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According to previous research, humans are exceptionally skilled at distinguishing
earth-congruent object trajectories from earth-discrepant ones. Inconsistent
scale cues in Virtual Reality (VR), however, are shown to easily confuse VR
users’ scale, size, and distance estimations. This paper describes the results of
two studies, with 40 participants each, which tested the effects of self-scaling,
and size cues from active virtual characters, on perceived physics coherence
(i.e., subjective realism). In the first study (Study A), a humanoid robot the size of a
doll manipulated household objects to demonstrate their rigid body dynamics.
The demonstration sequence was performed twice, once using a correct
approximation of physics, and once using an incorrect one in which gravity
was simulated similarly to as if the doll-sized robot was human-sized and the
surrounding roomwas enlarged. The participants observed both demonstrations,
once while standing at the normal scale and once at a reduced scale, similar to
that of the humanoid robot. The second study (Study B) was similar, except that
the virtual character demonstrating the physics was a regular-sized cat. Our
preregistered hypotheses predicted that participants would consider the correct
approximation of physics as better matching their expectations at normal scale,
and the incorrect one as better matching their expectations at the reduced scale.
However, only the second of these hypotheses was supported. According to our
exploratory analyses, the participant’s own scale was a poor predictor of physics
preference, and instead there was a significant effect regarding the virtual
character’s identity. Participants observing the virtual cat were about eight
times more likely to select the realistic physics model compared to those
observing the humanoid robot. The results indicate that familiar cues tied to
virtual character identity overrode any potential effects related to changes in the
participants’ own scale.
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1 Introduction

Virtual Reality (VR) can provide experiences in which size and distance cues differ
significantly from everyday experiences. Self-scaling is an example of this type of experience.
For example, changing the virtual interpupillary distance (IPD) in VR alters the visual field
so that the perception of sizes and distances scales as well, enabling the illusion of changing
one’s own size relative to the world (Kim and Interrante, 2017; Pouke et al., 2020). In
addition, body-ownership illusions can cause similar, albeit less intense, effects
(Linkenauger et al., 2010; Van Der Hoort et al., 2011; Banakou et al., 2013; Weber
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et al., 2020). Understanding these effects is becoming more crucial as
the body of applications that utilize forms of self-scaling continue to
grow. Multiscale Collaborative Virtual Environments (mCVE) are a
concept in which multiple VR users can collaborate while users
coexist in different scales (Zhang and Furnas, 2005). mCVEs, and
self-scaling in general, has been utilized in various applications, such
as medical visualizations, collaborative mixed reality systems, and
aiding design tasks (Billinghurst et al., 2001; Kopper et al., 2006;
Piumsomboon et al., 2018a; Piumsomboon et al., 2018b; Zhang
et al., 2020a; Zhang et al., 2020b). Self-scaling has also been utilized
as a locomotion method in VR (Krekhov et al., 2018). In the field of
robotics, VR has been suggested as a tool for teaching physics
phenomena that become relevant (and difficult for users) in
small-scale robotics operations (Sitti, 2007; Millet et al., 2008).
The relationship between scale and physics is especially
fascinating, since physics-related phenomena such as rigid body
dynamics and friction at different scales greatly differ from our day-
to-day experiences at human-scale (Zhou et al., 2000; Sitti, 2007;
Millet et al., 2008; Pouke et al., 2021), and as applications that utilize
self-scaling become more prominent, it will be crucial that we
accurately characterize their associated perceptual effects so as to
avoid unintended consequences. In our previous studies, we focused
on how self-scaling using both IPD-based scaling and body-scaling
affects our perception on rigid body dynamics (Pouke et al., 2020;
Pouke et al., 2021; Pouke et al., 2022). In this paper, we present our
results concerning the effects of self-scaling and scale cues on
perceiving rigid body dynamics. In this study we specifically
focus on how virtual characters can act as scale cues and distort
our perceptions of rigid body dynamics of physically
simulated objects.

1.1 Perceiving sizes and distances in VR

There has been much scientific interest concerning how humans
perceive sizes and distances in VR. According to previous research,
these perceptions are not entirely similar to judgments made in
everyday life. For example, there is evidence that passability
judgments in VR tend to be more conservative compared to real-
world judgments (Bhargava et al., 2020). There also exists evidence
that humans tend to underestimate egocentric distances in VR
(Renner et al., 2013). It appears though that placing users in
familiar environments, as well as providing them with familiar
size cues in general, can alleviate distortions in the perception of
sizes and distances (Renner et al., 2013; Deng and Interrante, 2019).
Peillard et al. (2019) found a strong effect according to which objects
placed to the sides are systematically perceived as farther away than
objects placed directly in front when viewed in VR. Adding size cues
in the form of textures and lighting did not change this effect
significantly. Martin et al. found that distance perception in VR was
significantly affected when earth-discrepant gravity was simulated
using different body-orientations while using VR to keep visual
stimuli in normal, upright orientation (Martin Calderon and
Barnett-Cowan, 2022). In a similar vein, Morfoisse et al. (2024)
found actual microgravity during a parabolic flight affecting visual
and haptic perception of 3D shapes.

Self-scaling adds a new dimension to the questions of perceiving
sizes and distances in VR: how does the VR user perceive which

parts of a scale-varying VR experience are “normal-sized” and which
ones are not? When faced with conflicting size cues in VR or remote
environments, it appears that body cues, both visual as well as
proprioceptive, can act as the primary reference metric according to
which we compare sizes and distances. As mentioned earlier,
previous studies have shown that the illusory ownership of a
virtual body of abnormal size can affect size and distance
perceptions even when IPD has remained unaltered. This effect is
often called the body-scaling effect in VR literature: when inhabiting
a small body, sizes and distances are perceived as bigger, and vice
versa (Linkenauger et al., 2010; Van Der Hoort et al., 2011; Banakou
et al., 2013; Weber et al., 2020). It appears this effect can be achieved
by using purely visual (e.g., Weber et al., 2020), as well as purely
proprioceptive (e.g., Van Der Hoort and Ehrsson, 2016) cues. The
existence of the body-scaling effect implies that when faced with
multiple conflicting size cues, the size of our own body (or what we
perceive to be the size of our own body) would be the “ground truth”
of scale for humans. The results of our previous studies concerning
self-scaling and the perception rigid-body dynamics support this
claim (Pouke et al., 2020; Pouke et al., 2021). In these studies, we did
not directly investigate the perception of sizes and distances but
instead focused on the subjective perception of physics while
participants were scaled in VR and interacting with physically
simulated objects. When judging the realism of multiple physics
models simulating object trajectories, participants most often picked
the model in which objects behaved as if the participants’ scale was
normal and the surrounding environment was scaled instead (Pouke
et al., 2020; Pouke et al., 2021, for more details, see section 1.2).

It appears, however, that in some cases, size cues from external
virtual characters can similarly act as the main perceptual ruler.
Langbehn et al. (2016) investigated the perception of dominant scale
in VR by having participants interact in a virtual environment
depicting different combinations of size cues. According to their
findings, groups of virtual characters could override environmental
scale cues and even the scale of the participant’s own avatar; it
appears the common scale of these virtual characters acted as the
most important scale cue in this study (Langbehn et al., 2016). A
somewhat similar, albeit more anecdotal, finding was made in one of
our follow-up studies investigating the relationship between scale
and rigid-body dynamics (Pouke et al., 2022). In this study, we
compared the subjective realism of two physics models when
demonstrated by a scaled-down virtual humanoid robot under
two body-scaling conditions. Contrary to our hypotheses, the
participants preferred a physics model that matched the virtual
robot’s scale regardless of the body-scaling condition. Due to this
outcome, we reasoned that the humanoid robot was, in fact, the most
important scale cue according to which the participants matched
their expectations of rigid body dynamics.

1.2 Perceiving rigid body dynamics

According to previous research, humans are typically
accustomed to physical phenomena taking place at normal scale,
under normal gravity. In their survey, Jörges and López-Moliner
(2017) argue that gravity is a strong Bayesian prior for humans; it is
rather difficult for humans to interact, or adapt in unstable gravity
conditions. For example, McIntyre et al. (2001), as well as Senot et al.
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(2005) have found evidence according to which humans are more
capable at intercepting objects when they accelerate according to
normal gravity instead of non-earth-like trajectories. Using an
apparatus that synthesized haptic cues simulating a rolling ball
inside a tube, Yao and Hayward (2006) observed that their
participants were capable of estimating simulated tube lengths in
a way that suggests that they utilized an internal model of gravity in
addition to direct perceptual cues. Pouke et al. (2024) found
evidence that minor temporary adjustments to this internal
model gravity could be achieved by using a repetitive throwing
task under simulated hypergravity.

However, although humans are accustomed to observing normal
gravity at regular scale, this capability is not perfect. Ullman et al. (2017)
suggest that our inborn understanding of earth-congruent physics
somewhat resembles physics models of contemporary game engines,
utilizing reasonable “good-enough” assumptions instead of accurate,
always-reliable computations. Mijatović et al. (2014) demonstrated this
limitation in a study that investigated predictions of physics for rolling
objects following either a linear ramp, or a tautochrone curve in normal
and reversed gravity. A tautochrone is a geometric shape that is utilized
in, for example, skate parks. The unique property of this curve is that
time taken by an object to slide at the bottom of the curve is
independent of its starting point. According to their findings,
unfamiliarity with this geometric property hindered participants’
ability to make accurate physics predictions. La Scaleia et al. (2020)
argue that visual cues, as well as affordances to motor interaction with a
visual scene affect perceptual sensitivity to physics in VR.

Since humans are very much accustomed to perceiving rigid
body dynamics under normal gravity, physically simulated object
behavior has often been used for various purposes in plausibility-
related research in VR. The presence-related concept of plausibility
has been associated with realism, credibility, and the extent to which
the stimuli we perceive in VRmatch our expectations (Skarbez et al.,
2017). More specifically, Slater (2009) and Slater et al. (2022) defined
Plausibility Illusion (PSI) as specifically referring to the VR user’s
sensation that the events inside the VR experience are actually
occurring even though the user knows otherwise. Skarbez, on the
other hand, suggested the concept of coherence that roughly
corresponds to the content-related factors of the VR experience
that either block or lead to PSI, similar to how immersion (hardware
support for perceptual stimuli through natural sensorimotor
actions) leads to Spatial Presence/Place Illusion (PI). Coherence
is therefore described as the extent to which the VR experience’s
content is reasonable and matches the user’s expectations. For
example, studies by Hofer et al. (2020); Brübach et al. (2022);
Skarbez et al. (2020); Pouke et al. (2020, Pouke et al., 2021,
Pouke et al., 2022) have used various earth-discrepant physics
models and object behavior to purposefully disrupt plausibility in
research experiments.

1.3 The relationship between scale and the
phenomenological perception of gravity

As mentioned earlier, besides directly changing the perception
of sizes and distances, self-scaling affects how a VR user perceives
the object trajectories of physically simulated objects Pouke et al.
(2020, Pouke et al., 2021). In terms of simulating rigid body

dynamics, virtual self-scaling has essentially the same effect as
changing gravity; an object falling from a height of 1.5 m reaches
the ground in approximately 0.55 s, whereas an object falling from a
height of 15 cm reaches the ground in only 0.17 s. This means that
simulating rigid body dynamics at 0.1x scale is essentially the same
as simulating tenfold gravity, which often appears unnatural for
anyone experiencing this type of simulation; accelerations and object
velocities appear unnaturally fast, and it becomes difficult to throw
objects since they appear to hit the ground as soon as they
are released.

In our previous studies (Pouke et al., 2020; Pouke et al., 2021), we
investigated participants’ perceptions of rigid body dynamics in VR
when users were scaled at 0.1x as well as 10x scale by changing their
viewpoint height, virtual IPD, and translational tracking. In both
studies, the participant’s task was to drop as well as throw physically
simulated objects under two gravity conditions followed by a subjective
evaluation of the realism of both models. At 0.1x scale, the participants
were interacting with soda can tabs, whereas at 10x scale, the physically
simulated objects were logs of timberwork. Unsurprisingly, in both
studies, a majority of participants considered a realistic approximation
of physics (dubbed True Physics in the original studies) unrealistic and
preferred a model in which rigid body dynamics followed the
participants’ scale, similar to a situation in which the participant
scale had remained unchanged, and the environment was scaled
instead. We dubbed this incorrect model Movie Physics, referring to
the common convention in Hollywood movies, such asHoney I shrunk
the Kids, in which abnormal scales always seem to depict gravity that
scales with themain characters (the names of themodels were obviously
hidden from the participants). These studies still left multiple questions
unanswered, such as whether the phenomenon exists when the
participants do not perform the interaction tasks themselves but
instead observe tiny or large virtual characters interact with objects.

A follow-up study (Pouke et al., 2022) investigated whether the
body-scaling effect can similarly bias physics perceptions when
other properties, such as IPD and tracking properties, remain at
human-scale. The body-scaling effect was elicited similarly as
described in the study of Van Der Hoort and Ehrsson (2016), in
which participants were leaning back on an exam table, and visuo-
synchronous stimuli were used to elicit the illusion of possessing an
invisible body. In our study, the participants then observed a scaled-
down robot character to perform a similar interaction task that was
performed by human participants themselves in the earlier studies
Pouke et al. (2020, 2021). In this case, we expected the participants to
prefer Movie Physics when body-scaling was taking place, and True
Physics when not. Surprisingly however, Movie Physics was again
preferred in both conditions, with and without body-scaling. We
speculated whether this result was caused by the virtual character
demonstrating the physics in that study: the humanoid virtual
character at 0.2x scale could have caused a similar effect that was
found by Langbehn et al. (2016) according to which virtual
characters dictated the perception of dominant scale, and
therefore the perception of physics models.

However, since the follow-up study (Pouke et al., 2022) did not
provide direct evidence of whether the virtual character was
overriding body-size cues, we extended this work with new
experiments. In this paper, we present the results of two studies
in which participants observed virtual characters performing the
physics demonstration task depicted originally in (Pouke et al.,
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2022). In the first study (Study A), a humanoid robot the size of a
doll manipulated objects to demonstrate their rigid body dynamics
using True Physics and Movie Physics in a counterbalanced order.
The participants observed both demonstrations, once while standing
at the normal scale and once at a reduced scale, similar to that of the
humanoid robot. The second study (Study B) was similar, except
that the virtual character demonstrating the physics was a regular-
sized cat. Contrary to our preregistered hypotheses, self-scaling was
a poor predictor for preferred physics. However, participants
observing the virtual cat were eight times more likely to pick
True Physics, suggesting that the identity of the virtual character
acted as a stronger cue for perceiving rigid body dynamics.

Comparing the results of these studies, we can acquire new
knowledge on how environmental cues, such as virtual characters
and their scale, can affect the perception of physics realism besides
VR user’s own scale.

2 Materials and methods

As described earlier, we utilized two studies in which
participants observed a virtual character performing a sequence
of interactions demonstrating the rigid body dynamics of virtual
soda can tabs. The dataset for Study A was originally collected in the

FIGURE 1
The humanoid robot used in Study A was the default Unreal Engine 4 mannequin performing motion captured animations.

FIGURE 2
The cat character in Study B was modeled and animated in Blender.
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conjunction of (Pouke et al., 2022, see associated preregistration),
but was not described in the original paper. In this study, the virtual
character was the doll-sized humanoid robot used also in Pouke et al.
(2022) (0.2 to human scale, see Figure 1). In Study B, the virtual
character performing the physics demonstrations was a regular-sized
cat (see Figure 2). The choice for using virtual soda can tabs for the
physics demonstration comes from our earlier studies (Pouke et al.,
2020; Pouke et al., 2022); we reasoned the tabs would be easily
recognizable as familiar, small lightweight objects that one could
interact with in our scale of interest. Using the same objects
consistently makes our new results more readily comparable to the
earlier studies.

The motivation for using a scaled-down robot and a regular-
sized cat as the virtual characters is as follows. Firstly, the scaled-
down humanoid allowed us to examine the relationship between the
VR user’s own scale and that of a virtual character. Secondly, we
chose the humanoid virtual character to resemble a robot since we
reasoned it would be less confounding than using a scaled-down
human character; a robot-like character could be perceived, for
example, as a toy, whereas a scaled-down human would be a more
conflicting size cue. For Study B, we chose a regular-sized cat so that
this study would have a character that was ordinary-sized yet
something that could plausibly interact with the same simulated
objects at our scale of interest. In this case, because the cat’s size

matched human priors for a cat’s size in this type of environment,
there would be little impetus to assume that the character had been
scaled in any way.

In each study, the participants repeated the observation task twice,
both at normal scale (conditions A1 and B1) and at 0.2 scale (conditions
A2 and B2). At each scale, the sequence of interactions was performed
twice, demonstrating the two physics models: True Physics and Movie
Physics. Similarly to our earlier studies (Pouke et al., 2020; Pouke et al.,
2021; Pouke et al., 2022), True Physics refers to a correct approximation
of physics whereas Movie Physics refers to a less accurate model in
which rigid body dynamics behave as if our scale of interest (0.2) was the
normal scale and the environment was five times larger instead. The
names of the models were not disclosed to the participants. The
participants’ task was to choose which one of the interaction
sequences matched their expectations better in terms of object
trajectories in each study at each scale. The order of scales as well as
physics demonstrations were counterbalanced for participants in both
studies (see counterbalancing sheet in Appendix 1 as well as
preregistrations for reference). An overview of the Study protocol in
each study is summarized in Figure 3.

In total, 80 participants naive for the purposes of the
experiments were recruited from the local campus community
(Study A, 20 females and 20 males, Study B, 19 females, 21 males).
The participants of Study B were pre-screened to prevent those of

FIGURE 3
Studies A and B both utilized different sets of participants. Scale conditions and physics conditions were counterbalanced within-subjects. Physics
conditions associated with a hypothesis are highlighted.
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Study A from participating again. The participants gave written
informed consent in accordance with the local Ethics Review
Board (ERB). The sample sizes were based on the studies
reported in (Pouke et al., 2020; Pouke et al., 2021, 44 and
40 participants, respectively). In Study A, the participants’ ages
ranged from 18 to 46, the average age being 27.5 (SD 5.23). In
Study B, the participants’ ages ranged from 21 to 40, the average
age being 27 (SD 3.97). In both studies, participants self-reported
their VR and video game experience using a scale from one (no
experience) to seven (daily use); the number of participants giving
each response is reported in Table 1.

2.1 Hypotheses

We hypothesized that participants’ own scales would act as
the main metric and, therefore, the participants would prefer
True Physics when they were themselves at normal scale
regardless of the virtual character. Similarly, while scaled-
down, the participants would always prefer Movie Physics
consistent with our earlier findings. Our preregistered
hypotheses are as follows.

• HA1: When observing physics (demonstrated by humanoid)
while standing and at normal scale, subjects will consider true
physics to appear more real.

• HA2: When observing physics (demonstrated by humanoid)
while standing and scaled with IPD scaling, the subjects will
consider movie physics to appear more real.

• HB1:When observing physics (demonstrated by a virtual cat)
while standing and at normal scale, subjects will consider true
physics to appear more real.

• HB2:When observing physics (demonstrated by a virtual cat)
while standing and scaled with IPD scaling, the subjects will
consider movie physics to appear more real.

The preregistration to hypotheses HA1 and HA2 can be viewed at
https://osf.io/4gjv3 (please note that hypotheses HA1 and
HA2 correspond to hypotheses H3 and H4 in the preregistration).
The preregistration to hypotheses HB1 and HB2 can be viewed at
https://osf.io/qnshf.

2.2 Virtual environment

In both studies, the task of the participants was to observe a
specific virtual character perform two sequences of interactions with
virtual soda can tabs. The sequences took place in the virtual room
that was also used in the study reported in Pouke et al. (2022),
containing the virtual character and its associated objects in one end,
and a door next to two pieces of furniture in the other end (See
Figure 4). The apparatus used in Study A was developed in Unreal
Engine 4.26.2, whereas Study B used Unreal Engine 5.0.1 to utilize
more advanced fur materials. In both studies, the animated
sequences were initiated by the researcher after the participant
had comfortably adjusted to wearing the headset and could
observe the environment naturally.

2.3 Animated sequences

In Study A, the tabs were placed on a stack of books. In the
animated sequence, a doll-sized humanoid robot picked up and
dropped three tabs. Then, two tabs were thrown. The skeletal
mesh model of the robot was the default Unreal Engine four
mannequin. The animated sequence was the same as the one used
in the previous study Pouke et al., 2022: the sequence was
captured using the Vive MoCap plugin for Unreal Engine
from a researcher physically demonstrating the sequence while
wearing Valve Index HMD and controllers, as well as Vive
2.0 Trackers at ankles, hip, chest, and elbows. The picking up,
dropping and throwing of the tabs were implemented using the
Unreal Engine grab and drop events that are available in the
Unreal Engine template VR motion controller implementation
meant for interactive manipulation of virtual objects in VR.
During grab events, the tabs were attached to a socket placed
in the virtual character’s hands, whereas a drop event would
release the tab while the tab’s velocity at time of release is carried
over. Normally these events are triggered by a VR user using
motion controllers. In this implementation, however, the events
were programmatically triggered at corresponding frames within
the captured animation sequence to mimic human grabbing,
dropping and throwing. For the sake of consistency, we used
the same assets for the pop tabs that were also used in our

TABLE 1 Gaming and VR experience of participants.

Frequency Study 1 Study 2

VR Videogames VR Videogames

Never 16 11 0 7

Once or twice ever 17 1 20 3

Once or twice per year 6 3 11 11

Once or twice per month 1 2 9 6

Once or twice per week 0 8 0 6

Several times per week 0 9 0 5

Every day 0 6 0 1
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previous studies (Pouke et al., 2020; Pouke et al., 2021; Pouke et al.,
2022). The rigid body dynamics of tabs after dropping and
throwing took place were handled by the internal Unreal
Engine physics engine, similarly as if human had performed
these actions to physically simulated objects using motion
controllers.

In Study B, the tabs were roughly at the same height as in Study
A. Instead of stack of books, however, they were placed on a platform
containing a cat carrier crate and the virtual cat within. In the
animation sequences, the virtual cat emerged from the carrier and
proceeded to knock the tabs off the platform. The cat pushed three
tabs so that they were dropped next to the platform, after which she
used greater strength to knock two tabs further away (to mimic the
throwing performed by the humanoid robot). The cat was animated
manually using Blender and the Unreal Engine five sequencer, using
videos of cats as references. Unlike the humanoid robot, the cat did
not utilize ‘grab’ and ‘throw’ events to move the tabs. Instead, the

movement of the tabs was simply initiated through the collider in the
cat’s animated paw interacting with those in tabs. A figure depicting
the virtual characters in each condition can be seen Figure 5. A video
demonstration can be viewed at https://youtu.be/01Sx4a2dQZg.

2.3.1 Physics conditions
In both studies, the interaction sequence was repeated with two

physics conditions simulated by the Unreal Engine internal physics
engine. Using the terminology introduced in (Pouke et al., 2020),
these models are called True Physics: a correct approximation of
rigid-body dynamics, andMovie Physics in which gravity was scaled
at 0.2g, resulting in rigid body dynamics that were similar to if the
doll-sized humanoid robot was the size of a human, and the room
five times larger. In Study A, the rigid body dynamics were simulated
real-time. In Study B, however, initially simulated trajectories were
recorded and played as animations for the participants. This was to
prevent the excessive randomness in tab trajectories stemming from

FIGURE 4
The virtual environment used in both studies was a plain room containing a small number of size cues.

FIGURE 5
Virtual characters used in the studies at various scales. Upper images demonstrate conditions A1 and A2 whereas lower images demonstrate
conditions B1 and B2.
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Unreal Engine physics simulation when developing the apparatus
used in Study B1. Both studies A and B used a single animation that
was repeated across all physics demonstrations at both scales.

2.3.2 Scale conditions
In both studies, the observation of the animated sequence was

carried out both at a normal scale (conditions A1 and B1), as well as
at 0.2x scale (conditions A2 and B2). The scaling down of
participants was executed by manipulating the Unreal Engine
World to Meters parameter, which scales the player character’s
viewpoint height, virtual IPD, and translational movement speed.

2.4 Data

The main dependent variable responding to all hypotheses HA1
- HB2 was the response to the forced-choice question “Thinking
back how the pull tabs were behaving, which matched your
expectations, the first or the second time?” The question was
asked verbally after presenting both physics conditions at each
scale, and a researcher filled in the participant’s responses to a
data sheet.

In both studies, after finishing both scale conditions, the
participants removed the VR hardware and filled in a post-
experiment questionnaire consisting of the extended Slater-Usoh-
Steed presence questionnaire (SUS) (Slater et al., 1994; Usoh et al.,
2000) as well as a background questionnaire concerning age, sex, as
well as video game and VR experience. The participants were then
debriefed and compensated with a gift card worth 20€. For COVID-
19 related precautions, all equipment and surfaces were disinfected
using alcohol wipes. The Cleanbox device was used to disinfect the
HMD between participants2. Researchers were wearing masks
throughout both experiments. Masks and hand sanitizer were
also available for participants in both studies.

3 Results

3.1 Confirmatory results

In both studies, we predicted that participants would prefer True
Physics when they were observing physics demonstrations
themselves being at normal scale (hypotheses HA1 and HB1)
and Movie Physics when they were at 0.2x scale (hypotheses
HA2 and HB2). For the most part, our results did not support
these predictions. In Study A, 33 out of 40 participants choseMovie
Physics at normal scale (condition A1) whereas 37 out of
40 participants chose Movie Physics while at 0.2x scale (condition
A2). In Study B, however, neither model came out significantly more
popular than the other. At normal scale, 17 out of 40 participants
chose Movie Physics (condition B1) whereas 20 out of 40 chose

Movie Physics at 0.2x scale (condition B2). Following the
preregistered procedure, we tested each hypothesis HA1, HA2,
HB1, and HB2 using an exact binomial test (one-tailed) against
the null proportion (20/40). According the results of the tests,
hypothesis HA1 was unsupported (condition 1A, p � 1.00) and
hypothesis HA2 was supported (condition 1B, p< .001). Both
hypotheses HB1 and HB2 were unsupported (p � 0.215 and
p � 0.563, respectively). Based on these results, it appeared that
participant’s own scale was a poor predictor of physics coherence,
although we did correctly predict that participants would prefer
Movie Physics in Study A when at 0.2x scale.

3.2 Exploratory results

Given the strong preference for movie physics in both
conditions involving a humanoid (Study A), we tested whether
movie physics was also significantly preferred in condition 1A.
Contrary to hypothesis HA1, a two-tailed exact binomial test
found that this preference was significant (p< .001), indicating
that Movie Physics was significantly more popular at normal
scale. McNemar’s tests further confirmed that the scale
manipulation was ineffective in biasing participants’ choices
regarding physics realism in both the humanoid
(χ2[1, N � 40] � 0.90, p � .34, OR � 2.33) and cat
(χ2[1, N � 40] � 0.21, p � .65, OR � 1.38) demonstration sets.

While the within-subjects manipulation of scale had little effect,
we were interested in whether the type of virtual character present in
the scene produced significantly different patterns of responses
between the A and B study participants. Pearson chi-squared
tests (with Yates’ continuity correction) revealed that participants
were more likely to choose true physics as realistic when physics were
demonstrated by the cat virtual character as opposed to the
humanoid, at both large (χ2[1, N � 80] � 12.00, p � .001,
OR � 6.14) and small (χ2[1, N � 80] � 15.62, p< .001,
OR � 11.51) scales (see Figure 6). Logistic mixed-effect models
were then fit to the data using the ‘lme4’ package in R to
simultaneously estimate the effects of scale and avatar type while
controlling for repeated measurements.

Responses choosing True Physics as more realistic were coded as
“1” and those choosingMovie Physics were coded as “0,” serving as a
response variable for all models, and a random effect was fit to
capture variance related to multiple responses deriving from the
same participants. Nested models were compared using likelihood-
ratio tests and the strength of predictors are reported as slope
estimates with 95% confidence intervals. The fully saturated
model containing predictors for scale, avatar type, and their
interaction, significantly outperformed the null model
(χ2[3, N � 80] � 33.21, p< .001) and estimated a significant
contribution from avatar type (β � −1.85,
95% CI � [−3.09,−0.86]) with little effect of scale (β � −0.30,
95% CI � [−1.21, 0.58]) or interaction between the two factors
(β � −0.66, 95% CI � [−2.46, 0.97]). Dropping the scale and
interaction terms did not significantly change model fit
(χ2[2, N � 80] � 2.33, p � .32) and thus the simpler model
containing only the agent type predictor, which also had the best
Akaike information criterion (AIC) score among the family of
models, was retained. The estimated effect of agent type in this

1 The comparatively larger randomness in trajectories could have resulted

from the newer Unreal Engine version utilizing the new Chaos system in

place of Nvidia PhysX, however, we have no direct evidence of this.

2 https://cleanboxtech.com/
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model was similar to that of the fully saturated model (β � −2.10,
95% CI � [−3.10,−1.33]; OR � 8.14, 95% CI � [3.80, 22.28]).
These data suggest that familiar size cues of virtual agents could
play a strong role in assessing physics realism; when a humanoid was
depicted, the physics consistent with the virtual character being a
regular-sized human were overwhelmingly chosen as realistic
regardless of the user’s own scale, and when a cat was depicted,
while the bias in choice did not entirely flip in the direction
consistent with True Physics at a cat’s scale, the bias did disappear.

3.2.1 Confound analysis
An effect of familiar size cues of virtual agents on physics realism

would be an interesting result, and we thus wanted to check whether
there were any other differences that could explain differences in
responses, given that different groups of participants experienced
the humanoid or the cat demonstrations. Both groups were divided
roughly equally in terms of sex (20 women and 20 men in Study A;
19 women and 21men in Study B).Wilcox ranked-sum tests showed
no difference in age (Z � 0.44, p � .65, r � .07), presence (as
indicated by SUS-scores; Z � 0.90, p � .37, r � .14), or videogame
playing experience (Z � 1.54, p � .12, r � .24) between the two
groups. However, there was a significant difference in experience
using VR between the humanoid (M � 1.80) and cat (M � 2.73)
demonstration groups (Z � 4.52, p< .001, r � .71).

Using the modeling approach described previously, we tested
whether experience using VR could predict physics coherence
choices. A model using only VR experience significantly
outperformed the null model (χ2[1, N � 80] � 4.48, p � .034)
although the VR experience predictor (β � 0.46, 95%
CI � [0.03, 0.97]; OR � 1.59, 95% CI � [1.04, 2.64]) was not as

strong as the agent predictor in previous models. Adding the
agent predictor to this model significantly improved fit
(χ2[1, N � 80] � 26.96, p< .001) and caused contributions from
VR experience to dissolve (β � −0.18, 95% CI � [−0.68, 0.29];
OR � 1.19, 95% CI � [0.75, 1.97]) while the agent predictor
remained as strong as in previous models (β � −2.27,
95% CI � [−3.44,−1.38]; OR � 9.65, 95% CI � [3.99, 31.19]).
Due to the high correlation between the two predictors
(r � .56), issues related to multicollinearity can arise and
caution must be taken in interpreting the relative
contributions of predictors. One way to tease the issue apart is
to try to predict physics coherence choices using the VR
experience predictor within each separate group independently
and see how it performs when abstracted away from agent
identity. VR experience failed to improve model fit relative to
null models for both the humanoid (χ2[1, N � 40] � 0.80,
p � .37) and cat (χ2[1, N � 40] � 0.10, p � .75) demonstration
groups (all β 95% CIs included 0) when tested as separate
groups. Though the difference in the amount of VR experience
between the two groups could have played some role, and the only
way to know for certain is to run an experiment in which agent
identity is manipulated within participants, we contend that the
available evidence best supports an interpretation of an impactful
role of agent identity in determining physics coherence choices and
only a relatively minor one, if any, of VR experience.

Finally, we investigated demographic information and condition
order effects. VR headsets tend to fit men better than women,
sometimes leading to worse experiences for women (Stanney
et al., 2020), and viewing from a small or large initial scale, or
seeing True orMovie physics demonstrations first, could provide an

FIGURE 6
Percentage of “true physics” choices for all conditions. Error bars represent 95% bootstrapped confidence intervals.
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anchoring effect that could bias future responses. None of knowing a
participant’s sex, history of videogame experience, presence in the
VE as indicated by SUS score, nor knowing which condition
dimensions were experienced first could reliably predict physics
coherence choices in any model (all β 95% CIs included 0).

4 Discussion

Although only one out of four hypotheses was supported (HA2),
the studies presented here bring new insights regarding physics
coherence in virtual environments. Looking at previous studies
concerning the coherence of rigid body dynamics at different
scales, Movie Physics has been an overwhelmingly popular choice
among participants. In a study concerning interactive manipulation
of objects at 0.1x scale, Movie Physics was considered the realistic
one by roughly 3/4 of participants and as better matching their
expectations by 9/10 of participants (Pouke et al., 2020). In a study
concerning 10x scale, Movie Physics was similarly considered as the
realistic model, although participants were split more evenly
concerning which of the models matched their expectations
better (Pouke et al., 2021). In a follow-up study, no evidence was
found to support the notion that the body scaling effect can affect
physics coherence similarly to the IPD and viewpoint height based
scaling in the previous studies; surprisingly though, Movie Physics
was found to match participants’ expectations better in both
conditions this study investigated, perhaps due to the humanoid
virtual character used to demonstrate the physics conditions (Pouke
et al., 2022). In the studies presented in this paper, the results of
Study A were in line with previous ones, especially those presented
in Pouke et al. (2022). This is not true, however, for the results of
Study B, which suggests that the virtual character demonstrating the
rigid body dynamics of objects might indeed act as a cue according
to which participants could base their physics judgments.

It appears the virtual cat character could not make True Physics
become more popular thanMovie Physics, however. Instead, neither
physics model was significantly preferred in participant responses.
In our exploratory analysis, we also compared participant responses
across both studies. According to these results, the participants of
Study A were significantly more likely to pick Movie Physics both
when the participants were themselves at normal scale or when they
were scaled down. Although these results are not conclusive, they
lend greater support to the anecdotal finding made in Pouke et al.
(2022), according to which a virtual character can act as a size cue
when making physics judgments. This is also in line with the finding
reported by Langbehn et al. (2016), according to which virtual
characters could act as dominant cues when participants were
asked to make judgments across conflicting scale cues.

4.1 Implications for coherence in VR

In their article, Skarbez et al. (2020) discussed many open
presence-related question, among which was the question
regarding manipulation of coherence: “How and to what extent
can we manipulate users’ expectations, for example, by “priming” the
user with stimuli that are related to those that will appear in the
virtual environment?” This question refers to the important

question of preventing breaks in PSI by ensuring that the VR
content is in line with users’ expectations (Slater et al., 2022). In
previous plausibility literature, the effect of context on coherence is
usually discussed as the overall setting of the VR experience. This
can mean, for example, a sci-fi or fantasy setting in which objectively
unnatural behavior, such as dragons or earth-discrepant gravity,
would be acceptable by users (Hofer et al., 2020; Skarbez et al., 2020;
Slater et al., 2022). In this work, however, we utilized a more subtle
manipulation of context that is not related to the overall narrative of
the experience, but rather on more general environmental cues.
More specifically, the context in which rigid body dynamics of
objects were demonstrated, affected their coherence. Although the
phenomenon we investigated in this paper is a very particular case of
coherence, we believe it can perhaps inspire future solutions for
manipulating VR users’ expectations using perceptual cues, and
thus, preserving PSI.

4.2 Limitations and suggestions for
future work

Our investigation regarding cat conditions 2A and 2B was
somewhat limited because we were motivated to keep the study
design as similar as possible to earlier data collection related to the
humanoid conditions 1A and 1B. For example, the height from
which the tabs fell was rather low in this study, which might have
affected how easy it was for participants to make physics judgments.
In addition, there are no separate hypotheses to realism and
expectations or additional exploratory questionnaires concerning
object trajectories similar to earlier studies that focused only on one
scale (Pouke et al., 2020; Pouke et al., 2021). A future study could
utilize a design that is more similar to the aforementioned studies,
and could then collect more data regarding either only the scaled-
down or normal condition, specifically.

Alternatively, a future study could investigate the effect of virtual
characters in a single study with same pool of participants. One
limitation regarding our exploratory analysis is that Studies A and B
had different samples, which limits the evidence we can draw from
analyzing the results together. A follow-up experiment could seek
further evidence by using same participants for collecting data
regarding both virtual characters.

In addition, a future design could utilize a larger height for
dropping the objects, and perhaps a different perspective. The
virtual environment in which the cat operates could resemble, for
example, a regular house environment instead of the minimalist
room that was dictated by the previous designs. Furthermore, using
multiple trials (instead of only one animation sequence of five
interactions) could be beneficial to examine further whether the
judgments stay random when observing the cat for a longer period
of time or if the participants would eventually begin to favor one
model against the other.

As self-scaling by manipulating virtual height and IPD was a
poor predictor for perceived physics realism, it could be that our
findings are not specific to VR, but could be observed in non-
immersive screen-based applications as well. This is a potential
target for a future study.

Finally, Unreal Engine changed its internal physics engine when
transitioning from 4 x to 5.0, which introduces a potential confound
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between studies 1 and 2. However, we believe that the perceptual
differences introduced by the experimental manipulation of gravity
far outweigh potential perceivable differences in rigid body
dynamics simulation between the two physics systems in the
context of our studies.

5 Conclusion

We reported the results of two studies investigating the effect of
scale cues and virtual characters on physics coherence in virtual
environments. In Study A, participants observed a humanoid robot
scaled five times smaller demonstrate two models of rigid body
dynamics, a realistically approximatedmodel (True Physics) as well a
model where gravity was five times weaker (Movie Physics). The
participants observed these models twice: while they were at normal
scale, as well as when participants themselves were scaled five times
smaller similarly to the robot. Study B was otherwise similar, but the
virtual character demonstrating the physics models was a regular-
sized cat instead. We predicted that in both studies participants
would pick True Physics at normal scale and Movie Physics while
scaled-down. What we found instead, was that the identity of the
virtual characters was a significantly better predictor for
participants’ choice of physics model instead of their own scale.
In Study A, participants chose Movie Physics significantly more often
compared to True Physics at both scales. In Study B, the responses were
mixed almost even at both scales. According to our exploratory
analyses, the participants were roughly 8 times more likely to favor
True Physics when physics were demonstrated by the virtual cat,
according to odds ratios estimated by logistic mixed-effects models.
Based on the findings in this study, as well those in previous literature
(Langbehn et al., 2016; Pouke et al., 2022), we suggest that virtual
characters can act as strong scale cues for VR users when making
judgements regarding coherence of rigid body dynamics.
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