-around behaviors 
toward virtual objects. 

Our contributions are as follows: 
• Investigating the factors that influence whether virtual ob-
jects are walked through or detoured 

• Designing three dynamic effects in which virtual objects 
disappear as users approach 

• Examining users’ walking paths toward static virtual objects 
and virtual objects with dynamic effects 

• Providing insights and future research directions for the 
design of world-anchored MR objects on walking paths 

2 Related Work 
In this section, we first summarize research on MR experiences 
during walking. Next, we summarize collision risks while walking 
in MR, review collision avoidance methods in VR and MR, and 
highlight the necessity of dynamic effects for reducing such risks 
in MR. Finally, we summarize the findings on collision avoidance 
behavior in VR and MR and identify gaps in understanding walking 
paths when detouring around or walking through virtual objects. 

2.1 Walking in MR Environments 
MR is a promising technology for supporting tasks performed while 
walking, such as operating browsers [42] and viewing text [39, 56] 
or videos [7, 8]. However, recent MR systems with commercial 
HMDs generally assume that users are stationary; for example, 
the user interface (UI) of Apple Vision Pro1 does not follow the 
user’s movements [71]. To address this limitation, body-anchored 
UIs [26, 42, 50, 52] are employed during walking. Studies have 
also investigated appropriate UI placement [7, 8, 56], proposed 
interaction methods [75], and examined usability and selection 
performance [26, 46, 48]. 

In addition to interacting with body-anchored UIs, scenarios 
involving interactions with world-anchored MR objects are increas-
ingly envisioned. The concept film Hyper-Reality,2 which portrays 
1https://www.apple.com/apple-vision-pro/ (accessed 2026-01-25)
2http://hyper-reality.co/ (accessed 2026-01-25) 
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a future in which MR is ubiquitous, depicts people walking through 
city spaces filled with diverse world-anchored MR objects, such as 
virtual advertisements [55] and fences between the sidewalk and 
roadway [73, 77]. In practice, efforts to integrate MR into city-citizen 
interactions are growing [44], including tourism applications [3], 
pedestrian traffic safety support [21, 60, 74], and the development of 
large-scale MR games [10, 61, 65, 66]. Moreover, several studies have 
examined visual search performance during walking in environ-
ments containing various world-anchored MR objects [36, 37, 41]. 

Overall, prior studies have primarily focused on how to present 
and operate body-anchored UIs during walking. However, compar-
atively little is known about how world-anchored virtual objects 
influence people’s walking behavior when they encounter them. In 
this work, we focus on walking in MR environments and investigate 
how users select their walking paths when facing world-anchored 
virtual obstacles. 

2.2 Collision Risks and Collision Avoidance 
Methods in VR and MR 

Walking carries the risk of colliding with real-world objects, and 
this risk is particularly heightened in MR environments [31]. Cur-
rent video see-through HMDs have been shown to increase users’ 
collision anxiety due to factors such as pass-through distortion, 
restricted peripheral vision, and low pixel density [71, 72]. As a 
result, walking speed decreases even when no virtual information 
is present [2], and attending to virtual information further degrades 
walking performance [39, 62]. Focusing on virtual objects has also 
been shown to reduce attention to real-world objects [80], thereby 
increasing the likelihood of collisions with obstacles. 

In VR contexts, various collision avoidance methods have been 
proposed. One approach is to predefine a safety area free of obsta-
cles [12, 84]. However, this method can be applied only in limited 
spaces and is not suitable for everyday walking scenarios. Another 
approach informs users of obstacle locations by placing virtual 
objects at their positions [9, 27, 70, 83]. By consistently avoiding 
these virtual objects, users can navigate larger areas; however, col-
lisions still occur if users choose to walk through them [76]. A 
further approach involves indicating the positions of real-world 
objects by displaying portions of the real space within the virtual 
environment [20, 78, 82]. This approach may also be suitable for 
MR, as it enables users to recognize approaching obstacles and 
spontaneously avoid them. 

Most collision avoidance research in MR has primarily focused 
on preventing collisions with real-world objects by highlighting 
them through MR [1, 18, 28, 51]. By contrast, methods that reduce 
collision risks caused by real-world objects being occluded by vir-
tual content have scarcely been investigated. In this work, inspired 
by collision avoidance techniques in VR [20, 78], we design dynamic 
effects that make virtual obstacles on users’ paths disappear as they 
approach, and we investigate the resulting changes in walking 
paths. 

2.3 Collision Behavior for Virtual Objects 
When virtual objects obstruct a user’s walking path, individuals 
tend to detour around them in both VR [16, 17, 59, 69] and MR 
environments [25, 32, 45, 68]. Research on walking paths toward 

virtual objects typically employs simple tasks in which a virtual 
object is placed along a straight path [16, 17, 45, 57, 68] and ana-
lyzes metrics, such as path shape and clearance distance. Several 
studies have examined how walking paths change depending on the 
appearance [25, 57, 68] or movement [45, 59] of the virtual object. 
Comparisons between walking behavior for real and virtual objects 
have also been conducted, showing that virtual objects tend to elicit 
slower walking speeds and larger clearance distances [6, 17, 19, 68]. 
Despite these differences, collision avoidance behavior in virtual 
environments is largely comparable to that in the real world [6, 19], 
making VR and MR promising tools for investigating walking be-
havior. 

However, unlike real-world objects, virtual objects can be walked 
through; several studies have confirmed that some participants 
chose to walk through virtual objects instead of detouring in both 
VR [4, 13, 58] and MR environments [29, 32, 33]. Kim et al. [32, 33] 
observed participants walking through a virtual humanoid agent 
in a wheelchair while moving around a room in MR environments 
to take shortcuts. Boldt et al. [4] reported that many participants 
walked through inner walls to take shortcuts in a virtual maze task. 
By replicating this task, researchers have investigated the factors 
contributing to the walk-through rate of virtual objects in both 
VR [13, 58] and MR [29] environments. These studies have consis-
tently shown that the greater the benefit gained from such shortcuts, 
the higher the proportion of participants who walk through virtual 
objects [4, 29, 58]. In addition, prior work has suggested that fac-
tors such as the realism of virtual objects [13], the transparency of 
virtual humanoid agents [29], and user personality traits [29] may 
influence the walk-through rate. 

Previous research on walking paths for virtual objects has gen-
erally assumed detour behavior and not examined walking paths 
when participants choose to walk through them [32, 45, 68]. Studies 
confirming walk-through behavior have also not investigated walk-
ing paths along straight routes [4, 29, 58]. In addition, research on 
the factors affecting walk-through rates is limited, and the influence 
of virtual object shape has yet to be examined. In this study, we 
conducted a walking task to investigate how the size, transparency, 
and placement of virtual objects affect both the walk-through rate 
and the resulting walking paths. 

3 Overall Study Design 
We conducted Study 1 to investigate walking paths for static vir-
tual obstacles, and Study 2 to examine walking paths for virtual 
obstacles with dynamic effects applied. To satisfy the data require-
ments for statistical analysis while minimizing the physical burden 
associated with repeated walking, we performed separate investiga-
tions for RQ1 and RQ2 in Study 1 and for RQ3 and RQ4 in Study 2. 
Both studies were approved by the ethics review committee of our 
institute (number: 2025R018). 

3.1 Participants 
We recruited 28 participants for Study 1 (12 female, 16 male; mean 
age = 21.2 years, SD = 1.8; ID: P1–P28) and 30 participants for Study 2 
(16 female, 14 male; mean age = 22.9 years, SD = 3.5; ID: P29–P58) 
from a local university. No participant took part in both studies. In 
Study 1, 13 participants had no prior experience with VR or MR, 
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14 had used VR or MR on several occasions, and one had more 
than three months of experience. In Study 2, 16 participants had no 
prior experience with VR or MR, 13 had used VR or MR on several 
occasions, and one had more than three months of experience. Each 
participant received US$13 as compensation, and each study session 
lasted approximately 60 minutes. 

3.2 Apparatus 
We used the HTC VIVE Focus Vision3 and two HMD controllers. 
The HMD was operated as a video see-through MR device. Accord-
ing to the specifications, the HMD provides a visible field of view 
of 120◦ . The application used in this study was developed using 
Unity (Version 2022.3.9f1). Additionally, we used four HTC VIVE 
Tracker 3.04 to track the participants’ body motion. Each tracker 
weighs 75 g and has an accuracy of 10–20 mm [40]. One tracker 
was attached to the HMD, one to the participant’s chest, and the 
remaining two to both ankles. 

3.3 Experimental Setup 
The experimental setup is shown in Fig. 2a. It consisted of a road, a 
virtual obstacle, and cylinders indicating the start and goal positions. 
The road was enclosed by blue translucent virtual walls 0.4 m high. 
The width of the road was 1.6 m, which exceeds the minimum 
sidewalk/walkway widths adopted in the U.S.5 and Germany6 . We 
constrained walking to a road of fixed width to approximate real-
world pedestrian walking on streets. The road length was 6.0 m in 
Study 1 and 7.0 m in Study 2. While the length in Study 1 followed 
Patotskaya et al. [59], Study 2 used a longer road to accommodate 
the various start timings of the dynamic effects. The start and goal 
positions were placed near the edges of the road, each 0.4 m from 
the respective sides. A red cylinder (0.8 m high, radius = 0.4 m) 
marked the start position, and a blue cylinder (2.0 m high, radius = 
0.4 m) marked the goal position. 

The virtual obstacle was a gray rectangular parallelepiped with 
an image displayed on one of its surfaces. The image depicted a 
coffee-themed advertisement and was generated using Gemini 2.5 
Pro,7 a large language model. The prompt was as follows: “Please 
generate an image. Image only. Make it look like a poster. Include 
an image of coffee.” The display size of the image was scaled propor-
tionally to match the size of the obstacle. The obstacle was placed 
at the center of the road, along the sideline shared by the start and 
goal positions, as in prior studies [57, 59, 68]. 

3.4 Task 
The study task involved walking from the start position to the goal 
position on the road. In the initial state of each trial, the cylinders 
indicating the start and goal positions, the virtual walls, and a button 
were displayed. The button was positioned in front of the start 
cylinder. The participants moved to the start position and selected 
the button using a ray-casting selection method with a handheld 

3https://www.vive.com/us/product/vive-focus-vision/overview/ (accessed 2026-01-25)
4https://www.vive.com/us/accessory/tracker3/ (accessed 2026-01-25)
5https://www.fhwa.dot.gov/publications/research/safety/pedbike/05085/chapt9.cfm 
(accessed 2026-01-25)
6https://www.leitfadenbarrierefreiesbauen.de/handlungsfelder/erschliessung/3-
gehwege-und-aeussere-erschliessungsflaechen (accessed 2026-01-25)
7https://gemini.google.com/app (accessed 2026-01-25) 

controller. This selection was enabled only when the participant’s 
head was within 0.2 m of the center of the start position. When 
the button was selected, it disappeared, and the virtual obstacle 
appeared. The participants then walked toward the goal position. 
When their heads reached within 0.2 m of the goal position, the 
obstacle disappeared, and the start cylinder, the goal cylinder, and 
the button for the next trial appeared. This sequence constituted 
one trial. 

3.5 Procedure 
Upon arrival at the designated university space, the participants 
read and signed an informed consent form and then completed a pre-
task questionnaire collecting personal information. The participants 
then received detailed instructions, which included a prohibition 
on extending any body parts beyond the roadway and on asking 
questions during the study. Afterward, they donned the HMDs, 
held the controllers, and attached motion trackers to their chests 
and ankles. 

The participants then completed a practice session designed 
to familiarize them with the task procedure. In this session, they 
walked from the start to the goal position twice. The presence of the 
virtual obstacle was neither disclosed nor visible during practice 
to prevent the participants from asking questions about it, as any 
explanation could bias their subsequent walking behavior. After 
the practice session, the participants proceeded to the main session. 
After each main session, they were free to take breaks as needed. 
Upon completing all the main sessions, they answered a post-task 
questionnaire regarding their impressions of the task. Finally, they 
participated in a semi-structured interview in which they were 
asked about the reasons behind their walking path choices. 

3.6 Evaluation Metrics 
An analysis was conducted on the following metrics: 

(1) Walk-through Rate: This is the proportion of trials in 
which the participant’s head or ankles intersected the virtual 
obstacle. Head positions were tracked using the HMD, and 
ankle positions were tracked using ankle trackers. 

(2) Lateral Deviation: This is the deviation along the Y-axis 
between the participant’s head position and the route con-
necting the start and goal positions, measured at the moment 
when the participant’s and obstacle’s X-axis positions coin-
cided. The X-axis and Y-axis corresponded to the edge-to-
edge (walking direction) and side-to-side (lateral direction) 
axes of the virtual road, respectively. The origin was defined 
as the point where the X-axis of the obstacle intersected 
with the Y-axis of the route. A negative value indicated that 
the participant approached the side of the road closer to the 
route. The coordinate system is shown in Fig. 2b. 

(3) Peak Position: This is the X-axis coordinate at which the 
Y-axis reached its maximum value. It represents the point 
on the X-axis that is farthest laterally from the straight line 
connecting the start and the goal. 

(4) Regenbrecht’s Presence Questionnaire (RPQ) [63]: This 
questionnaire evaluates the sense of presence in MR, includ-
ing realness, spatial presence, perceptual stress, and total 

https://www.vive.com/us/product/vive-focus-vision/overview/
https://www.vive.com/us/accessory/tracker3/
https://www.fhwa.dot.gov/publications/research/safety/pedbike/05085/chapt9.cfm
https://www.leitfadenbarrierefreiesbauen.de/handlungsfelder/erschliessung/3-gehwege-und-aeussere-erschliessungsflaechen
https://www.leitfadenbarrierefreiesbauen.de/handlungsfelder/erschliessung/3-gehwege-und-aeussere-erschliessungsflaechen
https://gemini.google.com/app
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Figure 2: (a) Experimental setup and (b) coordinate system of the road. 

presence. Several items from the original RPQ were modi-
fied to fit our study, following the approach of Kasahara et 
al. [29]. Responses were scored on a seven-point Likert scale. 

(5) Collision Anxiety Questionnaire (CAQ) [64]: This ques-
tionnaire measures collision anxiety toward real-world ob-
jects in VR experiences. It has also been adapted to assess 
collision anxiety in MR environments [31]. Because our study 
task did not involve collisions with people or disorientation, 
we used only the items related to general collision anxiety. 
Responses were scored on a seven-point Likert scale. 

In Study 1, we analyzed walk-through rate and lateral devia-
tion only. In Study 2, we analyzed all five metrics. This difference 
arises because the additional metrics (peak position, RPQ, and CAQ) 
were incorporated to evaluate the influence of the dynamic effects. 
Peak position was included for examination when the participants 
transitioned from a detour path to a more direct path due to the 
dynamic effect. RPQ and CAQ were included to assess whether the 
participants’ impressions of the virtual obstacle (i.e., presence and 
collision anxiety) differed depending on the type of dynamic effect. 

3.7 Analysis 
For the walk-through rate, we fitted a generalized linear mixed 
model (GLMM) [5] with independent variables as factors. The 
model was evaluated using type-III Wald 𝜒 2 tests. Post-hoc analyses 
were performed using pairwise comparisons of estimated marginal 
means (EMMs) with Tukey correction. 

The lateral deviation and peak position did not follow a normal 
distribution. Thus, we applied the aligned rank transform [22, 67, 
81] to each dataset, followed by a repeated measures ANOVA with 
independent variables as factors. Effect sizes were reported using 
partial eta-squared (𝜂 2 

𝑝 ). Post-hoc analyses were conducted using 
ART-C [15] with Holm correction [23]. 

To evaluate the RPQ and CAQ scores, we used the Friedman 
test across an independent variable. Pairwise comparisons were 
conducted using Wilcoxon signed-rank tests with Holm correction. 

3.8 Data Preprocessing 
The 3D coordinates of the HMDs and trackers (head, chest, and 
both ankles) recorded during the task were corrected. Because the 
coordinate systems of the HMD and trackers differed, we aligned 
them by matching the head tracker position to the HMD. All coor-
dinate data were resampled to 50 Hz before alignment. In addition, 
all walking paths were transformed to have the same direction and 
identical start and end coordinates. 

4 Study 1 
We conducted a study with 28 participants (P1–P28) to collect 
walking-path data for static virtual obstacles and to investigate 
the factors that determine whether participants walk through or 
detour around these obstacles. The study was designed to address 
RQ1 (Which factors influence walk-through rates for static virtual 
obstacles?) and RQ2 (How do walking paths differ between walk-
through and detour behaviors for static virtual obstacles?). 

4.1 Design 
We employed a within-participant design with four independent 
variables (Fig. 3): 

• Width: 0.4 m, 0.8 m, 1.2 m 
• Depth: 0.4 m, 0.001 m 
• Opacity: 100%, 50% 
• Type: grounded-1.0m (G1), grounded-2.0m (G2), floating-
1.0m (F1) 

Width and Depth define the virtual obstacle dimensions (Fig. 3a, 
b). Given a road width of 1.6 m, the three Width levels correspond 
to road occupancy rates of 25%, 50%, and 75%, respectively; larger 
Width values therefore require the participants to take wider de-
tours around the obstacle. A Depth of 0.4 m represents a solid object, 
whereas a Depth of 0.001 m corresponds to a UI menu. 

Opacity represents the transparency level of the virtual obsta-
cle, where 100% indicates full opacity and 50% indicates semi-
transparency (Fig. 3c). This factor was included as an independent 
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Figure 3: Independent variables in Study 1: (a) Width, (b) Depth, (c) Opacity, and (d) Type. 

variable because semitransparent virtual objects are significantly 
walked through more frequently than fully opaque ones [13]. 

Type defines the position and height of the virtual obstacle 
(Fig. 3d). The G1 and G2 conditions refer to virtual obstacles with 
heights of 1.0 m and 2.0 m, respectively, that are in contact with 
the floor. Their dimensions and placement were chosen to roughly 
match world-anchored objects such as virtual human agents, fences, 
or walls. The F1 condition refers to virtual obstacles with a height 
of 1.0 m positioned 1.5 m above the floor, approximating virtual UI 
elements. Note that in all Type conditions, only height and position 
were varied; the obstacle itself was always rendered as the same 
simple rectangular parallelepipeds. 

The participants completed 36 trials (3 Width levels × 2 Depth 
levels × 2 Opacity levels × 3 Type levels). The trial order was random-
ized. One set of 36 trials constituted a session, with each participant 
completing four sessions. These four sessions included two obstacle 
directions (left and right), each presented twice. When the direction 
was left, the obstacle, start position, and goal position were placed 
near the left edge of the road; when the direction was right, they 
were placed near the right edge. The session order was counterbal-
anced using a Latin square. In total, each participant completed 4 
sessions × 36 trials = 144 valid trials, yielding 4,032 datasets across 
all 28 participants. 

4.2 Analysis 
In this study, we analyzed the walk-through rate and lateral de-
viation with Width, Depth, Opacity, and Type as factors. We also 
investigated whether lateral deviation differed significantly depend-
ing on whether the virtual obstacle was walked through. For this 
analysis, we fitted a linear mixed model (LMM) [49] with Path as 
a factor, consisting of detour-around (Detour) and walk-through 
(Pass). Trials in which no contact with the virtual obstacle was 
detected were classified as Detour, whereas trials in which the 
participant’s head or ankles intersected the virtual obstacle were 
classified as Pass. The model was evaluated using EMMs, and effect 
sizes are reported using Cohen’s 𝑑 . 

4.3 Hypotheses 
Our hypotheses for RQ1 and RQ2 were as follows: 

H1a: A greater obstacle width increases the walk-through rate. 
H1b: A greater obstacle depth decreases the walk-through rate. 
H1c: A lower obstacle opacity increases the walk-through rate. 
H1d: A greater obstacle height decreases the walk-through rate. 
H1e: The walk-through rate varies substantially across individu-

als. 
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Figure 4: Walk-through rates by (a) Width, and (b) Type. The 
error bars denote the 95% confidence intervals. Significant 
differences (𝑝 < .05) between conditions are indicated by 
horizontal bars. 

5 Results 1 
In one trial, the ankle tracker detached after being accidentally 
kicked by the participant. Thus, the data from that trial were ex-
cluded from the analysis. 

5.1 Walk-through Rate 
The walk-through rates are shown in Fig. 4. The average walk-
through rate across all trials was 29.6%. We found a significant main 
effect of Width (𝜒22,𝑁 =28 = 63.70, 𝑝 < .01) and Type (𝜒22,𝑁 =28 = 7.49, 
𝑝 < .05). Post-hoc comparisons for Width revealed significant 
differences among all levels: The wider the obstacle, the higher the 
walk-through rate (𝑝 < .01). 

The walk-through rate for each participant is shown in Table 1. 
The rates varied substantially across participants, with 15 partici-
pants walking through fewer than 3% of the virtual obstacles and 
six participants walking through more than 80%. In addition, 11 
participants walked through the virtual obstacle on their first trial. 
The GLMM’s random-intercept SD was very large (𝜎 = 13.50 log-
odds), indicating pronounced between-participant differences in 
walk-through rates. The intraclass correlation coefficient was 0.982, 
suggesting that about 98% of the variance in walk-through behavior 
was attributable to stable between-participant differences. Together, 
these results indicate that walk-through behavior is strongly influ-
enced by individual differences. 

As an exploratory analysis, we added obstacle direction (left vs. 
right relative to the direction of travel) to the GLMM and examined 
its effect on walk-through rate. The results showed a significant 
main effect of direction (𝜒 2 

1,𝑁 =28 = 45.09, 𝑝 < .01), with slightly 
higher walk-through rates on the right (31.5%) than on the left 
(27.6%). Prior research has shown that individuals tend to walk 
closer to obstacles on the side of their dominant hands, where per-
sonal space tends to be narrower [19]. Although we did not measure 
the participants’ dominant hands in this study, the asymmetries in 
personal space on the dominant-hand side may have contributed 
to the elevated walk-through rate for right-side obstacles. 

5.2 Lateral Deviation 
The lateral deviations are shown in Fig. 5. We found significant 
main effects of Width (𝐹2,3968 = 928.67, 𝑝 < .01, 𝜂 2 

𝑝 = .319), Depth 

(𝐹1,3968 = 11.19, 𝑝 < .01, 𝜂 2 
𝑝 = .003), and Type (𝐹2,3968 = 52.52, 

𝑝 < .01, 𝜂 2 
𝑝 = .026). Additionally, significant interactions were 

observed for Width × Type (𝐹4,3968 = 18.22, 𝑝 < .01, 𝜂 2 
𝑝 = .018). Post-

hoc comparisons for Width × Type revealed significant differences 
among all Width levels within each Type condition: The wider the 
obstacle, the greater the lateral deviation (𝑝 < .01). 

The lateral deviations for Path are shown in Fig. 5c. The median 
lateral deviation was 0.73 m in the Detour condition and 0.01 m in 
the Pass condition. LMM regression revealed a significant effect of 
Path (Detour vs. Pass) on lateral deviation (𝛽 = −0.17, 𝑆𝐸 = 0.01, 
𝑡 = −15.27, 𝑝 < .01, 𝑑 = 0.96). 

5.3 Walking Path 
The walking paths (head trajectories) for each trial are shown in 
Fig. 6. When the participants walked through the virtual obstacle, 
most followed relatively straight paths. By contrast, when the par-
ticipants detoured around the obstacle, they generally took smooth, 
curved trajectories. 

Unique detour paths were observed in which the head passed 
either above or below the virtual obstacle. Under the condition 
Width = 1.2 m × Type = F1, six participants crouched to avoid the 
obstacle in 64 trials. Consequently, the F1 condition yielded a lower 
lateral deviation than both the G1 condition (𝑡 = −4.45, 𝑝 < .01) and 
the G2 condition (𝑡 = −11.04, 𝑝 < .01) at Width = 1.2 m. In addition, 
under the condition Width = 1.2 m × Type = G1, 14 participants 
turned sideways and walked through the gap between the virtual 
obstacle and the edge of the road, with their heads passing over the 
obstacle in 49 trials. Accordingly, the G1 condition also produced a 
lower lateral deviation than the G2 condition (𝑡 = −6.60, 𝑝 < .01) 
at Width = 1.2 m. 

5.4 Participants’ Feedback 
Many participants who detoured around the virtual obstacle stated 
that they avoided it intuitively or out of habit, as if it were a real 
obstacle. P6 commented, “Even though I knew it wouldn’t hurt 
me, I avoided it because I’ve developed the habit of dodging things 
directly in front of me.” P6, P10, P13, and P16 detoured around the 
virtual obstacles even while understanding that they could walk 
through them. In addition, P12 and P25 stated that they consciously 
avoided virtual obstacles, keeping in mind that this was an experi-
ment. By contrast, six participants who walked through the virtual 
obstacle stated that they did so because they understood it was 
possible, unlike with a real-world object. P15 commented, “At first, 
I avoided it, thinking it was a real-world object, but afterward, I 
recognized it as a virtual obstacle and decided to walk through.” 

Feedback on how the appearance of virtual obstacles affected 
walking behavior varied considerably among individuals. Fourteen 
participants commented on opacity, noting that translucent virtual 
obstacles allowed them to see through the objects and reduced colli-
sion anxiety, whereas opaque objects created resistance to walking 
through. By contrast, 10 participants stated that transparency did 
not affect their walking behavior. Nine participants reported that 
thicker objects felt more difficult to walk through, while three stated 
that the depth of the virtual obstacle did not influence their walking 
behavior. Although virtual obstacle types were rarely mentioned, 
the G1 condition was described as difficult to walk through because 
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Table 1: Walk-through rate for each participant (P1–P28). 

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 
54.2% 94.4% 0.0% 0.0% 68.1% 0.0% 0.0% 40.3% 0.0% 3.5% 0.7% 0.0% 0.0% 83.3% 
P15 P16 P17 P18 P19 P20 P21 P22 P23 P24 P25 P26 P27 P28 
71.5% 0.0% 95.1% 0.7% 0.0% 34.0% 85.4% 0.7% 95.1% 0.0% 7.6% 93.8% 0.0% 0.0% 

Figure 5: Lateral deviations by (a) Width × Type, (b) Depth, and (c) Path. Significant differences (𝑝 < .05) between conditions are 
indicated by horizontal bars. 
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Figure 6: Walking paths for all trials by Width. Thin blue lines represent individual trials in which the participants detoured 
around the obstacle (Detour), while thin red lines represent trials in which they walked through it (Pass). Bold blue and 
red lines indicate the average walking paths for the Detour and Pass trials, respectively. The black rectangle represents the 
virtual obstacle. Trials in which the participants crouched to avoid the obstacle (64 trials) appear as detour paths whose head 
trajectories pass over the obstacle. 

it made them feel as if they might bump their feet (P17, P26). In 
comparison, under the G2 and F1 conditions, when the virtual ob-
stacle was opaque, it blocked the view of the scenery behind it, 
increasing collision anxiety (P10, P14, P20). 

5.5 Summary 1 
Width primarily affected the walk-through rate (0.4 m: 17.1%, 0.8 m: 
32.5%, 1.2 m: 39.2%), supporting [H1a]. Although Depth increased 
lateral deviation (a greater depth led to larger detours), it did not 
significantly influence the walk-through rate; thus, [H1b] was not 
supported. Opacity also showed no significant effect on the walk-
through rate, failing to support [H1c]; nevertheless, several partici-
pants reported that seeing the space behind the obstacle made walk-
ing through feel easier. Although Type (height/placement) had a 

significant main effect on the walk-through rate, post-hoc pairwise 
comparisons revealed no significant differences; thus, [H1d] was 
not supported. However, when Width was 1.2 m, the G2 condition 
yielded a larger lateral deviation than G1 and F1, suggesting that 
taller obstacles may induce greater detours. [H1e] was supported; 
walk-through propensity varied substantially across individuals. 
Six participants walked through in more than 80% of the trials, 
whereas 15 participants did so in fewer than 3%. 

Walk-through paths were generally straight, whereas detour 
paths curved early to avoid the obstacle. For detour paths, lateral 
deviation increased with Width, resulting in more expansive trajec-
tories. 
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6 Study 2 
We conducted a study with 30 participants (P29–P58) to collect 
data on walking paths for virtual obstacles with dynamic effects, in 
which virtual objects disappeared as users approached. The study 
was designed to address RQ3 (When virtual obstacles disappear 
midway, how do walking paths change depending on the type of 
effect and the timing of disappearance?) and RQ4 (How do walk-
through rates and walking paths change for static virtual obstacles 
after participants experience obstacles that disappear midway?). 

6.1 Dynamic Effect 
We designed three types of dynamic effects: Fade, which gradually 
changes the object’s transparency; Wipe, which gradually reduces 
its width; and Door, which rotates the object by 90◦ . We hypothe-
sized that walking paths would differ between an effect that keeps 
the object’s width constant (Fade) and effects that gradually reduce 
its width (Wipe and Door), given that lateral deviation increases as 
obstacle width increases. For this reason, we adopted Fade, which 
keeps the object’s width constant, and Wipe and Door, which reduce 
the width either visually or effectively through rotation. 

Each effect began when the user entered a specified starting 
distance from the virtual obstacle and was completed when the 
user reached a defined ending distance, at which point the obstacle 
had completely disappeared from the walking path. The progression 
of the effect was modeled linearly as follows: 

𝛼 (𝑑 ) = 
𝑑 − 𝑑end 

𝑑start − 𝑑end 
, 𝛼 ∈ [0, 1], (1) 

where 𝑑𝑠𝑡𝑎𝑟 𝑡 is the distance at which the effect begins, 𝑑𝑒𝑛𝑑 is 
the distance at which the effect is completed, and 𝑑 is the current 
distance between the user and the virtual object. In this study, 𝑑 
was calculated solely along the x-axis, corresponding to the user’s 
walking direction. 𝛼 (𝑑) decreases linearly from 1 to 0 as the user 
approaches the object. 

6.1.1 Fade. In this effect, the opacity of the virtual object decreases 
linearly from 100% (opaque) to 0% (fully transparent) as the user ap-
proaches, while the width of the object remains unchanged (Fig. 7a). 
The opacity of the virtual object decreases linearly with 𝛼 (𝑑) while 
the width remains constant: 

Opacity(𝑑) = 100 · 𝛼 (𝑑 ). (2) 

6.1.2 Wipe. In this effect, the portion of the virtual object farthest 
from the edge of the virtual road gradually disappears linearly as 
the user approaches, making the object appear narrower (Fig. 7b). 
The width of the virtual object decreases linearly with 𝛼 (𝑑): 

Width(𝑑) = 𝑊0 · 𝛼 (𝑑 ), (3) 

where 𝑊0 is the initial width of the virtual object. 

6.1.3 Door. In this effect, the virtual object rotates 90◦ around its 
edge along the road (Fig. 7c). The axis of rotation is the Z-axis, 
which is perpendicular to the floor. As the object rotates, its center 
shifts toward the edge of the road. The resulting width is expressed 
as follows: 

Width(𝑑 ) = 
 
𝛼 (𝑑 ) + cos 

 
𝜋 /2 · (1 − 𝛼 (𝑑)) 

  
· 𝑊0 

2 
. (4) 

6.2 Design 
We employed a within-participant design with three independent 
variables: 

• Effect: None, Fade, Wipe, Door 
• Width: 0.8 m, 1.2 m 
• Timing: 3-2, 3-1, 2-1 

Effect includes the three dynamic effects introduced previously 
(Fade, Wipe, and Door) as well as a condition in which no effect 
occurs (None). The None condition was identical to the static virtual 
obstacle in Study 1 and was adopted as the baseline. Width defines 
the dimensions of the virtual obstacle. The height and depth of 
the virtual obstacle were set to 2.0 m and 0.001 m, respectively. In 
addition, the opacity was fixed at 100%, and the obstacle was placed 
on the floor. Timing specifies the distance between the starting 
point and the ending point of the dynamic effect. The 3-2, 3-1, and 
2-1 conditions indicate that 𝑑start was 3 m and 𝑑end was 2 m, 3 m 
and 1 m, and 2 m and 1 m, respectively. 

In the None condition, the participants completed 8 trials (2 × 
2 Width levels × 2 obstacle directions). Timing was not combined 
with the None condition, as it has no effect in this case. In the Fade, 
Wipe, and Door conditions, the participants completed 32 trials for 
each effect. These consisted of 2 × (2 Width levels × 3 Timing levels 
× 2 obstacle directions) trials, plus 8 additional baseline trials in 
which the obstacle remained static. These baseline trials served two 
purposes: (1) to ensure that the disappearance of the virtual object 
was ambiguous until the user approached, thereby clarifying the 
optimal Timing value, and (2) to compare walking behavior when 
virtual objects never disappear with walking behavior when virtual 
objects occasionally do not disappear (RQ4). 

The trial order was randomized. The order of Effect conditions 
always began with None, while the three other conditions were 
counterbalanced using a Latin square. After completing each Ef-
fect condition, the participants filled out the RPQ and CAQ. Upon 
completing all trials, they answered a post-task questionnaire that 
included their preferences for Effect and Timing. In total, each par-
ticipant completed (8 trials + 3 × 32 trials) = 104 valid trials, yielding 
3,120 datasets across all 30 participants. 

6.3 Analysis 
We repeatedly extracted specific subsets from the dataset for analy-
sis. First, to investigate the impacts of the dynamic effects, we ex-
tracted a dataset excluding the baseline trials (hereafter, the dataset 
for the impacts of dynamic effects). Note that trials in the None con-
dition were included as is, whereas only the baseline trials were 
excluded from the other Effect conditions. The independent vari-
ables were Effect (None, Fade, Wipe, and Door) and Width, and the 
dependent variables were lateral deviation and peak position. 

Second, to investigate the impacts of Timing on the dynamic 
effects, we extracted a dataset excluding the None condition and the 
baseline trials (hereafter, the dataset for the impacts of timings). The 
independent variables were Effect (Fade, Wipe, and Door), Width, 
and Timing, and the dependent variables were lateral deviation 
and peak position. Third, to investigate walking behavior for static 
virtual obstacles, we extracted a dataset consisting of the None 
condition and the baseline trials from the Fade, Wipe, and Door 
conditions (hereafter, the dataset for static virtual obstacles). The 
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Figure 7: Transition of dynamic effects and virtual obstacle width: (a) Fade, (b) Wipe, and (c) Door. 

independent variables were Effect (None, Fade, Wipe, and Door) 
and Width, and the dependent variables were walk-through rate, 
lateral deviation, and peak position. Finally, to evaluate RPQ and 
CAQ scores, we used the Friedman test across Effect conditions 
(None, Fade, Wipe, and Door). 

6.4 Hypotheses 
Our hypotheses for RQ3 and RQ4 were as follows: 
H2a: Dynamic effects (Fade, Wipe, and Door) cause the partici-

pants’ walking paths to diverge into two types: (1) a straight 
path based on the expectation that virtual obstacles will 
disappear, and (2) a path that initially detours around the 
obstacle but then switches to a more direct route toward the 
goal after confirming the dynamic effect. 

H2b: Earlier initiation of dynamic effects enables a faster transi-
tion from the detour path to a more direct path toward the 
goal, resulting in reduced lateral deviation. 

H2c: Dynamic effects in which the width of virtual obstacles grad-
ually decreases as the participants approach (Wipe and Door) 
result in smaller lateral deviations during detours compared 
to effects in which the width remains constant (Fade). 

H2d: When encountering static virtual obstacles after experienc-
ing dynamic effects, the participants who follow a straight 
path tend to delay their detour timing or increase the pro-
portion of obstacles they walk through. 

7 Results 2 

7.1 Behavioral Results: Impacts of Dynamic 
Effects 

We conducted a two-way repeated-measures ANOVA on the dataset 
for the impacts of dynamic effects, with Effect and Width as factors. 

7.1.1 Lateral Deviation. The lateral deviations are shown in Fig. 8a. 
Significant main effects were found for Effect (𝐹3,2363 = 373.39, 
𝑝 < .01, 𝜂 2 

𝑝 = .322) and Width (𝐹1,2363 = 68.61, 𝑝 < .01, 𝜂 2 
𝑝 = .028). 

In addition, a significant interaction was observed for Effect × 
Width (𝐹3,2363 = 17.45, 𝑝 < .01, 𝜂 2 

𝑝 = .022). Post-hoc comparisons 
revealed that Fade, Wipe, and Door all resulted in significantly 

smaller lateral deviations than None (𝑝 < .01) under both Width 
conditions. Furthermore, Wipe and Door produced significantly 
smaller lateral deviations than Fade (𝑝 < .05) under both Width 
conditions. 

7.1.2 Peak Position. The peak positions are shown in Fig. 8b. Sig-
nificant main effects were found for Effect (𝐹3,2363 = 42.35, 𝑝 < .01, 
𝜂 2 
𝑝 = .051) and Width (𝐹1,2363 = 12.99, 𝑝 < .01, 𝜂 2 

𝑝 = .005). Post-hoc 
comparisons revealed that Fade, Wipe, and Door all resulted in 
significantly earlier peak positions than None (𝑝 < .01). Further-
more, Door exhibited a significantly earlier peak position than Fade 
(𝑡 = −4.32, 𝑝 < .01). 

7.1.3 Walking Path. The walking paths (head trajectories) for each 
Effect condition are shown in Fig. 9. In Fade, Wipe, and Door, 
29.2% of the trials (631/2160) involved participants avoiding the 
location where the virtual obstacle had been present. By contrast, 
19.7% of the trials (425/2160) involved walking straight from the 
start—defined as trials with lateral deviations smaller than 0.23 m, 
which was the maximum lateral deviation after removing outliers 
from the detour dataset in Study 1. The remaining 51.1% of the 
trials (1104/2160) transitioned from a detour path to a more direct 
path toward the goal as a result of the dynamic effects. 

7.2 Behavioral Results: Impacts of Timing 
We conducted a three-way repeated-measures ANOVA on the 
dataset for the impacts of timings, with Effect, Width, and Tim-
ing as factors. 

7.2.1 Lateral Deviation. The lateral deviations are shown in 
Fig. 10a. Significant main effects were found for Effect (𝐹2,2113 = 
50.52, 𝑝 < .01, 𝜂 2 

𝑝 = .046), Width (𝐹1,2113 = 45.28, 𝑝 < .01, 
𝜂 2 
𝑝 = .020), and Timing (𝐹2,2113 = 238.27, 𝑝 < .01, 𝜂 2 

𝑝 = .184). 
In addition, significant interactions were observed for Effect × 
Timing (𝐹4,2113 = 3.47, 𝑝 < .01, 𝜂 2 

𝑝 = .007) and Width × Timing 

(𝐹2,2113 = 3.67, 𝑝 < .05, 𝜂 2 
𝑝 = .003). Post-hoc comparisons revealed 

that, across all Effect conditions, 2-1 produced significantly greater 
lateral deviation than 3-2 and 3-1 (𝑝 < .01). In addition, under 
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Figure 8: In the dataset for the impacts of dynamic effects: (a) lateral deviations by Effect × Width, and (b) peak positions by 
Effect. Significant differences (𝑝 < .05) between conditions are indicated by horizontal bars. 
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Figure 9: Walking paths by Effect in the dataset for the impacts of dynamic effects. Thin green lines represent individual trials, 
and the bold green line indicates the average walking path. 

Timing 3-1 and 2-1, Fade resulted in a significantly greater lateral 
deviation than Wipe and Door (𝑝 < .01). 

7.2.2 Peak Position. The peak positions are shown in Fig. 10b. 
Significant main effects were found for Effect (𝐹2,2113 = 7.92, 𝑝 < 
.01, 𝜂 2 

𝑝 = .008), Width (𝐹1,2113 = 13.56, 𝑝 < .01, 𝜂 2 
𝑝 = .006), and 

Timing (𝐹2,2113 = 20.92, 𝑝 < .01, 𝜂 2 
𝑝 = .019). In addition, significant 

interactions were observed for Effect × Timing (𝐹4,2113 = 5.36, 
𝑝 < .01, 𝜂 2 

𝑝 = .010). Post-hoc comparisons revealed that, in the Fade 
condition, 3-2 resulted in significantly earlier peak positions than 
3-1 (𝑡 = −5.93, 𝑝 < .01) and 2-1 (𝑡 = −6.41, 𝑝 < .01). In addition, 
under the 3-1 and 2-1 conditions, Fade produced significantly later 
peak positions than Door (𝑝 < .01). 

7.2.3 Walking Path. The walking paths (head trajectories) for each 
Effect × Timing condition are shown in Fig. 11. The walking path for 
Timing 2-1 exhibited a greater lateral deviation than those for the 
other timings, indicating that a delayed start of the dynamic effect 
caused a delay in switching from the detour route to a more direct 
route toward the goal. In Wipe and Door, the average walking paths 
for Timing 3-2 and 3-1 were nearly identical in shape. By contrast, 
in Fade, the walking path for Timing 3-1 exhibited a greater lateral 
deviation than that for Timing 3-2, and its peak position occurred 
later. 

7.3 Behavioral Results: Static Virtual Obstacles 
We conducted a GLMM and a two-way repeated-measures ANOVA 
on the dataset for static virtual obstacles, with Effect and Width as 
factors. 

7.3.1 Walk-through Rate. The average walk-through rates for Ef-
fect were 8.75% for None, 13.75% for Fade, 12.50% for Wipe, and 
11.67% for Door. No significant main effects were observed for Effect 
(𝜒 2 

3,𝑁 =30 = 6.82, 𝑝 = .08) or Width (𝜒 2 
1,𝑁 =30 = 2.86, 𝑝 = .09). Eight

participants walked through the virtual obstacle, four of whom 
walked through in all Effect conditions (walk-through rates: P33 
= 28%, P35 = 100%, P43 = 100%, P57 = 78%). P49 and P53 walked 
through only once (3%), P36 only in the Fade condition (13%), and 
P51 in all Effect conditions except None (25%). 

7.3.2 Lateral Deviation and Peak Position. For lateral deviation, 
a significant main effect was found for Width (𝐹1,923 = 1777.02, 
𝑝 < .01, 𝜂 2 

𝑝 = .658). However, no significant main effect of Effect 
was observed (𝐹3,923 = 2.55, 𝑝 = .05, 𝜂 2 

𝑝 = .008). 
The peak positions are shown in Fig. 12. For peak position, sig-

nificant main effects were found for Effect (𝐹3,923 = 6.30, 𝑝 < .01, 
𝜂 2 
𝑝 = .020) and Width (𝐹1,923 = 18.80, 𝑝 < .01, 𝜂 2 

𝑝 = .020). In ad-
dition, significant interactions were observed for Effect × Width 
(𝐹3,923 = 4.60, 𝑝 < .01, 𝜂 2 

𝑝 = .014). Post-hoc comparisons revealed 
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Figure 10: In the dataset for the impacts of timings: (a) lateral deviations by Effect × Timing, and (b) peak positions by Effect × 
Timing. Significant differences (𝑝 < .05) between conditions are indicated by horizontal bars. 
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Figure 11: Walking paths by Effect × Timing in the dataset for the impacts of timings. Lines indicate the average walking paths. 

Figure 12: Peak positions for Effect × Width in the dataset 
for static virtual obstacles. Significant differences (𝑝 < .05) 
between conditions are indicated by horizontal bars. 

that, in Width 0.8, None resulted in a significantly earlier peak posi-
tion than Fade (𝑡 = −3.56, 𝑝 < .05), Wipe (𝑡 = −3.76, 𝑝 < .01), and 
Door (𝑡 = −3.54, 𝑝 < .05). 

7.3.3 Walking Path. The walking paths for each Effect condition 
are shown in Fig. 13. The shapes of the walking paths were nearly 
identical across all Effect conditions. However, for Effect conditions 
other than None, some walking paths showed a delayed transition 
from a straight path to a detour path. 

7.4 Subjective Results 
7.4.1 Regenbrecht’s Presence Questionnaire (RPQ). The RPQ scores 
are shown in Fig. 14a. The average total presence scores (higher is 
better) for Effect were 4.60 for None, 4.81 for Fade, 4.54 for Wipe, 
and 4.97 for Door. A Friedman test revealed significant effects for 
Realness (𝜒 2 

3,𝑁 =30 = 8.34, 𝑝 < .05) and Perceptual Stress (𝜒 2 
3,𝑁 =30 =

11.29, 𝑝 < .05). Post-hoc comparisons indicated that Door had 
significantly higher Realness scores than Wipe (𝑍 = −2.67, 𝑝 < .05). 

7.4.2 Collision Anxiety Questionnaire (CAQ). The CAQ scores are 
shown in Fig. 14b. The average CAQ scores (lower is better) for 
Effect were 1.81 for None, 1.70 for Fade, 1.42 for Wipe, and 1.35 
for Door. Effect had a significant main effect (𝜒 2 

3,𝑁 =30 = 21.37, 
𝑝 < .01). Post-hoc comparisons revealed that Wipe and Door had 
significantly lower collision anxiety for real-world objects than 
None (𝑝 < .05). 

7.4.3 Effect Preference. The average preference ranks (lower is 
better) for Effect were 3.00 for None (first: 4, second: 5, third: 8, 
fourth: 13), 2.53 for Fade (first: 6, second: 9, third: 8, fourth: 7), 2.47 
for Wipe (first: 7, second: 9, third: 7, fourth: 7), and 2.00 for Door 
(first: 13, second: 7, third: 7, fourth: 3). 

None was the least preferred condition; most participants favored 
virtual obstacles with dynamic effects and showed a relatively low 
preference for static obstacles. By contrast, P58 selected None as 
their most preferred effect because they disliked the other dynamic 
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Figure 13: Walking paths by Effect in the dataset for static virtual obstacles. Thin blue lines represent individual trials in which 
the participants detoured around it (Detour), while thin red lines represent trials in which they walked through it (Pass). Bold 
blue and red lines indicate the average walking paths for the Detour and Pass trials, respectively. 

Figure 14: Scores for (a) RPQ and (b) CAQ. Significant differences (𝑝 < .05) between conditions are indicated by horizontal bars. 

effects (“Concerns arose that virtual objects with fading or moving 
effects might move again or come toward me.”). 

Fade was the third most preferred effect, with an average ranking 
comparable to Wipe. Four participants rated Fade as most preferred, 
noting that making virtual objects transparent was interesting pre-
cisely because it is unrealistic. P36 commented, “It was interesting 
how transparency seemed to phase through walls, something impos-
sible in reality.” Conversely, nine participants found semitranspar-
ent virtual objects undesirable because they could not sufficiently 
reduce collision anxiety. P46 stated, “I couldn’t shake off the lin-
gering sense of danger—that the virtual object might collide with 
me—until it disappeared completely.” 

Wipe was the second most preferred effect, with an average 
ranking comparable to Fade. Eight participants rated it highly for 
ease of walking, noting that parts of the virtual obstacle disappeared 
completely, allowing them to walk into the vacated space. P54 noted, 
“The effect made it easier to walk because the center of the path 
opened up early on.” P37, P38, and P50 found Wipe interesting 
because it was unrealistic, while P54 disliked Wipe for the same 
reason, stating, “Wipe was the least preferred effect because it was 
one I had rarely seen in the real world.” 

Door was the most preferred effect. Six participants gave it fa-
vorable reviews because, like Wipe, it allowed them to walk toward 
spaces where virtual obstacles had been removed. Additionally, P41, 

P52, and P57 preferred Door because the virtual object remained 
visible without completely disappearing, unlike in Fade or Wipe. 
P52 commented, “Virtual objects with the Door effect have a long 
display time, so it’s great that I can read them whenever I want to 
see the content.” However, six participants expressed dissatisfaction 
with Door, noting that, unlike the other dynamic effects, it involved 
moving virtual obstacles. P33 stated, “I made sure to dodge the vir-
tual object moving like a door at the last possible moment because 
it was a bit scary.” 

7.4.4 Timing Preference. The average preference ranks (lower is 
better) for Timing were 1.40 for 3-2 (first: 20, second: 8, third: 2), 
1.87 for 3-1 (first: 9, second: 16, third: 5), and 2.73 for 2-1 (first: 1, 
second: 6, third: 23). 

Except for P43, the preferred start timing for the effect was 3 m. 
Most participants stated that starting the dynamic effect from 2 m 
was too late to alter their walking path, and that a distance of 3 m or 
more was required. The preferred completion timing was 2 m rather 
than 1 m because the participants felt that the effect in 3-1 ended 
too late. However, because the virtual objects in 3-2 disappeared 
quickly, six participants preferred 3-1, where the virtual objects 
remained visible for a longer time. P33 commented, “Since fading 
out too quickly makes it feel as if it never existed in the first place, 
we prioritized evaluating the timing for a gradual fade-out.” 
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7.5 Summary 2 
[H2a] was partially supported; in addition to the two anticipated 
walking paths (straight walk-through and detour-then-switch), a 
third path was observed, in which the participants detoured around 
virtual obstacles regardless of the dynamic effects. Overall, most 
walking paths initially followed detour routes. [H2b] was supported; 
when the start timing of dynamic effects was earlier, the transition 
from the detour path to the straight path occurred more quickly, and 
lateral deviation was significantly reduced. [H2c] was supported; at 
Timing 3-1 and 2-1, Fade resulted in a significantly greater lateral 
deviation than Wipe and Door. [H2d] was partially supported; after 
the participants experienced dynamic effects, the peak position 
of the detour path for static virtual obstacles shifted significantly 
later, suggesting delayed initiation of detour behavior. However, no 
significant difference was observed in the walk-through rate before 
versus after exposure to dynamic effects. 

8 Discussion 
The following are the main findings and answers to the research 
questions (RQ1–RQ4) of this study: 

(1) The walk-through rate for static virtual obstacles increased as 
object width grew larger , while the effects of depth, height, 
and opacity were not significant. Furthermore, the walk-
through rate varied substantially across individuals. 

(2) Participants who detoured around the static virtual obstacle 
followed a curved walking path to avoid it, and several par-
ticipants crouched to avoid the floating virtual obstacles. By 
contrast, participants who walked through the static virtual 
obstacle generally chose a straight path toward the goal. 

(3) When the participants approached virtual obstacles with 
dynamic effects, they initially detoured while confirming the 
obstacles’ disappearance and then transitioned to a direct path 
toward the goal. The effect in which obstacles gradually be-
came transparent (Fade) delayed this transition more than 
the effects in which the width of the virtual obstacles gradu-
ally decreased (Wipe and Door). 

(4) The walk-through rate for static virtual obstacles during 
the dynamic effect remained largely unchanged compared 
to before experiencing the dynamic effect. However, the 
number of walking paths that delayed switching from a 
straight path to a detour path increased. 

8.1 Walk-through and Detour Behaviors for 
Static Virtual Obstacles 

The results from Studies 1 and 2 confirmed that several partici-
pants frequently walked through virtual objects even during simple 
walking tasks. Specifically, 25.9% of participants (15/58) frequently 
walked through virtual objects, defined as a walk-through rate 
of 30% or higher. Moreover, 13.8% of participants (8/58) walked 
through virtual objects in more than 80% of trials across both stud-
ies. This indicates that the presence of users walking through virtual 
objects must always be assumed. 

Our results showed that the larger the width of the virtual object, 
the greater the walk-through rate. This is consistent with previous 
findings [4, 29, 58]. However, our results also indicate that some peo-
ple may choose to walk through even when the gains are minimal. 

In Study 1, the participants who walked through virtual obstacles 
(mean task time = 5.73 s, mean walking distance = 5.83 m) reached 
the goal 1.04 s faster and with a 0.26 m shorter walking distance 
than the participants who did not (mean task time = 6.77 s, mean 
walking distance = 6.09 m). This gain was considerably smaller than 
those reported in previous studies [29]. 

Additionally, the walk-through rate varied considerably across 
participants, highlighting the importance of personalizing the place-
ment of virtual objects during walking. Because the walking path 
tendencies of these users are relatively predictable, presenting each 
user with a personalized arrangement of virtual objects could help 
reduce collision risks. For example, virtual objects could be avoided 
in front of real-world obstacles for users who tend to walk through 
virtual objects. 

By contrast, the walk-through rate differed between Study 1 
(29.6%) and Study 2 (11.7%), with the rate in Study 2 being lower. 
One possible explanation is that it may have been more difficult for 
participants in Study 2 to walk through the virtual object for the 
first time. The virtual obstacle in Study 2 was an opaque object 2 
m high, which the participants in Study 1 reported as more resis-
tant to passage. Since walking through a virtual object even once 
can reduce psychological resistance to subsequent passage [29], 
the semitransparent virtual obstacles used in Study 1 may have 
facilitated higher walk-through rates. 

8.2 Changing Walking Path by Dynamic Effect 
In Study 2, dynamic effects increased the number of walking paths 
that entered the space where the virtual obstacle had been in 70.8% 
of the trials, showing that they can reduce excessive detours. How-
ever, only 19.7% of trials followed a straight path from the start. 
Most participants initially detoured, confirmed the obstacle’s dis-
appearance, and then transitioned to a more direct path toward 
the goal. This indicates that, as long as there is uncertainty about 
whether an obstacle will disappear, users tend to maintain detours 
until disappearance is confirmed. 

The start timing of dynamic effects influences the walking path. 
Initiating the dynamic effect at 2 m was too late for the participants 
to determine whether a virtual obstacle was static or dynamic, re-
sulting in unnecessarily large lateral deviations. Thus, a 2 m start 
timing is unsuitable for dynamic effects; 3 m or greater is more appro-
priate. However, some studies have reported that detour behavior 
tends to begin at distances of approximately 4 m [11, 16, 38]. Thus, 
if the goal is to prevent users from initiating detours around virtual 
obstacles, a start timing greater than 4 m may be appropriate. 

The end timing of dynamic effects also influenced the walking 
path. At Timing 3-1, only Fade produced a wider walking path 
and greater lateral deviation compared to 3-2. Several participants 
commented that in Fade, they continued detouring until the virtual 
obstacle became completely transparent. By contrast, in Wipe and 
Door, in which the width of the virtual obstacle gradually decreased, 
the participants walked toward the positions where the obstacle 
had already disappeared, resulting in smaller lateral deviations 
compared to Fade. These results suggest that for dynamic effects such 
as Fade, in which the object width remains constant, it is advisable to 
terminate the effect earlier to prevent unnecessary detours. 
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In situations in which virtual obstacles with and without dynamic 
effects coexist, the detour timing for virtual static obstacles may 
become slightly delayed. In our results, under the Fade, Wipe, and 
Door conditions, the peak position of the walking path for a static 
virtual obstacle 0.8 m wide was larger than that in the None con-
dition, indicating delayed avoidance behavior. This effect appears 
to stem from users’ expectations that the obstacle might disappear. 
That is, repeated exposure to disappearing obstacles may temporarily 
recalibrate the distance users consider safe around virtual obstacles, 
reflecting a form of perceptual-motor adaptation that shifts detour 
timing even when no dynamic effect is actually present. 

8.3 Use Case for Dynamic Effect 
Our CAQ results suggest that dynamic effects can mitigate collision 
anxiety: Wipe and Door significantly reduced CAQ scores com-
pared to the None condition. Because our tasks were conducted in 
environments without potential collisions with physical objects, 
the overall CAQ scores were very low. While these findings are 
limited, they suggest that dynamic effects may mitigate collision 
risks. 

However, the constant use of dynamic effects is not always ap-
propriate. First, unnatural dynamic effects may negatively impact 
the perceived realism and immersion. For example, applying Wipe 
to virtual objects, such as virtual agents, may further degrade user 
impressions due to mismatches with real-world expectations. Thus, 
dynamic effects should be chosen to match the object’s character-
istics and role. Second, some effects may not fully clear the user’s 
path. Although Door was a highly favored effect, rotating a thick 
virtual object by 90◦ does not reduce its width to zero. This suggests 
the need to select effects depending on object geometry. Finally, 
constantly applying dynamic effects can substantially reduce the 
functionality of MR applications. Once the user approaches within 
the activation distance, the virtual object is effectively removed, 
preventing close interaction with it. This underscores the need for 
alternative collision avoidance techniques suited to such situations. 

8.4 Collision Behavior in Various Contexts 
Although most participants detoured around the virtual object in 
our studies, walk-through behavior may become more prevalent 
in certain contexts. First, prior experience with walking through 
virtual objects may increase the likelihood of walk-throughs [29]. 
The participants who consistently walked through virtual objects 
reported that they did so because they understood that virtual 
objects have no physical substance and can be walked through 
safely. As HMDs become more widespread and people become 
accustomed to living with virtual information, this perception may 
become more common, potentially leading to higher walk-through 
rates. 

Second, walk-through rates may also increase in public spaces. 
In such settings, users are surrounded by bystanders who may 
not be wearing MR devices or who may be experiencing different 
MR content. Detouring around seemingly empty space could seem 
socially odd to others, making detours less socially acceptable. Con-
sequently, users might prefer more direct paths, including walking 
through virtual objects. Overall, our study examined walking behav-
ior toward virtual objects under controlled conditions in a period 

when MR is not yet widespread. Future work should investigate 
collision behavior in more diverse and realistic environments. 

8.5 Real-world Applicability 
Based on the findings of this study, we outline the implications for 
the placement of world-anchored virtual objects in MR environ-
ments. First, for nonessential virtual objects such as advertisements 
or UI elements that users do not intend to interact with, applying 
dynamic effects is advisable. Hiding these objects as the user ap-
proaches can reduce both collision risks and anxiety. Furthermore, 
opaque virtual objects located outside the user’s direction of travel 
(e.g., roadside advertisements) can still pose collision risks by ob-
scuring pedestrians approaching from behind them. Thus, such 
virtual objects should become semitransparent or disappear when 
the user approaches. 

Second, virtual objects that are intended to interact with users 
upon approach (e.g., virtual agents) should be positioned carefully 
to minimize collision risk. Because dynamic effects are often diffi-
cult to apply to such objects, it is advisable to avoid placing them in 
locations with high collision risk, such as crowded environments. 
When unavoidable, their visual appearance should be adjusted to 
help mitigate collisions—for example, by increasing their trans-
parency near the user’s path, even if they cannot be fully removed. 
In addition, because users may choose to walk through these objects, 
it is also preferable not to overlay them directly onto real-world 
objects. 

Finally, virtual objects that must not be passed, such as virtual 
fences for traffic safety, require designs that strongly discourage 
users from walking through them. Possible approaches include dis-
playing warning text on the virtual object or presenting warning 
notifications when the user approaches too closely. However, as 
long as some users consistently choose to walk through virtual 
objects, design-based solutions alone have inherent limitations. 
Therefore, it may be necessary to establish broader regulatory guide-
lines that define when virtual objects may or may not be walked 
through, similar to traffic rules. 

8.6 Limitations 
This study has several limitations. First, there are limitations re-
garding participant demographics and the apparatus used. The 
participants in our study were primarily undergraduate and gradu-
ate students, resulting in a narrow age range. In addition, the results 
may differ with optical see-through HMDs or higher-performance 
devices. Second, there was a potential order effect in Study 2. The 
None condition was always performed first to collect walking paths 
for static virtual obstacles before the participants experienced dy-
namic effects. Thus, the statistical results based on the None con-
dition were not confounded by order effects. However, to address 
RQ4, we deliberately accepted this order effect and conducted the 
None condition first. 

Third, the appearance of the virtual obstacle was restricted. Be-
cause we used only one obstacle appearance, the walk-through rate 
and walking paths may differ from other appearances, such as a 
virtual humanoid agent. We intentionally limited the appearance 
to avoid confounding the effects on collision avoidance behavior. 
It would be valuable to investigate walk-through rates for virtual 
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objects with a variety of appearances and movements. Finally, our 
study task focused solely on walking under limited conditions. We 
examined walking paths only for a single virtual obstacle placed 
along a straight route in an environment without real-world obsta-
cles, and participants were instructed to remain on the roadway. 
Thus, walk-through paths and walk-through rates remain unknown 
in scenarios with multiple virtual objects, varying parameters (e.g., 
road width, length, obstacle placement, or start-goal distance), more 
complex paths, the freedom to leave the roadway, or the presence 
of real-world obstacles and pedestrians. 

9 Conclusion 
This study identified the factors affecting walk-through behavior for 
static virtual obstacles and compared walking paths for both static 
virtual obstacles and virtual obstacles with dynamic effects. We 
found that walk-through rates increased with obstacle width and 
varied substantially across individuals. Walking paths comprised 
two types for static obstacles—detours (curved paths) and walk-
throughs (straight paths)—and a third type for dynamic obstacles, 
in which users initially detoured but switched to a direct path once 
the obstacle began to disappear. Together, these findings clarify 
how world-anchored MR objects affect walking behavior and offer a 
foundation for designing safer MR walking experiences in everyday 
environments. 

Acknowledgments 
This work was partially supported by JSPS KAKENHI Grant Num-
bers 24K21319 and 25K24403. The authors used generative AI tools 
solely for English proofreading; all content was written by the 
authors. 

References 
[1] Anastasios Angelopoulos, Hossein Ameri, Debbie Mitra, and Mark Ph.D. 2019. 

Enhanced Depth Navigation Through Augmented Reality Depth Mapping in 
Patients with Low Vision. Scientific Reports 9 (08 2019), 11230. https://doi.org/ 
10.1038/s41598-019-47397-w 

[2] Biruthuvan Keeran Balachandran, Ted Yeung, Mark Billinghurst, Alexander 
Stamenkovic, Arash Mahnan, and Stephan Lukosch. 2024. Navigating Virtual 
Realms: The Impact of Wearing HMDs on Human Gait. In 2024 IEEE International 
Symposium on Mixed and Augmented Reality Adjunct (ISMAR-Adjunct). 425–426. 
https://doi.org/10.1109/ISMAR-Adjunct64951.2024.00123 

[3] Mafkereseb Kassahun Bekele. 2019. Walkable Mixed Reality Map as interaction 
interface for Virtual Heritage. Digital Applications in Archaeology and Cultural 
Heritage 15 (2019), e00127. https://doi.org/10.1016/j.daach.2019.e00127 

[4] Mette Boldt, Michael Bonfert, Inga Lehne, Melina Cahnbley, Kim Korschinq, 
Loannis Bikas, Stefan Finke, Martin Hanci, Valentin Kraft, Boxuan Liu, Tram 
Nguyen, Alina Panova, Ramneek Singh, Alexander Steenbergen, Rainer Malaka, 
and Jan Smeddinck. 2018. You Shall Not Pass: Non-Intrusive Feedback for Virtual 
Walls in VR Environments with Room-Scale Mapping. In 2018 IEEE Conference 
on Virtual Reality and 3D User Interfaces (VR). 143–150. https://doi.org/10.1109/ 
VR.2018.8446177 

[5] Benjamin M Bolker, Mollie E Brooks, Connie J Clark, Shane W Geange, John R 
Poulsen, M Henry H Stevens, and Jada-Simone S White. 2009. Generalized linear 
mixed models: a practical guide for ecology and evolution. Trends in ecology & 
evolution 24, 3 (2009), 127–135. 

[6] Marco A. Bühler and Anouk Lamontagne. 2019. Locomotor circumvention 
strategies in response to static pedestrians in a virtual and physical environment. 
Gait & Posture 68 (2019), 201–206. https://doi.org/10.1016/j.gaitpost.2018.10.004 

[7] Chiao-Ju Chang, Yu Lun Hsu, Wei Tian Mireille Tan, Yu-Cheng Chang, Pin Chun 
Lu, Yu Chen, Yi-Han Wang, and Mike Y. Chen. 2024. Exploring Augmented 
Reality Interface Designs for Virtual Meetings in Real-world Walking Contexts. 
In Proceedings of the 2024 ACM Designing Interactive Systems Conference (Copen-
hagen, Denmark) (DIS ’24). Association for Computing Machinery, New York, 
NY, USA, 391–408. https://doi.org/10.1145/3643834.3661538 

[8] Yu-Cheng Chang, Yen-Pu Wang, Chiao-Ju Chang, Wei Tian Mireille Tan, Yu Lun 
Hsu, Yu Chen, and Mike Y. Chen. 2024. Experience from Designing Augmented 
Reality Browsing Interfaces for Real-world Walking Scenarios. Proc. ACM Hum.-
Comput. Interact. 8, MHCI, Article 255 (Sept. 2024), 26 pages. https://doi.org/10. 
1145/3676500 

[9] Lung-Pan Cheng, Eyal Ofek, Christian Holz, and Andrew D. Wilson. 2019. 
VRoamer: Generating On-The-Fly VR Experiences While Walking inside Large, 
Unknown Real-World Building Environments. In 2019 IEEE Conference on Virtual 
Reality and 3D User Interfaces (VR). 359–366. https://doi.org/10.1109/VR.2019. 
8798074 

[10] Adrian David Cheok, Kok Hwee Goh, Wei Liu, Farzam Farbiz, Sze Lee Teo, 
Hui Siang Teo, Shang Ping Lee, Yu Li, Siew Wan Fong, and Xubo Yang. 2004. 
Human Pacman: a mobile wide-area entertainment system based on physical, 
social, and ubiquitous computing. In Proceedings of the 2004 ACM SIGCHI Interna-
tional Conference on Advances in Computer Entertainment Technology (Singapore) 
(ACE ’04). Association for Computing Machinery, New York, NY, USA, 360–361. 
https://doi.org/10.1145/1067343.1067402 

[11] Michael E. Cinelli and Aftab E. Patla. 2008. Locomotor avoidance behaviours 
during a visually guided task involving an approaching object. Gait & Posture 28, 
4 (2008), 596–601. https://doi.org/10.1016/j.gaitpost.2008.04.006 

[12] Gabriel Cirio, Maud Marchal, Tony Regia-Corte, and Anatole Lécuyer. 2009. The 
magic barrier tape: a novel metaphor for infinite navigation in virtual worlds 
with a restricted walking workspace. In Proceedings of the 16th ACM Symposium 
on Virtual Reality Software and Technology (Kyoto, Japan) (VRST ’09). Association 
for Computing Machinery, New York, NY, USA, 155–162. https://doi.org/10. 
1145/1643928.1643965 

[13] Sebastian Cmentowski and Jens Krüger. 2021. Effects of Task Type and Wall Ap-
pearance on Collision Behavior in Virtual Environments. In 2021 IEEE Conference 
on Games (CoG). 1–8. https://doi.org/10.1109/CoG52621.2021.9619039 

[14] Chloe Eghtebas, Gudrun Klinker, Susanne Boll, and Marion Koelle. 2023. Co-
Speculating on Dark Scenarios and Unintended Consequences of a Ubiquitous(ly) 
Augmented Reality. In Proceedings of the 2023 ACM Designing Interactive Systems 
Conference (Pittsburgh, PA, USA) (DIS ’23). Association for Computing Machinery, 
New York, NY, USA, 2392–2407. https://doi.org/10.1145/3563657.3596073 

[15] Lisa A. Elkin, Matthew Kay, James J. Higgins, and Jacob O. Wobbrock. 2021. An 
Aligned Rank Transform Procedure for Multifactor Contrast Tests. In The 34th 
Annual ACM Symposium on User Interface Software and Technology (Virtual Event, 
USA) (UIST ’21). Association for Computing Machinery, New York, NY, USA, 
754–768. https://doi.org/10.1145/3472749.3474784 

[16] Brett R Fajen and William H Warren. 2003. Behavioral dynamics of steering, 
obstacle avoidance, and route selection. Journal of Experimental Psychology: 
Human Perception and Performance 29, 2 (2003), 343. 

[17] Philip W. Fink, Patrick S. Foo, and William H. Warren. 2007. Obstacle avoidance 
during walking in real and virtual environments. ACM Trans. Appl. Percept. 4, 1 
(Jan. 2007), 1–18. https://doi.org/10.1145/1227134.1227136 

[18] Dylan R. Fox, Ahmad Ahmadzada, Clara T. Friedman, Shiri Azenkot, Marlena A. 
Chu, Roberto Manduchi, and Emily A. Cooper. 2023. Using augmented reality to 
cue obstacles for people with low vision. Opt. Express 31, 4 (Feb 2023), 6827–6848. 
https://doi.org/10.1364/OE.479258 

[19] Martin Gérin-Lajoie, Carol L. Richards, Joyce Fung, and Bradford J. McFadyen. 
2008. Characteristics of personal space during obstacle circumvention in physical 
and virtual environments. Gait & Posture 27, 2 (2008), 239–247. https://doi.org/ 
10.1016/j.gaitpost.2007.03.015 

[20] Jeremy Hartmann, Christian Holz, Eyal Ofek, and Andrew D. Wilson. 2019. 
RealityCheck: Blending Virtual Environments with Situated Physical Reality. In 
Proceedings of the 2019 CHI Conference on Human Factors in Computing Systems 
(Glasgow, Scotland Uk) (CHI ’19). Association for Computing Machinery, New 
York, NY, USA, 1–12. https://doi.org/10.1145/3290605.3300577 

[21] Marc Hesenius, Ingo Börsting, Ole Meyer, and Volker Gruhn. 2018. Don’t panic! 
guiding pedestrians in autonomous traffic with augmented reality. In Proceedings 
of the 20th International Conference on Human-Computer Interaction with Mobile 
Devices and Services Adjunct (Barcelona, Spain) (MobileHCI ’18). Association for 
Computing Machinery, New York, NY, USA, 261–268. https://doi.org/10.1145/ 
3236112.3236148 

[22] James J. Higgins and Suleiman Tashtoush. 1994. An aligned rank transform test 
for interaction. Nonlinear World 1, 2 (1994), 201 – 211. 

[23] Sture Holm. 1979. A Simple Sequentially Rejective Multiple Test Procedure. 
Scandinavian Journal of Statistics 6, 2 (1979), 65 – 70. 

[24] Ann Huang, Pascal Knierim, Francesco Chiossi, Lewis L Chuang, and Robin 
Welsch. 2022. Proxemics for Human-Agent Interaction in Augmented Reality. In 
Proceedings of the 2022 CHI Conference on Human Factors in Computing Systems 
(New Orleans, LA, USA) (CHI ’22). Association for Computing Machinery, New 
York, NY, USA, Article 421, 13 pages. https://doi.org/10.1145/3491102.3517593 

[25] Naoya Isoyama, Yamato Sakuragi, Tsutomu Terada, and Masahiko Tsukamoto. 
2021. Effects of Augmented Reality Object and Texture Presentation on Walking 
Behavior. Electronics 10, 6 (2021). https://doi.org/10.3390/electronics10060702 

[26] Marium-E Jannat, Ngan Phan, Anmol Chadha, Keiko Katsuragawa, and Khalad 
Hasan. 2025. HAI-AR: Exploring Hand-Anchored Interfaces in Augmented Reality 

https://doi.org/10.1038/s41598-019-47397-w
https://doi.org/10.1038/s41598-019-47397-w
https://doi.org/10.1109/ISMAR-Adjunct64951.2024.00123
https://doi.org/10.1016/j.daach.2019.e00127
https://doi.org/10.1109/VR.2018.8446177
https://doi.org/10.1109/VR.2018.8446177
https://doi.org/10.1016/j.gaitpost.2018.10.004
https://doi.org/10.1145/3643834.3661538
https://doi.org/10.1145/3676500
https://doi.org/10.1145/3676500
https://doi.org/10.1109/VR.2019.8798074
https://doi.org/10.1109/VR.2019.8798074
https://doi.org/10.1145/1067343.1067402
https://doi.org/10.1016/j.gaitpost.2008.04.006
https://doi.org/10.1145/1643928.1643965
https://doi.org/10.1145/1643928.1643965
https://doi.org/10.1109/CoG52621.2021.9619039
https://doi.org/10.1145/3563657.3596073
https://doi.org/10.1145/3472749.3474784
https://doi.org/10.1145/1227134.1227136
https://doi.org/10.1364/OE.479258
https://doi.org/10.1016/j.gaitpost.2007.03.015
https://doi.org/10.1016/j.gaitpost.2007.03.015
https://doi.org/10.1145/3290605.3300577
https://doi.org/10.1145/3236112.3236148
https://doi.org/10.1145/3236112.3236148
https://doi.org/10.1145/3491102.3517593
https://doi.org/10.3390/electronics10060702


Walking Through or Detour? CHI ’26, April 13–17, 2026, Barcelona, Spain 

while Walking. In Proceedings of the 2025 CHI Conference on Human Factors in 
Computing Systems (CHI ’25). Association for Computing Machinery, New York, 
NY, USA, Article 612, 18 pages. https://doi.org/10.1145/3706598.3713858 

[27] Kohei Kanamori, Nobuchika Sakata, Tomu Tominaga, Yoshinori Hijikata, Kensuke 
Harada, and Kiyoshi Kiyokawa. 2018. Obstacle Avoidance Method in Real Space 
for Virtual Reality Immersion. In 2018 IEEE International Symposium on Mixed and 
Augmented Reality (ISMAR). 80–89. https://doi.org/10.1109/ISMAR.2018.00033 

[28] HyeongYeop Kang and JungHyun Han. 2020. SafeXR: alerting walking persons 
to obstacles in mobile XR environments. Vis. Comput. 36, 10–12 (Oct. 2020), 
2065–2077. https://doi.org/10.1007/s00371-020-01907-4 

[29] Yuma Kasahara, Myungguen Choi, Daisuke Sakamoto, and Tetsuo Ono. 2025. MR 
Nudge: A Study on Behavior Changes Prompted by Virtual Objects in Mixed Re-
ality. In Proceedings of the Augmented Humans International Conference 2025 (Mas-
dar City, Abu Dhabi, United Arab Emirates) (AHs ’25). Association for Computing 
Machinery, New York, NY, USA, 1–12. https://doi.org/10.1145/3745900.3746093 

[30] Christopher Katins, Christopher Lazik, Katja Chen, and Thomas Kosch. 2024. 
MIRAGE: Mixed Reality Alerts for Guarding Against Environmental Fall Hazards. 
In Proceedings of the International Conference on Mobile and Ubiquitous Multimedia 
(MUM ’24). Association for Computing Machinery, New York, NY, USA, 481–483. 
https://doi.org/10.1145/3701571.3703391 

[31] DaeWook Kim, Yewon Min, Jae-Yeop Jeong, Sehee Han, JiYeon Hwang, and Jin-
Woo Jeong. 2025. "Through the Looking Glass, and What We Found There": 
A Comprehensive Study of User Experiences with Pass-Through Devices in 
Everyday Activities. In Proceedings of the 2025 CHI Conference on Human Factors 
in Computing Systems (CHI ’25). Association for Computing Machinery, New 
York, NY, USA, Article 746, 30 pages. https://doi.org/10.1145/3706598.3714221 

[32] Kangsoo Kim, Gerd Bruder, and Greg Welch. 2017. Exploring the effects of 
observed physicality conflicts on real-virtual human interaction in augmented 
reality. In Proceedings of the 23rd ACM Symposium on Virtual Reality Software 
and Technology (Gothenburg, Sweden) (VRST ’17). Association for Computing 
Machinery, New York, NY, USA, Article 31, 7 pages. https://doi.org/10.1145/ 
3139131.3139151 

[33] Kangsoo Kim, Divine Maloney, Gerd Bruder, Jeremy N Bailenson, and Gregory F 
Welch. 2017. The effects of virtual human’s spatial and behavioral coherence 
with physical objects on social presence in AR. Computer Animation and Virtual 
Worlds 28, 3-4 (2017), e1771. https://doi.org/10.1002/cav.1771 

[34] Minyoung Kim, Rawan Alghofaili, Changyang Li, and Lap-Fai Yu. 2024. Dragon’s 
Path: Synthesizing User-Centered Flying Creature Animation Paths for Outdoor 
Augmented Reality Experiences. In ACM SIGGRAPH 2024 Conference Papers 
(Denver, CO, USA) (SIGGRAPH ’24). Association for Computing Machinery, New 
York, NY, USA, Article 77, 11 pages. https://doi.org/10.1145/3641519.3657397 

[35] Min-yung Kim, Kun-Woo Song, Yohan Lim, and Sang Ho Yoon. 2024. Collision 
Prevention in Diminished Reality through the Use of Peripheral Vision. In Adjunct 
Proceedings of the 37th Annual ACM Symposium on User Interface Software and 
Technology (Pittsburgh, PA, USA) (UIST Adjunct ’24). Association for Computing 
Machinery, New York, NY, USA, Article 77, 3 pages. https://doi.org/10.1145/ 
3672539.3686346 

[36] You-Jin Kim, Radha Kumaran, Jingjing Luo, Tom Bullock, Barry Giesbrecht, and 
Tobias Höllerer. 2025. On the Go with AR: Attention to Virtual and Physical 
Targets while Varying Augmentation Density. In Proceedings of the 2025 CHI 
Conference on Human Factors in Computing Systems (CHI ’25). Association for 
Computing Machinery, New York, NY, USA, Article 1158, 16 pages. https: 
//doi.org/10.1145/3706598.3714289 

[37] You-Jin Kim, Radha Kumaran, Ehsan Sayyad, Anne Milner, Tom Bullock, Barry 
Giesbrecht, and Tobias Höllerer. 2022. Investigating Search Among Physical 
and Virtual Objects Under Different Lighting Conditions. IEEE Transactions on 
Visualization and Computer Graphics 28, 11 (2022), 3788–3798. https://doi.org/10. 
1109/TVCG.2022.3203093 

[38] Kay Kitazawa and Taku Fujiyama. 2009. Pedestrian vision and collision avoidance 
behavior: Investigation of the information process space of pedestrians using an 
eye tracker. In Pedestrian and evacuation dynamics 2008. Springer, 95–108. 

[39] Elisa Maria Klose, Nils Adrian Mack, Jens Hegenberg, and Ludger Schmidt. 2019. 
Text Presentation for Augmented Reality Applications in Dual-Task Situations. 
In 2019 IEEE Conference on Virtual Reality and 3D User Interfaces (VR). 636–644. 
https://doi.org/10.1109/VR.2019.8797992 

[40] Lara Kuhlmann de Canaviri, Katharina Meiszl, Vana Hussein, Pegah Abbassi, 
Seyedeh Delaram Mirraziroudsari, Laurin Hake, Tobias Potthast, Fabian Ratert, 
Tessa Schulten, Marc Silberbach, Yannik Warnecke, Daniel Wiswede, Witold 
Schiprowski, Daniel Heß, Raphael Brüngel, and Christoph M. Friedrich. 2023. 
Static and Dynamic Accuracy and Occlusion Robustness of SteamVR Tracking 
2.0 in Multi-Base Station Setups. Sensors 23, 2 (2023). https://doi.org/10.3390/ 
s23020725 

[41] Radha Kumaran, You-Jin Kim, Anne E Milner, Tom Bullock, Barry Giesbrecht, 
and Tobias Höllerer. 2023. The Impact of Navigation Aids on Search Performance 
and Object Recall in Wide-Area Augmented Reality. In Proceedings of the 2023 
CHI Conference on Human Factors in Computing Systems (Hamburg, Germany) 
(CHI ’23). Association for Computing Machinery, New York, NY, USA, Article 
710, 17 pages. https://doi.org/10.1145/3544548.3581413 

[42] Wallace S. Lages and Doug A. Bowman. 2019. Walking with adaptive augmented 
reality workspaces: design and usage patterns. In Proceedings of the 24th Inter-
national Conference on Intelligent User Interfaces (Marina del Ray, California) 
(IUI ’19). Association for Computing Machinery, New York, NY, USA, 356–366. 
https://doi.org/10.1145/3301275.3302278 

[43] JangHyeon Lee and Lawrence H. Kim. 2025. DiminishAR: Diminishing Vi-
sual Distractions via Holographic AR Displays. In Proceedings of the 2025 
CHI Conference on Human Factors in Computing Systems (CHI ’25). Associ-
ation for Computing Machinery, New York, NY, USA, Article 30, 16 pages. 
https://doi.org/10.1145/3706598.3713415 

[44] Lik-Hang Lee, Tristan Braud, Simo Hosio, and Pan Hui. 2021. Towards Augmented 
Reality Driven Human-City Interaction: Current Research on Mobile Headsets 
and Future Challenges. ACM Comput. Surv. 54, 8, Article 165 (Oct. 2021), 38 pages. 
https://doi.org/10.1145/3467963 

[45] Myungho Lee, Gerd Bruder, Tobias Höllerer, and Greg Welch. 2018. Effects of 
Unaugmented Periphery and Vibrotactile Feedback on Proxemics with Virtual 
Humans in AR. IEEE Transactions on Visualization and Computer Graphics 24, 4 
(2018), 1525–1534. https://doi.org/10.1109/TVCG.2018.2794074 

[46] Tinghui Li, Eduardo Velloso, Anusha Withana, and Zhanna Sarsenbayeva. 2025. 
Estimating the Effects of Encumbrance and Walking on Mixed Reality Interaction. 
In Proceedings of the 2025 CHI Conference on Human Factors in Computing Systems 
(CHI ’25). Association for Computing Machinery, New York, NY, USA, Article 
1153, 24 pages. https://doi.org/10.1145/3706598.3713492 

[47] Wanwan Li, Changyang Li, Minyoung Kim, Haikun Huang, and Lap-Fai Yu. 2023. 
Location-Aware Adaptation of Augmented Reality Narratives. In Proceedings 
of the 2023 CHI Conference on Human Factors in Computing Systems (Hamburg, 
Germany) (CHI ’23). Association for Computing Machinery, New York, NY, USA, 
Article 33, 15 pages. https://doi.org/10.1145/3544548.3580978 

[48] Yang Li, Juan Liu, Jin Huang, Yang Zhang, Xiaolan Peng, Yulong Bian, and Feng 
Tian. 2024. Evaluating the effects of user motion and viewing mode on target 
selection in augmented reality. International Journal of Human-Computer Studies 
191 (2024), 103327. https://doi.org/10.1016/j.ijhcs.2024.103327 

[49] Ramon C Littell, PR Henry, and Clarence B Ammerman. 1998. Statistical analysis 
of repeated measures data using SAS procedures. Journal of animal science 76, 4 
(1998), 1216–1231. 

[50] Feiyu Lu, Shakiba Davari, Lee Lisle, Yuan Li, and Doug A. Bowman. 2020. Glance-
able AR: Evaluating Information Access Methods for Head-Worn Augmented 
Reality. In 2020 IEEE Conference on Virtual Reality and 3D User Interfaces (VR). 
930–939. https://doi.org/10.1109/VR46266.2020.00113 

[51] Lior Maman, Ilan Vol, and Sarit F.A. Szpiro. 2025. Enhancing Obstacle Visibility 
with Augmented Reality Improves Mobility in People with Low Vision. IEEE 
Transactions on Visualization and Computer Graphics 31, 5 (2025), 3336–3343. 
https://doi.org/10.1109/TVCG.2025.3549542 

[52] Pavel Manakhov, Ludwig Sidenmark, Ken Pfeuffer, and Hans Gellersen. 2024. 
Gaze on the Go: Effect of Spatial Reference Frame on Visual Target Acquisition 
During Physical Locomotion in Extended Reality. In Proceedings of the 2024 CHI 
Conference on Human Factors in Computing Systems (Honolulu, HI, USA) (CHI 
’24). Association for Computing Machinery, New York, NY, USA, Article 373, 
16 pages. https://doi.org/10.1145/3613904.3642915 

[53] Steve Mann. 1999. Mediated Reality. Linux J. 1999, 59es (March 1999), 5–es. 
[54] Steve Mann. 2002. Mediated reality with implementations for everyday life. 

Presence Connect 1 (2002), 2002. 
[55] Abraham Hani Mhaidli and Florian Schaub. 2021. Identifying Manipulative 

Advertising Techniques in XR Through Scenario Construction. In Proceedings 
of the 2021 CHI Conference on Human Factors in Computing Systems (Yokohama, 
Japan) (CHI ’21). Association for Computing Machinery, New York, NY, USA, 
Article 296, 18 pages. https://doi.org/10.1145/3411764.3445253 

[56] Priyanka Mosur, Ethan Kimmel, Parth Arora, Rajandeep Singh, Atharva Rajesh 
Madiwale, Jenna Kang, and Thad Starner. 2024. Stepping into AR: Exploring 
Optimal Positioning for Monocular Head-Worn Displays for Reading on the Go. 
In Companion of the 2024 on ACM International Joint Conference on Pervasive and 
Ubiquitous Computing (Melbourne VIC, Australia) (UbiComp ’24). Association for 
Computing Machinery, New York, NY, USA, 844–850. https://doi.org/10.1145/ 
3675094.3678383 

[57] Christos Mousas, Alexandros Koilias, Banafsheh Rekabdar, Dominic Kao, and 
Dimitris Anastaslou. 2021. Toward Understanding the Effects of Virtual Character 
Appearance on Avoidance Movement Behavior. In 2021 IEEE Virtual Reality and 
3D User Interfaces (VR). 40–49. https://doi.org/10.1109/VR50410.2021.00024 

[58] Nami Ogawa, Takuji Narumi, Hideaki Kuzuoka, and Michitaka Hirose. 2020. 
Do You Feel Like Passing Through Walls?: Effect of Self-Avatar Appearance on 
Facilitating Realistic Behavior in Virtual Environments. In Proceedings of the 
2020 CHI Conference on Human Factors in Computing Systems (Honolulu, HI, 
USA) (CHI ’20). Association for Computing Machinery, New York, NY, USA, 1–14. 
https://doi.org/10.1145/3313831.3376562 

[59] Yuliya Patotskaya, Ludovic Hoyet, Katja Zibrek, and Julien Pettre. 2024. Entropy 
and Speed: Effects of Obstacle Motion Properties on Avoidance Behavior in 
Virtual Environment. In ACM Symposium on Applied Perception 2024 (Dublin, 
Ireland) (SAP ’24). Association for Computing Machinery, New York, NY, USA, 

https://doi.org/10.1145/3706598.3713858
https://doi.org/10.1109/ISMAR.2018.00033
https://doi.org/10.1007/s00371-020-01907-4
https://doi.org/10.1145/3745900.3746093
https://doi.org/10.1145/3701571.3703391
https://doi.org/10.1145/3706598.3714221
https://doi.org/10.1145/3139131.3139151
https://doi.org/10.1145/3139131.3139151
https://doi.org/10.1002/cav.1771
https://doi.org/10.1145/3641519.3657397
https://doi.org/10.1145/3672539.3686346
https://doi.org/10.1145/3672539.3686346
https://doi.org/10.1145/3706598.3714289
https://doi.org/10.1145/3706598.3714289
https://doi.org/10.1109/TVCG.2022.3203093
https://doi.org/10.1109/TVCG.2022.3203093
https://doi.org/10.1109/VR.2019.8797992
https://doi.org/10.3390/s23020725
https://doi.org/10.3390/s23020725
https://doi.org/10.1145/3544548.3581413
https://doi.org/10.1145/3301275.3302278
https://doi.org/10.1145/3706598.3713415
https://doi.org/10.1145/3467963
https://doi.org/10.1109/TVCG.2018.2794074
https://doi.org/10.1145/3706598.3713492
https://doi.org/10.1145/3544548.3580978
https://doi.org/10.1016/j.ijhcs.2024.103327
https://doi.org/10.1109/VR46266.2020.00113
https://doi.org/10.1109/TVCG.2025.3549542
https://doi.org/10.1145/3613904.3642915
https://doi.org/10.1145/3411764.3445253
https://doi.org/10.1145/3675094.3678383
https://doi.org/10.1145/3675094.3678383
https://doi.org/10.1109/VR50410.2021.00024
https://doi.org/10.1145/3313831.3376562


CHI ’26, April 13–17, 2026, Barcelona, Spain Choi et al. 

Article 15, 13 pages. https://doi.org/10.1145/3675231.3675236 
[60] Joris Peereboom, Wilbert Tabone, Dimitra Dodou, and Joost de Winter. 2024. 

Head-locked, world-locked, or conformal diminished-reality? An examination of 
different AR solutions for pedestrian safety in occluded scenarios. Virtual Reality 
28, 2 (2024), 119. 

[61] Wayne Piekarski and Bruce Thomas. 2002. ARQuake: the outdoor augmented 
reality gaming system. Commun. ACM 45, 1 (Jan. 2002), 36–38. https://doi.org/ 
10.1145/502269.502291 

[62] Julian Rasch, Matthias Wilhalm, Florian Müller, and Francesco Chiossi. 2025. 
AR You on Track? Investigating Effects of Augmented Reality Anchoring on 
Dual-Task Performance While Walking. In Proceedings of the 2025 CHI Conference 
on Human Factors in Computing Systems (CHI ’25). Association for Computing 
Machinery, New York, NY, USA, Article 1217, 21 pages. https://doi.org/10.1145/ 
3706598.3714258 

[63] Holger Regenbrecht and Thomas Schubert. 2021. Measuring Presence in Aug-
mented Reality Environments: Design and a First Test of a Questionnaire. 
arXiv:2103.02831 

[64] Patrizia Ring, Julius Tietenberg, Katharina Emmerich, and Maic Masuch. 2024. 
Development and Validation of the Collision Anxiety Questionnaire for VR 
Applications. In Proceedings of the 2024 CHI Conference on Human Factors in 
Computing Systems (Honolulu, HI, USA) (CHI ’24). Association for Computing 
Machinery, New York, NY, USA, Article 605, 13 pages. https://doi.org/10.1145/ 
3613904.3642408 

[65] Damien Rompapas, Christian Sandor, Alexander Plopski, Daniel Saakes, 
Dong Hyeok Yun, Takafumi Taketomi, and Hirokazu Kato. 2018. HoloRoyale: A 
Large Scale High Fidelity Augmented Reality Game. In Adjunct Proceedings of the 
31st Annual ACM Symposium on User Interface Software and Technology (Berlin, 
Germany) (UIST ’18 Adjunct). Association for Computing Machinery, New York, 
NY, USA, 163–165. https://doi.org/10.1145/3266037.3271637 

[66] Damien Constantine Rompapas, Christian Sandor, Alexander Plopski, Daniel 
Saakes, Joongi Shin, Takafumi Taketomi, and Hirokazu Kato. 2019. Towards large 
scale high fidelity collaborative augmented reality. Comput. Graph. 84, C (Nov. 
2019), 24–41. https://doi.org/10.1016/j.cag.2019.08.007 

[67] K. C. Salter and R. F Fawcett. 1993. The art test of interaction: a robust and 
powerful rank test of interaction in factorial models. Communications in Statistics 
- Simulation and Computation 22, 1 (1993), 137–153. https://doi.org/10.1080/ 
03610919308813085 

[68] Ferran Argelaguet Sanz, Anne-Helene Olivier, Gerd Bruder, Julien Pettré, and 
Anatole Lécuyer. 2015. Virtual proxemics: Locomotion in the presence of obstacles 
in large immersive projection environments. In 2015 IEEE Virtual Reality (VR). 
75–80. https://doi.org/10.1109/VR.2015.7223327 

[69] Adalberto L. Simeone, Ifigeneia Mavridou, and Wendy Powell. 2017. Altering User 
Movement Behaviour in Virtual Environments. IEEE Transactions on Visualization 
and Computer Graphics 23, 4 (2017), 1312–1321. https://doi.org/10.1109/TVCG. 
2017.2657038 

[70] Misha Sra, Sergio Garrido-Jurado, and Pattie Maes. 2018. Oasis: Procedurally 
Generated Social Virtual Spaces from 3D Scanned Real Spaces. IEEE Transactions 
on Visualization and Computer Graphics 24, 12 (2018), 3174–3187. https://doi. 
org/10.1109/TVCG.2017.2762691 

[71] Helen Stefanidi, Jan-Hendrik Sünderkamp, Alina Itzlinger, Markus Tatzgern, and 
Alexander Meschtscherjakov. 2025. Exploring AR In-the-Wild: An Autoethno-
graphic Study at a Christmas Market. Association for Computing Machinery, 
New York, NY, USA, 560–566. https://doi.org/10.1145/3715668.3736368 

[72] Yu Sun and Johannes Schöning. 2025. Experiencing the World through Imperfect 
Lenses: An Autoethnography of Living in Mixed Reality. In Proceedings of the 
2025 ACM Designing Interactive Systems Conference (DIS ’25). Association for 
Computing Machinery, New York, NY, USA, 1628–1643. https://doi.org/10.1145/ 
3715336.3735841 

[73] Wilbert Tabone, Riender Happee, Jorge García, Yee Mun Lee, Maria Luce Lupetti, 
Natasha Merat, and Joost de Winter. 2023. Augmented reality interfaces for 
pedestrian-vehicle interactions: An online study. Transportation Research Part F: 
Traffic Psychology and Behaviour 94 (2023), 170–189. https://doi.org/10.1016/j. 
trf.2023.02.005 

[74] Yourui Tong, Bochen Jia, and Shan Bao. 2021. An Augmented Warning System 
for Pedestrians: User Interface Design and Algorithm Development. Applied 
Sciences 11, 16 (2021). https://doi.org/10.3390/app11167197 

[75] Ching-Yi Tsai, Ryan Yen, Daekun Kim, and Daniel Vogel. 2024. Gait Gestures: 
Examining Stride and Foot Strike Variation as an Input Method While Walking. 
In Proceedings of the 37th Annual ACM Symposium on User Interface Software 
and Technology (Pittsburgh, PA, USA) (UIST ’24). Association for Computing 
Machinery, New York, NY, USA, Article 68, 16 pages. https://doi.org/10.1145/ 
3654777.3676342 

[76] Wen-Jie Tseng, Petros Dimitrios Kontrazis, Eric Lecolinet, Samuel Huron, and 
Jan Gugenheimer. 2024. Understanding Interaction and Breakouts of Safety 
Boundaries in Virtual Reality Through Mixed-Method Studies . In 2024 IEEE 
Conference Virtual Reality and 3D User Interfaces (VR). IEEE Computer Society, 
Los Alamitos, CA, USA, 482–492. https://doi.org/10.1109/VR58804.2024.00069 

[77] Edgar R Vieira, Fernanda Civitella, Jorge Carreno, Miburge G Junior, Cesar F 
Amorim, Newton D’Souza, Ebru Ozer, Francisco Ortega, and Jansen A Estrázulas. 
2020. Using Augmented Reality with Older Adults in the Community to Select 
Design Features for an Age-Friendly Park: A Pilot Study. Journal of Aging Research 
2020, 1 (2020), 8341034. 

[78] Chiu-Hsuan Wang, Bing-Yu Chen, and Liwei Chan. 2022. RealityLens: A User 
Interface for Blending Customized Physical World View into Virtual Reality. In 
Proceedings of the 35th Annual ACM Symposium on User Interface Software and 
Technology (Bend, OR, USA) (UIST ’22). Association for Computing Machinery, 
New York, NY, USA, Article 49, 11 pages. https://doi.org/10.1145/3526113.3545686 

[79] Xian Wang, Lik-Hang Lee, Carlos Bermejo Fernandez, and Pan Hui. 
2024. The Dark Side of Augmented Reality: Exploring Manipulative 
Designs in AR. International Journal of Human–Computer Interaction 
40, 13 (2024), 3449–3464. https://doi.org/10.1080/10447318.2023.2188799 
arXiv:https://doi.org/10.1080/10447318.2023.2188799 

[80] Christopher Wickens and Amy Alexander. 2009. Attentional Tunneling and 
Task Management in Synthetic Vision Displays. International Journal of Aviation 
Psychology - INT J AVIAT PSYCHOL 19 (03 2009), 182–199. https://doi.org/10. 
1080/10508410902766549 

[81] 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 Proceedings of the SIGCHI Conference on Human Factors in Comput-
ing Systems (Vancouver, BC, Canada) (CHI ’11). Association for Computing Ma-
chinery, New York, NY, USA, 143–146. https://doi.org/10.1145/1978942.1978963 

[82] Ningchang Xiong, Qingqin Liu, and Kening Zhu. 2024. PetPresence: Investigating 
the Integration of Real-World Pet Activities in Virtual Reality. IEEE Transactions 
on Visualization and Computer Graphics 30, 5 (2024), 2559–2569. https://doi.org/ 
10.1109/TVCG.2024.3372095 

[83] Jackie (Junrui) Yang, Christian Holz, Eyal Ofek, and Andrew D. Wilson. 2019. 
DreamWalker: Substituting Real-World Walking Experiences with a Virtual Real-
ity. In Proceedings of the 32nd Annual ACM Symposium on User Interface Software 
and Technology (New Orleans, LA, USA) (UIST ’19). Association for Computing 
Machinery, New York, NY, USA, 1093–1107. https://doi.org/10.1145/3332165. 
3347875 

[84] Keng-Ta Yang, Chiu-Hsuan Wang, and Liwei Chan. 2018. ShareSpace: Facilitating 
Shared Use of the Physical Space by both VR Head-Mounted Display and External 
Users. In Proceedings of the 31st Annual ACM Symposium on User Interface Software 
and Technology (Berlin, Germany) (UIST ’18). Association for Computing Machin-
ery, New York, NY, USA, 499–509. https://doi.org/10.1145/3242587.3242630 

https://doi.org/10.1145/3675231.3675236
https://doi.org/10.1145/502269.502291
https://doi.org/10.1145/502269.502291
https://doi.org/10.1145/3706598.3714258
https://doi.org/10.1145/3706598.3714258
https://arxiv.org/abs/2103.02831
https://doi.org/10.1145/3613904.3642408
https://doi.org/10.1145/3613904.3642408
https://doi.org/10.1145/3266037.3271637
https://doi.org/10.1016/j.cag.2019.08.007
https://doi.org/10.1080/03610919308813085
https://doi.org/10.1080/03610919308813085
https://doi.org/10.1109/VR.2015.7223327
https://doi.org/10.1109/TVCG.2017.2657038
https://doi.org/10.1109/TVCG.2017.2657038
https://doi.org/10.1109/TVCG.2017.2762691
https://doi.org/10.1109/TVCG.2017.2762691
https://doi.org/10.1145/3715668.3736368
https://doi.org/10.1145/3715336.3735841
https://doi.org/10.1145/3715336.3735841
https://doi.org/10.1016/j.trf.2023.02.005
https://doi.org/10.1016/j.trf.2023.02.005
https://doi.org/10.3390/app11167197
https://doi.org/10.1145/3654777.3676342
https://doi.org/10.1145/3654777.3676342
https://doi.org/10.1109/VR58804.2024.00069
https://doi.org/10.1145/3526113.3545686
https://doi.org/10.1080/10447318.2023.2188799
https://arxiv.org/abs/https://doi.org/10.1080/10447318.2023.2188799
https://doi.org/10.1080/10508410902766549
https://doi.org/10.1080/10508410902766549
https://doi.org/10.1145/1978942.1978963
https://doi.org/10.1109/TVCG.2024.3372095
https://doi.org/10.1109/TVCG.2024.3372095
https://doi.org/10.1145/3332165.3347875
https://doi.org/10.1145/3332165.3347875
https://doi.org/10.1145/3242587.3242630

	Abstract
	1 Introduction
	2 Related Work
	2.1 Walking in MR Environments
	2.2 Collision Risks and Collision Avoidance Methods in VR and MR
	2.3 Collision Behavior for Virtual Objects

	3 Overall Study Design
	3.1 Participants
	3.2 Apparatus
	3.3 Experimental Setup
	3.4 Task
	3.5 Procedure
	3.6 Evaluation Metrics
	3.7 Analysis
	3.8 Data Preprocessing

	4 Study 1
	4.1 Design
	4.2 Analysis
	4.3 Hypotheses

	5 Results 1
	5.1 Walk-through Rate
	5.2 Lateral Deviation
	5.3 Walking Path
	5.4 Participants' Feedback
	5.5 Summary 1

	6 Study 2
	6.1 Dynamic Effect
	6.2 Design
	6.3 Analysis
	6.4 Hypotheses

	7 Results 2
	7.1 Behavioral Results: Impacts of Dynamic Effects
	7.2 Behavioral Results: Impacts of Timing
	7.3 Behavioral Results: Static Virtual Obstacles
	7.4 Subjective Results
	7.5 Summary 2

	8 Discussion
	8.1 Walk-through and Detour Behaviors for Static Virtual Obstacles
	8.2 Changing Walking Path by Dynamic Effect
	8.3 Use Case for Dynamic Effect
	8.4 Collision Behavior in Various Contexts
	8.5 Real-world Applicability
	8.6 Limitations

	9 Conclusion
	Acknowledgments
	References



