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The creation or streaming of photo-realistic self-avatars is important for virtual reality

applications that aim for perception and action to replicate real world experience. The

appearance and recognition of a digital self-avatar may be especially important for

applications related to telepresence, embodied virtual reality, or immersive games. We

investigated gender differences in the use of visual cues (shape, texture) of a self-avatar

for estimating body weight and evaluating avatar appearance. A full-body scanner was

used to capture each participant’s body geometry and color information and a set of

3D virtual avatars with realistic weight variations was created based on a statistical body

model. Additionally, a second set of avatars was created with an average underlying body

shape matched to each participant’s height and weight. In four sets of psychophysical

experiments, the influence of visual cues on the accuracy of body weight estimation

and the sensitivity to weight changes was assessed by manipulating body shape (own,

average) and texture (own photo-realistic, checkerboard). The avatars were presented

on a large-screen display, and participants responded to whether the avatar’s weight

corresponded to their own weight. Participants also adjusted the avatar’s weight to their

desired weight and evaluated the avatar’s appearance with regard to similarity to their

own body, uncanniness, and their willingness to accept it as a digital representation of

the self. The results of the psychophysical experiments revealed no gender difference in

the accuracy of estimating body weight in avatars. However, males accepted a larger

weight range of the avatars as corresponding to their own. In terms of the ideal body

weight, females but not males desired a thinner body. With regard to the evaluation of

avatar appearance, the questionnaire responses suggest that own photo-realistic texture

was more important to males for higher similarity ratings, while own body shape seemed

to be more important to females. These results argue for gender-specific considerations

when creating self-avatars.

Keywords: biometric self-avatars, immersive virtual reality, body weight estimation, avatar appearance, gender

differences
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1. INTRODUCTION

Research on space perception in the real world and in virtual
realities suggests that the body is important for an accurate
perception of spatial layout (Ries et al., 2008; Linkenauger et al.,
2010; Mohler et al., 2010; McManus et al., 2011). For example, it
has been suggested that the environment is scaled using one’s own
bodily dimensions, such as eye height (Leyrer et al., 2011), body
weight (Piryankova et al., 2014b), hand size (Linkenauger et al.,

2011), and leg, foot, and arm length (Mark and Vogele, 1987;
Jun et al., 2015; Linkenauger et al., 2015). These results argue
that humans rely on their visual body dimensions for spatial
perception and rapidly adapt their spatial interpretation of the
surrounding world to new body dimensions. The results suggest
that it may be important for many virtual reality applications that
aim to convey and transfer spatial information from the virtual
world to the real world to provide a personalized avatar in terms
of size. Avatars are used in various applications and research
fields such as health care (Stevens et al., 2006; Combs et al., 2015),
education (Hayes et al., 2013), tele-communication (Slater and
Steed, 2002; Garau et al., 2003; Bailenson et al., 2006; Biocca,
2014), immersive games (Christou and Michael, 2014), virtual
clothes try on and animation of realistic clothing (Magnenat-

Thalmann et al., 2011; Guan et al., 2012; Pons-Moll et al., 2017),
design processes (Sherman and Craig, 2002), and ergonomics
(Badler, 1997; Honglun et al., 2007).

Creating or choosing an avatar requires at least three major
considerations: the overall shape of the body and face, the skin
and clothing particularities (the texture of the body), and the
ability to animate the avatar. In most research, avatars have been
created through the use of previously modeled or purchased
avatar kits, e.g., from Rocketbox Studios GmbH, Mixamo, Poser,
or the Open-Source Software MakeHuman (also see Spanlang
et al., 2014). A novel approach is SMPL (Loper et al., 2015), http://
smpl.is.tue.mpg.de/, which provides researchers with avatars
that clearly do not have the identity of the user, but can be

personalized with respect to body dimensions and shape. Further,
in recent years, several low-cost 3D body scanning systems, such
as commodity depth and camera sensors (Shapiro et al., 2014;
Malleson et al., 2017) or Microsoft’s Kinect Sensor have become
available for creating self-avatars.

More sophisticated 3D scanning systems have also been used
to create personalized avatars, for research on body perception
(Piryankova et al., 2014a; Mölbert et al., 2017a; Thaler et al.,
2018), and on attitudes toward using 3D body scanning for
clothing customization and selection (Lee et al., 2012). The
scanning systems are capable of capturing both the shape and the
texture of the body. However, even given the best 3D scanning
capabilities available, there is still an open question as to how
people perceive a personalized self-avatar that is based on a 3D
scan of themselves and whether they accept the avatar as a virtual
representation of themselves.

When customizing self-avatars, there are several aspects that
should be considered: “How is the avatar visually perceived in
terms of bodily dimensions?” and “How is the avatar’s appearance
evaluated with regard to the similarity to the own physical
body, and the desired body? Would users accept it as a digital

representation of the self?.” This distinction parallels research
on people’s body image, which is traditionally described as
comprising two largely independent components: a perceptual
component of how accurately own bodily dimensions are
perceived, and a cognitive-affective component referring to the
evaluation of one’s own appearance (Gardner and Brown, 2011).
Because research on the perception of avatars is a rather recent
area, we argue that insights about how to assess the perception
of avatars could come from examining the longstanding research
on body perception. For decades, many different measures
for assessing perceptual and attitudinal factors of body image
(i.e., for real bodies) have been developed (Thompson, 2004;
Gardner and Brown, 2011). The perceptual component of body
image is usually assessed in body size estimation tasks that
require participants to estimate dimensions of either their own
body parts relative to a spatial measure (e.g., a caliper; metric
methods) or of the whole body relative to another body (depictive
methods). Depictive methods have the advantage of measuring
the perception of the whole body and are more ecologically
valid than metric methods. Using psychophysical paradigms,
participants are usually presented with distinct variations of
personalized or non-personalized digital bodies (photographs,
videos, and sometimes avatars) varying in bodily dimensions
and are asked to identify those bodies that best represent
themselves. The results of such experiments provide measures
for the accuracy of body size estimation as well as the sensitivity
to changes in body size. In the current paper we will therefore
use similar psychophysical paradigms to assess the perception of
self-avatars.

Although body image in men has recently started to be
investigated, the majority of the literature has looked at women’s
body image. The focus on women is likely due to the higher
prevalence of eating disorders in women, as well as findings
suggesting a relationship with distortions of body size perception
in these disorders (Thompson et al., 1999). Additionally, healthy
females were also found to not accurately estimate their own body
weight (Piryankova et al., 2014a; Mölbert et al., 2017a; Thaler
et al., 2018). Previous studies found that healthy females in the
normal body mass index (BMI) range slightly underestimated
their body weight and were more willing to accept thinner
bodies as their own as compared to fatter bodies (Piryankova
et al., 2014a; Mölbert et al., 2017a). Little research has examined
body size estimation in males and potential gender differences
in these estimates. The few studies on body size estimation in
men have focused on how weight status affects the perception
of one’s own body size by comparing overweight and obese
men with normal weight men (for a review, see Gardner, 2014).
However, those studies did not use biometrically plausible body
stimuli, nor did they make gender comparisons. In the current
study, we explored how men estimate their body size with
biometric self-avatars and we hypothesized that men would not
underestimate their body weight as much as women. As support
for this hypothesis, the literature suggests that men tend to
be more satisfied with their bodies than women (Feingold and
Mazzella, 1998) and are more concerned about their muscularity
(Blond, 2008), while females’ dissatisfaction centers around
their body weight with the wish to be thinner (Grabe et al.,
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2008). This gender difference “muscles vs. weight” reflects the
societal beauty ideals for males and females and is also reflected
in people’s choices of self-avatars for self-representation in
video games (Dunn and Guadagno, 2012; Ducheneaut et al.,
2009).

Because body shape, in large part body weight, is the factor
of adult bodies that varies the most over the lifespan (GBE,
2013), we chose to focus our research on weight perception. Here,
using a mirror-like virtual reality (VR) setup, we questioned
whether there are gender differences in the use of visual cues
(shape and texture) of a static self-avatar to estimate body
weight and to evaluate the avatar’s appearance. For assessing the
visual perception of the avatar, we utilized two psychophysical
paradigms in combination with 3D body scans and biometrically
plausible changes in body weight. The first paradigm included a
one-alternative forced choice task (1AFC) in which participants
estimated whether the presented bodies corresponded to their
own body weight. The second measure was a method of
adjustment task (MoA) in which participants adjusted the virtual
body until it matched their own in weight. Finally, participants
also adjusted the avatar to their desired body weight and
evaluated the avatar’s appearance in terms of perceived similarity
to their own body, uncanniness, and the willingness to accept this
avatar as a digital representation of themselves.

The female results presented here were partially published in
Piryankova et al. (2014a) where the focus was on visual cues used
to estimate own body weight and establishing the psychophysical
methods for studying self-body size perception in VR. In the
present study, we focus on gender differences1 in the use of visual
cues for the perception of an avatar’s weight and factors related
to providing personalized self-avatars in immersive VR, such as
the evaluation of the avatar’s appearance in terms of similarity
to one’s own body, uncanniness of the avatars, and the avatar as
a digital self. The male data and VR-related evaluation factors
(uncanniness and digital self measures) were not previously
published.

2. METHODS

2.1. Participants
Thirteen male and thirteen female Caucasian participants
with normal or corrected-to-normal vision took part in
the experiment (see Table 1 for descriptive statistics of
the participants). The BMI of both the male and female
participants was representative of the German population
(GBE, 2013). Participants gave written informed consent and
were compensated with e 8 per hour for their participation.
The experimental protocol was approved by the local ethics
committee of the University of Tübingen and was performed in
accordance with the Declaration of Helsinki.

2.2. Visual Stimuli
For each participant, a body scan was collected using a 3D
full body scanning system (3dMD, Atlanta, GA). The system

1None of the participants indicated a difference between their biological sex and

gender, we therefore use the words interchangeably.

TABLE 1 | Descriptive statistics of the participants (13 males, 13 females).

Males Females

Range Mean (SD) Range Mean (SD)

Height (m) 1.62 – 1.96 1.83 (0.1) 1.54 – 1.78 1.67 (0.06)

Weight (kg) 48.15 – 112.7 78 (16.45) 49 – 74 60.68 (7.09)

BMI ( kg
m2 ) 16.29 – 29.22 23.18 (3.32) 16.7 − 27.3 21.75 (2.92)

Age (y) 22 – 32 27.53 (2.73) 20 – 37 27.38 (4.48)

comprises 22 stereo units, each consisting of a pair of black
and white cameras observing the textured light pattern that is
projected by speckle projectors, and a 5-megapixel color camera
that captures the body texture. The spatial resolution of the body
scan system is approximately one millimeter. To get an accurate
representation of the body shape, all participants wore tight gray
shorts and a sleeveless shirt. To reduce distortions caused by the
hair, participants wore a hair cap. Each participant was scanned
in three different poses (neutral, A-pose, T-pose) in order to
decrease loss of data in the mesh and the texture due to occlusion,
or being outside the capture space of the scanner. To generate
the body stimuli, the three high-polygon meshes were combined
and first registered to a statistical body model as described by
Hirshberg et al. (2012). The texture was generated based on the
RGB images of the three body scans.

The statistical body model consists of a template mesh that
can be deformed in shape and pose to fit a 3D-scan. The shape
component of the body model for the females was learned from
2,094 female bodies and for the males from 1,700 male bodies
in the CAESAR dataset (Robinette et al., 1999), by applying
principal component analyses on the triangle deformations in the
observed meshes after removing deformation due to pose. This
allowed to model body shape variation in a subspace, U, spanned
by the first 300 principal components, where the body shape of an
individual, Sj, is described as a vector of 300 linear coefficients,
βj, that approximate the shape deformation as Sj = Uβj + µ,
where µ is the mean shape deformation in the female or male
population.

The pose component of the body model is trained from
approximately 1,200 3D-scans of people in different poses and
describes deformations due to rotations of body parts. In the
registration process, the pose and shape parameters are identified
and used to transform the template mesh into the scan by
minimizing the distance between template mesh and scan.
When the scan is registered, a texture map is computed for
each participant’s model based on the pixels from the 22 RGB
calibrated images. The texture map was post-processed in Adobe
Photoshop (CS6, 13.0.1) to standardize the color of the textures
across participants of each sex and to conceal small artifacts.

For generating the different weight variations of each avatar,
a linear regressor X was learned between anthropomorphic
measurements A = [weight, height, arm length, inseam] and
the shape identity component β for the whole CAESAR dataset,
such that the difference ||(A|1)X−β|| is minimized. This defines
a linear relation between shape and measurements for each
participant and allowed to modify β in a way that produces
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intended changes in the anthropomorphic measurements. Given
each participant’s weight w, height h, and registration, nine

avatars with varying BMI were generated (1 +
△BMI
100 ) · w

h2
, with

△BMI = {0,±5%,±10%,±15%,±20%} (Figure 1). Changing
the BMI was achieved by applying a change in the shape vector,

so that △β = [△BMI
100 · w, 0, 0, 0, 0] · X (i.e., changing the weight

equally to the desired proportional change in BMI, while keeping
certain measurements – height, arm length, and inseam – fixed).
Generating the weight variations based on percent changes from
each participant’s BMI was chosen to have an equal number of
bodies bigger and smaller than each participant’s actual body.
This ensured that there is no influence of the weight range
of the body stimuli on the accuracy of body size estimation
across individuals as has been previously found by Mölbert
et al. (2017b). Further, as the just-noticeable difference between
two stimuli is proportional to their magnitude as described by
Weber’s law (Gescheider, 2013), using percent weight changes
allows a comparison of the sensitivity to weight changes both
for weight gain and weight loss across participants that is
independent of personal body size.

In addition, for each participant another avatar was created
with a different overall body shape, but with the same height,
weight and sex as the participant (Figure 2). This was achieved by
choosing the body of an individual in the CAESAR dataset that
was closest to the average female or male body shape (with height
havg and weight wavg). The height and weight of this individual’s
avatar was then matched to the BMI of each participant’s set of
nine avatars previously computed by changing the deformation

coefficients by△β = [△BMI
100 ·w+ (w−wavg), (h−havg), 0, 0, 0] ·X.

The resulting set of nine avatars had the participant’s height and
the same BMI steps but different relative body proportions and
shape, from here on referred to as “average” body shape.

For both sets of avatars (own body shape, average body
shape), and for eachmale and female participant, the nine avatars
were combined in Autodesk 3ds Max 2015, such that is was
possible to morph between the bodies in steps of 0.05% of the
participant’s actual BMI. To investigate the influence of color

information (texture) on body weight perception, a checkerboard
texture was generated where any color details specific to the
participants were removed. This texture also removes low-
level visual features of the body and draws attention to the
overall body shape (see Figure 2). The reason for choosing a
checkerboard texture as compared to a unicolor matte texture
was that lighting would have had a greater influence on the
availability of low level versus holistic features of the body. In
this study, all body stimuli were posed identically (by keeping
the pose parameters constant), in order to remove any perceptual
effects related to pose. The pose parameter vector was calculated
as the average pose parameter vector of all registered scans in the
A-pose.

FIGURE 2 | Four different experimental conditions used in the study with

different texture-related cues (own photo-realistic, checkerboard) and

shape-related cues (own shape, average shape). The individuals shown here

have provided written informed consent that their bodies and faces can be

shown in publications.

FIGURE 1 | Example of a set of personalized avatars with own shape and own photo-realistic texture varying in body mass index (BMI). The individual shown here has

provided written informed consent that his body and face can be shown in publications.
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FIGURE 3 | (Left) Virtual scene viewed by the participants; (Right) Participant

views a personalized avatar on a large-screen immersive display. The individual

shown here has provided written informed consent that his body and face can

be shown in publications.

2.3. Experimental Setup and Virtual Scene
During the experiments, participants stood one meter in front
of a flat, large-screen immersive display (LSID) (Figure 3, right).
The visual stimuli were projected onto the display using a
Christie SX+ stereoscopic video projector with a resolution of
1400 x 1050 pixels. The projection surface covered an area of
2.16 x 1.62 m with a floor-offset of 0.265 m, resulting in a
field of view of 94.4◦ (horizontally) x 78◦ (vertically) of visual
angle. A motion tracking system (ART SMARTTRACK) was
connected to the flat LSID, which included two tracking cameras
and one rigid object with reflective markers attached to the
shutter glasses. This provided motion parallax and improved
distance perception to the avatar. The stereoscopic projection
was generated using the average inter-pupillary distance (IPD)
of 0.065 m (Willemsen et al., 2008). Willemsen et al. (2008)
showed that using an average IPD as compared to an individual-
specific IPD did not affect distance judgments. Although the
IPD of 0.065 m is closer to the mean IPD of males than of
females (Dodgson, 2004), there were no subjective comments
or complaints from the participants about their stereo vision
experience. Participants wore shutter glasses (NVIDIA) with a
field of view of 103◦ x 62◦ of visual angle (corresponding to
an area of 2.52 x 1.2 m of the flat LSID) in order to see the
virtual scene stereoscopically. The virtual scene contained an
empty room with a life-size avatar standing in a constant A-
pose at a distance of two meters from the participant (Figure 3,
left). Participants responded by pressing buttons on a joystick
pad.

2.4. Procedure
The experimental procedure was conducted across two
sessions. In the first session, the participants’ bodies were
scanned. In the second session, participants first filled out
the Rosenberg self-esteem questionnaire (Rosenberg, 1965),
followed by four blocks of two psychophysical experiments.
The sessions were separated by m = 13.23 days (sd = 6.39)

for the females and by m = 113.31 days (sd = 58.91) for the
males.2

The blocks differed in the visual cues of the avatar (own shape
with own photo-realistic texture, own shape with checkerboard
texture, average shape with own photo-realistic texture, and
average shape with checkerboard texture; Figure 2). The order
of the blocks was randomized across participants; the order of
the two psychophysical experiments within the blocks remained
constant. After each block, participants had a short break and
filled out a post-questionnaire in which they rated how similar
they perceived the avatar they estimated to correspond to their
current weight, to their physical body on a 7-point Likert scale
(e.g., “How similar was the avatar to you?” and “How similar were
the legs/arms/torso/face of the avatar to your physical body?”).
In addition, they evaluated the avatar’s appearance in terms of
uncanniness and willingness to accept the avatar as a digital
representation of the self. Participants were instructed to ask if
they did not understand the questions, and in those cases were
explained that uncanniness means a feeling of strangeness and/or
lack of realism when viewing the whole body or body parts. The
whole experiment took around 90 min.

We used two psychophysical measures: the method of
constant stimuli in a one-interval forced choice paradigm with
two response possibilities (1AFC) and a method of adjustment
(MoA) task. In each trial of the 1AFC task, participants were
asked to judge whether the presented avatar corresponded to
their actual body weight by responding to the question “Is it
the same weight as you? Yes/No.” Each of the nine avatars
(0,±5%,±10%,±15%, and ±20% of the participant’s actual
BMI) was presented 20 times, resulting in a total of 180 trials. The
trials were divided into 20 bins, each containing the set of nine
avatars, such that each avatar was presented once before being
repeated. The order of trial presentation within the bins was
randomized. The avatar was visible until a response was given,
after which the screen went black for two seconds before the next
trial started. After 45 trials, participants were offered a break to
avoid fatigue. They were instructed to respond as accurately as
possible. Following the 1AFC task, participants completed two
MoA tasks, in which they first adjusted the weight of the avatar
nine times to match their actual weight, and then nine times to
match their ideal (desired) body weight via pressing buttons on a
joystick pad. The starting point of each of the nine trials was one
of the nine avatars in a randomized order. Participants were free
to interactively explore the whole weight range of +20 to −20%
of the participant’s BMI. Morphing between the nine bodies was
possible in steps of 0.05% of the participant’s actual BMI. The
MoA task for actual weight was used as a converging measure for
the 1AFC procedure given both tasks index visual body weight
estimation. If the MoA task yields similar results than the 1AFC
task, then this might be a useful method for avatar evaluation

2The time interval for men was significantly larger than for females, but because

our analyses of the accuracy of body size estimation in the 1AFC task across

conditions does not show more variability in males than females, we think it is

unlikely that this time difference between testing males and females influenced our

results. Further, the 5%-unit BMI steps of the avatars would have warranted a fairly

large change in weight in those 3-4 months for males to change their body size

estimates.
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because it is much quicker and allows for a more refined answer
because the step size is smaller.

2.5. Data Analysis
To control for potential biases introduced by using a sex-specific
model for generating the avatar with average body shapematched
to each participant’s height and weight, an estimation of the
body height and weight of each participant’s own and average-
shaped avatar was calculated. While the height of a virtual avatar
can be easily measured, it is not possible to directly weigh it.
Therefore, the relation between the volume of a body and its
weight was used and a linear regressor allowing prediction of the
weight from the volume was learned separately for the females
and themales. For that, the SMPL bodymodel (Loper et al., 2015)
was registered to all female and male subjects in the CAESAR
dataset (Robinette et al., 2002) and the volume of the obtained
registrations was computed. The weight measurements of the
female and male subjects in the CAESAR dataset have a linear
relation to the volume of the SMPL fit, but are slightly different
for each gender. The two regressors used iterative re-weighted
least squares. Based on the estimated height and weight, the
%-BMI deviation of each participant’s avatar with average body
shape from the avatar with own body shape was calculated. To
ensure that any gender differences in body size estimation of
avatars with own body shape and average body shape were not
caused by differences in volume of the body stimuli, the %-BMI
deviation was then used to correct each participant’s body size
estimates of the average-shaped body stimuli in the 1AFC and
the MoA task.

For each participant, the proportion of yes-answers to the
question “Is it the same weight as you?” was determined for the
nine avatars separately for each of the four conditions (for an
example, see Figure 4). The body with the highest proportion
of yes-answers reflected participants’ estimated body weight.
To analyze participants’ sensitivity to weight changes of bodies
thinner and fatter than the estimated body weight, a cumulative
Weibull function was fit according to Wichmann and Hill (2001)
to the slopes on each side of the peak for each participant and
condition. The position of the psychometric function along the
x-axis (alpha), the slope steepness (beta), and the peak (lambda)
were free to vary. Flooring performance (gamma) was fixed to
zero. The accuracy of estimating body weight and the sensitivity
to weight changes are independent of one another. For example,
the sensitivity to weight changes can be high even when own
weight is under- or overestimated. In the MoA task, the average
of the nine responses was calculated for each participant per
condition and question (current body weight, ideal body weight).

All analyses were done in R v 3.3.2. To analyze how the
estimated own body weight in the 1AFC (peak value) and
MoA task (average response) varied based on body shape
(own, average), texture (own photo-realistic, checkerboard), and
participant gender (male, female), repeated measures analyses
of variance (ANOVAs) were conducted with body shape and
texture as within-subject factors and participant gender as a
between-subjects factor. For analyzing how the slope steepness
of the fitted psychometric functions varied based on shape,
texture and participant gender, a multi-level regression analysis

FIGURE 4 | Example raw data of one participant in the 1AFC task.

was conducted. Multi-level modeling was chosen because for
some participants and conditions, the Weibull function could
not be fit due to an insufficient amount of data points. This
analysis can be performed despite data loss, whereas an ANOVA
is not as effective with missing data. The analysis was done
using the lmer function of the lme4 package in R (Bates et al.,
2015). Slope steepness (beta values) was regressed onto shape,
texture, and participant gender. All factors were allowed to
interact. Specifically, the following mixed-effect model was fitted
[in Wilkinson-notation (Wilkinson and Rogers, 1973)]: Slope
steepness ∼ shape * texture * slope side * participant gender +
(shape + texture + slope side | participant). It therefore included
the by-subject random slopes: shape, texture, and slope side. The
results reported are with Satterthwaite approximation for degrees
of freedom. For pairwise comparisons the lsmeans package in R
(Lenth, 2016) was used.

3. RESULTS

The predicted BMI of the avatars with average body shape was
4.25% (se = 0.4) lower for the males and 0.35% (se = 0.3)
lower for the females as compared to the predicted BMI of the
avatars with own body shape. For each participant, the body size
estimates of the average-shaped avatars were therefore corrected
both in the 1AFC and MoA task.

3.1. Visual Perception of the Avatar
3.1.1. Estimation of the Avatar’s Body Weight

We examined whether the influence of the visual cues (body
shape, texture) on participants’ estimates of the avatar’s body
weight differed for males and females. As a measure for the
accuracy of body weight estimation, we first considered the
%-BMI deviation of the highest proportion of yes-answers to
the question “Is this the same weight as you? Yes/No” from
participants’ actual BMI. Note, %-BMI deviation is equivalent to
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FIGURE 5 | Mean estimated body weight in the 1AFC task in terms of percent

BMI deviation from participants’ actual BMI for own photo-realistic and

checkerboard texture averaged across body shape of the avatar (own,

average) and participant gender (male, female). Error bars represent one

standard error of the mean.

%-weight deviation, as the height of the body stimuli was kept
constant. A repeated-measures ANOVA was conducted on the
estimated body weight with shape (own, average) and texture
(own photo-realistic, checkerboard) as within-subject factors and
participant gender (male, female) as a between-subjects factor.

The ANOVA revealed that texture significantly influenced the
estimated body weight, F(1, 24) = 13.54, p = 0.001, η2 = 0.05.
The mean estimated body weight in the 1AFC task in raw units
(%-unit deviation from participants’ actual BMI) for avatars
with own photo-realistic and checkerboard texture is shown in
Figure 5. Participants reported that an avatar with a significantly
lower body weight corresponded to their actual weight for the
checkerboard texture (m = −4.42%, se = 1.24) compared to the
own photo-realistic texture (m=−1.54%, se= 0.99). One sample
t-tests revealed that the estimated body weight significantly
differed from 0 (participants’ actual BMI) for the checkerboard
texture, t(25) = −3.57, p = 0.001, but not, however, for the own
photo-realistic texture, t(25) =−1.54, p= 0.14. Thus, participants
reported that their body weight corresponded to the weight of
an avatar with a significantly lower BMI when the avatar was
displayed with a checkerboard texture as compared to their own
photo-realistic texture.

There was no main effect of body shape or participant
gender, and no significant interactions. The mean estimated
body weight in the 1AFC task in raw units (%-unit deviation
from participants’ actual BMI) for avatars with own shape and
average shape for males and females is shown in Figure 6. On
average, participants reported an avatar with their own body
shape with a BMI of −3.17% (se = 1.17) of their actual weight
to be equivalent to their actual weight, and an avatar with average
body shape with a BMI of−2.78% (se= 1.17) to be equivalent to
their actual weight. The estimated body weight was significantly
different from 0, both for own shape, t(25) = −2.71, p = 0.01,

FIGURE 6 | Mean estimated body weight in the 1AFC task in terms of percent

BMI deviation from participants’ actual BMI for own shape and average shape

averaged across texture for male and female participants. Error bars represent

one standard error of the mean.

and for average shape, t(25) =−2.37, p= 0.03. Thus, participants
reported that their body weight corresponded to the weight of an
avatar that was significantly lower than their own, both for their
own and the average body shape.

In addition to the 1AFC task, the MoA task for actual weight
provided another measure for the accuracy of body weight
estimation. To test whether the body weight estimates for actual
weight in the MoA task were affected by the visual cues (shape
and texture) in a similar pattern to the estimated body weight
in the 1AFC task, a repeated-measures ANOVA was conducted
on the adjusted body weight (%-unit deviation from participants’
actual BMI) with shape and texture as within-subject factors
and participant gender as a between-subjects factor. One female
participant was excluded from the analysis because the data from
one condition (own shape, checkerboard texture) was lost due to
technical problems.

As in the 1AFC task, in the MoA task, texture again had a
significant effect on the estimated body weight, F(1, 23) = 21.55,
p< 0.001. Participants reported that an avatar with a significantly
lower body weight corresponded to their actual weight for the
checkerboard texture (m = −3.09%, se = 1.55) compared to the
own photo-realistic texture (m = 0.36%, se = 1.32). There was
no main effect of shape or gender, and no significant interactions.
On average, participants adjusted the avatar with their own body
shape to a weight of −2.16% (se = 1.67) of their own weight
when estimating their actual weight, and the avatar with average
body shape to a weight of −0.57% (se = 1.41). The estimated
body weight was not significantly different from 0 neither for
own shape, t(25) = −1.29, p = 0.2, nor for average shape,
t(25) = −0.41, p = 0.69. In contrast to the 1AFC, participants
accurately estimated their own body weight. This difference in
results could be caused by the finer step size used in the MoA
task that allows for more variability in the responses.
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FIGURE 7 | Mean beta values (indexing the slope steepness) of the

psychometric function for male and female participants. Higher values indicate

steeper slopes and thus higher sensitivity to weight changes. Error bars

represent one standard error of the mean.

3.1.2. Acceptance Range of the Avatar’s Body Weight

We hypothesize that weight gain and weight loss might generally
be differently emotionally loaded, e.g., with more negative
emotions toward weight gain. Therefore, the willingness to accept
thinner and fatter bodies as corresponding to one’s own body
weight could also be different. Within the present experiment, we
suggest that the willingness to accept a body as corresponding to
one’s own weight might be reflected in the sensitivity to weight
changes (the steepness of the psychometric curve). The steeper
the slope, the fewer avatars would be accepted as corresponding
to own body weight.

To examine potential gender differences in the sensitivity
to weight changes, the fall-off rates for positive and negative
changes in weight relative to the estimated body weight in
each condition were examined. As described in section 2.5,
psychometric functions were fit to the data of each participant
and condition separately. The mean fit of the psychometric
function to the data was good (mean R2 = 0.996; se = 0.001).
13 out of a total 208 slopes (26 participants x 4 conditions x 2
slope sides) could not be fit due to an insufficient amount of data
points (males: 9, females: 4).

The multi-level regression analysis revealed that participant
gender had a significant effect on the slope steepness,
F(1, 22.35) = 6.32, p = 0.02. On average, male participants had
lower beta values (m = 6.92, se = 0.92) than female participants
(m = 13.91, se = 1.39), as shown in Figure 7. High beta values
indicate a steeper fall-off rate and thus a higher sensitivity to
weight changes. Thus, males were willing to accept a wider
range of bodies as corresponding to their actual body weight as
compared to females.

Further, there was a significant interaction between body
shape and the direction of weight change, F(1, 133.66) = 4.55,
p = 0.03. However, planned comparisons showed that there was

FIGURE 8 | Mean adjusted BMI for ideal weight in terms of percent BMI

deviation from participants’ actual BMI for male and female participants. Error

bars represent one standard error of the mean.

only a marginal difference between negative changes of weight
and positive changes in weight for the average body shape,
t(47.25) = −1.94, p = 0.06, and no significant difference for own
body shape, t(50.76) = 0.75, p = 0.45. There was also a significant
interaction of texture and the direction of weight change,
F(1, 132.31) = 5.8, p = 0.02. However, planned comparisons
showed that there was no difference between weight increase
and decrease both for the checkerboard texture, t(52.14) = 0.6,
p = 0.55, and the own photo-realistic texture, t(45.74) = −1.81,
p= 0.08.

3.2. Evaluation of Avatar Appearance
3.2.1. Ideal Body Weight

To examine potential gender differences in how satisfied
participants were with their body weight, the discrepancy
between adjusted ideal weight in the MoA task and actual
weight was analyzed. A repeated-measures analysis of variance
(ANOVA) was conducted on the adjusted ideal weight (in %-unit
deviation from participants’ actual BMI), with shape (own,
average) and texture (own photo-realistic, checkerboard) and as
within-subject factors and participant gender (male, female) as a
between-subjects factor.

There was a marginal effect of gender, F(1, 23) = 4.07,
p = 0.05. The adjusted ideal body weight was lower for females
(m = −8.27%, se = 2.06) than for males (m = −1.62%,
se = 2.52), as shown in Figure 8. A one sample t-test revealed
that the adjusted ideal body weight significantly differed from
0 for females (t(11) = −4.01, p = 0.002), but not for males
(t(12) =−0.64, p= 0.53). Thus, males adjusted their ideal weight
to their actual weight, whereas females desired a much thinner
body.

As in the estimated body weight in the 1AFC and MoA
actual weight task, the influence of texture on the adjusted body
weight was also apparent, F(1, 23) = 21.86, p < 0.001. Participants
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reduced the weight of the avatar with checkerboard texture
(m = −6.38%, se = 1.81) more than of the avatar with own
photo-realistic texture (m = −3.25%, se = 1.75). Unlike in the
1AFC and MoA task, we found a significant interaction between
shape and texture, F(1, 23) = 4.83, p = 0.04. There was a larger
effect of texture for own shape as compared to average shape.

It has been suggested that the discrepancy between the

avatar’s body and a user’s physical body is related to self-esteem
(Dunn and Guadagno, 2012). To examine whether there was a
difference in self-esteem between males and females, the results
of the Rosenberg self-esteem questionnaire were analyzed. The
Rosenberg self-esteem questionnaire contains 10 statements that

have to be rated on a 4-point scale (strongly agree, agree, disagree,
strongly disagree) (Rosenberg, 1965). Scores between 15 and 25
(out of 30) indicate a level of self-esteem that is in the normal
range. On average, males scored 23.23 (sd = 3.61) and females

21.46 (sd = 5.44) with two females and one male scoring lower
than 15, and three females and two males scoring higher than
25. Since the scores were not normally distributed, a Wilcoxon
rank-sum test was used to test whether there was any difference
in self-esteem across participant gender. Self-esteem scores in
males (Mdn = 24) and females (Mdn = 22) did not differ,
W = 65.5, p = 0.34, r = −0.19 and can thus not explain
the gender difference in the desired body weight. The sample
size of 13 per gender was too small to run correlation analyses
on the self-esteem scores and the results of the psychophysical
experiments.

3.3. Perceived Similarity of the Avatar to
the Own Body
Perceived similarity of the avatar to the participants’ own physical
body could have influenced the results of the psychophysical
experiments. The participants’ similarity ratings of the overall
appearance of the avatars as it was assessed by the question “How
similar was the avatar to you?” after each block of psychophysical
experiments are shown in Figure 9.

To investigate potential gender differences in the influence
of the visual cues on the perceived similarity of the avatar
to participants’ own physical body, the similarity ratings
were statistically compared. Since the data was not normally
distributed, the results of the similarity ratings were analyzed
using non-parametric tests. To examine potential gender
differences, Wilcoxon’s rank-sum test was used; to examine the
influence of visual cues on perceived similarity for male and
female participants separately, Wilcoxon signed-rank tests were
used. As non-parametric tests work on ranking the data and
use the ranks rather than the actual data for the analysis, the
medians of the data rather than the means are reported below
in combination with the statistical results.

Averaged across conditions, males and females gave equally
high similarity ratings for the overall appearance of the avatar
(females: Mdn = 4.75; males: Mdn = 5), W = 63, p = 0.28
(Figure 9). Further, avatars with own body shape received
higher ratings than avatars with average shape as indicated by
higher similarity ratings for own shape compared to average

FIGURE 9 | Mean similarity ratings for the overall appearance of the avatar as assessed by the post-questionnaires for all four conditions for male and female

participants. Error bars represent one standard error of the mean.
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shape, both for males (own shape: Mdn = 4.9, average shape:
Mdn = 4.4; W = 13, p = 0.045, r = −0.39) and for females
(own shape: Mdn = 6.2, average shape: Mdn = 3.5; W = 1,
p < 0.001, r = −0.68). The texture of the avatar also had an
influence on the similarity ratings. Avatars with own photo-
realistic texture received higher similarity ratings than avatars
with checkerboard texture, both for males (own photo-realistic
texture: Mdn = 4.9, checkerboard texture: Mdn = 4.4; W = 0,
p = 0.002, r = −0.62) and females (own photo-realistic texture:
Mdn= 6.2, checkerboard texture: Mdn= 3.5;W = 0, p < 0.001,
r = −0.72). As can be seen in Figure 9, males rated the avatars
as more similar to their physical body when they had their own
photo-realistic texture, whereas for females, avatars with own

body shape received higher ratings independent of whether they
had their own or the checkerboard texture.

We further examined the similarity ratings for the body
parts (Figure 10). Not surprisingly, the highest drop in similarity
ratings when reducing the personalized features (shape, texture)
was for the face. Additionally, for the similarity ratings of the
body parts the same general importance of visual cues held,
namely own body shape wasmore important for females and own
photo-realistic texture was more important for males.

3.4. Questionnaire Responses
In addition, participants were asked whether they knew the
avatar and whether they felt that the avatar represented them

FIGURE 10 | Mean similarity ratings for body parts of the avatar as assessed by the post-questionnaires for all four conditions for male and female participants. Error

bars represent one standard error of the mean.
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in a virtual environment (Table 2). In line with the similarity
ratings, males and females perceived the avatar with their own
shape and own photo-realistic texture as very familiar and
indicated that they felt the avatar represented them in a virtual
environment. Further, as for the similarity ratings, own photo-
realistic texture was more important for the males, whereas body
shape was more important for the females. Males perceived the
avatar with their own photo-realistic texture and an average
body shape as similarly familiar as the avatar with their own
body shape. For females, body shape had a greater influence
than texture. Avatars with own shape were perceived as more
familiar than avatars with the average shape independent of
texture.

We also asked participants whether looking at the avatars
elicited any feeling of uncanniness (feeling of eeriness) and if they
felt this was the case, which body part they thought looked most
strange to them. It has been suggested that people’s responses
to virtual humans (avatars) shift from empathy to revulsion
when the avatars approach a lifelike appearance, but fail to
attain it (Mori et al., 2012). Fewer females indicated uncanny
feelings compared to men, independent of the condition. Overall,
more males indicated some strangeness when looking at the
avatars, especially for avatars with their own photo-realistic
texture. Specifically, 69.23% of the men and 23.08% of the
women indicated feelings of uncanniness for own shape and
own photo-realistic texture, 30.77% of the men and 7.69% of the
women for own shape and checkerboard texture, 61.54% men
and 23.08% women for average shape and own photo-realistic
texture, and 30.77% men and 15.38% women for average shape
and checkerboard texture. The qualitative responses to “Which
part of the avatar felt the most strange to you?” were as follows;
Males answered: Torso (53.85%), arms (53.85%), legs (38.46%),
belly (30.77%), eyes (23.08%), hair (7.69%), ears (7.69%), head
in general (7.69%), shoulders (7.69%), clothing/lighting (7.69%),
neck (7.69%), other: “all, because it’s too static” (7.69%);
whereas females answered: Eyes (38.46%), nose (15.38%), legs
(15.38%), face/head (7.69%), mouth (7.69%), torso (7.69%), arms
(7.69%).

Finally, to consider possible confounds, participants were
asked general body image related questions in the post-
questionnaire (Table 3). Overall, males and females did not differ
with regard to concerns about their appearance.

4. DISCUSSION

The current study investigated potential gender differences in
the use of visual cues (shape and texture) of a static avatar to
estimate body weight and to evaluate the avatar’s appearance.
With regard to the visual perception of the avatars, we found
no gender difference in the accuracy of body weight estimation.
As with females (Piryankova et al., 2014a), we also found that
males’ perceptions of the avatar’s body weight was influenced by
the texture displayed on the avatar. Bodies with a checkerboard
texture were perceived as heavier than bodies with one’s own
photo-realistic texture. Luminance variation due to shading
is an important indicator of an object’s shape. In contrast
to the checkerboard texture that has no directional lighting
information, the photo-realistic texture contains some lighting
information that provides shape from shading information as
an additional cue for body shape. Other studies have found
that garments (horizontal and/or vertical stripes) influence body
size perception (Thompson and Mikellidou, 2011; Swami and
Harris, 2012), but with conflicting results, which suggests that this
effect of garment may vary based on individual body size factors
(Ashida et al., 2013).

The body shape of the avatar (own, average) had no influence
on participants’ body weight estimates. In the current study, two
psychophysical tasks were used to assess body weight estimation:
A one-alternative forced choice paradigm (1AFC) in which
participants estimated whether the presented bodies varying in
BMI corresponded to their own body weight, and a method of
adjustment task (MoA) in which participants adjusted the body
weight until it matched their own. Our results show that the two
methods produced slightly different results. Males and females
significantly underestimated the avatar’s weight in the 1AFC task
whereas they accurately estimated the avatar’s weight in the MoA

TABLE 2 | Responses to Q1: “Do you know this avatar? Yes/No,” Q2: “Do you feel the avatar was representing you in the virtual environment? Yes/No,” Q3: “Do you

agree with the statement? When I was looking at the avatar, sometimes I had the feeling that I was looking at myself.”

Question Shape Texture Males Females

Q1 Own Own photo-realistic Yes = 84.62%, No = 15.38% Yes = 100%, No = 0%

Own Checkerboard Yes = 46.15%, No = 53.85% Yes = 76.92%, No = 23.08%

Average Own photo-realistic Yes = 84.62%, No = 15.38% Yes = 30.77%, No = 69.23%

Average Checkerboard Yes = 38.46%, No = 61.54% Yes = 7.69%, No = 92.31%

Q2 Own Own photo-realistic Yes = 92.31%, No = 7.69% Yes = 84.62%, No = 15.38%

Own Checkerboard Yes = 38.46%, No = 61.54% Yes = 61.54%, No = 38.46%

Average Own photo-realistic Yes = 76.92%, No = 23.08% Yes = 23.08%, No = 76.92%

Average Checkerboard Yes = 30.77%, No = 69.23% Yes = 38.46%, No = 61.54%

Q3 Own Own photo-realistic Yes = 84.62%, No = 15.38% Yes = 84.62%, No = 15.38%

Own Checkerboard Yes = 46.15%, No = 53.85% Yes = 61.54%, No = 38.46%

Average Own photo-realistic Yes = 69.23%, No = 30.77% Yes = 23.08%, No = 76.92%

Average Checkerboard Yes = 30.77%, No = 69.23% Yes = 15.38%, No = 84.62%
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TABLE 3 | Body image questionnaire.

Question Males Females

How much time (on average, per day) do you spend looking

at your body in the mirror?

< 5 min: 10; < 30 min: 3; < 1 h: 0; > 1 h: 0 < 5 min: 9; < 30 min: 2; < 1 h: 2; > 1 h: 0

Do you often think about the way you look? Yes = 46.15%, No = 53.85% Yes = 46.15%, No = 53.85%

Do you often compare the way you look with the way other

people look?

Yes = 46.15%, No = 53.85% Yes = 61.54%, No = 38.46%

Do you check your appearance in a mirror whenever you can? Yes = 38.46%, No = 61.54% Yes = 30.77%, No = 69.23%

Do you usually notice even small changes in your weight? Yes = 38.46%, No = 61.54% Yes = 23.08%, No = 76.92%

Are you on a weight-loss diet? Yes = 7.69%, No = 92.31% Yes = 15.38%, No = 84.62%

task. This difference in results could be due to the finer step size in
theMoA task that allowsmore precise adjustments. Nevertheless,
the MoA might be a possible alternative method to the 1AFC
for measuring perceived weight that is much faster to implement
with participants. Additionally, the MoA task lends itself well to
possible avatar creation tasks because users could adjust a body
shape to their own perceived bodily dimensions before using it in
virtual reality.

We found gender differences in the weight range of the
avatar that participants accepted as corresponding to their
own body. Males were more willing to accept a larger
weight range as similar to their own weights when compared
to females. The higher sensitivity to weight changes for
females is in line with literature showing that female body
image concerns center around their body weight (Feingold
and Mazzella, 1998). Future studies should investigate visual
perception of different aspects of the body, such as muscularity,
masculinity, strength (Wellerdiek et al., 2015), confidence,
attractiveness, and how this relates to personality traits and body
acceptance.

With regard to the evaluation of the avatars in terms of
the desired body, we found no difference between the actual
and desired body weight for males, whereas females desired a
body with a significantly lower body weight than their own.
This finding is in line with previous research showing that
females wish for a significantly thinner body (Grabe et al., 2008).
Importantly however, our results do not necessarily imply that
males were satisfied with their body overall, but that the positive
and negative changes in weight did not result in a desired body
shape.

Viewing one’s own photo-realistic texture was more important
to males for higher ratings of similarity of the avatar’s appearance
to their own bodies. Females on the other hand, rated avatars with
their own underlying body shape as more similar to their own
body, independent of the texture. These results suggest that both
texture and shape are important for creating self-avatars. Thus,
if self-avatars are created with the desire that the participant
identifies strongly with the avatar, it may be more important
for women to focus on the creation of own body shape (i.e.,
in tools like Body Talk (Streuber et al., 2016): http://bodytalk.
is.tue.mpg.de/, and Body Visualizer: http://bodyvisualizer.com/),
whereas for men it may be more important to focus on the
realism of the texture. This might be explained by own body

shape carrying the necessary information about weight; and
the photo-realistic texture carrying pertinent information about
own muscularity. However, more research needs to be done to
investigate rapid creation of self-avatars and the relative influence
of shape and texture on the many factors of self-identification
(i.e., self-identity, weight, muscularity, posture, motion, agency).
Future work should also test these implications with different
textures.

Men reported more uncanniness when looking at the
avatars, especially when looking at their own photo-realistic
texture. Possibly, the higher uncanniness ratings in males is,
in part, due to a higher sense of similarity. Future studies
should additionally employ measures of perceived realism
and embodiment. In this regard, it would be interesting to
examine how animating the avatar to replicate the user’s motion
would influence the perception and evaluation of the avatar’s
appearance. Future research could also try to investigate any
possible interactions between visual perception and evaluation of
self-avatars. While the body image literature suggests that those
components are largely independent of each other, it would be
worth investigating if attentional mechanisms may play a role.
Specifically, if uncanniness is perceived in certain body parts,
then that could draw attention to the body part, thereby over-
emphasizing that body part and possibly biasing overall body
perception.

5. CONCLUSION

We showed that there are some gender differences in the visual
perception of self-avatars and in the evaluation of the appearance
of self-avatars. With regard to visual perception of the avatars,
we found no gender difference in the accuracy of body weight
estimation. Men, however, were less sensitive to weight changes
in the avatars than females and accepted a larger weight range as
corresponding to their own weight. With regard to the evaluation
of the avatars’ appearance, we found no difference between actual
and desired body weight for males, whereas females’ desired body
weight was lower than their actual weight. Additionally, viewing
one’s own photo-realistic texture was more important to men for
higher ratings of similarity of the avatar’s appearance to their
own bodies, while own body shape seemed to be more important
to women. Men reported more uncanniness when viewing the
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avatars. These gender differences suggest that when creating self-
avatars for scenarios where it is more important for the avatar to
be matched to users’ perception of themselves, rather than being
metrically accurate, important consideration needs to be given to
design if both genders are to-be-expected users of the VR setup.
Likewise, if the aim is to create a highly similar self-avatar for only
one gender, this research suggests that for female avatar creation
the focus should be on shape; and for male avatar creation the
focus should be on texture.
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