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ABSTRACT This study proposes a novel method for virtual avatar applications based on rigid-body tracking
in immersive virtual environments (IVEs). This method aims to design a method to efficiently and accurately
estimate motions defined with few conditions. For this purpose, we design a virtual avatar motion process
that proceeds from rigid-body tracking to motion estimation using Final IK (inverse kinematics). This
study uses optical motion capture equipment based on markers for rigid-body tracking and calculating the
movement of a defined virtual avatar based on the transformation information of the precisely tracked rigid-
body object. To analyze the effectiveness of the proposed method, a comparative analysis of equipment
and environment with existing research on animation fidelity in self-avatars is performed. In addition, two
upper body-centered actions (simultaneous two-hand motion and separate two-hand motion) are presented
to analyze latent factors of virtual avatar embodiment. A comparative survey experiment using the virtual
embodiment questionnaire (VEQ) is conducted based on full-body tracking and the proposed rigid-body
tracking-based method. Furthermore, to compare and analyze users’ realism in an environment where they
coexist with virtual avatars in IVE, a survey experiment using a presence questionnaire is conducted.
Therefore, we confirmed that similar avatar motion generation is possible compared to full-body tracking
even with fewer tracking targets (e.g. type of tracking device or number of markers), inputs, and processing
steps. Additionally, it is possible to design a virtual avatar that provides satisfactory realism in IVE.

INDEX TERMS Virtual avatar, immersive virtual environment, rigid-body tracking, motion estimation,
motion capture, virtual embodiment.

I. INTRODUCTION
Virtual reality (VR) is a technology that provides an
experience similar to that in the real world in a virtual
environment. Recently, various VR head-mounted displays
(HMDs) have been developed to provide three-dimensional
visual information, hand and motion tracking for highly
immersive interaction, and various senses such as hearing and
touch to break down the boundaries between virtual reality
and provide higher immersion and new experiences [1]. The
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development of these technologies has ignited interest in
the metaverse, an extended virtual world interconnected to
the physical world now widely applied across the economy,
society, and culture [2]. Additionally, the importance of
extended reality (XR) is increasing as a technology that
can create experiences in immersive virtual environments
(IVEs) encompassing VR, augmented reality (AR), and
mixed reality (MR) and build a metaverse close to reality [3],
[4]. Moreover, applied research to increase user immersion
in virtual environments is being conducted through various
technological approaches or experience analyses. Research
has been conducted to increase immersion through spatial
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sense in hearing along with stereoscopic visual information
using HMDs such as MetaQuest 3 and HTC Vive Pro [5],
[6], and to perform actions close to reality through more
direct interaction with the virtual environment using the body
such as gaze and hands [7], [8]. Furthermore, studies on
applying haptic systems that accurately feedback physical
reactions occurring during interaction processes [9] and on
redirected walking for free walking expression in limited
spaces andmotion platforms using walking in place [10], [11]
have been conducted from various perspectives. Additionally,
experimental studies are being conducted on various topics
and fields to analyze the effects of experiential environments
or interactions provided in IVEs on users’ sense of presence,
experience, and satisfaction [12], [13].
Virtual avatars or agents are used as elements of a user’s

social presence in a virtual environment and can provide a
highly immersive experience by imitating the human shape
or similarly expressing actions and facial expressions [14].
A self-avatar is a virtual representation of oneself that is
distinguished from other people’s avatars because it has
different requirements. How one recognizes one’s avatar is
more important than the others in terms of latency and pose
accuracy. In this regard, the impact of user avatar animation
fidelity on various tasks was studied, and the effect of
animation quality on the sense of embodiment (SoE) was
analyzed [15]. In particular, the sense of agency (SoA) refers
to the feeling that one is the self that causes or creates an
action, and it alsomeans the feeling of becoming an agent that
performs the actions of an avatar in VR. This can be utilized
as an important element in user immersion and experience by
synchronizing real and virtual body movements [16].
Based on previous studies showing that animation fidelity

affects SoE and user performance, we propose a rigid-body
tracking-based motion estimation method using Final IK [17]
for accurate avatar motion calculation while reducing equip-
ment dependency. Additionally, we conducted a comparative
analysis with a self-avatar based on a highly accurate optical
system for motion capture and performed user evaluations of
the realism and experience of the experiential environment
provided through a self-avatar in an IVE constructed through
the proposed method. Our results were mainly aimed at
demonstrating that fast and accurate motion estimation, from
the perspective of animation fidelity related to SoAs, can
be applied to efficient avatars in IVEs without requiring
expensive equipment. The contributions of this study are as
follows.

1 We propose a novel virtual avatar design method
using rigid-body tracking-based motion estimation for
self-avatar generation that minimizes equipment use
while maintaining animation accuracy.

2 We systematically studied the technical quantitative
evaluation of accuracy with avatars using optical motion
capture for various applications in IVEs, and user
evaluations of user realism in IVE and the virtual
embodiment of virtual avatars.

II. RELATED WORK
The IVE is evolving into ametaverse that blurs the boundaries
between the virtual and real by passing through the economy,
society, and culture. For this purpose, technology is moving
toward applying and utilizing XR, including VR, AR, and
MR. Furthermore, research has been conducted to increase
user immersion by allowing the body, such as the hands and
eyes, to interact more directly with the virtual environment
or objects. In addition, research is being conducted on ways
to increase immersion by considering actions and thoughts,
such as detecting and imitating perceptions or understanding
intentions during the interaction process. A study on a
gaze-controlled multimedia user interface that controls the
interface through eye tracking was conducted [18], and
a new interaction technique was proposed in which the
user’s hand becomes a virtual object by imitating the object
itself, unlike in the existing work in which the user’s hand
grabs a virtual object [19]. Tatzgern et al. [20] confirmed the
possibility of creating immersive scenarios by developing an
AirRes mask that controls breathing in real-time. Moreover,
a new deep learning-based interface that understands the
user’s behavioral intention and intuitively performs the
desired action was proposed [21], and a method using
visual information and tactile sensation together through
a visuo-haptic interface was suggested [22]. A pseudo-
haptic interface was also proposed to increase immersion
using electromyography (EMG) sensors to determine the
action of grasping a virtual object with the hand and to
visually deliver physical feedback to induce an illusion-
like phenomenon [9]. Research has been conducted on the
methods, equipment, and interfaces through which users
participate in IVEs as well as on interactions with other
entities within the virtual environment, such as avatars
and agents. Kammerlander et al. [23] proposed a method to
generate virtual characters of various proportions in a shared
collaborative virtual environment using a combination of
VR and motion capture and analyzed the impact of virtual
avatars on the user. Furthermore, increasing the level of
facial and body expressions of virtual avatars can improve
the realism and quality of social interaction in VR [24]. VR,
which expresses conversation partners as realistic moving
avatars, has a positive effect on social interaction with other
people [25].
A self-avatar is a virtual representation of one’s body

from a first-person perspective in a virtual environment. The
presence or absence of such an avatar can significantly impact
the users’ cognitive load. Pan and Steed [26] analyzed the
effect of the avatar type on cognitive task performance in
a VR environment. They also implemented shared VR for
consumer VR systems that can be represented by a self-
avatar. This confirms that using a self-avatar has a significant
effect on the presence and interactions. Ogawa et al. [27]
set up a specific situation in which a person could not
pass through a virtual boundary (a wall) and found that
using an approach other than sensory feedback was most
effective in preventing a realistic full-body self-avatar from
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passing through the wall. Aseeri and Interrante [28] divided
avatar types into No_Avatar (HMD and controllers only),
Scanned_Avatar (wearing anHMD), andReal_Avatar (video-
see-through) and investigated the influence of visual and
nonverbal cues provided by avatar expressions. They reported
that the Real_Avatar condition had a higher level of trust and
was preferable. Animation accuracy is an important factor
when creating self-avatars. Gao et al. [29] analyzed the effect
of full-body tracking rather than avatar visibility on accurate
avatar behavioral responses. In addition, delays inevitably
affect motor performance, agency, body ownership, and
simultaneity perception during the process of improving
animation accuracy [30]. When creating virtual characters,
a library was developed that dramatically reduced the produc-
tion time along with high-level functions that perform accu-
rate movements [31]. For animation accuracy, IK is utilized to
precisely calculate the virtual avatar’s motions. Particularly
in IVEs, methods are being studied to track the position
and direction information of joints through the tracker
provided with the VR HMD and to estimate the motion
of the self-avatar based on this. Zeng et al. [32] proposed
PE-DLS, a novel method for performing full-body motion
reconstruction in two steps: pose estimation (PE) and damped
least-squares (DLS) optimization based on the IK solver.
In addition, a new human upper-body IK algorithm was
proposed to track only the head and hand sensors, and
directions for applying an animated virtual arm with an IK
systemwere suggested [33]. Usingmotion capture equipment
is a common method for expressing accurate avatar motions.
There are various methods of motion capture, such as inertial
tracking, which attaches inertial sensors to major joint parts
for tracking; optical tracking, which estimates near-real-time
animation motions by photographing sensors (markers) with
two or more cameras; or methods that estimate motions using
computer vision or ultrasound. However, because of technical
and environmental issues, such as cost and space, research has
been conducted to estimate motion in real-time using an RGB
camera [34] or to increase accuracy by utilizing a motion
capture system consisting of a set of low-cost consumer-grade
sensors [35]. Additionally, research is being conducted on the
application of motion capture technology to digitalize and
preserve dance, an intangible cultural heritage site [36].

One of the important elements of virtual avatars, particu-
larly self-avatars, is the SoA. This refers to the feeling that
‘I’ am the one causing the action. The SoA also indicated
that the user’s actual motions were accurately synchronized
with those of the virtual avatar in the IVEs. From this
perspective, Kilteni et al. [37] defined SoE as consisting
of three subcomponents: sense of self-position, sense of
subjectivity, and body ownership. Therefore, research is still
being conducted to analyze whether a high level of animation
is necessary under various environmental conditions to
provide higher immersion to users from the perspective of
SoA and user performance [15].
This study proposes a novel method for designing virtual

avatars in IVEs that minimizes the use of additional

equipment such as trackers by approaching the animation
accuracy affecting the SoA using a rigid-body tracking-
based motion estimation method. Although optical markers
have been utilized for rigid-body tracking, the goal is to
focus on a method of estimating motion based on a tracked
rigid body rather than rigid-body tracking, to ensure that it
can be sufficiently applied to tracking objects using Kinect.
In addition, we analyzed the potential of using the virtual
avatar expressed through estimated motions, and its impact
on the user’s realism in an IVE.

III. VIRTUAL AVATAR BASED ON RIGID-BODY TRACKING
Virtual avatars or agents, which are expressed by tracking
and calculating a user’s motions in an IVE, increase user
immersion and help deliver and understand the experiences
provided by the virtual environment more effectively and
diversely. Animation accuracy may be important when uti-
lizing virtual avatars as elements to increase user immersion.
However, there are limitations in that increasing accuracy
may require a lot of calculations and additional equipment.
We proposed a new motion estimation method based on
rigid-body tracking for efficient virtual avatar applications in
IVEs. This was inspired by the existing method of generating
themotion of a self-avatar by animating through the IK Solver
based on the position and direction information tracked
from the trackers connected to the joints. Here, rather than
directly calculating the movement through the joints, a rigid
body was tracked and set as the target. The motion is then
inversely estimated through the correspondence between the
end effector and the target. Figure 1 shows the overall
motion estimation flow for the proposed rigid-body tracking-
based virtual avatar application. The aim is to minimize the
tracking target and simultaneously present a virtual avatar
applicationmethod that can provide users with immersive and
meaningful experiences in an IVE by generating relatively
accurate animation motions.

A. RIGID-BODY TRACKING
A prerequisite for the proposed virtual avatar motion
estimation process is the assumption that the movement
(position and orientation) of a rigid-body object is accurately
tracked. Therefore, accuracy is given the highest priority in
rigid-body tracking. In this study, 16 OptiTrack Prime 17 W
cameras were used to configure an environment for rigid-
body tracking, and the optical markers attached to real objects
were tracked to calculate their positions and directions in
real-time. The tracking results can be evaluated using Motive
software.

Markers were attached to the real objects to be tracked and
the markers were tracked using optical equipment. If there are
multiple objects according to the placement information, each
can be identified using Motive software and the motion can
be recognized using degree of freedom (6DoF) data. Figure 2
shows the rigid-body tracking experimental environment.
The number of markers attached to real objects is not fixed,
and the markers are adjusted such that they can be recognized
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FIGURE 1. Workflow of the proposed rigid-body tracking based virtual avatar’s motion estimation.

FIGURE 2. Development and experimental environment for rigid-body
tracking: (a) The real-world objects with markers attached for rigid-body
tracking, (b) The example of rigid-body tracking results in the motive
software.

by the camera within a range that does not interfere with the
user directly holding or grabbing the object and acting.

The important point in the proposed method is not to
accurately track the rigid-body object, but to verify themotion
of the avatar estimated from the movement of the rigid-
body. Therefore, although the experimental environment
was considered optical, it was concluded that low-cost and
lightweight rigid-body tracking methods could be considered
together after analyzing the accuracy and realism of the
virtual avatar based on the rigid-body tracking proposed
through the experiment.

B. MOTION ESTIMATION
This study aims to design a method to inversely estimate
the motion of a virtual avatar based on the movement of
real-world objects calculated through rigid-body tracking.
Therefore, we defined a development environment for virtual
avatar motion estimation based on rigid-body tracking that
considers user participation in IVE. To estimate the motion
of a virtual avatar from the movement of a rigid-body object,
the position and direction of the rigid body were set as
targets. Subsequently, IK is applied to inversely calculate the
movement using the body joints that control the object as
end-effectors. For the IK of the virtual avatar, we used the
Final IK [17] based on the Unity engine. The Final IK is
an IK system supported by the Unity engine that provides
functions used in various animation implementations, such
as generating natural movements of characters and objects,

FIGURE 3. Class structure of the FullBodyBipedIK of the Final IK [39].

as well as building an interaction system with objects. It also
provides various features such as automatically finding the
appropriate motion for the terrain, limiting the range of
movement of joints, and creating and managing generated
motions through the Final IK as animation files. Therefore,
motion estimation is processed by analyzing the user poses
of multiple end effectors for each limb from the same input,
which produces higher-quality results than the Unity IK
system [38].

This study utilizes the Full Body Biped IK and the Look
At IK among the functions of the Final IK to estimate
virtual avatar motion. The Full Body Biped IK automatically
recognizes the joints of the avatar and manages them
separately by dividing them into Body, Arm, Leg, etc. This
allows for the specification of a target to track each body
part. Thus, the most natural motion for controlling the
tracked rigid body is estimated by specifying the tracked
rigid body as the target and calculating the movement of the
joints in reverse. The FullBodyBipedIK’s overall structure is
divided into the roles of Effector, Chain, and Mapping, and it
performs motions based on constraints defined based on the
relationship between the spine, bone, and limb (Figure 3).
Specifically, the Effector controls the effect that affects
generating movement for each body part target, and the
Chain divides the influence between joints into detailed steps
and controls it. The Mapping is used to adjust the amount
of computation and expression to generate the movement.
At this time, Pull, Reach, Bend GoalWeight, etc. are adjusted
with detailed properties, which are defined as properties of
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FIGURE 4. Example of virtual avatar joint movement according to the Full
body biped IK component in the final IK and adjusting parameters.

FIGURE 5. Class structure of the LookAtIK of the final IK [39].

the FBIKChain class. Figure 4 shows the properties of the
Full Body Biped IK based on a random avatar.

Next, is the Look At IK, a component used to generate
natural gaze handling for virtual avatars. There is no rule for
gaze, but naturally adjusting the avatar’s gaze according to
the situation may influence natural movements rather than
continuously looking in one direction. Figure 5 shows the
class structure of LookAtIK.

The specific implementation process provided by the Final
IK is as follows: First, we specify the joint information
of the avatar involved in the gaze. The central head
was automatically defined, the upper-body joints moved
according to the movement of the head, and the eyes could
be specified. The extent to which the upper body moves
according to the movement of the head can be specified by
adjusting the property values. Furthermore, if the avatar is
created with eyes separately, a more realistic gaze can be
generated by specifying the eyes. In this component, the
amount of registered information reflected in the generated
movement can be controlled by adjusting the Head, Body,
and the Eyes Weight values. It provides precise control of the
Spine, Weight Curve and ClampWeight. And each parameter
is defined as a property of the IKSolverLootAk class. Finally,
a natural gaze can be generated according to a set of options
by specifying the target to be looked at. Figure 6 shows this
and the results of natural gaze processing.

The Solver is a general class structure that calculates
transformation information for joints in inverse kinematics.
In the FullBodyBipedIK class of the Final IK’s, it calculates
themotion of the whole body using information such as spine,
bone, and limb. And in the LootAtIK class, it calculates the

FIGURE 6. The look at IK component in the final IK component and the
process of setting the head and eyes of the virtual avatar.

motion for overall gaze processing using the movement of the
head, eyes, etc.

Figure 7 shows an example of the results obtained using
the proposed rigid-body tracking-based virtual avatar motion
estimation.

FIGURE 7. Process of generating animation of a virtual avatar through
motion estimation based on rigid-body tracking.

IV. EXPERIMENTAL RESULTS AND ANALYSIS
The development and experimental environment for the
application of virtual avatars based on rigid-body tracking
in IVEs were created using the Unity 3D engine (Unity
2022.3.6f1) [40], the Final IK [17], and a plugin for a motion
capture studio linkage (OptiTrack Unity Plugin 1.4.0) [41].
In addition, experimental content was created to confirm the
user’s sense of immersion in the IVE based on the behavior
of the virtual avatar and to qualitatively evaluate the virtual
embodiment of the virtual avatar’s behavior. Rigid-body
tracking was performed using Motive software in a studio
space with 16 OptiTrack Prime 17 W cameras, and full-body
tracking for comparison experiments was performed in the
same environment. The PC for the integrated development
environment and experiments was equipped with an Intel
Core i7-11800H, 16GM RAM, and GeForce RTX 3050Ti
Laptop GPU.
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A. EXPERIMENT CONFIGURATION
The experimental actions of the virtual avatar were divided
into two types: simultaneous two-hand motion and separate
two-hand motion, as illustrated in Figure 8. According to
previous research on user performance and SoA as specified
by the animation accuracy of a self-avatar [15], focusing on
the upper body when animating an avatar is recommended.
This is because the movements that humans can perform
are wider in the upper body than in the lower body. It was
also experimentally confirmed that angular errors occurred
more frequently in the arms than in the legs under all
conditions. Therefore, this study designed two actions based
on previous research that high-quality animation of the
upper body (especially the arms) is necessary. In addition,
we appropriately defined the situation for each action and
provided meaning to the motions. Through this, we aim
to consider the user performing actions in an IVE and the
immersion and experience of other users interacting with the
avatar.

The first action is a simultaneous two-hand motion. In this
action, the character holds an axe with both hands and chops
wood. The second action is a separate two-hand motion,
holding a shield in one hand and a sword in the other, where
the background acts like a knight character in a game. The
reason for configuring actions and situations in this manner
is to establish an environment in which users can consider
their subjective senses as self-avatars from various angles in
various cases. In full-body tracking, the motion of the actor
wearing the suit was tracked; however, the movement of the
object was not tracked simultaneously. The actor holding the
object is only used for natural action. Therefore, a situation in
which the object (axe, sword, or shield) is dislocated from the
hand is considered for full-body tracking-based virtual avatar
motion.

B. TECHNICAL COMPARISON EXPERIMENT
To accurately estimate the motion of a virtual avatar based on
rigid-body tracking, this study generated an animation that
moves according to the movement of a rigid body using the
Final IK. Both the basic one-hand motion in Figure 7 and
the two actions proposed for the experiment were generated
based on the Full Body Biped IK and the Look At IK
in the Final IK. However, the component property values
for each action must be defined differently, depending on
the operating range and situation of the action. Table 1
summarizes the values defined for each action of the key
parameters of the Full Body Biped IK that are necessary
to express an accurate animation. The parameter Pull is the
weight (involvement) that pulls the parent chain (shoulder,
elbow), and Reach is the value that pulls the first bone of
the limb (e.g., shoulder) closer to the last bone (e.g., hand).
The parameter Bend Goal Weight is the value that bends the
limb in the Bend Goal direction. The two actions proposed
in this study had a high involvement of the elbow. Hence,
they were used as variables to control the elbow involvement

TABLE 1. Key parameters of the Final IK set for virtual avatar motion
generation.

according to the movement of the rigid body. The parameters
were adjusted according to the action characteristics to enable
natural motion estimation. In addition, by setting the Head
and EyesWeights among the LookAt IK parameters, the head
and eyes could follow naturally according to the movement of
the rigid body.

The following describes an action comparison experiment
with an avatar based on full-body tracking using optical
equipment. The motions that a user can perform may
vary when performing a specific action in each case.
In other words, it was difficult to obtain a single correct
motion. This study aimed to intuitively verify the difference
by comparing the action-focused key frames rather than
comparing them with the ground truth between animation
expressed through full-body tracking, which can be expressed
relatively naturally, and the animation expressed through
estimated motion by the proposed rigid-body tracking in the
same situation. Figure 9 illustrates this by showing frames
at the beginning, end, and key situations of each of the
two defined actions. First, gaze is not an important subject
for comparison because it is expressed randomly, without
any set rules. No awkward or inaccurate parts (e.g., the
arm digging into the skin) were detected in the motions
estimated using the proposed method. Additionally, the
animation connection process proceeded smoothly without
any unexpected behavior. However, because the proposed
rigid-body tracking method was set to match the avatar’s
gaze with the movement of the rigid body, the results showed
differences, particularly for the head.

Finally, the number of controllers, trackers, sensors,
and markers used for accurate animation were compared.
We compared and analyzed the conditions for motion
estimation with an existing study [15] that compared and
analyzed the user experience, from the perspective of the
animation accuracy of the self-avatar (Table 2). First, the
method of generating animation through the Unity IK and
the Final IK using a consumer VR tracker in existing studies
uses five pieces of equipment, including an HMD that tracks
the head, controllers for both hands, the pelvis, and trackers
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FIGURE 8. Motion process of virtual avatar estimated through full-body tracking and rigid-body tracking: (a) simultaneous two-hand motion
(axe), (b) separate two-hand motion (knight: sword and shield).

FIGURE 9. Example of key frame comparison for virtual avatar motion animation analysis.

attached to each foot. When using the inertial motion capture
equipment, joint movements were precisely calculated using
17 sensors, including those on the head. For the full-body
tracking designed for comparison, animation was estimated
by wearing a suit with 37 attached markers. However, the
proposed rigid-body tracking method can be used to estimate
animation motion using 4-11 markers. By default, three
markers per tracking object were set as one set. We increased
the number of markers to improve the tracking accuracy,
but the most ideal results were achieved with four to five
markers. In other words, it was important to find the optimal
arrangement and number of markers that could specify the
object movement rather than numerous markers. When an
experiment was conducted by attaching 3 markers, which is
the minimum constraint for the number of markers, it caused
inaccurate tracking results as in Figure 10(a). This is because
some markers are missed for reasons such as the markers
going to the hand holding the object, resulting in inaccurate
positions being calculated and problems with broken frames
in continuous motions. On the other hand, when a large
number ofmarkers (e.g. 8) are attached as in Figure 10(b), this
also frequently results in a phenomenon where the number
of markers actually tracked decreases during the process of
holding and acting on the object. As a result, it was confirmed

TABLE 2. Comparison of experimental conditions with previous studies.

that unnecessarily increasing the number of markers only
causes inconvenience in object manipulation actions and does
not help in accurate object tracking.

Another important point is that optical equipment is
not required for rigid-body tracking. If the experimental
environment used for rigid-body tracking can accurately
extract stereoscopic data through equipment such as Kinect,
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FIGURE 10. Problems in the rigid-body tracking process according to the
number of markers: (a) setting the minimum number of markers,
(b) results of attaching a large number of markers.

it can be expected that efficient animation construction will
be possible without markers.

C. SURVEY EVALUATION
Finally, we qualitatively analyzed the user experience in
IVEs using a virtual avatar based on rigid-body tracking.
Table 3 shows the agency item that was modified and
organized for the questionnaire of this study among the
three factors of agency of embodiment used in the study of
agency of agent [15] in the virtual embodiment questionnaire
(VEQ) [42]. This study aims to consider applications from
the perspective of a third-party user who interacts and
communicates with a virtual avatar acting in a virtual
environment rather than a self-avatar hosted by the user.
Therefore, the survey was conducted from the perspective of
the person facing the avatar, rather than recognizing the avatar
as oneself.

The experiment consisted of 12 people (male: 9, female:
3) between the ages of 23 and 32 years, and the participants
experienced the proposed avatar based on rigid-body tracking
and the avatar expressed through full-body tracking. The

TABLE 3. Questions for comparative analysis of actions of virtual avatar
embodiment.

participants experienced the completed motions for each of
the two proposed actions and recorded their values according
to the items in Table 3. The results of the participant’s
responses are presented in Table 4.

The survey results showed that satisfaction was relatively
high for full-body tracking, in which the motions of the
virtual avatar were presented realistically and naturally to
the user. Full-body tracking tracks the movements of all the
joints of the human body and reflects them in the avatar’s
motion. In contrast, rigid-body tracking calculates motion
based on the movement of the rigid body; therefore, it has
the limitation of slightly lowering the smoothness of the
overall movement. In addition, the estimated motions that

TABLE 4. Comparative analysis of actions of virtual avatar embodiment
based on full-body tracking and rigid-body tracking (simultaneous
two-hand motion: axe, separate two-hand motion: knight).
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reflect the physical characteristics of the virtual character
(such as broad shoulders or long arms) are less flexible than
those of full-body tracking. For this reason, the character
used in the simultaneous two-hand motion (axe) had broad
shoulders, resulting in the elbows turning inward during the
chopping of firewood. This negatively affected the survey
results. In contrast, full-body tracking focuses on the hands
and arms while chopping firewood; therefore, the movement
of the lower body is expressed relatively unnaturally,
whereas rigid-body tracking expresses movement using joint
transformation information calculated from the upper body
to the lower body. Therefore, there were differences in the
overall consistency of the expressions for all joints. This
is because the actors do not chop wood but only act, and
because the actors who participated in full-body tracking
are ordinary people who do not specialize in acting. This
phenomenon has also been observed in other studies. Because
the rigid-body tracking-based method estimates motions
centered on an object, all motions are estimated based on
the movement of the object. This has led to the view that
the weight of the axe in simultaneous two-hand motions
is conveyed more realistically than in full-body tracking.
Finally, statistical significance was confirmed using a one-
way ANOVA. One-way ANOVA is a type of statistical
test method that compares the variance of the means of
groups. It considers one independent variable or factor. This
study considers the hypothesis that rigid-body and full-body
tracking have no difference in the satisfaction of virtual
embodiment as an independent factor. In other words, the
null hypothesis is that there is no difference between the
rigid-body and full-body tracking survey groups. Therefore,
the alternative hypothesis means that there is a significant
difference. At this time, the smaller the p-value, the higher the
possibility of rejecting the null hypothesis. If the significance
level is 5%, that is, if the p-value is less than 0.05, the
null hypothesis of this study is rejected. However, in this
study, both actions showed no significant differences in the
comprehensive virtual embodiment analysis (p>0.05). Based
on this survey experiment process, in an environment where
the action of a virtual avatar is not generated by a professional
actor, it is possible to utilize natural and efficient motion
estimation by considering varying the Final IK parameters to
supplement the main joints.

Next, we compared and analyzed the realism of users in a
space where they participated with a virtual avatar that acted
through motions estimated in the IVE. The questionnaire was
created by modifying the realism section of the presence
questionnaire (PQ) [43] to suit the purpose of this study. The
questionnaire recorded the values on a 7-point scale. Table 5
contains questions used to analyze the realism experienced by
users through virtual avatars in IVE. The survey participants
were configured similarly as in the virtual embodiment
survey experiment.

Table 6 presents a comparative analysis of the survey
results. The survey results showed that realism had a
narrower gap than the naturalness of the avatar’s motions.

TABLE 5. Questions for analyzing the realism of users in IVE with virtual
avatars.

TABLE 6. Comparative analysis of realism through virtual avatars based
on full-body tracking and rigid-body tracking (simultaneous two-hand
motion: axe, separate two-hand motion: knight).

Alternatively, although the avatar’s motions were relatively
unnatural, they had a slight effect on the user’s immersion in
the virtual environment. We verified that the proposed rigid-
body tracking-based virtual avatar did not interfere with user
realism. It was also confirmed through a one-way ANOVA
that there was no significant difference in any aspect of
realism for either action (p>0.05). At this time, the null
hypothesis is that there is no difference in realism between
the two groups of rigid-body tracking and full-body tracking.
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V. LIMITATION AND DISCUSSION
The proposedmotion estimation method for a virtual avatar is
based on rigid-body tracking. In this process, optical motion
capture equipment was used. However, while optical motion
capture allows accurate tracking, it has clear limitations,
such as high cost and large space requirements. This
method has the same constraints, even though it does not
involve wearing a full-body suit. However, the proposed
method aims to analyze the advantages and features of
calculating movement inversely based on a tracked rigid
body. Although we utilized optical motion capture equipment
for the comparison experiments with full-body tracking using
a full-body suit along with accurate rigid-body tracking, there
is no prerequisite for the proposed method to use optical
equipment. Accordingly, if the proposed method is applied
using low-cost camera-based equipment, such as Kinect,
it will be possible to increase the efficiency and overcome
current limitations.

A quantitative analysis of the animation accuracy of a
virtual avatar that moves based on movement calculated
based on rigid-body tracking has not yet been conducted.
As it is difficult to design an objective index to judge
the accuracy of actions, this study evaluates the feasibility
of the proposed method through a qualitative comparative
analysis of each action with an avatar moving through
full-body tracking. Another limitation is that we conducted
only a qualitative experiment comparing realism and virtual
embodiment through a questionnaire from the perspective of
a user experiencing a virtual avatar acting with estimated
motions. In this regard, we plan to design a criterion that
can apply the quantitative experimental process of existing
studies related to animation fidelity to the method proposed
in this study and conduct an experiment to enable quantitative
analysis.

There are clear differences and problems when expressing
motion using objects in a virtual avatar using rigid-body
and full-body tracking. For instance, the proposed rigid-body
tracking-based method calculates the rigid body and moves
the avatar when movement occurs in the object. For this
reason, there is a problem in which an unnatural situation
occurs where the joint suddenly moves because there is no
preliminary motion before the movement begins. However,
virtual avatars using full-body tracking only estimate human
joints; therefore, additional work is required to match the
joints with the moving object.

One thing to consider in terms of motion is that the
actors who conducted the full-body tracking experiments
were ordinary people who did not specialize in acting.
It cannot be ruled out that the experimental results would have
changed if the motions had been performed by professional
actors with acting experience or experience in using motion
capture to produce animations. Experiments that consider
these factors should be conducted to verify the usability
of the proposed rigid-body tracking-based virtual avatar.
In addition, the current movement directly applies to the
joint transformation information calculated using the Final

IK. Because the user’s additional correction work is not
considered, unnatural postures may appear depending on the
situation compared with full-body tracking (Figure 11). In the
case of a simultaneous two-hand motion, the elbows may
be strongly drawn inward because they focus on grasping
the object. Separate two-hand motions can sometimes show
excessive bending due to the head setting moving along the
object and have the limitation that there is no change in
movement without additional settings for the lower body.
Therefore, it will be necessary to diversify the parameters
that can subdivide and control joints, as well as generalize
the initial settings that consider the characteristics of the
character.

FIGURE 11. Example of movement requiring compensation in a virtual
avatar based on rigid-body tracking.

The proposed rigid-body tracking based virtual avatar aims
to enable highly immersive interaction with users in IVEs by
expressing accuratemotions with simple inputs that minimize
the use of equipment. This can be utilized in entertainment
fields such as virtual YouTubers who utilize characters that
express human actions in place of others for broadcasting.
In the field of sports for all such as Pilates, which uses
equipment to exercise, it can be helpful as an exercise
assistance function by estimating and judging postures based
on the movement of the equipment. In addition, it can
be applied as a safety accident prevention technology in
industrial fields such as construction and manufacturing.
For example, by estimating the motion of virtual human
movements based on construction materials, assembly parts,
etc., and predicting physical safety accidents that may occur
when actual workers work on site, it is possible to plan safe
and efficient routes and work methods. In this application
process, if an environment is presented where only the
movements of necessary objects can be tracked without
investing in large physical spaces or expensive equipment,
efficient motion estimation is expected to be possible based
on this. However, elaborate motions such as hand gestures
may be required in this process. Therefore, we aim to
overcome the limitation of currently being implemented only
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as a fixed hand gesture that grabs an object according to the
size of the virtual object corresponding to the rigid-body, and
to implement it so that the motion of the hand gesture can also
be estimated naturally according to the object.

VI. CONCLUSION
This study proposes a novel method for generating anima-
tions of virtual avatars coexisting with users in IVE with
fewer conditions, costs, and inputs. This method estimates
the corresponding motion according to the movement of an
object based on rigid-body tracking. Thus far, this study
tracks the movement of a rigid body for object-centered
virtual avatar motion estimation and designs a process to
calculate the movement using the transformation information
of the tracked object as a target. In this process, the Final IK
is used to calculate the IK for the virtual avatar animation.
Yun et al. [15] demonstrated that accurate positioning is
possible even with the Final IK-based solution that uses
a few sensors. Consequently, this study also developed a
motion estimation function for a virtual avatar using the
Final IK. The properties and parameters of the Final IK
used to generate the proposed virtual avatar motions were
analyzed and organized. In addition, the technical conditions
and conditions for animation generation were analyzed and
compared with those of the existing study. Based on this,
we analyzed the behavioral elements and reliability of virtual
avatar embodiments and conducted a survey experiment to
determine their impact on the realism of virtual avatars
coexisting with users in IVE. For the experiment, two virtual
avatar actions were defined: simultaneous and separate two-
hand motions. We then conducted a comparative survey
experiment between a virtual avatar designed elaborately
using full-body tracking and a virtual avatar based on the
proposed rigid-body tracking. The virtual avatar embodiment
experiment utilized a purpose-oriented questionnaire based
on the VEQ. In addition, realism was assessed using
survey questions modified to suit the purpose of this study
based on the PQ. The results of the comparative survey
showed that the proposed rigid-body tracking-based avatar
had a lower overall potential for virtual avatar motion
estimation than full-body tracking; however, there was no
significant difference. Additionally, the usability of the rigid-
body tracking-based avatar was confirmed to be sufficient.
Furthermore, it was found that the realism that virtual avatars
provide users in IVE can sufficiently coexist at a level that
does not interfere with the user’s immersion.

In order to verify the accuracy and usability of the proposed
rigid-body based motion estimation, this study conducted
a frame-by-frame motion comparison with the full-body
tracking method and a user evaluation through survey
experiments. This is based on the motion estimation results
through full-body tracking due to the limitation of difficulty
in establishing a clear standard (ground truth) regarding
accuracy. However, this is also not a comparative experiment
based on quantitative data with full-body tracking. Therefore,
we plan to objectively verify the performance of the proposed

method through quantitative experimental results in the
future. To this end, we need a standard that can analyze
the accuracy through comparison of joint change values in
the estimated motion or transform values between joints
in the hierarchical structure. Therefore, we will define a
standard that can verify the accuracy of the estimated
motion and study a comparative experiment. In addition,
we currently conducted a motion estimation experiment
with one-hand motion, simultaneous two-hand motion and
separate two-hand motion. We plan to suggest specific
application directions by considering various motions in
terms of usability [44]. Finally, we plan to study whether
it is possible to build a real low-cost system by applying
the proposed method through rigid-body information tracked
through computer vision using Kinect, cameras, etc. instead
of the motion capture equipment, which is the experimental
environment of this study. Based on these processes, we plan
to develop a technology that can be applied to various
metaverse environments by comprehensively considering the
voice and facial motion of virtual avatars.
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