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ABSTRACT

Obesity is a serious disease that can affect both physical and psychological well-being. Due to

weight stigmatization, many affected individuals suffer from body image disturbances whereby
they perceive their body in a distorted way, evaluate it negatively, or neglect it. Beyond established
interventions such as mirror exposure, recent advancements aim to complement body image
treatments by the embodiment of visually altered virtual bodies in virtual reality (VR). We present a
high-fidelity prototype of an advanced VR system that allows users to embody a rapidly generated
personalized, photorealistic avatar and to realistically modulate its body weight in real-time within
a carefully designed virtual environment. In a formative multi-method approach, a total of 12
participants rated the general user experience (UX) of our system during body scan and VR
experience using semi-structured qualitative interviews and multiple quantitative UX measures.
Using body weight modification tasks, we further compared three different interaction methods
for real-time body weight modification and measured our system’s impact on the body image
relevant measures body awareness and body weight perception. From the feedback received,
demonstrating an already solid UX of our overall system and providing constructive input for
further improvement, we derived a set of design guidelines to guide future development and
evaluation processes of systems supporting body image interventions.

Keywords: Virtual reality, avatar embodiment, user experience, body awareness, body weight perception, body weight modification,

body image disturbance, eating and body weight disorders

1 INTRODUCTION

Obesity is a complex chronic disease characterized by severe overweight and an above-average percentage
of body fat (World Health Organization, 2019). Its prevalence has more than doubled within recent decades
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and is expected to rise (Venegas and Mehrzad, 2020; World Health Organization, 2021). Besides the physical
burdens (e.g., an increased risk of several secondary diseases (Stefan et al., 2021), affected individuals deal
with an external or internalized stigmatization that can lead to body image disturbances (Meadows and
Calogero, 2018; Rosen, 2001; Thompson and Tantleff-Dunn, 1998). Body image disturbances are composed
of a misperception of body dimensions (body image distortion) and the inability to like, accept, or value
one’s own body (body image dissatisfaction) and are also associated with a reduced body awareness (Todd
et al., 2019b; Turbyne et al., 2021). Various interventions (e.g., cognitive-behavioral therapy supported
by mirror exposition or fitness training) have been designed to target persisting disturbances but often
only achieve small improvements in the body image (Alleva et al., 2015). In recent years, novel virtual
reality (VR)-based methods complementing the therapy of body image disturbances have successfully
been explored in research with promising results (Ferrer-Garcia et al., 2013; Wiederhold et al., 2016; Riva
et al., 2019). The further improvement of these approaches in the context of obesity forms the frame of our
current work.

VR-based approaches for supporting body image interventions often use 3D models of human beings
(Horne et al., 2020; Turbyne et al., 2021), so-called avatars (Bailenson and Blascovich, 2004). VR in
general, and the confrontation with embodied avatars in particular, have great potential to influence human
perception and behavior (Wienrich et al., 2021; Ratan et al., 2020; Yee and Bailenson, 2007). In the context
of body image, avatars have been utilized to expose users of a VR system to generic virtual bodies or body
parts varying in size or shape to investigate the principles of body weight perception (Thaler, 2019; Wolf
et al., 2020, 2021, 2022a) or to influence the perception or attitude towards the user’s own body (Turbyne
et al., 2021). Recent developments in computer graphics allow for the generation of photorealistic avatars
that match a person’s real-life appearance within a short duration at a low-cost (Achenbach et al., 2017;
Wenninger et al., 2020; Bartl et al., 2021) and for a realistic modulation of body dimensions in pictures and
videos (Zhao et al., 2018; Zhou et al., 2010; Tang et al., 2021; Xiao et al., 2020) or in VR (Piryankova
et al., 2014a; Hudson et al., 2020; Maalin et al., 2020). However, no work has yet been presented where
users embody their photorealistically personalized avatar in VR while also having the ability to manipulate
that avatar’s body shape in real-time actively — nor has the impact of such a system on the users and their
experiences been evaluated.

To address this gap, we present the development of a VR system allowing users to embody a photorealistic,
personalized avatar within a virtual environment and to actively modify its body weight in real-time using
different interaction methods. In a further step, we evaluated the system with regard to a later usage in
clinically relevant settings within our research project Virtual Reality Therapy by Stimulation of Modulated
Body Perception (ViTraS) (Dollinger et al., 2019). In particular, we performed a formative user evaluation
of the avatar generation process and interactive VR exposure with a small sample of healthy participants.
Following Wienrich and Gramlich (2020) and considering the future potential user group, we assessed
relevant factors such as security, physical comfort, accessibility, usability, and user experience, which we
also already considered during the development process. Based on our evaluation’s results, we derive a set
of design guidelines for the future design and development of similar avatar-based body image therapy
support tools.

2 RELATED WORK

Body image disturbance is characterized by an “excessively negative, distorted, or inaccurate perception
of one’s own body or parts of it” (World Health Organization, 2019). It may manifest in body image
distortion, the misperception of one’s body weight and dimensions that have repeatedly been reported
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based on underestimations (Maximova et al., 2008; Valtolina, 1998) or overestimations (Thaler et al.,
2018a; Docteur et al., 2010), or body image dissatisfaction, a negative attitude towards the body that is
associated with body image avoidance (Walker et al., 2018) and reduced body awareness (awareness for
bodily signals) (Peat and Muehlenkamp, 2011; Todd et al., 2019a,b; Zanetti et al., 2013). While often
caused by internalized weight stigma and a fear of being stigmatized by others (Meadows and Calogero,
2018), body image disturbance interferes with efforts to stabilize body weight in the long term (Rosen,
2001). Treatments for body image disturbance mainly rely on cognitive-behavioral therapy, typically
combining psychoeducation and self-monitoring tasks, mirror exposure, or video feedback (Farrell et al.,
2006; Ziser et al., 2018; Griffen et al., 2018). Based on the fundamentals of these established methods, an
increasing number of researchers have started to explore VR applications as additional support for attitude
and behavior change in general (Wienrich et al., 2021) and therapy of body image disturbance (Riva, 1997;
Ferrer-Garcia et al., 2009, 2013; Riva et al., 2019; Turbyne et al., 2021) and obesity in particular (Horne
et al., 2020; Dollinger et al., 2019).

2.1 The Unique Potential of Modulatable Avatars in VR

VR offers the opportunity to immerse oneself in an alternative reality and experience scenarios that are
otherwise only achievable via imagination. Endowed with this unique power, mainly the use of avatars has
attracted attention in treating body image disturbance (Turbyne et al., 2021; Horne et al., 2020). Image
processing methods for simulating body changes are well established. Using parametric models, it is
possible to retouch images to simulate different face or body shapes (Zhou et al., 2010; Zhao et al., 2018)
and even manipulate them in real-time during video playback (Xiao et al., 2020; Tang et al., 2021). Avatars
in VR allow simulating rapid changes in body shape or weight in an immersive environment using life-sized
avatars going beyond the presentation of pictures and videos. They enable further general investigation
of body weight perception (Thaler, 2019; Wolf et al., 2020, 2021). While some researchers are using
multiple generic avatars differing in body weight (Normand et al., 2011; Piryankova et al., 2014b; Keizer
et al., 2016; Preston and Ehrsson, 2018; Ferrer-Garcia et al., 2018), others have developed methods for
dynamic body weight modification in VR (Alcaiiiz et al., 2000; Johnstone et al., 2008; Nimcharoen et al.,
2018; Piryankova et al., 2014a; Hudson et al., 2020; Maalin et al., 2020; Neyret et al., 2020). A huge
advantage when using advanced body weight modification methods is that the avatar’s body weight can
be realistically changed to a desired numeric reference value. For this purpose, mainly the body mass
index calculated as BMI = Body Weight in kg = (Body Height in m)? (World Health Organization, 2000)
is used. One example is the work of Thaler et al. (2018a), who trained a statistical model to apply realistic
BMI-based body weight modification to their generated personalized, photorealistic avatars. But also other
factors like muscle mass could be included in such models (Maalin et al., 2020). However, while picture
and video-retouching methods tend to focus on facial features, the statistical models of weight gain/loss of
avatars in VR are usually trained on the whole body (Piryankova et al., 2014a) or neglect the head region
completely (Maalin et al., 2020). For our system, we also learned a statistical model of weight gain/loss
for the head region but kept small parts of the face region fixed to preserve the identity of the users when
applying the body weight modification.

Besides the shape of the used avatar, application or system-related properties also might alter how we
perceive the avatar, and particularly its body weight, in VR. Wolf et al. (2020) presented an overview of
potentially influencing factors, noting that while the used display or the observation perspective might
unintentionally alter body weight perception (Wolf et al., 2022a,b), especially the personalization and
embodiment of avatars hold potential for application in body image interventions. For example, Thaler et al.
(2018a) found that the estimator’s BMI influences body weight estimations of a realistic and modulatable
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avatar, but only when the avatar’s shape and texture matched the estimator’s appearance. This comes along
with a recent review by Horne et al. (2020), who identified the personalization of avatars as an important
factor when using avatars. For embodiment, Wolf et al. (2021) recently found, for example, that females’
own BMI influences body weight estimations of a generic avatar only when embodying it.

2.2 User Experience of a VR-based Body Image Intervention

In the design process of a VR application, it is of utter importance to test the system’s user experience
(UX). UX refers to the sum of all perceptions and reactions of a user to the interaction with an interface
before, during, and after its use (International Organization for Standardization, 2019). It combines a
variety of hedonic qualities, such as the joy of the user during an experience, and pragmatic qualities, such
as the efficiency of interactions. Concerning the UX evaluation of VR systems, it is suggested to include
the assessment of further VR-specific variables (Tcha-Tokey et al., 2016; Wienrich and Gramlich, 2020),
namely simulation sickness (Kennedy et al., 1993), the feeling of presence (Slater, 2009), and the feeling
of embodiment (Kilteni et al., 2012). Concerning avatar-based body image interventions, particularly the
user’s feeling of embodiment towards their avatar is of interest (Turbyne et al., 2021). It can be evoked
by visuomotor coherence, for example, when the user sees the avatar moving like their real body (Slater
et al., 2009, 2010) and is divided into the feeling of being inside (self-location), of owning (virtual body
ownership), and of controlling (agency) an avatar (Kilteni et al., 2012).

In addition to a system’s classical UX evaluation, it is important to embed the development into an
iterative design process. This typically involves understanding and establishing the context of use, defining
the requirements for use, developing prototypes, and an iterative evaluation. Wienrich and Gramlich (2020)
recently presented the appRaiseVR framework for UX evaluation in VR, which adapts the general process
of UX design to the context of VR. In their VR-adapted design cycle, they include four steps: (1) defining
the setting of the experience, including the details of the system, the planned usage context, and the target
user group; (2) defining the level of evaluation, including either an evaluation of the system itself, the
task, the narrative, the effect on the user, or the relation between different users; (3) rating the plausibility
of the experience, namely its realism, its virtual and physical components; and (4) selecting the time of
measure, whether evaluating the expectancy towards a system, the immediate reaction within the experience
a post-experience evaluation or follow-up assessments.

Considering this framework, our research evaluates a highly immersive VR system, including a realistic
environment and photorealistic, modulatable avatars (1, 3). The design aims at a realistic, clinical setting
with a target group dealing with obesity and a disturbed body image (1). Based on our target group, our
evaluation focuses on security, physical comfort, and accessibility of our system, next to VR-specific UX
and usability of different interaction tasks and the plausibility of avatar modifications (2), which we test
during and after the experience (4).

In the context of our application, we further define the effects on body weight perception and physical
body awareness during the use as essential parts of the users’ experience. For example, Riva et al. (2019)
stated that embodiment could potentially help update the misperception of body dimensions by experiencing
the ownership over a differently shaped or sized avatar. This goes along with a recent review by Turbyne
et al. (2021), summarizing that participants’ body image conformed to a modified virtual body size when
participants felt embodied in it. VR further interferes with the user’s physical body awareness. Filippetti
and Tsakiris (2017) showed an increase in body awareness when embodying an avatar for individuals with
initially low body awareness. Dollinger et al. (2022) revealed that especially the feeling of body ownership
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towards a personalized avatar is positively related to body awareness. However, there is no research on
body awareness in a VR-based body image treatment task.

2.3 User Interaction for Body Weight Modification

Most VR applications for body image interventions aim for enhanced mirror confrontation. They surpass
real mirror confrontation by modifying the mirror image or the shown avatars into different body shapes. In
our system, we want to go one step further and allow users to adjust the shape of their avatar interactively.
Our idea is to give users the opportunity to actively engage in analyzing their body image and develop a
novel feeling for their own body. Object manipulation in VR has been widely researched and can serve as a
reference in the development of body weight modification interaction methods. For example, LaViola et al.
(2017) presented a set of design guidelines for different types of object manipulation, including object
scaling by virtual buttons or other control elements, the inclusion of physical interfaces as provided on most
VR controllers, or the design of gesture-based object manipulation. Furthermore, Williams et al. (2020)
and Wu et al. (2019) investigated the preference of users towards different gestures in object manipulation,
and both proposed using two-handed gestures (e.g., moving the hands apart or bringing them together) for
size modification of large objects.

2.4 Summary and Outline

VR in general, and the embodiment of modulatable avatars in specific, hold great potential to innovate
interventions for body image disturbances. The introduced research shows that there exist promising
developments toward avatar-based interventions for body image disturbances. However, no work to date
undertakes a comprehensive VR-specific UX investigation of such an intervention system.

Our current work within the interdisciplinary research project ViTraS (Dollinger et al., 2019) addresses
this research gap and aims toward a novel approach for supporting body image therapy. We present a
high-fidelity prototype of a body image therapy support system that allows users to embody their rapidly
generated personalized, photorealistic avatar within a carefully designed virtual environment. Our system
allows users to dynamically alter their body weight while being embodied in VR using three different
interaction methods (joystick, gestures, and virtual objects). We focus on a user experience evaluation with
normal-weight participants performed within our first design cycle. In a comprehensive mixed-methods
evaluation, we assessed (1) the body scan experience during the avatar generation process, (2) the general,
VR-specific UX of the exposure and different modification methods, and (3) their impact on body image-
related UX, including body awareness and body weight perception. To sum up our results, we derive a
set of guidelines for the design and implementation of future VR systems supporting support body image
interventions.

3 SYSTEM DESCRIPTION

The technical implementation of our system is realized using the game engine Unity version
2019.4.15f1 LTS (Unity Technologies, 2019). As VR HMD, we use a Valve Index (Valve Corporation,
2020a), providing the user a resolution of 1440 1600 pixels per eye with a total field of view of 120°
running at a refresh rate of 90 Hz. For motion tracking, we use the two handheld Valve Index controllers,
one HTC Vive Tracker 3.0 positioned on a belt at the lower spine, and two HTC Vive Tracker 3.0 on each
foot fixed by a velcro strap. The tracking area was set up using four SteamVR Base Stations 2.0. All VR
hardware is integrated using SteamVR in version 1.16.10 (Valve Corporation, 2020b) and its corresponding
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Unity plugin in version 2.7.3 1. In our evaluation, the system was driven by a high-end PC composed of
an Intel Core 17-9700K, an Nvidia RTX2080 Super, and 32 GB RAM running Windows 10. To ensure
that users always received a fluent VR experience and to preclude a possible cause of simulator sickness,
we measured the motion-to-photon latency of our system by frame-counting (He et al., 2000). For this
purpose, the video output was split into two signals using an Aten VanCryst VS192 display port splitter.
One signal still led to the HMD, the other to an ASUS ROG SWIFT PG43UQ low-latency gaming monitor.
A high-speed camera of an iPhone 8 recorded the user’s motions and the corresponding reactions on the
monitor screen at 240 fps. The motion-to-photon latency for the HMD matched the refresh rate of the used
Valve Index closely, as it averaged 14:4 ms (SD = 2:8 ms). The motion-to-photon latency for the body
movements was considered low enough to provide a high feeling of agency towards the avatar (Waltemate
et al., 2016), as it averaged 40:9ms (SD = 5:4ms). A video showing the application is provided in the
supplementary material.

3.1 Virtual Environments

We realized two virtual environments. The first environment replicates the real environment, in which the
user was located physically during our evaluation, and is automatically calibrated accurately to overlay
the physical environment spatially (see Figure 1). Here, all preparatory steps required for exposure are
performed and tested (e.g., ground calibration, vision test, equipment adjustments, embodiment calibration).
For spatial calibration, we use a customized implementation of the Kabsch algorithm > (Miiller et al., 2016),
based on the positions of the SteamVR base stations in real and virtual environments. Additionally, the
virtual ground height is calibrated by briefly placing the controller onto the physical ground.

Figure 1. The figure depicts a comparison between the real environment where the experiment took place
(left) and the replicated virtual environment used for preparation (right). Both environments contain a user,
respectively the avatar, performing the embodiment calibration.

The second environment is originally based on an asset taken from the Unity asset store> that was
modified to match our requirements. This exposition environment is inspired by a typical office of a
psychotherapist with a desk and chairs and an exposure area in which the mirror exposure takes place
(see Figure 2). The exposure area includes a virtual mirror allowing for an allocentric observation of

I https://assetstore.unity.com/packages/tools/integration/steamvr-plugin-32647
2 https://github.com/zalo/MathUti lities\#kabsch
3 https://assetstore.unity.com/packages/3d/props/interior/manager-office-interior-107709
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