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Measuring Embodiment:
Movement Complexity and the Impact of
Personal Characteristics
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Abstract—A user’s personal experiences and characteristics may impact the strength of an embodiment illusion and affect resulting
behavioral changes in unknown ways. This paper presents a novel re-analysis of two fully-immersive embodiment user-studies (n=189
and n=99) using structural equation modeling, to test the effects of personal characteristics on subjective embodiment. Results
demonstrate that individual characteristics (gender, participation in science, technology, engineering or math — Experiment 1, age,
video gaming experience — Experiment 2) predicted differing self-reported experiences of embodiment Results also indicate that
increased self-reported embodiment predicts environmental response, in this case faster and more accurate responses within the
virtual environment. Importantly, head-tracking data is shown to be an effective objective measure for predicting embodiment, without

requiring researchers to utilize additional equipment.

Index Terms—Embodiment, Gender, Age, STEM, Structural Equation Modeling, Avatars, Behavior.
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INTRODUCTION

1

HE positive impact of self-avatars in immersive virtual
Tenvironments (VEs) has been demonstrated in numer-
ous ways including users having improved distance es-
timation [1], [2], reduced cognitive load [3], [4], and an
increased sense of presence [5]. This positive impact of self-
avatars may be due to virtual sense of embodiment-when
the user feels that the self-avatar has effectively replaced
their own-body at a physical and functional level [6], [7].
When users embody their self-avatar they even take on
stereotypical behaviors based on the avatar’s appearance
such as negotiating more aggressively when in a taller body
[8] or having improved cognitive function when looking like
Einstein [9].

In the examples listed above, behavior change may be
impacted by the user’s level of embodiment such that higher
embodiment in the self-avatar leads to a greater adoption
of stereotypical self-avatar behavior. However, measuring
an individual’s level of embodiment is challenging and the
subjective level of embodiment is often high regardless of
avatar appearance when wearing a co-located avatar that
moves synchronously with the user [10]. For example, self-
reported embodiment levels, measured with condensed em-
bodiment questionnaires, are similar regardless of wearing
an avatar of a different race [11] or age [12] when compared
to the user’s identity. The relationship between behavior
change and embodiment is not well understood and may
become more apparent when using a longer embodiment
questionnaire that provides more nuanced data to better
discern higher or lower levels of embodiment [13]. In fact,
a few studies have found a relationship between the sub-
jective level of embodiment and increased performance in-
cluding studies on brain-computer interfaces [14], improved
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distance estimation [15], and a greater connection to nature,
[16]. However, the differing ways (mechanisms) in which
sense of embodiment may impact users’ responses within
virtual environments is not yet fully understood.

Further, users have different individual characteristics
that may affect how embodied they become in different
avatars within different situations. For example, an individ-
ual’s locus of control—how much they believe they are in
control of situations and experiences—may affect their level
of embodiment [17]. There are many individual characteris-
tics that may affect embodiment including, but not limited
to, gender, age, or gaming experience. Since embodiment
may lead to improved virtual experiences, both cognitively
and experientially, it is important to understand factors that
may impact an individual’s level of embodiment. Under-
standing how individual characteristics affect embodiment
can aid researchers in designing optimal virtual scenarios
that foster embodiment for each user. Demonstrating that
individual characteristics affect embodiment supports the
necessity of studying diverse populations [18].

In order to understand how individual characteristics
affect embodiment, effective measurement of embodiment
is imperative. Numerous subjective and objective tools have
been proposed including questionnaires [13], electroen-
cephalography (EEG) [19], skin-conductance [20], and heart-
rate monitors [21]. Questionnaires are the most common of
the measurement tools since they are easy to administer,
do not require users to wear additional cumbersome equip-
ment, and do not require environment specific responses
to threatening situations [6]. However, subjective responses
in questionnaires are prone to user bias [22] and it is
important to support subjective responses with objective
measures. Problematically, there are currently no objective,
easy-to-collect embodiment measures that are environment
independent and do not require users to wear additional
hardware.
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In this work we revisit two embodiment experiments
with data provided by the authors of those works [23],
[24], [25]. We analyze these data using structural equation
modeling (SEM), a statistical technique commonly used in
the behavioral sciences. The previous multivariate analysis
was limited to analysis of responses within the VE and only
reported standard descriptive statistics on demographic
data. Our new analysis 1) investigates the relationship
between embodiment level and environment influence—
a user’s attitudinal and/or behavioral change caused by
the VE scenario—to determine if increased embodiment
leads to greater influence, 2) investigates the effect of user
characteristics (gender, age, video gaming experience, and
participation in Science, Technology, Engineering and Math
(STEM)) on subjective embodiment, and 3) explores the
efficacy of using head-tracking data as an objective mea-
sure to predict embodiment. We use the term environment
influence in a broader sense to mean the user’s behavior
or actions compared to “Proteus Effect” [8] that refers to
users demonstrating behaviors consistent with stereotypes
associated with an avatar’s social identity group. In Exper-
iment 1, environmental influence does include the Proteus
Effect; the outcome of interest is how participants take on
characteristics stereotypically associated with the gender of
their avatar. In Experiment 2 however, the Proteus Effect
is not relevant as all participants are represented with race
and gender matched avatars. The outcome of interest is their
shooting behavior depending on target race and weapon
status. Therefore, we use the term environment influence to
broadly represent the user’s behavior or actions.

We demonstrate that higher levels of measured embodi-
ment led to higher levels of environment influence. Further,
we identify individual characteristics associated with differ-
ing levels and submeasures of subjective embodiment and
present proposed theoretical explanations for those associ-
ations. Finally, we present a new, easy to collect, objective
measure that predicted subjective embodiment levels and
user response to the environment.

The paper is organized as follows: Section 2 presents
relevant background information. Section 3 presents the
SEM methods used to evaluate the data from Experiment 1
(Section 4) and Experiment 2 (Section 5). Each experiment
section includes a Results section that explains how the
SEM was built, followed by a Discussion section that works
through the model and discusses the results in relation to
hypotheses and previous research. Finally, Section 6 pro-
vides concluding remarks.

2 BACKGROUND
2.1 Embodiment

The plasticity of the human mind to accept an other-body
or body-part as if it were an own-body was demonstrated
in the real world where people accepted a rubber hand as
if it were their own hand [26]. Acceptance over the hand
can be induced through different forms of stimulation in-
clude visuotactile as well as active and passive movements
[27]. The illusion was then extended to full-body illusions
which were eventually demonstrated in VEs [28]. Levels
of embodiment may be affected by the appearance of the
avatar, the user’s level of control over the avatar, and the
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user’s point of view [29]. In addition to people accepting an
other-body as if it were an own-body, the appearance of the
self-avatar appears to impact user behavior [8] to provide
the user with numerous cognitive and experiential benefits
within the VE. For example, people with taller avatars
act more confidently [8], people in dark-skinned avatars
demonstrate reduced implicit bias [11], people embodying
Einstein have higher cognitive performance [9], and self-
avatars buffer people from stereotype threatening situations
based on salient stereotypes [23], [24]. Self-avatars have been
shown to increase trust and cooperation in collaborative
tasks [30] and enable an innovative counseling system to
give one’s-self advice [31]. Self-avatars have been shown
to improve spatial awareness and distance perception, [32],
[33] and may dissuade users from walking through virtual
walls such that the more present the user is in the VE the
less likely they are to walk through a virtual wall [34].

Most research with self-avatars demonstrates the ben-
efits or changes to participant behavior of having a self-
avatar without directly investigating level of embodiment
beyond high or low levels of embodiment. Fewer experi-
ments have investigated the relationship between embod-
iment level and change in behavior, an exception being
Gonzalez-Franco et al. [15] who found that higher levels
of embodiment in participants directly predicted better dis-
tance estimation in the VE. Though it is generally believed
that higher levels of embodiment lead to increased behavior
change, the relationship between embodiment and behavior
change is not well understood. For example, no minimum
threshold has been defined for an embodiment illusion and
it is not clear if there is a linear relationship between embod-
iment and behavior change. In particular, research is needed
to understand how different submeasures of embodiment
may impact different types of behavior.

2.2 Measuring Embodiment

Embodiment illusions are often measured with both objec-
tive and subjective assessments. Objective measures include
physiometric measures such as skin conductance [35], heart
rate [36], and Electroencephalogram (EEG) [19]. Additional
objective measures look at participant response to a threat in
the environment such as a saw moving toward the virtual
body [37]. Response to an attack situation is an effective
measure, however not all experiments lend themselves to
attack scenarios and additional environment-independent
objective measures may be useful.

Objective measures that do not require the participant
to wear additional equipment are beneficial for participant
usability and to reduce the financial burden on the exper-
imenter. Head-tracking data is a common component of
VR systems, is an easy to collect metric that is utilized
in many VR experiments, and has been linked to user
behavior. Kilteni et al. [38] found that participants in a
casually dressed dark-skinned avatar had more complicated
movements compared to participants in a formally-dressed
light-skinned avatar. Additionally, Peck et al. [25] found that
head and hand tracker data could predict implicit racial
bias.

Embodied-cognition literature further supports the po-
tential of using head-tracker data as an objective measure
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of virtual embodiment. Body movement has been shown
to influence one’s later choices and judgment, outside
of one’s awareness [39]. For example, when considering
experimenter-directed movements, how people move their
head can influence their acceptance of the environment.
Wells and Petty [40] and Tom et al. [41] found that partic-
ipants who were instructed to shake their heads vertically
up and down were more favorable to a verbal message or
objects in the scene compared to participants who shook
their heads horizontally side-to-side. Further, participants
nodded their heads vertically more quickly when they heard
agreeable messages compared to hearing non-agreeable
messages, and shook their heads horizontally more quickly
when hearing a non-agreeable message [40]. A similar result
was demonstrated in VR where participants who rotated
their heads side-to-side were more likely to sign a petition
[42]. Considering non-experimenter-directed movements,
additional research on playing video games suggests that
natural movements within a video game increase engage-
ment [43] and that encouraging movement vs. prohibiting
it further increases engagement [44]. This suggests that
participant movement, both experimenter-directed and self-
directed, may influence or signify embodiment levels.

In addition to objective measures, subjective measures
are used to evaluate embodiment. Even though subjec-
tive questionnaires may not produce the most accurate
results [22] they are easy to administer, do not require the
participant to wear extra equipment, and do not require
shocking or threatening environment situations. Because
questionnaires are commonly used they enable comparison
of results across different experiments. Gonzalez-Franco and
Peck [6] collected the most used embodiment questions
and proposed a first draft of a standardized embodiment
questionnaire. This questionnaire was later refined to 16
questions and validated with nine experiments and over 400
participants [13].

However, social-desirability and personal identity can
influence how people answer questionnaires [45]. Since
embodiment questionnaires are commonly used it is im-
portant to understand how additional factors, such as par-
ticipant gender or age, may affect subjective virtual em-
bodiment. Comparing subjective ratings on questionnaires
to VE-driven behavioral change can shed further insight
into whether self-report measures are affected by social-
desirability versus actual differences in embodiment levels.

2.3 User Characteristics and Embodiment

The embodiment literature shows that when users step into
a self-avatar within a VE they become embodied within the
identity of that self-avatar. However, users do not uniformly
cast off their real-life identities and personal characteristics.
Indeed, user characteristics such as personal and social
identities or previous experiences may influence the extent
to which they become embodied in a self-avatar.
Psychological research shows that social categories such
as race, gender, and age are instantaneously perceived by
others (as quickly as 200ms for racial categorization [46])
and carry important value for the self (as early as 3 months
of age for gender [47]). A social identity is an aspect of
the self that is defined in relation to others in a group. For
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example, being older or younger has no inherent meaning,
but carries social significance because of the comparison
to, or connection with, others. Participants in VR research
do not enter the VE as a blank slate; they carry with
them their social identities, which may influence the way
in which they experience their new self-avatar. In other
words, women may feel more or less embodied in a self-
avatar compared to men, depending on the characteristics
of the avatar and the particular VE. It is important to note
that social identity categories are socially constructed such
that the boundaries between groups are arbitrary and fluid.
For example, although sex, gender, and gender identity exist
on a continuum [48], within the United States people often
self-identify within one of two binary categories (women
and men). Racial categories are defined differently across
the world and are revised throughout history. Despite the
artificial nature of social identity categories, they are pow-
erful lenses through which people experience the self, and
thus are important to study with regard to embodiment in
self-avatars.

In addition to social identities, individual experiences
may also impact embodiment. For example, research partic-
ipants who more regularly engage with immersive VEs may
be more or less embodied within a novel self-avatar. Most
research on embodiment, however, does not consider user
characteristics when assessing overall embodiment within
the sample. Notably, Dewez et al. [17] investigate the in-
fluence of gender and locus of control on body ownership
and found some evidence of correlation. We argue that it is
imperative to assess user characteristics and test, possibly
as covariates or moderators in analysis, the extent to which
they may predict embodiment in various types of self-
avatars and VEs.

2.4 SEM and Virtual Reality

Structural Equation Modeling (SEM) is a commonly used
statistical technique in behavioral sciences that uses factor
analysis and regression to predict the relationship between
theoretical constructs and factors. SEM corrects for mea-
surement error and therefore produces more generalizable
estimates of the population parameters. In comparison, tra-
ditional multivariate statistical techniques do not correct for
measurement error leading to biased parameter estimates,
lower power, and reduced generalizability. Due to the ad-
vantages of SEM techniques it is recommended to reana-
lyze data that were previously analyzed using multivariate
statistics [49].

Although SEM has clear advantages over traditional
multivariate statistics it is generally agreed that relatively
large sample sizes of approximately n = 100 for a single
group model and n > 150 to compare between groups
[50]. The necessary large sample sizes may explain why SEM
is not regularly used within the VR community where the
average experiment includes n = 20 participants [18].

Even though its use is not widespread, SEM has been
applied in VR research to evaluate results. Makrandky et al.
[51] analyzed learning characteristics with desktop VR and
Cheng et al. [52] used SEM to investigate how the virtual
experience, environment characteristics, and when the user
enters the environment affected participant mood. Recently
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Venkatakrishnan et al. [53] applied SEM techniques and
identified that motion control in the environment was an
influential factor that affected both presence and cybersick-
ness.

2.5 Present Research

It is not clear which user characteristics may impact embod-
iment. One way to investigate the impact of these charac-
teristics on embodiment is through SEM, however VR user
studies are often limited by participant size. In this work
we revisit data collected from two embodiment experiments
[23], [24], [25] with sample sizes large enough to perform
SEM. In both experiments participants wore HTC Vive
head-mounted displays and had full-body avatars. Data
are reanalyzed using SEM to investigate the previously
unexplored associations of personal characteristics or social
identities including gender, age, participation in STEM, and
video game experience on subjective levels of embodiment
as measured by the Peck and Gonzalez-Franco embodiment
questionnaire [13]. The effect of level of embodiment on
participant behavior is further explored using SEM to deter-
mine if increased embodiment levels correlate with environ-
ment influence. Finally, subjective embodiment measures
are limited but current objective measures are either chal-
lenging to collect or environment specific. We investigate
the efficacy, through SEM, of using head-tracking data as an
objective measure of embodiment.

3 STRUCTURAL EQUATION MODELING PROCE-
DURE

The following SEM analysis procedure was performed for
both Experiments 1 and 2 following standard SEM method-
ology [49]. First, a confirmatory factor analysis (CFA) was
built using latent factors constructed from observed vari-
ables based on theoretical insight and/or statistical proce-
dures such as exploratory factor analysis. The CFA included
latent factors—theoretical constructs that cannot be directly
measured such as embodiment. The latent factors are con-
structed from observed variables—measured variables in
the experiment such as each individual question in an
embodiment questionnaire. The SEM analysis computes the
covariance between each observed measure (i.e., individual
question), using fewer latent factors (i.e., submeasures of a
questionnaire) where the latent factors are assumed to cause
the variance and covariance between the observed variables.

Control variables, such as gender, were added to the
model at this early stage since they were predicted con-
founds. The CFA was determined acceptable if all goodness-
of-fit measures were in the acceptable or better range.
Goodness-of-fit measures included a Y2-test, the Tucker-
Lewis Index (TLI), a Comparative Fit Index (CFI), and a
Root Mean Square Error of Approximation (RMSEA). A x?-
test that is significant suggests that the data does not fit
the model. However, since the x2-test is affected by popula-
tion, additional goodness-of fit measures are recommended.
Goodness-of-fit cutoffs are defined according to Little [49].
A TLI and a CFI greater than .9 is considered acceptable and
greater than .95 is considered a good fit. A TLI of 1 indicates
a perfect fit. The RMSEA is an additional approximation of
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Fig. 1. A first-person perspective of the VE from Experiment 1. A White
male avatar is sitting at a desk with a computer monitor and mirror.

fit where a value less than .08 is acceptable and less than .05
is considered good.

After an acceptable CFA was constructed, directional
linear regressions were incrementally added into the model
to maintain acceptable fit where the estimated coefficient 3
is the regression slope. The added regressions were based
on previous hypotheses. Nonsignificant regressions were
trimmed if they did not negatively affect model-fit to pro-
duce a final parsimonious model.

The model for Experiment 1 investigated if there was
a psychometric equivalence across groups. For this reason,
prior to adding regressions, invariance of the CFA model
was incrementally tested to determine if the model had
weak or strong invariance following the guidelines pro-
posed by Cheung and Rensvold [54]. As recommended by
Gonzalez and Griffin [55] the x? difference test was used
to determine differences between models at an adjusted p
value of .01 due to repeated tests. Significantly different
models are considered unacceptable and were rejected. A
weak invariant model can test the equivalence across groups
between variance and covariance while a model with strong
invariance can also test equivalence across means.

Specific details for each SEM procedure can be found in
Sections 4.4 and 5.4.

4 EXPERIMENT 1

Experiment 1 investigated the effects of same or cross-
gendered, race-matched avatars and stereotype-threatening
situations on working memory impairment. The full de-
tailed experiment procedure is defined in [23], [24]. The
experiment was a 2 (avatar appearance: male, female) x 2
(threat: threat, no threat) between-participant experiment.
Participants came to the lab, completed a participant check
list to confirm eligibility and signed an informed-consent
form. Participants were then seated at a table and donned
the head-mounted display (HMD).

Upon entering the VE (Figure 1) participants found
themselves in a room and seated at a desk that was co-
located with a real-world table. The environment contained
two virtual mirrors so that participants could see their self-
avatar reflection. Self-avatars were race-matched and either
male or female appearing based on the assigned condition.
The upper-body, arms, and head of the avatar moved syn-
chronously with the user’s movements.

Within the VE, participants completed an approximately
three-minute embodiment phase where they looked around
the room, into the mirrors, and down at their body. Partic-
ipants then completed two blocks. For each block, partic-
ipants in the threat condition heard the instructions, “The
test you are about to take has been shown to have gender
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differences” while participants in the non-threat condition
heard the instructions, “The test you are about to take has
not been shown to have gender differences”. After hearing
the instructions participants completed a spatial N-back test
interleaved with a saccade test. The experiment lasted for
approximately 20 minutes.

After exiting the VE participants completed a de-
mographics questionnaire including a brief four-question
embodiment questionnaire, identified if they majored or
worked in a STEM field, and on a 7-point Likert scale
reported how much they enjoyed mathematics and how
good they thought they were at mathematics. Note that this
experiment was run before the development of the Peck and
Gonzalez-Franco embodiment questionnaires and therefor
only used four standard questions to measure embodiment.

Participants were thanked for their time and compen-
sated with a $10 US gift card.

4.1 Participants

189 participants (67.7% women and 32.3% men), (age 2248
years) were recruited to participate in the IRB approved
study. Participants were distributed evenly into the four
conditions based on self-identified gender: female avatar x
no threat (F: 31, M:16), female avatar x threat (F: 31, M:15),
male avatar X no threat (F: 32, M:16), and male avatar x
threat (F: 32, M:16). 71% of participants identified as White,
7% as Black or African American, 7% as East Asian, and 3%
as Hispanic or Latinx. The remaining 11% of participants
identified as mixed of other races.

4.2 Measures

Latent constructs and control measures added to the SEM
are italicized throughout the paper to aid readability.

Measurements included two latent constructs, embodi-
ment and math confidence, both of which were measured
after exiting the VE. Between the experiments run in [23]
and [24] the stimulation time was modified. This directly
impacted both accuracy and latency making these measures
not comparable between the groups of participants.

The observed measures used to construct embodiment
were four standard embodiment questions [6] adapted from
[11] answered using a 7-point Likert scale ranging from
strongly disagree to strongly agree. The questions included:
[Q1]- I felt as if the body I saw in the virtual world might be
my body. [Q2]- I felt like I controlled the virtual body as if it
were my own body. [Q3]- I felt like the body in the virtual
world was not me. [Q4]- I liked being able to control the
movements of the virtual body.

Q3 was negatively scored, and responses to Q1 and Q4
were parceled following Little’s [49] parceling recommenda-
tions of combining the highest and lowest latent estimates.

Math confidence was parceled from each participant’s
response to the questions, “How much do you enjoy math?”
and “Do you consider yourself to be good at math?” also
evaluated on a 7-point Likert scale with 7 being the highest.
Within the SEM, responses to all Likert questions were
normalized to a range of 0-1 [49].

Three control measures were also considered, 1) partic-
ipant self-identified gender, 2) if the participant was in the
threat or no threat condition, and 3) if the participant worked
or was majoring in a STEM discipline.
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4.3 Hypotheses

The model was built to investigate the effects of the control
variables on embodiment and math confidence. Additionally,
the model investigated if embodiment in different gendered
avatars predicted math confidence. We hypothesized that [H1]
higher levels of embodiment would predict higher environ-
ment response, i.e. predict math confidence. Based on this
experimental design, higher embodiment in a female avatar
would have lower math confidence while higher embodiment
in a male avatar would have higher math confidence.

Since previous literature suggests that users have high
embodiment regardless of having self-avatars that are visu-
ally different [10] we hypothesised that [H2] participants in
opposite gendered avatars from their self-identified gender
would not have different embodiment scores compared to
participants in same-gendered avatars. In response to the
environment, based on stereotype threat literature [56], we
predicted that [H3] math confidence would further be modu-
lated based on threat where existence of a threat would lower
math confidence for participants in female avatars and raise
math confidence for participants in male avatars.

When considering confidence, having high math confi-
dence is directly linked to majoring in a STEM discipline
regardless of race/ethnicity, and men are more likely to ma-
jor in STEM disciplines compared to women [57]. Based on
this information we predicted that [H4a] there would be a
positive correlation between being in STEM and identifying
as male, and [H4b] there would be a positive correlation
between being in STEM and math confidence. Investigating
the effects of being in STEM on embodiment was viewed as
exploratory and no hypotheses were made.

Hypotheses [H1] and [H3] are related to the gender
appearance of the avatar while hypotheses [H2] and [H4a]
are related to the gender identity of the participant.

4.4 Analyses

Analysis was performed using R version 4.0.0 with the
lavaan package version 0.6-8. A base model with two latent
variables, embodiment and math confidence, were added to the
model using the fixed-factor scaling method.

Building the base model included adding control vari-
able regressions of participant gender identification, partici-
pation in STEM, and the threat condition. Control variables
were added using a full-partial approach to investigate the
affect of each control variable on each latent variable. See
Supplemental Material Table 1. For both the male and fe-
male avatar groups threat did not significantly affect embod-
iment, and participant gender did not affect math confidence.
These control paths were therefore trimmed from the model.

Modification indices suggested adding the correlation
between Q2 of the embodiment questionnaire and partici-
pant gender. Since participant gender was a predicted control
this correlation was added to the model. Embodiment with
the correlation between Q2 and participant gender can be
seen in Figure 2. The models were finally grouped based on
avatar gender. The final configural model had excellent fit,
(x%(22) = 18.09, p = .70, CFI=1.00, TLI=1.04, RMSEA=.00,
CI=(.00 — .07)).

Full descriptive statistics of the model fit procedure can
be found in Supplemental Material Table 2. The model was
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Embodiment

(.781) (.746)
Q1+ Q4 Q2 Q3
012%%* 026%** .023%**
(.390) (.637) (.444)
.023% -0371%**
(.289) (-.340)
Gender
(Male)

Fig. 2. The embodiment latent construct built from observed questions
Q1-Q4. The control variable, gender significantly correlated with Q2
based on avatar gender condition (female: green, left, male: orange,
right). Data reported is the estimated coefficient (standardized coeffi-
cient) with labeled significance level: * p < .05, ** p < .01, *** p < .001.

determined to be strongly invariant by incrementally testing
the models from configural to weak to strong invariance.
For each new model, the change in CFI was less than .01
and the RMSEA was within the 90% confidence interval
of the previous model [54]. Producing a strongly invariant
model indicates that observed differences between embody-
ing male or female avatars are “true construct differences”
that are not caused from question bias or measurement noise
[49].

Differences between avatar groups of variance, covari-
ance, and means were then compared against the strong
invariant model. Neither constraining the variance (Ax? =
1.12, p = .57) or covariance (Ax? = 0.39, p = .53)
significantly changed the model. This suggests that variance
and covariance were not significantly different between
avatar groups. However, the model worsened when con-
straining embodiment and math confidence, (Ax? = 10.33,
p = .006). Further comparison of constraining individual
means identified a significant difference between groups
on math confidence (Ax?> = 10.25, p = .001) but not for
embodiment (Ax? = .06, p = .81).

The final model, see Figure 3, constrained variance,
covariance, and embodiment to be equal between avatar
groups. The final model included the embodiment to math
confidence regression and the correlation between gender
and STEM participation. The final model had excellent
fit, (x*(29) = 21.292, p = .85, CFI=1.00, TLI=1.06,
RMSEA=.00, CI=(.00 — .05)).

4.5 Results and Discussion

The regression from embodiment level to math confidence
investigates whether there is a relationship between embod-
iment level and response to the VE. Contrary to [H1], em-
bodiment did not significantly predict math confidence. Even
though the regressions were not significant, the direction
of both regressions did match the directional hypothesis. A
negative regression from embodiment to math confidence was
found for female avatars (8 = —.10, z = —.93, p = .35).
Conversely for male avatars a positive regression from
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embodiment to math confidence was found (8 = .07, z = .55,
p = .58).

Embodiment was measured using four commonly used
embodiment questions instead of the 16 questions proposed
by Peck and Gonzalez-Franco [13]. The condensed question-
naire may be limited in its ability to detect more nuanced
levels of embodiment that may have enabled prediction of
behavioral response to the environment. This leaves an open
question about embodiment questionnaires” prediction of
behavioral response and is further investigated in Section
5.

Additionally, the subjectivity of the questionnaire may
be directly influenced by participant gender. This can be seen
with responses to Q2 significantly correlating with partici-
pant gender. See Figures 2 and 4. Q2 asked participants if
they felt like they “controlled the virtual body” as if it were
their own body. Identifying as male positively correlated
with Q2 in the female self-avatar condition and negatively
correlated with Q2 in the male self-avatar condition. In other
words, men self-reported that they felt like they controlled
the female body more than they controlled the male body.
Previous research has found that participants in avatars
that differ across a visually salient diversity-dimension from
the self have similar levels of embodiment [10], [11], [58]
suggesting that participants, regardless of avatar gender
would answer similarly. Moreover, if a difference is detected
it would be assumed that participants would have higher
levels of embodiment in avatars that are more similar to
the user, ie., the same gender as the user. However, the
responses for Q2 found the opposite. In this case, men
felt greater control over the female avatar compared to
the male avatar. The difference in response may relate to
the perceived power differences between men and women
regarding the feeling of “control” over the “virtual body”.
That is, women’s bodies may be viewed as more controllable
than men’s bodies. For example, Stets [59] found that gender
identity was a significant predictor of perceived control over
a partner. Specifically, men who identify as more stereotyp-
ically masculine felt more control over women compared
to men who identify as less stereotypically masculine. For
reference, hyper-masculine men identify with a need for
power and dominance, and hyper-masculinity has been
linked to excessive aggression and the use of force against
others including against women [60].

Further evidence that gender identity affected responses
to the subjective embodiment questionnaire can be seen
investigating [H2], that participants in avatars with the
opposite gender from their self-identified gender would not
have different embodiment scores compared to participants
in same-gendered avatars. In support of [H2] and repli-
cating previous work, embodiment was not found to be
significantly different between embodying a male or female
avatar. This was demonstrated by not finding a significant
difference in models when constraining latent means for
embodiment. However, participant gender did significantly
predict embodiment but only in the female avatar condition.
Specifically, identifying as male negatively correlated with
embodiment (8 = —.84, z = —2.93, p = .003). Conversely,
no significant effect of gender on embodiment was found in
the male avatar condition (8 = .22, z = .71, p = .48). These
results support [H2] for female but not male participants.
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Fig. 3. The final structural equation model for Experiment 1 (x2(29) = 21.292, p = .85, CFl=1.00, TLI=1.06, RMSEA=.00, Cl=(.00 — .05)). The
model is grouped by avatar condition (female: left, green, male: right, orange). Regressions are one-sided arrows (positive: red, negative: blue).
Correlations are double-sided arrows (black). Solid lines are significant; dotted lines are non-significant. Data reported is 3, the estimated coefficient
(standardized coefficient) with labeled significance level: * p < .05, ** p < .01, *** p < .001.
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Fig. 4. The embodiment latent construct built from observed questions
Q1-Q4. The control variable, gender significantly correlated with Q2
based on avatar gender condition (female: green, left, male: orange,
right).

The lack of support for [H2] for male participants could
be related to the assessment methodology. Embodiment was
measured using a subjective questionnaire and question-
naires are known to be problematic [22]. Specifically, social
desirability responding is known to affect responses to ex-
plicit measurement tools [45] such that participants respond
with answers based on what they think are socially accept-
able answers. Social desirability may have impacted men’s
responses to the questionnaire providing further support
that masculinity may have affected responses to Q2. From
childhood boys are encouraged to avoid emotional intimacy
and self-disclosure by wearing a “gender straitjacket” that
discourages any behavior that may be seen as feminine [61].
Societal pressure for boys to be manly and to not “be a girl”
are ingrained in relationship behaviors between young boys
that continue into adulthood [62]. The social desirability for
men to not be women may have directly impacted how
participants responded to the questionnaire by encouraging
men to not claim that a female appearing body “might be
my body” in the VE while still claiming “control” over
the body. Alternatively, these years of training for boys to
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suppress femininity may cause men to be less embodied
in female avatars which would support a basic explanation
that men experience lower embodiment in a cross gendered
avatar compared to women.

However, regardless of embodiment level for men, the
effect of threat and the avatar condition on math confidence
supports [H3]. Participant gender did not affect math con-
fidence and that regression was trimmed from the model.
However, regardless of participant gender, being in the
threat condition significantly affected math confidence in the
predicted directions. Threat lowered math confidence in the
female avatar condition (8 = —.53, z = —2.49, p = .01)
and increased math confidence in the male avatar condition
(B8 = .50, z = 2.39, p = .02). The effect on math confidence
from threat between avatar conditions, regardless of partici-
pant gender, suggests that the avatar gender affected results
and that participants likely experienced some effect of their
avatar gender regardless of their self-identified gender or
subjective embodiment scores.

These results are supported by previous research that
found that the avatar gender, regardless of participant gen-
der, affects behavior. For example, in online forums avatar
gender determined whether people sought help such that
female avatars were more likely to ask for help [63] and men
were more likely to perform healing actions when playing
as female characters [64].

Finally, in support of [H4a] there was a significant cor-
relation between identifying as male and being in STEM
((F)emale Avatar: 8 = .07, z = 2.70, p = .01, (M)ale Avatar:
B8 = .11, z = 4.17, p < .001). Additionally, supporting
[H4b], math confidence was higher for participants in STEM
disciplines (F: 8 = .65, z = 2.81, p = .005, M: 8 = .78,
z = 3.40, p = .001).

Interestingly, being in STEM significantly increased em-
bodiment within the female avatar condition (8 = .74,
z = 2.96, p = .003) but not within the male avatar condition
(8 = —.12, z = —.44, p = .66). Masculinity may again help
explain this unexpected result. Men are more likely to be in
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STEM majors as seen by the significant correlation between
gender and STEM. According to Simon et al. [65] men who
identify as less stereotypically masculine are more likely
to major in STEM fields compared to men who identify
as more masculine. Because men in STEM are more likely
to identify as less stereotypically masculine (ex. aggressive,
dominant, controlling) compared to non-STEM men, they
may be more likely to report higher subjective embodiment
in female avatars. This suggests that the extent to which
people identify with their gender-typed characteristics may
impact responses on embodiment questionnaires, especially
for gender-swapping situations. For future embodiment
studies, collecting and analyzing data about the extent to
which people identify with their gender identity may fur-
ther the understanding of the effect of gender identity on
embodiment in same and differently gendered avatars.

5 EXPERIMENT 2

Experiment 2 investigated the existence of shooter-bias in
VR. The detailed experiment procedure is defined in [25].
Participants came to the lab where they confirmed eligi-
bility and completed an informed consent form. Partici-
pants received verbal instructions about the experimental
procedure and were asked to repeat the instructions to the
experimenter to confirm understanding before entering the
VE.

Participants were instructed that they would be carrying
a virtual gun and should shoot at avatars carrying guns
and not shoot at avatars carrying cell phones. A shooting
decision was made by pulling the trigger button on a hand-
held tracker. Each trial would end when the participant
holstered their virtual gun by placing it at their hip.

Points: 1200

[§ N

Fig. 5. A first-person perspective of the VE from Experiment 2. A White
male self-avatar is pointing a gun at an armed avatar. The self-avatar is
reflected in the mirror on the left of the image.

The VE (Figure 5) was a darkened alley with a mir-
ror and reflective window. Participants were given a self-
identified gender and race matched avatar that moved with
full-body synchrony. Participants then completed 160 trials
where they either shot a virtual gun at armed avatars hold-
ing guns or inhibited shooting at unarmed avatars holding
cell phones. The avatars were either Black or White males
and wore clothing chosen to indicate high or low socioe-
conomic status. At the end of the experiment participants
completed a race implicit association test and a demograph-
ics survey including gender, age, and video game playing
experience. They were debriefed, thanked for their time, and
compensated $10 US.

5.1 Participants

99 participants (55.5% women, 42.5% men, and 2.0% non-
binary), (age 23£10 years ranging from 18 to 76) were
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recruited to participate in this IRB-approved study. 81%
of participants identified as White, 9% as Asian, 8% as
Hispanic or Latinx, 3% as Black or African American, and
1% as multi-racial. 56% of participants identified as non-
gamers, 24% as casual gamers, 17% as core gamers, and 3%
as hard-core gamers.

5.2 Measures

The measures included six latent constructs. Four latent
constructs were the submeasures of embodiment as de-
fined by Peck and Gonzalez-Franco [13]: appearance, response,
ownership, and multi-sensory. More information about the
final models for the latent constructs can be found in
the supplemental material. The observed measures used
to build each embodiment submeasure construct were the
individual questions from the embodiment questionnaire
[13]. An embodiment latent construct was not built from
the four submeasures and was not added to the CFA due
to an inadequate sample size for a multi-level model [49].
The current model enabled interpretation at the individual
embodiment submeasure level.

The additional two latent variables were built from
objective measures collected during the virtual experience.
The first latent construct was environment behavior defined
as the average latency and accuracy of shooting at armed
avatars, regardless of race or clothing. Accuracy was defined
as making the correct decision to shoot at armed avatars
where 100% accuracy was making the correct shooting
decision for all armed avatars. The accuracy of making the
decision to not shoot at unarmed avatars was not included
in analysis since participants had near perfect accuracy in
these conditions. To be directly comparable to accuracy the
latency measure was defined as normalized_latency, where
normalized_latency was each participant’s averaged latency
normalized across all participants. A high environment be-
havior measure indicated high accuracy and low latency.
This metric was designed to capture how people responded
to the environment task to accurately and quickly shoot at
armed avatars, regardless of avatar appearance. Averaging
over race and clothing was performed to minimize personal
bias, such as racial bias, from the latent measure. Partici-
pants experiencing a higher sense of embodiment would be
more likely to respond to the VE and therefore have higher
environment behavior.

The final latent measure, movement complexity was de-
rived from the p95 head tracker scores as defined in [25].
Participants were instructed to stand in one location and
to move their right-arm to raise and holster a virtual gun.
Position and orientation head-tracker data was collected.
The p95 score is defined as “the sum of the variance
accounted for by the first principal components that on
average accounted for at least 95% of the variance” in the
(z,y, z) position and (yaw, pitch, roll) orientation head-
tracker data. The p95 scores were also averaged over race
and clothing to minimize personal bias. A high movement
complexity score indicates more complicated head-tracker
movements.

Finally, three control measures were added to the model,
1) participant gender, 2) age, and 3) gaming experience.
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5.3 Hypotheses

The model was built to investigate the relationship between
both conscious and unconscious environment behavior and
embodiment. The model was further built to investigate the
affects of control measures on embodiment and environ-
ment behavior. The following directional hypotheses were
made.

Previous research supports that having a virtual self-
avatar versus not having an avatar improves VE perfor-
mance [4]. Additional evidence suggests that higher levels
of embodiment should more strongly affect environment
behavior [14]. We again hypothesize that [H1] higher levels
of embodiment will positively predict virtual environment
behavior. That is, people with higher embodiment will be
more accurate and make faster shooting decisions at armed
avatars.

Since head movement has been shown to indicate
environment acceptance [40], [66] we hypothesized that
[H6] movement complexity calculated from head-tracker data
would predict embodiment such that greater movement
complexity, i.e. more complicated head movements, would
predict higher embodiment.

The experiment was a within-participant design and the
self-avatar was gender and race matched for all partici-
pants. Since the experiment scenario did not manipulate
the avatar, effects of the control variables relate directly to
subjective embodiment levels. We hypothesised that [H7]
gender would not affect embodiment since previous re-
search has not found differences in embodiment levels due
to swaps in differently-appearing bodies [11], [12]. Based
on reductions in fluid intelligence—a term used to describe
reasoning and comprehension— in older adults, increased
age should lower embodiment [67]. No prediction about the
effect of gaming on embodiment was made.

5.4 Analyses

A base model with six latent variables was specified us-
ing the fixed-factor scaling method. The latent variables
included movement complexity, environment behavior, and the
four submeasures of embodiment as defined by Peck and
Gonzalez-Franco [13]: appearance, response, ownership, and
multi-sensory.

Control variables included participant gender identifi-
cation, age, and video game playing experience. Control
variables were added using a full-partial approach to in-
vestigate the effect of each control variable on each latent
variable. Non-significant control variables were incremen-
tally removed from the model while maintaining acceptable
fit. The included control variables in the CFA can be seen in
Supplemental Material Table 3 while the remaining control
variables were removed. The effect of gender on both move-
ment complexity and environment behavior was not significant,
however when removed reduced model fit to unacceptable
levels. This suggests that even—though—minimal; gender
affected these latent constructs and they should remain in
the model. The final configural model had acceptable to
good fit, (x2(204) = 240.80, p = .04, CFI=.95, TLI=.93,
RMSEA=.04, CI=(.01 — .06)).

The planned regressions were added after establish-
ing the configural model. The planned regressions were
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from movement complexity to each embodiment submeasure
and then from each embodiment submeasure to environ-
ment behavior. Non-significant regressions were incremen-
tally trimmed from the model while maintaining acceptable
fit to build a final parsimonious model. The removed re-
gressions were from multi-sensor, ownership, and appearance
to environment behavior.

The final model, see Figure 6, had good fit (x?(203) =
230.99, p = .09, CFI=.96, TLI=.95, RMSEA=.04, CI=(.00 —
.06)).

5.5 Results and Discussion

The final model provides evidence in partial support of [H1]
that higher levels of embodiment in a self-avatar influence
environment behavior. The response submeasure significantly
predicted environment behavior (5 = .34, z = 2.30, p = .02).
Participants with higher subjective measures of response
shot more quickly and accurately at armed avatars. The
response submeasure is the observed correlation between
the question answers. Response questions inquired about the
body changing into the avatar body such as, “It felt as if my
real body were turning into an avatar body” and “I felt as
if my body had changed”, as well as questions involving
response to the virtual gun such as, “I felt that my own
body could be affected by the gun” and “It seemed as if
my body was touching the gun”. This supports previous
research demonstrating that having a self-avatar may im-
prove cognitive function within the VE [4] and expands on
this work by demonstrating that being more embodied in
that self-avatar further improves performance as measured
by speed and accuracy. Future research should investigate
why response was able to predict environment behavior while
other submeasures were not.

It is possible that the remaining submeasures do not
influence participant behavior. Alternatively, the lack of sig-
nificance in the three other embodiment submeasures may
be limited by the environment behavior metric only looking
at speed and accuracy. Future research should investigate
if alternate measures, such as behavior change or working
memory, may be predicted by other submeasures. It is
currently an open research question as to what behavior
change, if any, each submeasure may predict. Each submea-
sure may relate to different types of participant behavior in
ways not yet known.

The final model supported [H6], that movement complex-
ity would predict embodiment. More complicated head-
tracker data significantly predicted three out of four em-
bodiment submeasures: multi-sensory (8 = .30, z = 2.01,
p = .04), ownership (8 = .33, z = 2.25, p = .02), and
response (B = .25, z = 1.99, p < .05). No significant
result was found for the fourth submeasure: appearance
(B8 = .25,z = 1.88, p = .06). More complicated head-tracker
movement predicting higher embodiment is supported by
the theory of embodied cognition— how you move your
body affects your cognitive understanding of the world.
Further, body movement directly affects your emotional
state as well as your decision making capabilities [39].
Increased and natural movements have also been shown
to increase engagement in video games [43], [44]. It follows
that increased and natural movements would also increase
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Fig. 6. The final structural equation model for Experiment 2 (x2(203) = 230.99, p = .09, CFI=.96, TLI=.95, RMSEA=.04, Cl=(.00 — .06)). Significant
(p < .05) regressions are one-sided solid arrows (positive: red, negative: blue), (p < .1) are dotted lines, and (p > .1) regressions are faded lines.
Correlations are double-sided arrows. Data reported is the estimated coefficient (standardized coefficient) with labeled significance level: + p < .1,
*p <.05,* p < .01, " p < .001. A) The main structure. For clarity, the correlations between the embodiment submeasures are represented in B).

engagement in VEs as demonstrated by movement complexity
predicting higher subjective embodiment levels.

These higher levels of response then predicted environ-
ment behavior. This was previously demonstrated by Steed et
al. [4] where prohibiting participant movement with a self-
avatar limited cognitive performance while enabling move-
ment with a self-avatar improved cognitive performance.
That experiment did not measure embodiment, however it
is possible that the increased movement increased embodi-
ment which then improved cognitive performance.

Further, the existence of a self-avatar when movement is
limited does not appear to increase cognitive performance
[4], [68]. This further supports that movement and agency,
as supported by the final model (see Figure 6), continue
to be fundamental for embodiment [69]. Gonzalez-Franco
and Peck’s [6] initial embodiment questionnaire put agency
into its own submeasure. Interestingly, Peck and Gonzalez-
Franco’s [13] updated embodiment questionnaire suggests
that agency affects multiple submeasures and is not mea-
surable as a single submeasure. Additionally, agency may
be challenging to measure subjectively since the researchers
found that two of the previously proposed agency questions
were unreliable. They dropped the agency submeasure and
added the remaining agency related questions into three of
the four submeasures. The researchers further argue that
embodiment experiments should “enable some amount of
agency.” In this work, movement complexity predicted em-
bodiment submeasures. This suggests that agency likely
influences embodiment. Even though agency may be chal-
lenging to measure with a subjective questionnaire, promis-
ingly, movement and agency may be measurable through
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movement complexity as demonstrated here.

When considering individual characteristics, gender, age,
and gaming experience each affected subjective embodiment
differently. Identifying as female positively correlated with
appearance (5 = .53, z = 2.10, p = .04) and negatively corre-
lated with multi-sensory (8 = —.74, z = —2.52, p = .01). Itis
not surprising that gender differences were identified when
measuring embodiment since numerous differences have
already been identified between genders when considering
avatars and embodiment. For example, men and women
may accept different avatar hands such that women are
less likely to accept male avatar hands and men are less
likely to accept non-human hands [70]. Conversely, in this
work, identifying as a woman predicted higher appearance
submeasure scores when the self-avatar was gender and
race matched with the participant. However, women's lack
of acceptance of a male-appearing hand suggests that the
specific appearance characteristics, or the cohesiveness of
the avatar may be critical for women to become embodied.
In the present study, women also had lower multi-sensory
scores than men. Multi-sensory questions focused on feeling
the “touch of the gun”. Sex differences have been found
for identifying objects haptically [71] and women may have
been more sensitive to the inaccurate haptic feedback of
holding an HTC Vive tracker versus an object shaped like a
real gun. Our results suggest that when designing embodi-
ment scenarios it may be important to create realistic haptic
feedback to increase embodiment for women.

Similar to gender, age was also related to appearance
(B =-224, z = —2.18, p = .03). We had predicted that age
may impact embodiment levels. Cognitive function, includ-
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ing fluid intelligence declines in older adults [67] suggesting
that embodiment illusions may not be as effective and
that additional measures may need to be considered when
working with this population. Previous work by Carrasco
et al. [72] investigated avatar configuration in older adults
and found that older adults may have different representa-
tional requirements including representations of the aging
body. Additionally, Puri et al. [73] further found that older
adults preferred photorealistic avatars to avatars that were
less visually representative of the user. Our model further
supports that the appearance of the avatar is important for
older adults; age was negatively related to appearance leading
to an overall lower embodiment score. Surprisingly, age did
not predict any other submeasures of embodiment. This
suggests that older adults may still experience embodiment,
however the appearance of an age-matched avatar may be
important. The relationship between age and lower levels
of appearance may have been caused by the non-inclusive
design of Experiment 2 where all self-avatars were younger
appearing adults. The avatars used in the experiment were
gender and race matched, but not age matched to the partic-
ipant. This suggests that when working with older adults,
age matching avatars may increase embodiment. Further
work performing more comprehensive studies with older
populations is needed to better understand the relations
between age and embodiment.

Finally, gaming negatively affected both response (8 =
—1.40, z = —2.73, p = .006) and multi-sensory (5 = —1.42,
z = —2.16, p = .03). It may be that those with extensive
gaming experience are accustomed to very high-resolution
graphics, fine-grained movements, and sophisticated hap-
tics. As such, the self-avatars in the present study may
have felt somewhat less realistic, resulting in lower embod-
iment among more frequent gamers. Thus, gaming status
should be measured and accounted for when sampling
from various populations. In sum, the differences identified
based on gender, age, and gaming highlight the necessity of
investigating diverse populations when attempting to make
general claims [18].

6 CONCLUSION AND FUTURE WORK

Data from two embodiment experiments were reanalyzed
using SEM. The reanalysis of the results identified new
insights into virtual embodiment illusions and demonstrates
the effectiveness of SEM to investigate the effects of individ-
ual characteristics on virtual embodiment. Regarding the
first aim of our paper to test how embodiment influences
behavior, results provide some small support that higher
levels of embodiment in a self-avatar exhibit greater envi-
ronment influence. This was demonstrated by participants
being more accurate and having faster response times in
Experiment 2. A similar pattern showing that greater em-
bodiment has greater environment influence is shown by
the stereotypical views of the self-avatar influencing the
direction of the regression coefficients from embodiment
to the post-experiment math confidence measure in Experi-
ment 1. This should be replicated with the full 16-question
embodiment questionnaire to see if the pattern replicates. In
situations exhibiting stereotype threat greater embodiment
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in a female avatar may lower math confidence and greater
embodiment in a male avatar may raise math confidence.

Regarding the second aim of out paper, we found that
individual characteristics including gender, age, gaming
experience, and majoring or working in STEM predicted
embodiment in different ways. These results suggest that
when designing embodiment illusions, user identity should
be taken into account. For example, avatars should be age-
matched to the participant as demonstrated by older partic-
ipants having lower scores on the appearance submeasure
when given non-age matched avatars. Further, gamers may
have subjectively lower embodiment scores suggesting that
follow-up research should investigate ways to increase em-
bodiment levels for this group.

Additional results suggest that the effect of gender iden-
tity on embodiment is complicated. Results from an experi-
ment with gender swapping suggest that men have lower
embodiment scores in female avatars compared to male
avatars. Conversely, women do not have lower embodiment
scores in male avatars compared to female avatars. Further,
men’s response to the question “I felt like I controlled
the virtual body as if it were my own body” was unex-
pected and was higher when men were in a female avatar
compared to being in a male avatar. Future work should
investigate questionnaire wording as well as the effects of
gender identity on embodiment in avatars with visual iden-
tities different from the current self-identity. These results
provide further evidence that individuals” unique personal
and social identities may impact embodiment illusions in
unknown and unexpected ways and that diverse participant
populations should be studied to produce generalizable
results [18].

Finally, regarding the third aim of out paper, we demon-
strate that increased movement complexity, as measured
through head-tracking data, predicted increased embodi-
ment. We provide objective evidence that increasing par-
ticipant movement may increase subjective embodiment.
The more complicated the movements participants made
in the experiment the more embodied they became in the
avatar. Movement complexity provides a promising new
objective measure for immersive head-tracked embodiment
experiments. The measure is easy to collect, does not require
additional hardware to be worn by the participant, and
is environment independent. This new measure may add
further insight into understanding and quantifying virtual
embodiment illusions.
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