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ABSTRACT
Preventing users from walking through virtual boundaries
(e.g., walls) is an important issue to be addressed in room-
scale virtual environments (VEs), considering the safety and
design limitations. Sensory feedback from wall collisions
has been shown to be effective; however, it can disrupt the
immersion. We assumed that a greater sense of presence would
discourage users from walking through walls and conducted a
two-factor between-subjects experiment (N = 92) that controls
the anthropomorphism (realistic or abstract) and visibility
(full-body or hand-only) of self-avatars. We analyzed the
participants’ behaviors and the moment they first penetrated
the wall in game-like VEs that gradually instigated participants
to penetrate the walls. The results showed that the realistic
full-body self-avatar was the most effective for discouraging
the participants from penetrating the walls. Furthermore, the
participants with lower presence tended to walk through the
walls sooner. This study can contribute to applications that
require realistic user responses in VEs.
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INTRODUCTION
Proliferation of low-cost virtual reality (VR) devices and track-
ing systems has encouraged the development of room-scale
applications that allow users to walk around in a virtual envi-
ronment (VE). Compared with other locomotion modalities
(e.g., teleportation and controllers), physical walking ensures
natural and highly flexible movements [63]. However, the
associated high degree of freedom also leads to issues when
the users’ movements need to be restricted within a certain
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Figure 1. An avatar walking through a virtual wall (left) and the user
in the real environment (right).

area or to follow certain paths. A prominent example is the
problem of users walking through virtual boundaries, often
represented by virtual walls, with which VR designers intend
to confine the users within the boundaries (Figure 1). Conven-
tional video games that typically use controllers simply restrict
a virtual camera from passing through the walls. However,
in room-scale VEs wherein users can freely walk around, the
same strategy may cause a problem because the asynchronous
movements of a user and a virtual camera can cause motion-
sickness. In addition, when the virtual walls represent the
physical boundaries of the safety area, passing through these
walls may lead to dangers such as hitting a real wall. Hence,
it is necessary for room-scale VR applications to control the
user’s locomotion.

To address this problem, Boldt et al. [9] showed that a combina-
tion of auditory, visual, and vibrotactile feedback for head-wall
and hand-wall collisions was effective in refraining players
from walking through virtual walls without degrading the
game experience. However, as this method can interfere with
other vibrations or sound feedback that might be provided,
especially during gaming, other methods that can discourage
the users from passing through walls are required.

Our idea is to induce realistic user behavior, i.e., facilitating
the users to instinctively avoid colliding with the wall. It is
known that the users behave more realistically when they feel
a higher sense of presence, the sense of “being there” in a
VE [53, 48]. Therefore, we assume that a greater sense of

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

Paper 435 Page 1



Figure 2. Four types of avatars were used in the experiment. For realistic
avatars, gender-matching avatars were used (left: male, right: female).

presence would discourage users from walking through the
virtual walls without providing them sensory feedback. In
the presence research, the importance of the presentation of
an avatar, i.e., a digital duplicate of one’s body in VEs, has
been pointed out [53]. A self-avatar is especially considered to
enhance a form of presence called self-presence, i.e., the effect
of embodiment on mental models of the self [6]. Moreover,
recent studies have showed that the appearance of self-avatars,
e.g., anthropomorphism (human-like – object-like) [49, 2, 30,
42] and visibility (full body – partial body) [61, 35], influences
the presence and the sense of embodiment. Nonetheless, non-
human-like (e.g., robots) or partial (e.g., hand and/or controller
models) self-avatars are often used in current VR applications
despite developments in VR technology. Hence, studies into
how the visual fidelity of self-avatar affects users’ behavior is
important to the avatar and the presence research as well as in
preventing users’ penetration into the walls.

These backgrounds have motivated us to investigate how the
anthropomorphism and visibility of a self-avatar affect the
users’ walk-through-wall behaviors in VEs with room-scale
mapping. Thus, we conducted a between-subjects experiment
where the participants (N = 92) embodied one of the four
self-avatars (Figure 2), which are combinations of anthropo-
morphism (realistic or abstract) and visibility (full-body or
hand-only) factors. We hypothesized that the participants who
used full-body and realistic self-avatars are more likely to
behave in a VE as they would in a real environment (RE);
this results in them being less likely to walk through walls
as compared with participants who used unrealistic or partial
self-avatars. Using a simple game-like VE that instigates the
participants to walk through walls by giving them increasing
incentives as they transit from room to room, we analyzed the
tendency of the participants to walk through the walls. Addi-
tionally, we measured the presence physiologically (i.e., skin
conductance response (SCR)) and subjectively (i.e., question-
naire). The behavioral data showed that the use of the full-body
realistic avatar discouraged participants from walking through
the walls. Furthermore, participants with a lower sense of
presence tended to take less time to walk through the walls,
despite no significant differences in the subjective ratings of
presence and SCR among avatar conditions. These results
provide quantitative evidence of the fact that a combination

of high visibility and high anthropomorphism in self-avatars
can induce realistic user behavior (i.e., avoiding the walls) in
a VE, presumably owing to a higher sense of presence.

RELATED WORK

Sensory Feedback of Virtual Walls
Common feedback techniques used in current consumer VR
games for avoiding collisions with virtual walls have been ex-
tensively reviewed by Boldt et al. [9]. According to them, the
techniques strictly limit the game design and require additional
strategies to alleviate the problem. Meanwhile, although it is
uncommon in consumer VR games, providing haptic force
feedback, e.g., wire-based force systems[40], pseudo-force
feedback actuators[45], exoskeletons[21], and electrical mus-
cle stimulation[32], can be effective in physically preventing
users’ arms and hands from penetrating the wall. In addition,
passive haptics, which use physical objects to provide haptic
feedback from virtual objects, can also be effective. Specif-
ically, hand retargeting techniques, wherein the movements
of a virtual hand are mapped to guide the user’s actual hand
toward physical haptic props for providing passive haptics
for multiple virtual objects [4, 12], can be effectively used
to prevent a virtual hand from penetrating virtual objects [11,
70]. However, while these haptic feedback techniques can be
implemented for hand penetration, they do not address the
problems with the head, passing through the walls, which
determines the viewpoint in immersive VR. Generally, map-
ping a virtual viewpoint that is different from the actual head
movement could induce motion sickness, although it has been
shown that humans can tolerate a small amount of rotational
shift in the viewpoint [57]. Furthermore, even though there
has been an attempt to provide passive haptics such as walls
without redirecting viewpoints, it requires several volunteers
to carry physical props in real time [13].

Although existing studies have focused primarily on haptic
feedback systems in general, Boldt et al. [9] investigated the
effect of other sensory feedback on preventing users from
walking through walls. They proposed a combination of vi-
sual, auditory, and vibrotactile feedback for both hand–wall
collisions (vibrating controllers and presenting a knocking
sound) and head–wall collisions (blackened vision and damp-
ened surrounding sound), which is non-intrusive and requires
no special equipment. They confirmed that users who re-
ceived the feedback were less likely to walk through walls
than other users. Nevertheless, contrary to all aforementioned
approaches, which provide sensory feedback from wall col-
lisions, our approach aims to prompt realistic user behavior,
that is, avoiding collision with the walls by inducing a higher
sense of presence without any feedback or instruction.

Effect of Self-avatar on Perception, Action and Behavior
The importance of a self-avatars has long been established in
the presence research [53]. This means that the self-avatars
can exert an impact on users’ behavior in VEs because a sign
of presence is presumed to be evoked if participants within a
VE behave as if they were in an equivalent RE [48]. Indeed,
presence is operationally defined by such “respond as if real”
behaviors, where response is considered at multiple levels:
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subjectively (e.g., by questionnaire [64, 66]), behaviorally
(e.g., through looming responses [22], postural sways [17], and
aftereffects [55]), and physiologically (e.g., by heart-rate [38]
and SCR measurements [14]). However, while the effect of
the presentation of a self-avatar (vs. without self-avatar) and
the visual fidelity of avatars of others on presence has been
well investigated, especially in communication research [53,
5, 41], few studies have focused on how visual fidelity of self-
avatars influences presence, showing only the inconclusive
evidence [49, 29, 65, 25].

In contrast, the effect of visual fidelity of self-avatars on the
sense of body ownership (SoBO) has been extensively inves-
tigated. SoBO refers to the sense of one’s self-attribution of
a body [26], and it is a concept analogous to self-presence.
Fundamentally, the closer the appearance of a self-avatar is
to one’s own body, in terms of structural and morphologi-
cal aspects, the stronger the SoBO [27, 26]. For instance, a
realistic virtual human hand elicits a stronger SoBO than non-
anthropomorphic hands (e.g., robotic or cartoon) [2, 30, 50]
and objects (e.g., sphere, board, block, and arrow) [2, 42, 30,
69]. In addition, the connectivity of hands with a torso (i.e., the
visibility of arms) has been considered one of the important
factors for evoking SoBO [60, 61, 35] although, to the best of
the authors’ knowledge, no studies have compared hand-only
and full-body self-avatar representations. As in the case of
presence, “respond as if real” is also a common indicator of
the strength of SoBO. Typically, this response is measured
based on the behavior or physiology of the user when an avatar
is exposed to a virtual threat (e.g., a falling object [69, 20],
fire [2, 34, 58], or a saw [28]). Behavioral measurements have
shown that participants experiencing SoBO are more likely to
avoid virtual threats [20, 28, 58]. Considering these studies on
presence and SoBO, we can assume that the higher the visual
fidelity of a self-avatar (i.e., the closer the appearance is to
our own body), the stronger the sense of presence as well as
SoBO, facilitating the user’s more realistic behavior in a VE.

Other than the evidence from studies on presence and SoBO,
existing research also recognizes the critical role of self-avatars
on a wide range of human information processing in VEs.
For example, egocentric distance estimation becomes more
accurate when a self-avatar is displayed compared with when
no-avatar is displayed [46]. In addition, a decrease in avatar
visibility (e.g., full body, only joint locations, or end-effectors)
impairs distance estimations for both near-field [15] and far-
field distances [47]. Furthermore, a recent study has suggested
that anthropomorphism also affects object size perception
when the virtual hand sizes differ from actual sizes [42].

In contrast to the effect of a self-avatar on a user’s perception,
the effect on the actions and behavior appears to be complex.
For example, a self-avatar, compared with when no-avatar is
displayed, improved the cognitive task performance [56]. The
presentation of a self-avatar also improved the performance
of locomotion and object interaction tasks [37], but did not
influence these tasks when the field of view is limited [59].
In addition, it has also been shown that connectivity of hands
with a torso (i.e., arm visibility) does not influence the per-
formance of object selection tasks [62]. Furthermore, another

study demonstrated that the anthropomorphism of a full-body
avatar had a significant effect on the accuracy of pointing [51].
Recently, Lugrin et al. [33] compared three types of self-avatar
representations (controller, hand, or upper body) on players’
experience and performance in an action-based VR game.
Their results did not reveal any significant differences in the
perceived control and difficulty of the game, as well as SoBO,
immersion, and involvements.

Several studies have investigated the effect of self-avatars on
user’s behavior with respect to affordance judgment, i.e., de-
ciding what they can and cannot do in the environment. Lin et
al. [31] showed that the presentation of self-avatars induced a
judgment similar to that in a RE when stepping off a ledge and
stepping over or ducking under a pole in a VE. Bodenheimer
et al. [8] further compared situations involving no self-avatar,
a line-based skeleton avatar, and a realistic human avatar using
a virtual ledge. Their results replicated the work of Lin et
al. [31]; however, they found no effect of anthropomorphism.
In contrast, Alshaer et al. [1] showed that the presentation of
a self-avatar did not influence whether a participant passed
through or went around a particular gap, even though it af-
fected the sense of presence. Altogether, anthropomorphism
and visibility are important attributes of self-avatars, poten-
tially influencing user behavior. However, the effects of these
factors are highly complex and task-dependent. Thus, further
investigation is required to reveal the effects on behavior, with
regard to walking through walls.

EXPERIMENT
A between-subjects experiment was performed to investigate
whether the anthropomorphism (realistic or abstract) and visi-
bility (full-body or hand-only) of self-avatars discourage par-
ticipants from walking through the walls. The participants
were instigated to walk through the virtual walls in a VE with
room-scale mapping, while embodied with any of four types
of self-avatars. We analyzed the participants’ behavior using
motion-tracking data with two main indices: whether (i.e., the
number of participants) and when (i.e., duration) they walked
through the walls. Additionally, we analyzed their physiolog-
ical reaction to the virtual threats using SCR as an indicator
of presence and SoBO, as well as the subjective scores of
presence and SoBO using a questionnaire.

Participants, Apparatus, and Avatar Appearance
We conducted the experiment with 92 participants (64 males
and 28 females, 30.48±9.29 (SD) years old), recruited from
the public through social media. Only a summarized aim of
the experiment (i.e., to evaluate user experiences in room-scale
VR) was announced when recruiting the participants. These
naive participants were assigned to any avatar condition to en-
sure that each group had the maximum similar distribution of
gender and prior experience with VR. Thirty participants had
no previous experience with VR, forty-four had few previous
experiences, eight occasionally used VR, eight often used VR,
and two used VR daily. They signed an approved statement
of consent, and they were compensated with an Amazon gift
card amounting to approximately $5. The experiment was
approved by the local ethical committee and conducted at a
room at the university.
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Figure 3. (A) A participant equipped with experimental apparatus. (B)
A wearable sensor used to estimate participants’ SCR to threat.

The experimental apparatus included an HMD (Vive Pro,
HTC), three position trackers (Vive Tracker, HTC), a pair
of controllers (Vive Controller, HTC), a wearable SCR sensor
(Shimmer3 GSR+ unit, Shimmer), and a Windows-based back-
pack computer (VR One 6RE-002JP, MSI) (Figure 3A). Two
trackers were attached to the top of the shoes and a tracker
was attached to the belt on the waist. The HMD, trackers, and
controllers were tracked using HTC’s Lighthouse system. The
controllers were only used to track the positions of the users’
hands; the buttons were not used. To display the VEs, we used
the backpack computer with an Intel i7-6820HK, 32 GB RAM,
and NVIDIA GTX1070 to ensure that the participants could
freely walk around without being bothered by the cables. The
experimental program was developed using Unity 3D and ran
at a frame rate of 100 Hz on average.

We used four types of avatar appearances with different levels
of anthropomorphism and visibility, as shown in Figure 2. We
used Full-body Human: realistic full-body 3D models ob-
tained from Morph 3D, Robot: a robotic humanoid avatar cre-
ated by CGBoat, Human Hand: the hand parts of the avatars
used in the Full-body Human condition, and Controller: a
controller model that was obtained from HTC. For the realistic
avatars, we used male and female gender-matching avatars.
For the full-body avatars, the full-body animation was calcu-
lated via inverse kinematics using the VRIK package. The
avatar’s height was set to the participants’ height. In addition,
at the beginning of the experiment, the participants looked at
a virtual mirror in the scene so that they would see a reflection
of their virtual body. This procedure is often used to enhance
SoBO, particularly when using full-body avatars [54, 44].

Skin Conductance Response (SCR)
SCR, a widely accepted indicator of autonomic arousal, has
been shown to be a reliable physiological index of presence
and SoBO [14, 3, 16]. We provided the participants with
virtual threatening stimuli and measured their physiological
response to the stimuli using SCR. SCR is considered to reflect
both SoBO and presence because a higher SoBO and presence
would both contribute towards a realistic reaction to the threat
in the VE. To measure SCR, two electrodes were attached to
the left palms of the participants using Kendall Arbo H135
(COVIDIEN) (Figure 3B). The galvanic skin response (GSR;
the variation of the electrical conductance of the skin) signals
were recorded and analyzed using Tobii Pro Lab (Tobii Tech-

nology K.K.). We used the event-related SCR, defined as the
amplitude of the peak in GSR that occurred 1–5 s after the
onset of the threatening stimuli, as an index of SCR analysis.

Experimental Scene
We followed the experimental setup of Boldt’s study [9]. We
only slightly modified the design to ensure that it could be
implemented in line with our study. There were four virtual
rooms (4 × 4 m) that provided the participants with different
levels of incentives to walk through the walls (Figure 4). In
each room, the participants were asked to move from the start-
ing point to the goal where the teleporter to the next room was
located. They were tasked with pushing all buttons in the cor-
rect order to activate the teleporter. As stated in [9], most users
rarely attempt to walk through walls in brief play sessions un-
less there is a clear incentive. Therefore, we designed virtual
rooms to quickly instigate the participants to walk through the
walls as follows; (1) The inner walls were made of 5-cm-thick
chain link fence instead of solid walls so that the participants
could easily see the buttons over the wall. (2) No feedback was
provided on head- and hand-collision with walls, and hands
or controllers could penetrate the walls. However, visual and
auditory feedbacks were given when the button was pressed or
the teleporter was activated. To avoid any influence of the ease
in pushing buttons, the collision-detection areas of the avatar
models, which were used to determine whether the button was
pressed, were the same for all avatars. (3) A time limit was set
for each room. The participants saw a timer counting down
from 150 s. In room 3, the time was exceptionally set for 180 s.
If the time was up, the teleporter was activated spontaneously.

Room 1 was designed to instigate the participants to penetrate
their hand into the wall. Three pairs of two successive buttons
were placed next to each other across the wall. Hence, if
the participants penetrated their hand, they could easily push
the paired buttons without walking around. Alternatively, the
participants could walk around the walls or insert their hand
through the aperture in the wall to push the button nearby.
Thus, the incentive to penetrate the body was thus kept little to
avoid too many participants penetrating in the first room and
moderately control the incentives of penetration throughout
the entire experiment.

Room 2 provided an incentive to the participants to walk
through the wall to solve a repetitive and time-consuming task
faster (Figure 4). A total of twenty buttons were used. As
odds and evens were separately located across the wall, the
participants must walk back and forth between two locations
that were spatially close but separated by the wall. The time-
limit was set so that they could successfully complete in time
when they walked fast. However, if they walked through the
wall, they could easily push the buttons from the other side of
the wall without walking around it. The buttons right next to
the wall (2, 9, 12, and 19) could be pushed without head-wall
collision if they inserted their arm.

Room 3 was impossible to complete without walking through
a wall. It had three buttons. Buttons 1 and 3 were located at the
area surrounded by the two sliding walls, which closed when
the participants got closer; thus, the buttons could be pushed
only if the participants walked through the walls (Figure 4).
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Figure 4. (Top) Room layouts. S and G represent the start and goal, respectively. The lines represent the walls. The buttons are numbered and must
be pushed sequentially to activate the teleporter at the goal in each room. The dashed lines in room 3 represent the sliding walls that closed when the
participants entered the yellow- and green-colored areas. The gray line in room 4 represents the wall through which electric lightning was passed when
the participants approached it. On pushing the blue buttons in room 4, the participants were presented with the threatening stimuli. (Bottom) Room
characteristics. In Room 1, the participants could easily push the button on the other side of the wall if they penetrated their hand. However, they also
had the option to pass their hand under the wall and walk around. In Room 2, the participants had to walk back and forth several times but could take a
shortcut if they walked through the wall. In Room 3, the buttons could only be pushed if the participants walked through the sliding wall, which closed
when they approached. In Room 4, threatening stimuli such as electric lightning passing throughout the wall (left) and a bunch of needles popping out
from the wall (right) were presented.

We expected remarkable differences in the time until the par-
ticipants first walked through the wall rather than whether
or not they did so; this is because it would become obvious
that they had no choice than walking through the wall to push
the buttons immediately after they tried several other possible
solutions. Hence, the time-limit was set to 180 s, which is 30
s longer than in the other rooms; this was done to allow suffi-
cient variation in time to reflect the participants’ reluctance to
walk through the walls.

Room 4 was also impossible to complete without walking
through the wall and it was more obvious than room 3. Nev-
ertheless, the main purpose of room 4 was to provide the
participants with threatening stimuli to measure SCR. There
were a total of ten buttons. Buttons 1 and 7 were located
on the wall and if a participant’s hand got closer to the wall,
electric lightning visually and auditorily passed through the
wall. In addition, when button 4 was pushed, a number of
needles popped out from the wall. Furthermore, they had to
walk through the wall, which electrically lit up when they got
closer, to push button 10, which was located on the other side
of the wall. We expected the participants who felt a greater
presence or SoBO to exhibit the greater SCR and to hesitate
before walking through the lightning wall.

Questionnaire
The subjective evaluation of SoBO and presence was assessed
using Gonzalez–Franco and Peck’s avatar embodiment ques-
tionnaire [18] and the Slater–Usoh–Steed questionnaire [64],
respectively (see Appendix Table 1 for items). Among the

six subsets that constitute the avatar embodiment question-
naire [18], we used the questions about ’Response to external
stimuli’ as well as ’Body ownership’, as several experiments
have shown correlations between the questionnaires and the
physiological and behavioral responses for bodily threats [36,
19]. Hence, we used the ’Response to Threat’ scale as the
index reflecting both SoBO and presence, similar to the case
of SCR. All questionnaire items were supplemented by a
Japanese translation. Each response was scored on a seven-
point Likert scale (−3 = strongly disagree and +3 = strongly
agree). In addition, we asked the participants to rate their VR-
and video-game-experiences on a scale of 1 to 5 to test if these
characteristics influenced their behaviors.

Procedure
Upon entering the room, the participants read and signed an
experiment consent form. Thereafter, the experimenter set
the SCR sensor on the participants’ left hand. Next, the par-
ticipants put on the belt and the shoes with trackers. After
wearing the backpack computer and the HMD, they were given
controllers and instructed not to grip the controller strongly
because muscular activity could introduce noise in measuring
the SCR. They were initially located in the virtual room with-
out any walls for instruction of the rules. They were instructed
not to go outside the exterior walls for their safety. Thereafter,
the virtual mirror appeared in front of them. They were asked
to look at the mirror while freely moving their bodies for 30 s.
They were then asked to walk around the room while looking
down at their lower bodies. These processes were aimed to
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ensure the participants’ embodiment of their avatar. Next, they
were instructed on how to push the buttons, use the teleporters,
complete their tasks, and that there were four rooms with a cer-
tain time limit. They were told that if they mistakenly pushed
the button with incorrect number, they had to start over from
the first one. They were also instructed to head for the tele-
porter if they exceeded the time-limit. Nevertheless, they were
neither informed about the walls, nor did they see the walls
inside a room before entering room 1. Before entering room 1,
they were told that they could not ask any questions during the
experiment. When they went to the activated teleporter in each
room, they were automatically transported to the next room
and the timer started to count-down. If some participants did
not walk through any wall even after 30 s had passed beyond
the time limit of the last room, the experimenter told them to
walk through the wall and complete the task. This procedure
was introduced to ensure the SCR against the lightning wall
could be measured for all the participants including those who
did not walk through the wall in time, and the value of 30 s
was determined through the preliminary experiment. In the
actual experiment, only one participant was instructed to do so.
After removing all the apparatus, the participants answered
the questionnaire regarding SoBO, response to threat, pres-
ence, and demographics through a web form. Finally, the
experimenter conducted a semi-structured interview with the
participants on why they decided to walk through the wall and
how they felt during the VR experience. After the interview,
the experimenter debriefed the true purpose and hypotheses of
the experiment when asked by the participant.

Hypotheses
[H1] The more realistic and visible the self-avatars, the greater
number of participants refrain from passing through the walls.

[H2] The more realistic and visible the self-avatars, the longer
the participants take time before passing through the walls.

[H3] The more realistic and visible the self-avatars, the
stronger the SoBO and presence.

[H4] The participants with a higher sense of presence tended
to refrain from passing through the walls.

RESULTS
Behavioral Data
For the behavioral analysis, we followed the analysis method
used in Boldt et al.’s study [9] but revised it according to our

study design. For the behavioral data, we analyzed the num-
ber of participants who walked through the walls ([H1]) and
the time until they first walked through ([H2]) for each room
based on the head tracking data. As ANOVA is known to
be robust to normality assumption, we conducted ANOVA
for continuous data even when the data were not normally
distributed. Two-way factorial ANOVA was used considering
the between-group factors of anthropomorphism (two levels:
realistic and abstract) and visibility (two levels: full-body and
hand-only). Controller, Human Hand, Robot, and Full-body
Human conditions are denoted by C, H, R, and F, respectively,
for readability. For the distribution of the participants’ be-
havior in each room, we provided the stacked bar chart with
percentages in Figure 5. (See Table 2 in Appendix for the
combinations of raw numbers and percentage.)

Room 1
In Room 1, we did not expect the participants to walk through
the walls except to insert their hands. Nevertheless, a few
participants (C: 1, H: 2, R: 1, F: 0) walked through. The
participants’ other typical behavior to push the nearby button
obstructed by the wall was classified as follows: to penetrate
their hand into the wall (C: 2, H: 4, R: 2, F: 1), to pass their
hand through the aperture in the wall (C: 3, H: 2, R: 2, F: 2),
and to make a detour (C: 17, H: 15, R: 18, F: 20) (Figure 5)
Although we counted the passing-hand and detour groups
separately, we were interested in the ratio of the participants
who penetrated their hands into the wall, including those who
walked through the walls. To test if the ratio was influenced by
each between-group factor (anthropomorphism and visibility)
and their interaction, we used a binary logistic regression. The
likelihood ratio test showed that no variables significantly ex-
plained the ratio (anthropomorphism: χ2(1) = 0.09, p = .76,
visibility: χ2(1) = 2.29, p = .13, interaction: χ2(1) = 2.31,
p = .13). Hence, contrary to [H1], the number of participants
who penetrated their hand into the wall was not statistically
different depending on their avatars.

Room 2
In Room 2, some participants (C: 7, H: 13, R: 8, F: 5) walked
through the walls to take a shortcut as expected (Figure 6
left and Figure 5). Nonetheless, several participants (C: 5, H:
3, R: 6, F: 2) penetrated their hands into the wall (Figure 6
center and Figure 5). Although only a few participants (C:
1, H: 0, R: 1, F: 1) did so to touch the button, most of them
typically withdrew their hand soon after penetration on the

Figure 5. Distribution of participants’ behavior in rooms 1, 2, and 3 according to avatar anthropomorphism and visibility. C, H, R, and F represent
Controller, Human Hand, Robot, and Full-body Human, respectively. The shown numbers are the percentage out of 23 participants for each condition.
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wall away from the buttons. According to the semi-structured
interviews, 11 out of 16 participants intentionally did that to
check if they could or were allowed to put their hand beyond
the wall, and they determined that they were allowed to pass
through the wall because no feedback (e.g., visual or haptic)
or penalty (e.g., alert screen or audio) occurred. This "confir-
mation behavior" was also often observed in the participants
who eventually walked through the wall (C: 4, H: 3, R: 3, F: 2).
Conversely, the remaining participants who walked through
the wall (C: 3, H: 10, R: 5, F: 3) walked through the wall
straight without any confirmation behavior. Eventually, the
remaining participants (C: 11, H: 7, R: 9, F: 16) walked the
long way around the wall without contacting the wall to the
end (Figure 6 right and Figure 5).

To test if the distributions of the three types of participant
behavior were influenced by avatars, we conducted the like-
lihood ratio test of the ordered logistic regression model.
The result revealed that the interaction effect was significant
(χ2(1) = 6.06, p < .05). A post-hoc adjusted residual analysis
of a Chi-squared test showed that the number of participants
who walked through the wall in the H condition and the num-
ber of participants who did not contact the wall in the F condi-
tion were significantly larger than the corresponding expected
values (residual = 2.38, p < .05; residual = 2.53, p < .05).
Each expected value was calculated under the null hypothesis
that the self-avatars and behaviors were independent. Addi-
tionally, the number of participants who did not contact the
wall in the H condition demonstrated a trend of being smaller
than the expected value (residual =−1.81, p = .07). These
results supported [H1].

Room 3
In room 3, most participants walked through the wall (C: 21,
H: 22, R: 21, F: 17; Figure 5). The likelihood ratio test of
the binary logistic regression model showed that no variables
significantly explained the ratio of the participants who walked
through the wall against who did not so (anthropomorphism:
χ2(1) = 0.97, p = .33, visibility: χ2(1) = 2.69, p = .10, in-
teraction: χ2(1) = 1.91, p = .17). Although we expected that
the ratio to be different depending on avatar groups ([H1]),
the result was not surprising considering that Room 3 could
not be solved obviously without entering the walls.

However, it was typical that they had been looking for the
gimmick to open the door before they entered the wall, al-

Figure 6. Representative trajectories for typical behavior patterns in
room 2. (left) A participant who walked through the wall. (center) A
participant who penetrated his/her hand into the wall but never walked
through the wall. (right) A participant who did not contact the wall
at all. The trajectories of head and hands are colored in white and blue,
respectively. Yellow dots represent collisions of head or hands with walls.

though a part of the participants (C: 11, H: 13, R: 11, F: 6)
walked through the wall straight without hesitation. Hence,
even though the binary counting indicated a ceiling effect
and did not support [H1], the time until the participants first
walked through the wall in the room largely varied. Thus,
we next analyzed the time data among the participants who
walked through the wall to test [H2]. The time data were
not normally distributed. Two-way factorial ANOVA was
conducted (Figure 7 left). The result showed a significant in-
teraction effect (F(1,77)= 6.44, p< .05, η2

p = 0.08). Finally,
Tukey’s post-hoc tests (α = .05) were conducted for pairwise
comparisons. The result demonstrated that the time in the F
condition was longer than that in the H and R conditions (H:
t(77) = 2.64, p < .05, R: t(77) = 2.44, p < .05). Although
we did not find any significant difference in the ratio, the ra-
tio data and time analysis exhibited a similar tendency that
the participants under the F condition hesitated in walking
through the wall. Note that the time analysis did not include
the data from the participants who did not walk through the
wall. These results supported [H2].

Room 4
In room 4, all participants walked through the wall in the end.
However, a few of them (C: 1, H: 1, R: 0, F: 2) passed after
the time was up. Only one participant, under the F condition,
was instructed by the experimenter to walk through the wall
in accordance with the rule as she did not walk through even
though 30s had passed after the time-limit. Some participants
seemed to hesitate to walk through the lightning wall, includ-
ing the participants who had already walked through the walls
before room 4. Figure 8 is the visualization of the average ve-
locity of head movement over time in the temporal proximity
of the wall penetration for each avatar type. The velocity was
calculated at each frame and then averaged among each time
window of 0.1s for each participant. By setting the moment of
the wall penetration to time 0, the time series data of velocities
were averaged among the participants. For those (N=15) who
passed through the walls more than once, we averaged the ve-
locities regarding all the wall penetrations for each participant.
Although we did not conduct any statistical test on the veloc-
ity data, several interesting characteristics can be observed
from Figure 8. First, the participants tended to speed up while
penetrating the wall irrespective of avatar types. Second, the
participants in the F condition seemed to move more slowly
than others before penetrating the wall, indicating that they
might have hesitated to penetrate it than the others. Qualitative
observations of the behavior also indicate that some partici-
pants stepped back before walking through the wall, whereas a
few participants, especially those who had not walked through
the wall before, took time to search for the gimmick, similar to
room 3. These characteristic behaviors remarkably appeared
in the time until the participants walked through the lightning
wall after they pushed button 9. Thus, the time can be consid-
ered to reflect the amount of psychological resistance to walk
through the lightning wall. It can also be considered to reflect
presence in the sense that the resistance is a realistic response
to a threat. Moreover, time data were not normally distributed.
Two-way factorial ANOVA showed a significant interaction
effect (F(1,88)= 9.88, p< .01, η2

p = 0.10) (Figure 7 center).
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Figure 7. Letter-value box plot1 with data points of the time until the participants first walked through the wall in room 3 (left), room 4 (center), and
across rooms (right) according to avatar anthropomorphism and visibility. C, H, R, and F represent Controller, Human Hand, Robot, and Full-body
Human, respectively. In the cross-room results, the data points are colored according to the rooms where the participants first walked through the wall.

Tukey’s post-hoc tests (α = .05) showed that the time in the F
condition was longer than that in the H and R conditions (H:
t(88) = 2.88, p < .01, R: t(88) = 2.53, p < .05). In addition,
the time in the C condition showed a trend to be longer than
that in the H condition (t(88) = 1.92, p = .06). These results
indirectly supported [H3].

Cross-rooms results
To determine whether the participants’ behavior throughout
the experiment was influenced by self-avatars, we calculated
the total time spent by each participant before they first walked
through the wall, from the start time of the experiment. The
time data were normally distributed except for the H condition.
Two-way factorial ANOVA showed a significant interaction
effect (F(1,88)= 6.09, p< .05, η2

p = 0.06) (Figure 7 right).
Tukey’s post-hoc tests (α = .05) revealed that the time under
the F condition was longer than the time under the H and
R conditions (H: t(88) = 3.41, p < .001, R: t(88) = 2.60,
p < .05). These results supported [H2].

Physiological Data: Skin Conductance Response
As a physiological measurement of presence and SoBO, SCRs
for the four threatening stimuli in room 4 were analyzed to

1By plotting more quantiles than in a conventional box plot, a letter-
value box plot provides additional information about the shape of the
distribution, particularly in the tails [23].

Figure 8. Line plot of the velocity of head movement over time in
the temporal proximity of wall penetration in Room 4 for each avatar
type. Time 0 indicates the moment the participants penetrated the wall.
Translucent bands indicate 95% CIs, estimated by 1,000 bootstraps.

test [H3]. The data for some participants (C: 4, H: 1, R: 4,
F: 2) were not recorded due to technical issues. Hence, the
following analysis was conducted excluding those data. In
addition, if no peak in GSR was detected 1 to 5s after the
threat, the SCR was calculated as 0. The data was normalized
using the Log of SCR magnitude + 1 and standardized by
Z-scores using mean and standard deviation of GSR metrics
0 to 5s before each threat due to the GSR signal character-
istics in accordance with [10]. For the time series graph of
mean GSRs for each threat, please see Appendix Figure 1.
Among the SCRs of the four threats, the threat of walking
through the lightning wall affected the whole-body whereas
the others worked for hand. Therefore, we analyzed these
separately. We calculated the mean SCRs among the first three
threats (button 1, 4, and 7) as hand-threat and the SCRs of the
last threat (walking through the lightning wall) as full-body-
threat. For hand-threat, two-way ANOVA showed no sig-
nificant effects (anthropomorphism: F(1,77)= 0.20, p= .66,
η2

p < 0.003, visibility: F(1,77)= 1.63, p= .21, η2
p = 0.02,

interaction: F(1,77)= 0.73, p= .40, η2
p = 0.009). For full-

body-threat, two-way ANOVA only showed a trend of main

Figure 9. Bar plots with data points of SCR for the hand-threats and
full-body-threat in room 4 according to avatar anthropomorphism and
visibility. The SCR for hand-threats is the mean SCR for the three hand-
threats. Error Bars indicate 95% CIs, estimated by 1,000 bootstraps.
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Figure 10. Letter-value box plots1 with data points of the subjective ratings (from −3 to +3) of Body ownership (left), Response to threat (center), and
Presence (right) obtained through the questionnaires according to avatar anthropomorphism and visibility.

effect of visibility (F(1,77)= 3.27, p= .08, η2
p = 0.04); the

SCR for full-body-threat under the full-body condition tended
to be greater than that under the hand-only condition (Figure 9).
These results did not support [H3].

Subjective Data: Questionnaire
To further test [H3], the subjective ratings of the questionnaire
were analyzed. For each scale (Ownership, Response, Pres-
ence), we first checked internal consistency. Because some
items of Presence (P4 and P6) were negatively correlated with
other items, we excluded these items. Consequently, Cron-
bach’s αs were α = 0.69 (Ownership), α = 0.8 (Response),
and α = 0.56 (Presence). The answers for each item were
aggregated and averaged (answers for control items were in-
verted) to compute the scores for each scale per participant.
Because Likert scale is considered to be an ordinal scale, an
aligned-rank transform, which allowed the use of ANOVA
to analyze the interaction effects with the non-parametric
data [67], was first applied and then two-way ANOVA was
conducted (Figure 10). For Ownership, the ANOVA revealed a
significant main effect of anthropomorphism (F(1,88)= 8.63,
p< .01, η2

p = 0.09). Contrary to [H3], the score of Ownership
with abstract avatars was significantly higher than that with
realistic avatars. For Response and Presence, no significant
differences were observed. These results did not support [H3].

Correlation Analysis
To test [H4] and to specify if any of the variables from the ques-
tionnaire and SCR data were related to the participants’ behav-
iors, we conducted multiple regression analyses. We used the
time that each participant took before they first walked through
the wall across rooms (Figure 7 right) as an index to represent
the tendency of behaviors throughout the experiment. We also
used the VR- and video-game-experiences (both 1–5) as pre-
dictors. As a result, only the subjective score of presence was
found to be a marginally significant predictor (p = .06). To
further test the strength of the relationship between presence
and behavior indices, polyserial correlation analyses, which
are used for the data between a quantitative and an ordinal
variable, were conducted. The results revealed a significant

weak correlation (ρ = 0.23, p < .05). Specifically, the partici-
pants who took a shorter time before walking through the wall
tended to have lower sense of presence, supporting [H4].

DISCUSSION
The main findings are as follows:

1) The results consistently showed that participants who had
the full-body human avatar tended to refrain from walking
through the walls, as evident from the ratio in room 2 (p < .05
for detour), time in room 3 (p < .05 against H and R), and
time across rooms (p < .01 against H and p < .05 against R),
which supported [H1] and [H2]. In addition, participants with
the Human Hand avatar showed tendencies to walk through
the walls, with fewer indices, as seen from the ratio in room 2
(p < .05 for walking through and p = .07 for detour) and time
in room 4 (p = .06 against C).

2) The SCR for full-body-threat (i.e., walking through the
lightning wall) in the full-body conditions (R or F) showed a
trend of being greater than that in the hand-only conditions (C
or H) (p = .08). For the hand-threat (i.e., touch the threatening
stimuli), there were no significant differences among the avatar
conditions. In addition, the subjective ratings of ownership of
the participants embodied with abstract avatars (C or R) were
significantly higher than that of those with realistic avatars
(H or F) (p < .01). In contrast, the ratings of presence and
response to threat were not significantly different among the
avatar conditions. These results did not support [H3].

3) The participants with a lower sense of presence tended to
take less time before walking through the walls (p < .05),
which supported [H4]. Their behavioral tendency was ex-
plained only by presence instead of other indices (ownership,
response, SCR, VR-experience, and video-game-experience).

Overall, the results showed that the embodiment of high-
visibility and high-anthropomorphism self-avatars could dis-
courage participants from walking through the walls, presum-
ably because of a higher sense of presence. More generally, we
demonstrated that a higher visual fidelity of self-avatars can fa-
cilitate realistic user behavior in the VE. The major difference
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between our results and those of previous studies is that most
of them found no significant effect of the presentation [1],
anthropomorphism [8], or visibility [33] of self-avatars on
the game performance [33], affordance judgment [1, 7], and
behavior [1]. The only exceptional study, by Lin et al. [31],
showed that the presentation of self-avatars had an effect on af-
fordance judgment and the corresponding behavior. However,
they did not investigate either the anthropomorphism factor
or the visibility factor. Moreover, it is also interesting to note
that when the participants were asked in the post-experiment
interview about why they hesitated or decided to pass through
the wall, none of them mentioned their avatars. This shows
that the participants’ actions were affected by their avatar de-
signs, even though they were not conscious of this fact. Our
finding is important because our results suggest that simply by
changing the visibility and the level of anthropomorphism, a
VE designer can implicitly navigate users to behave realisti-
cally (i.e., avoiding the wall) or unrealistically (i.e., passing
through the wall) depending on the situation.

The main concern of our study, i.e., the hypothesis that self-
avatars of higher fidelity would discourage the users from
walking through the virtual walls without any explicit feed-
back, was supported by the experiment. Nevertheless, there are
some unexpected results that need further discussions. First,
unlike behavioral data, we did not observe any significant dif-
ferences between the subjective scores of presence and SCR
among self-avatar groups. This raises the concern that the self-
avatar affected the behavior irrespective of the level of sense
of presence. However, the result of the correlation analysis
indicates that the change in behavior could be explained by the
sense of presence. In addition, the SCR data was noisy and not
much reliable because of the practical constraints that it was
recorded during the participants’ active movements. Hence,
we consider that in our study the behavioral data could reflect
the presence more apparently than the questionnaire and the
physiological data. Nevertheless, these contradictory results
may imply that there might be other factors than presence
that affect the relation between self-avatar appearance and
users’ behaviors in VEs. For example, the semantic aspects of
self-avatars, e.g., skin color [43] and attractiveness [68], have
also been shown to affect users’ attitude and behavior through
stereotype or memory, which is automatically associated with
avatars (i.e., Proteus effect). Although in this study we fo-
cused on visual fidelity of self-avatars, the semantics of each
distinctive avatar could also influence the behavior. Therefore,
further research is necessary to clarify the mechanism.

Second, contrary to expectation, the results of the question-
naire indicated that the abstract self-avatars evoked stronger
SoBO compared with the realistic self-avatars. One possi-
ble reason can be the uncanny valley effect [39]. Previous
studies [34, 29] have revealed that robotic and cartoon-like
full-body avatars elicit a slightly stronger SoBO than realistic
human avatars. However, in the case of hand-only avatars,
a number of studies have shown that realistic human virtual
hands induced greater SoBO compared with various virtual
objects (e.g., sphere, board, block, and arrow) [69, 2, 30, 42].
One noticeable difference between existing studies and our
study is that, even though the existing studies showed arbitrary

virtual objects to represent participants’ hands, we showed vir-
tual controllers with high visual realism that moved in nearly
complete correspondence with the physical controller. In ad-
dition, Human Hand avatars were displayed as having open
palms, even though the participants closed their fists to hold
the controllers. Hence, compared with Human Hand avatars,
it is possible that Controller avatars produced higher visuo-
motor and visuo-proprioceptive synchrony, which is a critical
factor for inducing SoBO [27]. It was also remarkable that
visibility did not affect SoBO. To the best of our knowledge,
this is the first study that compares full-body and hand-only
avatars with regard to SoBO and presence. Interestingly, the
SCR results revealed a marginally significant difference in
visibility for the full-body threat. Hence, it still remains un-
clear if the hand-only avatars elicited an equivalent level of the
full-body ownership illusion, compared with full-body avatars.

Similarly, with some indices, participants with the Human
Hand avatar were likely to walk through the walls, although
participants with the Controller avatar did not show such a
tendency. This may be also because the participants perceived
higher SoBO when they saw the Controller avatar rather than
the Human Hand avatar. However, we need to conduct further
studies with various avatar designs to clarify the actual reason.

Considering our results that the effect of self-avatar appearance
on behavior is presumably mediated by the sense of presence,
improving presence by using other factors may also contribute
to preventing users from passing through the walls, such as
passive haptics [24], visual realism of VEs [52], and avatar per-
sonalization [65]. In addition, combining other approaches to
prevent penetration, such as multisensory feedback from wall
collisions, would further improve the effectiveness. Combina-
tions and comparisons with these parameters and approaches
constitute prospects for future studies. Moreover, the results
also indicate that high-fidelity self-avatars can potentially im-
prove a wide variety of VR applications where realistic user
responses are required in VEs, e.g., to seriously engage users
in evacuation drills, and to the intensity of exposure therapy
for PTSD depending on stages. Nevertheless, generalisability
of the results for practical applications is subject to certain lim-
itations because the scope of this study is limited to the issue
of users’ walk-through-wall behaviors. For instance, the effect
of self-avatar visibility may not be applicable to behaviors
unrelated to the body penetration.

CONCLUSION
To test our hypothesis that self-avatars with high visual fidelity
would induce users to refrain from passing through virtual
walls, we investigated whether the anthropomorphism and vis-
ibility of self-avatars could influence participants’ behavior
with respect to walls in room-scale VEs. The results of the
experiment showed that the use of a full-body realistic avatar
discouraged participants from walking through the walls, pre-
sumably because of a higher sense of presence.
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