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Abstract

Behavioral realism plays a crucial role in virtual and augmented reality (VR/AR). Various avatar animation techniques,
ranging from full-body motion capture to single-point inverse kinematics (IK), offer different levels of realism. While the
animation of a user’s own avatar influences embodiment, the perceived realism of others’ avatars is equally important for
immersion. This study (N = 53) examines how users in smartphone AR, head-mounted display (HMD) AR, and VR perceive
the behavioral realism of avatars animated with single-point IK compared to those driven by full-body motion capture. In
addition, we explore whether the congruence between visual fidelity of an avatar and tracking accuracy affects perception.
Our findings indicate that full-body motion capture produces significantly higher perceived realism than single-point IK, but
the type of device does not have measurable impact. Furthermore, while congruence between visual realism and tracking
fidelity was expected to play arole, our results suggest that its influence is limited. Despite lower realism than motion capture,
modern IK techniques are still perceived positively, highlighting their viability for multi-user AR and VR applications.

Keywords Virtual reality - Augmented reality - Avatars - Behavioral realism

1 Introduction

AR and VR technologies have garnered considerable interest
in recent years. Social applications within these domains aim
to connect people and introduce novel forms of interaction.
A fundamental element of such applications is user repre-
sentation. The 3D models used for avatars can adopt diverse
appearances, ranging from highly abstract to photorealistic.
These variations extend to rendering styles (e.g., abstract,
cartoon-like, or realistic) as well as the inclusion of body
parts, which may be limited to hands and head, or a full-body
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depiction [48]. Studies have shown that in most cases real-
istic full-body representations yield superior results in terms
of presence [39, 55], task performance [15, 25], and com-
munication behavior [14, 47]. When designed in a realistic
and anthropomorphic style, these representations typically
exhibit human-like movements. However, achieving a high
level of behavioral realism in full-body animations demands
considerable effort and meticulous implementation.
Behavioral realism refers to the degree to which human
avatars exhibit naturalistic behaviors in real time, aligning
with human expectations in physical environments [7, 42]. A
straightforward approach to achieving high behavioral real-
ism involves tracking each joint and bone in the human body
using motion capture systems such as OptiTrack! or ART.?
Although these systems offer comprehensive body tracking,
they require specialized and often expensive hardware, which
is impractical for many real-world applications. To reduce
reliance on such extensive setups, inverse kinematics (IK) is
employed to approximate the positions of untracked joints
using a limited set of data points, such as the hands, feet,

! OptiTrack, NaturalPoint Inc., https:/optitrack.com, last accessed:
22.03.2025.

2 ART, ART, https://ar-tracking.com, last accessed: 22.03.2025.
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hips, and head [8]). IK estimates these missing joint posi-
tions by analyzing key aspects of human anatomy, including
jointdegrees of freedom, range of motion, and bone length [2]
thereby calculating the most plausible joint placement.

In the most extreme cases, full-body animation is gener-
ated from a single data point, a method known as single-point
IK. Although this approach is less relevant for HMD-based
applications—since these typically include hand tracking or
tracked controllers that enable at least three-point tracking—
it becomes highly significant in smartphone-based AR. In
such scenarios, the only available tracking point is usually
the smartphone itself. Previous research by Ahuja et al. [1]
and Makled et al. [23] investigated the use of a smartphone
as a single tracking point to drive IK-based animations. Their
research indicated that utilizing a single data point is a prac-
tical strategy and that self-avatars animated through this
method can create a significant feeling of embodiment. How-
ever, both studies highlight that tracking accuracy declines
as the distance from the smartphone (the tracking point)
increases.

Building upon these findings, this study offers results from
an experiment aimed at assessing whether the perception of
others demonstrates an adequately high degree of behavioral
realism. Gaining insight into how users perceive the behav-
ioral realism of IK-animated avatars is essential for designing
VR and AR applications that foster user engagement and
enhance immersion. For instance, insufficient behavioral
realism can reduce social presence [20] and hinder effective
non-verbal interpersonal communication. [19].

In our study, participants used either a VR HMD, a pass-
through AR HMD, or an AR-capable smartphone to explore
a museum artifact while a virtual human was present. The
virtual human stood nearby, engaging with the virtual space
and the artifact. The setup of the study is illustrated in Fig. 2.
Participants were not explicitly instructed to observe or eval-
uate the movements of the virtual human. Instead, the goal
was to examine perception in scenarios where others are sim-
ply bystanders, similar to a real museum setting. The virtual
human was animated using two types of pre-recorded track-
ing data: one based on full-body motion capture and the other
generated through a single-point IK algorithm with the smart-
phone as input. Participants experienced both conditions and
subsequently completed a questionnaire assessing behavioral
realism. Furthermore, since previous research suggests that
behavioral realism interacts with visual realism [4, 41], we
examine how these factors influence each other. In particular,
we investigate whether a low-realism visual representation
performs better when paired with less precise tracking data,
such as single-point IK. To explore this, we conducted a
mixed-design study comparing single-point IK and full-body
tracking across HMD-based VR, pass-through HMD AR
and smartphone-based AR, using both abstract and realis-
tic avatar representations.
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Our results show that current IK animations are a com-
petitive solution when it comes to animating virtual humans
in VR and smartphone AR. Although we found a signif-
icant difference between both, with single-point IK being
attributed to less behavioral realism than motion capture, the
difference and effect are small (A = 0.24 on a scale of 1-6,
nf, = (0.042). This has practical implications for smartphone
AR and HMD VR, as it suggests that social HMD-based VR
applications do not require complex tracking solutions for
full-body animations to achieve reasonable levels of behav-
ioral realism of others.

Similarly, it shows that single-point IK, relying only
on the smartphone’s tracking data as information, enables
smartphone AR users to partake in social AR applications,
experiencing others with behavioral realism comparable to
systems that use full-body tracking data.

The remainder of this paper is structured as follows: In
Sect. 2, we review related work on virtual humans, behavioral
realism, and tracking, including inverse kinematics (Inverse
Kinematics (IK)). We then describe our study design and pro-
cedure in Sect. 3, followed by the presentation of our results
in Sect.4. Subsequently, in Sect.5, we provide context for
our findings, discuss our limitations, and, finally, in Sect. 6,
we draw conclusions from our work.

2 Related work

This section examines prior research on virtual humansin VR
and AR applications, focusing on various tracking methods
employed to embody users within these systems.

2.1 Virtual and augmented realities

Virtual reality (VR) and augmented reality (AR) are immer-
sive technologies that enable users to interact, experience
telepresence, and become immersed in digital environments
[30]. In recent years, virtual reality (VR) has been widely
adopted across industries such as entertainment, healthcare,
education, and tourism [10, 24, 27]. It has also facili-
tated social interactions in virtual spaces [51], made possi-
ble through head-mounted displays (head-mounted displays
(HMDs)) that fully immerse users in digital environments.
Similarly, augmented reality (AR) blends digital content
with the real world, allowing users to interact with virtual
objects while remaining aware of their physical surround-
ings. Unlike VR, which requires dedicated headsets, AR can
run on various devices, with smartphones being the most
common platform. Popular applications such as Instagram’

3 Instagram, Meta, https://instagram.com, last accessed: 25.03.2025.
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and Pokémon Go* exemplify its widespread use. However,
AR also supports HMDs like Magic Leap and Meta Quest 3,
which utilize either pass-through or see-through technology.

Pass-through AR relies on cameras to capture and display
the user’s surroundings inside the headset, while see-through
AR uses semi-transparent displays to overlay digital graphics
onto the real world. A key limitation of current see-through
devices is their restricted field of view. For instance, the
Magic Leap 2 offers a maximum field of view of 70 degrees,’
whereas Meta’s Quest 3 provides a broader 110-degree field
of view® for pass-through experiences.

In our study, we utilize pass-through AR due to its wider
field of view, which allows users to observe augmented digital
objects more effectively.

2.2 Virtual humans

In numerous VR applications, users navigate digital envi-
ronments by embodying virtual humans as their avatars, a
concept explored by Weidner et al. [48]. Among other use
cases, embodying a virtual human is a common practice in
both single-user and multi-user VR applications. These vir-
tual humans serve as interfaces, facilitating communication
with other users and enabling interactions within the virtual
environment [9, 13, 34, 35].

When examining user perception of virtual humans in
virtual environments, researchers typically categorize them
into two contexts: computer controlled or user controlled.
Computer-controlled virtual humans are often referred to as
agents or non-player characters (NPCs) [6, 18, 47], whereas
user-controlled virtual humans are commonly known as
avatars [43, 48]. Avatars are deeply connected to users’
physical selves [11, 33, 36, 37, 52], fostering a sense of
presence and embodiment within virtual environments [46].
By serving as a bridge between users and the virtual world,
avatars facilitate interaction and engagement [33], enhancing
authenticity and realism. This, in turn, improves cognitive
capabilities [40] and haptic performance [16, 28]. Mak-
led et al. [23] demonstrated that avatars animated using
single-point IK can evoke similar levels of embodiment
(self-perception) compared to those animated through full-
body motion capture. In our study, we examine whether
a virtual human controlled by single-point IK can achieve
a comparable—or even higher—degree of behavioral real-
ism than one driven by full-body tracking data. Although
users are actually viewing agents, they are led to believe

4 Pokémon Go, Niantic, https://pokemongolive.com/, last accessed:
25.03.2025.

3> Magic Leap 2, Magic Leap, https://www.magicleap.com/optics, last
accessed: 25.03.2025.

6 Quest 3, Meta, https://www.meta.com/quest/quest-3/, last accessed:
25.03.2025.

that another human controls the virtual human, creating the
impression of an avatar.

Wang et al. [47] investigated different agent representa-
tions in AR using the Microsoft HoloLens 2. They presented
users with three variations: a full-size human, a miniature
human, and a non-human form (a cylinder), alongside a
voice-only condition. Their results indicated that participants
responded more positively to human-like representations.
Similarly, research by Wagner et al. [44] and Wainer et al. [45]
found that users reported greater enjoyment and amusement
when interacting with embodied agents that closely resem-
bled humans. However, the perception of virtual humans is
influenced not only by their visual appearance but also by
their behavior.

The following section will review previous research on
behavioral realism in avatars and its impact on user percep-
tion.

2.3 Behavioral realism

Behavioral realism refers to the degree to which human
avatars can exhibit natural behaviors in real-time, accurately
reflecting the expected actions of humans in the physical
world [19]. Behavioral realism is vital in shaping user expe-
riences and interpersonal interactions within virtual environ-
ments. Accurate representation of avatar movements, facial
expressions, body language, and gaze behavior improves
engagement, immersion, trust, and rapport among users [3].
Creating virtual interactions that emphasize behavioral real-
ism can improve user satisfaction and enhance the overall
effectiveness of virtual communication platforms [19].

Herrera et al. [19] explored this phenomenon further by
comparing avatars with different levels of behavioral real-
ism. Their findings revealed that participants experienced
improved interpersonal results, as well as increased self-
presence and interpersonal attraction, when they had greater
control over avatar movements. This indicates that the accu-
racy of avatar behavior plays a crucial role in shaping users’
perceptions and interactions within virtual environments.

Groom et al. [18] investigated behavioral realism through
the frameworks of Uncanny Valley Theory, Maximiza-
tion Theory, and Consistency Theory. Consistency theory
suggests that virtual humans with behaviors that remain con-
sistently realistic at a given level are preferred over those with
inconsistencies. Their study focused on how different levels
of behavioral realism, such as the inclusion or omission of lip
sync and body movement, affect human interactions. How-
ever, they did not examine the impact of consistency between
the visual representation of a virtual human and its behavior
(animations).

Expanding the discussion to AR, Jun et al. [20] exam-
ined the influence of behavioral realism and anthropomorphic
realism (the visual fidelity of virtual humans) on social pres-
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ence. Their findings revealed that participants experienced a
stronger sense of presence with human-shaped objects that
exhibited both higher anthropomorphic realism and greater
behavioral realism. This underscores the complex relation-
ship between visual and behavioral fidelity in shaping user
perceptions and interactions within virtual environments.

In the domain of immersive virtual environments, research
by Kyrlitsias and Michael-Grigoriou [21] and Yu et al. [53]
highlighted the pivotal role of behavioral realism in elicit-
ing natural responses and fostering social interactions. Both
studies emphasized that accurately depicting avatar behav-
ior significantly improves social presence and engagement
in virtual environments.

Achieving a high level of behavioral realism requires accu-
rately mapping user movements to their avatars, which is
facilitated by various tracking technologies. The following
section will review previous research on tracking methods
that enable users to control avatar movements and maintain
a sense of agency.

2.4 Tracking & inverse kinematics

As previously discussed in Sect. 2.2, Groom et al. [18], along
with Wang et al. [47] and Bevacqua et al. [6], highlight the
importance of ensuring that an avatar’s behavior aligns with
its visual appearance. Building on this, an avatar with a real-
istic rendering style should exhibit equally realistic behavior
or tracking. To achieve natural and believable movement, a
user’s actions must be accurately mapped to their avatar in
real time. This can be accomplished by tracking the user’s
body using external sensors such as cameras [50] or depth
sensors [54], or by leveraging built-in tracking capabilities of
devices like smartphones and HMDs [23, 31, 49]. Most com-
mercially available HMDs, such as the Apple Vision Pro’
and the Meta Quest 3, typically track only three body points:
the user’s head and hands. To animate the rest of the body,
applications such as VRChat® and Meta Horizon Worlds’
rely on inverse kinematics (IK) to estimate untracked move-
ments.

Some HMDs, like the HTC Vive, !© allow users to enhance
tracking fidelity by adding external trackers. Eubanks et
al. [11] explored how different combinations of tracked body
points—such as the head, hands, hips, and feet—affect user
embodiment. Their findings suggest that tracking additional
points significantly enhances the sense of embodiment, par-
ticularly when feet tracking is included.

7 Vision Pro, Apple, https://www.apple.com/apple-vision-pro/, last
accessed: 23.03.2025.

8 VRChat, VRChat, https://hello.vrchat.com

9 Horizon Worlds, Meta, https://www.meta.com/en-gb/experiences/
2532035600194083/, last accessed: 23.03.2025.

10 Vive, HTC, https://vive.com, last accessed: 23.03.2025.
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While multi-point tracking improves realism, smartphone-
based AR lacks external sensors, making full-body track-
ing infeasible. To address this, researchers have developed
single-point IK approaches, where only a single tracking
point (e.g., a smartphone) drives the animation of the entire
avatar. Makled et al. [23], Ahuja et al. [1], and Murugan et
al. [32] have demonstrated the viability of this method to ani-
mate avatars in collaborative virtual environments (CVE).

Different implementations of single-point IK vary in their
approach. ARIKA by Makled et al. [23] and the method by
Murugan et al. [32] utilize Unity’s built-in IK solver for
upper-body animation, supplementing it with pre-recorded
walking and idle animations for the lower body. In contrast,
Pose-on-the-Go by Ahuja et al. [1] incorporates additional
sensor data from the iPhone XR.!! Using the depth sensor on
the phone, the system estimates chest orientation to improve
avatar alignment. The IK itself is driven by the phone’s iner-
tial measurement unit (IMU), which provides position and
orientation data to animate the full body.

Makled et al. [23] further examined the impact of single-
point IK avatars on user embodiment, finding that while
motion-captured avatars provide a stronger sense of agency
and self-location, there is no significant difference in body
ownership compared to single-point IK avatars. These results
suggest that single-point IK can effectively support self-
embodiment in AR.

Previous work has primarily focused on how IK affects the
users controlling the avatars, often overlooking the perspec-
tive of external observers. However, in multi-user AR and VR
scenarios, it is equally important to understand how others
perceive IK-animated avatars. This study aims to address this
gap by investigating the behavioral realism of single-point IK
avatars in both smartphone-based AR and HMD-based VR,
considering not only user embodiment but also how these
avatars are perceived by bystanders.

To investigate the perceived behavioral realism of IK-
driven virtual humans, we draw upon Consistency The-
ory [18] (cf. Sect. 2.3) to ensure alignment between the visual
representation of a virtual human and its tracking method.
Specifically, for our ground truth condition (motion-captured
tracking), we employ a realistic human avatar, whereas for
the IK-driven condition, we use an abstract robotic avatar to
reflect the computational nature of IK-generated animations
(cf. Fig.3).

We aim to examine whether an interaction exists between
single-point IK and the visual realism of the virtual human,
influencing users’ perception of its behavioral realism.

I iphone XR, Apple, https://support.apple.com/111868, last accessed:
23.03.2025.
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3 Study design

Building on the related work, we propose the following
hypotheses:

H1: Behavioral realism will be perceived as highest when
motion tracking is paired with a realistic avatar and
when single-point IK is paired with an abstract avatar.

H2: Motion tracking-based animation will result in higher
perceived behavioral realism compared to single-point
IK.

Additionally, our objective is to explore whether the
device type (VR HMD, AR via HMD, or AR via smart-
phone) influences perceived behavioral realism, potentially
due to variations in field-of-view and interaction context.

The following sections detail our study design and the
development of the IK system. The primary objective of our
study is to assess how users perceive other virtual humans
(rather than their own avatars) when those virtual humans are
animated using single-point IK in VR and AR environments.

To examine this, we analyze the effects of different fac-
tors on the perceived behavioral realism of virtual humans in
VR and AR. We employ a 2 x 2 x 3 experimental design,
incorporating two within-subject variables—avatar realism
(realistic vs. abstract) and animation source (motion tracking
vs. single-point IK)—and one between-subject variable-
device type (VR HMD, smartphone AR, HMD AR).

Although we considered making the device type a variable
within the subject, we ultimately opted against it. Doing so
would have significantly increased the duration of the exper-
iment, required a complex counterbalancing procedure, and
risked that participants repeatedly observed the same move-
ment patterns, which could bias the scores and reduce their
ability to differentiate between conditions. Thus, the investi-
gated variables were:

— Within-subject variables:

— Visual realism: The rendering style of the virtual
human: {abstract; realistic}.

— Animation method: The technique used to animate
the virtual human: {single-point IK system; motion
capture}.

— Between-subject variable:

— Device type: The device used to visualize the virtual
humans {VR; HMD AR; smartphone AR}.

As the independent variable, we measure perceived behav-
ioral realism (cf. Sect. 3.4).

3.1 Apparatus

For the study, we developed a Unity-based application that
enables participants to observe a virtual artifact alongside
a virtual human animated by pre-recorded motion data. VR
participants used a Meta Quest 2.'> HMD AR participants
used a Meta Quest 3 with pass-through functionality. Smart-
phone AR participants used a Google Pixel 6 Pro.!3

During the study, AR participants (both smartphone and
HMD users) viewed the virtual human and artifact through
their respective devices, seeing them positioned on a pedestal
within their real-world surroundings (cf. Figs. 1 and 3a).
For VR participants, the entire scene, including the virtual
human, artifact, pedestal, and even the surrounding room,
was fully virtual (cf. Figs. 1 and 3b). To maintain consistency
between conditions, we created a digital twin of the physical
room setup used in the AR study, replicating it as the virtual
environment for VR participants. Different environments are
illustrated in Fig.2.

3.1.1 Tracking

To achieve the core objective of our study—the evaluation
of single-point IK—we utilized the IK system developed by
Makled et al. [23]. This system was chosen due to its public
accessibility and its status as the most recent single-point IK
system for smartphone-based AR.

In the single-point IK condition, the full-body animation
data are derived exclusively from tracking data provided by
an Android smartphone and an IK algorithm. External sen-
sors, such as an HMD or controllers, were not used. Although
this approach enables full-body animation for users with only
a smartphone (for example, in outdoor AR scenarios), it also
introduces tracking inaccuracies, as most of movement is
estimated by the IK algorithm. The average Euclidean dis-
tance error across all measurements is 22cm (SD = 13cm,
min = 19.3 cm, max = 26.7 cm). The smallest error occurs
at the right hand (which holds the smartphone), whereas the
largest error is observed at the left foot. As a ground truth (and
the second condition for the within-subject variable anima-
tion method), we used motion-captured animations recorded
via an OptiTrack system.

3.1.2 Animations

Both the IK and motion capture animations were recorded
simultaneously. A non-professional actor, equipped with
a motion-tracking suit and holding a smartphone, was

12 Quest 2, Meta, https://www.meta.com/quest/products/quest-2/, last
accessed: 22.03.2025.

13 pixel 6 Pro, Google, https://store.google.com/de/category/phones,
last accessed: 22.03.2025.
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Fig.1 Our study investigated single-point IK and motion capture as animation methods for both realistic and abstract virtual humans. Participants
viewed these animations using a VR HMD, AR HMD, or smartphone AR, either in a physical laboratory environment (AR) or its virtual counterpart

(VR)

instructed to perform predefined movements for the anima-
tions.

The animations consisted of the following movements:
First, the virtual human remains stationary for approximately
five seconds. Then, it moves sideways, taking three steps to
the left and three to the right, followed by two steps forward
and two backward. These movements simulate exploration,
as if the virtual human is examining the artifact from different
angles, with each step lasting around 2.5s. Next, the user
moves their smartphone in a circular motion, mimicking the
action of scanning the environment or closely inspecting an
object through the device. This animation sequence captures
two key behaviors:

— Wide-range arm movements typical of smartphone AR
users when analyzing an artifact.

— Body movement around the artifact, simulating spatial
interaction.

To prevent repetition bias, the order of these movements
was randomized using a Latin Square.

3.1.3 Avatars

As discussed in Sect. 2, the visual representation of a virtual
human and the coherence between its appearance and anima-
tion can influence the perception of the observer, as suggested
by Consistency Theory. To examine this effect, we intro-
duce two distinct virtual human representations: abstract and
realistic, as shown in Fig. 3. For the abstract virtual human,

@ Springer

we used the Y-Bot model from Mixamo.!# For the realistic
virtual human, we selected the Male_Adult_8 model from
Microsoft’s Rocketbox [17]. These avatars were chosen for
their accessibility to the research community and their pre-
vious use in studies on avatars and IK [5, 17, 26, 32, 48].

3.2 Task

Participants were instructed to engage in an artifact inspec-
tion task regardless of rendering style, tracking method, or
visualization condition.

At the beginning of each condition, they saw an artifact
placed on a pedestal before them and could inspect it freely
with six degrees of freedom. Care was taken to ensure that,
upon starting a condition, participants saw the virtual human
directly in front of them in both AR and VR (see Figs. 1 and
2).

The virtual human was always displayed holding a smart-
phone, appearing to observe the space and artifact through
the same AR application as the participant. Meanwhile, a
second virtual human stood opposite the participant, walk-
ing and looking around, following a predefined animation
sequence. The duration of the task was one minute and no
additional instructions were provided.

We structured the study around an artifact inspection task
to provide context for virtual human movements. Although a
simpler setup, where participants were only asked to observe

14 Mixamo, Adobe, https://mixamo.com, last accessed: 23.03.2025.
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(c) HMD AR

Fig. 2 AR experiment setup (a) features a real-world room with an
augmented pedestal and artifact, while the VR experiment setup (b)
replicates this environment digitally to ensure consistency across con-
ditions. HMD AR user setup (c¢), where the participant sees the virtual
elements overlaid onto their physical surroundings

(a) Realistic

(b) Abstract (Y-Bot)

Fig.3 Different virtual human representations used for visualizing the
IK avatars included: (realistic avatar) Male_Adult_8, a detailed human-
like model and (abstract avatar) a simplified, robotic representation
designed to align with the computer-simulated nature of IK animations

the virtual human, was possible, we opted for a more immer-
sive scenario.

This approach ensures that participants do not focus solely
on critically assessing virtual human motion. Instead, the vir-
tual human’s behavioral realism contributes to their overall
experience, reflecting how such avatars might function in
real-world scenarios. Consequently, the results can be inter-
preted within the context of neutral to positive values, where
a more realistic virtual human enhances the experience,
whereas an unrealistic one may be perceived as distracting
or disruptive.

3.3 Procedure

After providing informed consent, the participants completed
a demographic questionnaire collecting data on age and gen-
der identity. The participants were then briefed on the setup
and hardware of the experiment. The experimenter explained
the task, instructing the participants to imagine themselves
in a museum, where they would be observing a virtual arti-
fact alongside another person, a virtual human, who was also
involved in the observation.

Participants were assigned to one of three device groups
(VR HMD, HMD AR, or smartphone AR) and familiarized
themselves with the respective hardware before starting the
experiment. The study followed a within-subjects design,
where each participant experienced four conditions, random-
ized using a complete Latin Square to counterbalance order
effects. Thus, each participant experienced the following four
unique conditions:

Abstract avatar + single-point IK animation
— Abstract avatar + motion capture animation
Realistic avatar + single-point IK animation
Realistic avatar + motion capture animation

During each condition, the virtual human was positioned
in front of the participant, performing the pre-recorded ani-
mations while both observed the artifact. This setup allowed
us to examine how variations in avatar realism and animation
technique influenced perceived behavioral realism.

Participants completed a questionnaire after each con-
dition, assessing their perception of the virtual human’s
behavioral realism. Once all four conditions were met, they
were thanked for their participation. The entire experiment
lasted approximately 20 min per participant, including brief-
ing, familiarization, task execution, and completion of the
questionnaire.

3.4 Measures

To evaluate behavioral realism, we focus on how participants
perceive single-point IK avatars compared to high-fidelity

@ Springer
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Table 1 List of questions presented to participants to assess the behav-
ioral realism of the virtual human

No. Question

APl The avatar was not controlled by someone else

AP2 The avatar’s behavior was believable

AP3 The avatar was behaving like a real person

AP4 The avatar was controlled by somebody else

AP5 The idea that the avatar did not behave like a real person

crossed my mind

AP6 I perceived the avatar as a simple computer program

motion capture. Our measurement approach considers sub-
jective ratings of realism, consistency between movement
and appearance, and the avatar’s integration within the scene.
This allows us to assess differences in perception across var-
ious conditions.

The questionnaire by Bevacqua et al. [6] was adapted
to assess the behavioral realism of avatars in our study. It
includes items evaluating the naturalness, believability, and
coherence of avatar movements in relation to their appear-
ance and context. This approach allows us to quantify how
well participants perceive the single-point IK avatars com-
pared to motion-captured ones. To keep the duration of the
experiment short, we only ask questions about behavioral
realism and not task-related questions. The final question-
naire included items that assessed participants’ perceptions
of avatar realism, the naturalness of their movements, and
their overall behavioral realism. These measures aimed to
capture how convincingly the virtual humans’ behavior
aligned with real-world expectations. Table 1 presents a list of
questions designed to assess the behavior realism of avatars.

Similar to the original study, participants responded to
these questions using a 6-point Likert scale (1 is "disagree
strongly" and 6 is "agree strongly"). The values of each trial
were averaged to generate a final score.

3.5 Sample

A total of 53 participants participated in our study (18 for
smartphone AR, 18 for HMD VR, and 17 for HMD AR).
They were recruited via email sent to students and staff mem-
bers of our university and did not receive any compensation.
Among them, 32 self-identified as male, 20 as female, and 1
as agender.

The average age of the participants was 30.11 years (SD
=9.70), ranging from 20 to 70 years. Participants rated their
interestin VR at M =4.27 (SD=0.87, min = 1, max = 5) and
their interest in AR at M =4.06 (SD =0.98, min = 1, max =
5), using a 5-point Likert scale (1 = "not interested at all," 5
= "really interested"). The study received approval from the
Institutional Review Board (IRB).

@ Springer

4 Results: behavioral realism of virtual
humans

To assess significant differences among our three indepen-
dent variables, we performed a mixed three-way ANOVA to
examine the effects of style, animation, and visualization on
behavioral realism.

— Visual realism (abstract or realistic)
— Animation method (IK or motion-captured)
— Device (VR or AR),

In our analysis, we computed a single average score by
summing the responses from all questionnaire items and
dividing by the total number of questions, accounting for
negatively framed items such as AP1, APS, and AP6. These
items were inverted so that a response of 1 corresponded to
"strongly agree" and 6 to "strongly disagree." Outliers were
identified and addressed using the z-score method, resulting
in the detection of six extreme cases [12]. Figure 4 illustrates
the mean values and standard deviations for each question,
categorized by our independent variables. Data generally fol-
lowed a normal distribution (p > 0.05 in Shapiro—Wilk’s
test [38]).

To ensure that the assumptions for ANOVA were met, we
assessed homogeneity of variances using Levene’s test [22]
(p > 0.05) and sphericity using Mauchly’s test [29] (p >
0.05), both of which confirmed that the assumptions were
satisfied.

Table 2 presents the results of our statistical analysis. No
significant differences were found in the two- and three-way
interactions between device, visual realism, and animation
method (p > 0.05). Furthermore, we did not observe a sig-
nificant effect of device or visual realism (both p > 0.05).
However, the animation method showed a significant main
effect (F(1,42) =7.496, p = 0.009, n%, = 0.05). Specifically,
the IK animation method scored M;g = 3.20 (SD = 0.58),
while the motion-captured animation method scored M ;¢ =
3.47 (SD =0.63). Apart from this, no other significant differ-
ences were detected (F(1,42) <2.91,p > 0.07, 17p2 < 0.03)
(Fig. 5).

5 Discussion and limitations

Our findings offer key insights into the perception of single-
point IK virtual humans in social AR and VR environments.

5.1 H1: effects of motion tracking and visual realism
Interestingly, our study found no significant differences

in perceived behavioral realism based on visual realism
(abstract vs. realistic). This suggests that the animation
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Table2 Three-way mixed I >
ANOVA results for the three r T
conditions concerning Device F(2,42) = 1.592 0.215 0.0320
behavioral realism
VisualRealism F(1,42)=0.099 0.755 0.0003
AnimationMethod * F(1, 42) = 7.496 0.009 0.0500
Device x VisualRealism F(2,42)=2.906 0.066 0.0180
Device x AnimationMethod F(2,42)=0.184 0.833 0.0030
VisualRealism x AnimationMethod F(1,42)=0.436 0.513 0.0010
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Fig.5 Box plots of behavioral realism average by visual realism, col-
ored by visual realism and faceted by animation method. We detected a
significant main effect of animation method: Regardless of device and
visual realism, motion capture led to higher behavioral realism. There
were no other main effects or two- or three-way interaction effects

method plays a more critical role in user perception than
the avatar’s appearance or environmental fidelity.

Our findings reinforce that animation quality has a greater
impact on perceived behavioral realism than visual realism.
This aligns with previous research [18, 19], but challenges
consistency theory [18], which suggests that visual and
behavioral realism should be aligned. Several factors may
explain this: (1) Users may have expected humanoid avatars-
regardless of abstraction-to behave in a human-like manner.
(2) Consistency theory also considers facial expressions and

eye movements, which were absent in the realistic avatar,
potentially reducing its perceived realism compared to the
abstract one. This may explain why the abstract avatar some-
times scored higher when using motion capture.

5.2 H2: impact of motion tracking method

Our study compares the behavioral realism of virtual humans
animated using full-body motion capture versus single-point
IK. The results indicate that full-body motion capture gener-
ally leads to higher perceived behavioral realism.

However, our evaluation also found that single-point IK
animations achieved a moderate level of behavioral realism
(M =3.20, SD = 0.58). Although not as effective as motion
capture, our findings suggest that modern IK solutions do not
significantly degrade users’ perception of behavioral realism
in virtual humans. This underscores the viability of IK for
multi-user AR and VR applications, particularly given the
tracking limitations of smartphone AR devices.

5.3 Exploratory analysis: impact of device

The type of device (smartphone AR, HMD pass-through
AR or HMD) did not significantly influence users’ per-
ceptions of avatars’ behavioral realism. This suggests that
there could be an interaction between device and visual real-
ism. This is noteworthy given the inherent differences in
field of view, tracking quality, and environmental immer-
sion between smartphone AR, AR HMDs and VR HMDs.
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While HMD users experience a wider virtual field of view,
smartphone AR users retain constant awareness of the real
world, reinforcing the absence of a physically present user.
Despite these contrasts, the type of device did not affect the
perceived behavioral realism within the shared space.

Although IK-based animations received moderately pos-
itive ratings, improvements are needed to better capture
natural human movement. Smartphone AR users rely solely
on the hand holding the phone to drive the IK system, with
idle and walking animations compensating for missing body
movements [23]. This omits key elements such as head move-
ment, non-dominant hand gestures, and subtle posture shifts,
factors accurately tracked by motion capture. Enhancing real-
ism through sensor fusion, such as integrating smartwatches
for hand tracking and front-facing cameras for facial track-
ing, could further bridge the gap between IK and full-body
motion capture.

5.4 Limitations

This study has several limitations. First, the evaluation
focused solely on avatar movement, without interaction or
responsiveness to participants. Despite this, behavioral real-
ism ratings were neutral to positive. However, excluding
non-verbal cues and social interaction may have overlooked
key influences on perceived realism.

Second, visual authenticity factors, such as the absence of
environmental interactions (e.g., avatars casting shadows),
were particularly limiting for AR users. Additionally, we
did not track participants’ gaze, leaving unknown how much
attention was given to the avatar versus the artifact or sur-
roundings. Finally, the sample size of 54 participants may
limit the generalizability of our findings.

6 Conclusion and future work

Our study examined the impact of single-point inverse kine-
matics (IK) on the perceived behavioral realism of virtual
humans in smartphone AR and HMD-based VR. A total of
54 participants observed realistic and abstract avatars ani-
mated using either motion tracking or IK. We explored how
the congruence between visual realism and animation type
influenced perception.

In summary, our results show that tracking type sig-
nificantly affects behavioral realism, with motion-captured
animations rated higher than IK animations. However, we
did not find a significant impact of congruence or device
type.

In conclusion, our findings show that full-body motion
capture leads to higher perceived behavioral realism than
single-point IK. However, modern single-point IK still
achieves positive and competitive results. In addition, we

@ Springer

found no significant interaction between avatar style, visu-
alization device, and animation type to influence behavioral
realism.

Future research should explore real-time multi-user inter-
actions to assess the impact of behavioral realism in AR and
VR. Additionally, future work should develop multiplayer
scenarios to evaluate IK-based smartphone avatars in real
time. Further research is needed to explore how smartphone
AR and VR users perceive avatars differently and how these
insights could shape future immersive applications. For IK-
animated avatars in smartphone AR, blending pre-animated
walking motions may feel unnatural. To address this, future
work could integrate IK for the feet to enhance realism. Fur-
thermore, even though there was no significant difference for
visual realism or device, the ANOVA analysis for the inter-
action between device and visual realism almost approached
significance with a p = 0.066. This suggests that the device
type combined with the visual realism could influence the
user’s perceived behavioral realism of virtual characters.
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