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ABSTRACT

This research develops an integrated system using multimodal haptic feedback to
enhance users’ sense of body ownership when embodying non-human avatars in vir-
tual reality. The approach focuses on simulating the biomechanics of avian flight to
facilitate avian avatar experiences. A user study evaluates the methodology using
retractable bands guiding limb motions and inflatable airbags simulating respira-
tory aspects of flight. Results demonstrate positive usability and variable individual
embodiment responses. Over half the participants reported augmented spatial haptics
like airbags improved wing simulation realism. However, limitations exist regarding
personalized interactions and comprehensive tactile sensation fidelity. This pioneering
work contributes an innovative framework for prototyping and assessing bodily trans-
formations in virtual environments using synchronized sensory stimuli. It elucidates
design principles for avian avatar experiences based on flight biomechanics research
and user-centered iterative development. Findings underscore the importance of mul-
tisensory feedback coordination. Further refinements to this novel approach may build
ecological empathy and connections with the natural world. Overall, this research
pioneers techniques to advance non-human avatar embodiment and evaluates the
interplay of various haptic modalities in shaping virtual bodily experiences.

Keywords: Virtual reality, Wearable technology, Haptic feedback, Movement mechanism,
Interaction design

INTRODUCTION

This research aims to provide an image of the recent advancements of wear-
able haptic feedback devices towards non-human avatars and explore the
future possibilities of haptic feedback interaction with the user. In the vir-
tual world nowadays, users could have multiple choices of the character
they would like to play; the avatar they chose could not only look just like
themselves but also completely different from the original appearance, for
instance, another gender, different body shape, or even beyond human race.
Beyond human avatars are non-human avatars, mammals, avians, fishes,
amphibians, or even the mysterious creatures in fairy tales. Considering this,
to increase the user experience, the immersion and body ownership of users
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playing non-human avatars will be crucial because of the significant differ-
ences in body structure between animals and humans. This research will
provide a general situation of the haptic feedback research focusing on non-
human avatars, analysing the outcoming and shortage of their study with
experiments and data in their paper. This study also presents how to research
animal movement mechanisms for VR haptic feedback and points out the
future potential of non-human avatars in VR.

Benefits of Enhancing Body Ownerships of Non-Human Avatars

As non-human avatars behave significantly differently from human avatars;
building up a system to bridge the bodies of users and non-human creatures is
challenging but worthwhile, because improving body ownership toward non-
human avatars has positive significance. Firstly, how people perceive their
bodies can impact how they view the world (Wittgenstein, 2023). Higher
body ownership could help users to get more involved in the virtual world.
Secondly, adding a non-human avatar option will enrich the product zone,
stimulating the interest of potential users and attracting more people to par-
ticipate in the VR interaction project. Finally, with the higher quality of haptic
feedback and body ownership, users will have opportunities to experience the
body sensations of other species and get close to their world from the first
perspective. This could lead to more understanding and empathy between
humans and other species. Besides, it could also work when the simulated
target is replaced by another social group, like the disabled people, (Calepso
et al., 2020).

As a result, it is crucial to enhance users’ body ownership to non-human
avatars. However, users are unfamiliar with how animals move, especially
from the first perspective. To enhance immersion, haptic feedback devices
and VR headsets play a crucial role in helping improve body ownership by
simulating animal movement mechanisms and body sensations for the users.

Combination of Haptic Feedback and Non-Human Avatar

The significant differences in bodies resulted in users’ unfamiliarity with
animal movements, which typically leads to a sense of disconnection and
is harmful to immersion and body ownership. Considering this, recent
researchers have claimed solutions to solve the corresponding problems.

Among those research, multimodal haptic feedback devices, which means
combining haptic forms like vibrations in different patterns, pressing, drag-
ging, restricting, etc., together with audio and visual sense, have been proven
to be effective in enhancing embodiment. For instance, Vargas combined the
audio and the haptic sensory in the experiment to simulate the sensation
of dogs (Vargas et al., 2023), while Hecquard tried to enhance the feeling
of connection and foster empathy with a compression belt and vibration
heart simulators, which provides haptic feedback, and visual image in the
VR headset, which provides visual contact (Hecquard et al., 2023). There-
fore, multimodal haptic feedback devices and VR headsets compensate for
the shortage of each other and enrich the user experience onmore dimensions,
enhancing the body ownership.
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Methodology and Scope

This research expects to contribute to an extensive investigation of the recent
study relevant to enhancing the body ownership of the non-human avatar in
a virtual environment. Accordingly, this study generates a thorough review
of the related work with the survey reports delivered by the scholars and
the essays featured in conferences and journals. This research conducts three
steps to distinguish the papers: a) Identifying the publications, b) Two-step
publications evaluating, c) Integrating evaluated publications.

a) Identification: The study first produced a Boolean algebra search to
integrate relevant factors for identifying papers. The algebra is as shown:
(“multimodal” OR “multisensor”) AND (“haptic feedback” OR “tactile
feedback”) AND “virtual reality” AND (non-human avatar OR “beyond-
human avatar”) AND (“body ownership”OR “presence”OR “immersion”)
AND (“wearable”) AND NOT “proceedings”. The main databases for this
survey are IEEE Xplore, ACMDigital Library, and Science Direct. Because of
the different publications scenarios of these, the Boolean algebra was com-
mitted to slight adjustment for each database. Apart from them, this research
also includes survey papers that concentrate on haptic feedback devices or
beyond-real transformations in VR tracks. Furthermore, the whole search
process followed 3 standards: 1) All papers should be published from 2020-
2024. 2) All papers should be written in English. 3) All papers should have
been reviewed by the peer. On the whole, after cancelling the replicated
papers, we got 53 publications for this research. Among them, there are 9
from IEEE Xplore (%), 14 from Science Direct (%), 30 from ACM DL (%).

b) Evaluation: To evaluate the correspondence and the quality of the
papers, this paper conducts 2 steps, which are abstract assessment and
full-text assessment.

Abstract assessment: This research generates 2 criteria: The publications
must be related to avatar embodiment in VR technology. This excluded the
haptic feedback research that was irrelevant to the body ownership. In addi-
tion, this research also established selecting criteria that weren’t involved in
the boolean code. 1) These publications should not only focus on enhancing
the fidelity of specific haptic feedback but also focus on improving the body
ownership of the avatars. 2) The publications should include non-human
avatars and could interact with users in a VR environment. 3) The publica-
tions should include a broad literature review. At this phase, we cancelled 16
papers that couldn’t meet the standards, with 37 papers left for the full-text
assessment.

Full-text assessment: We removed the publications corresponding to the
following condition. 1) The project didn’t include combining VR technology
and haptic feedback devices. 2) No hardware design part enhances the user’s
body ownership. 3) The technology was outdated for now. 4) Must be full
papers. With those criteria, we removed 4 papers and finally kept 33 papers
for this survey.

c) Synthesis: Besides these 3 mainstream databases, this research also
includes projects shown in the commercial platform, like meta-research, and
Google-research. The product study from the labs in the industrial field has
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helped this research to recognise the market’s needs and make an analysis
of the future advancement of this technology, adding 2 papers, in all, there
are 35 papers in this survey. Above all, this research has concentrated on the
recent study on wearable haptic feedback devices meeting with non-human
avatars. Assessing the strength and shortage of the studies, and comparing
the working mechanism of their interaction system, this study could make a
thorough image of the field study.

MOTIVATION AND CONTRIBUTION

This study aims to produce a comprehensive review of the advancement of
wearable haptic feedback devices and deliberate what additional value haptic
feedback can provide as a complement to the regular visual and auditory
experiences that VR headsets can provide. To achieve this goal, this paper
has made the following contributions:

1. This study analyzes the way of deconstructing the movement mecha-
nism of non-human creatures, using birds as an example, establishing
a systematic framework in VR haptic feedback.

2. This study generated a survey of multimodal haptic feedback devices for
enhancing users’ body ownership through a literature search and catego-
rized them according to the presenting forms and application scenarios.
Different types of haptic feedback devices are critically analyzed based on
their advantages, challenges, and possible usability.

3. This study presents prospective open questions in response to the findings
of the survey study.

MECHANISM FRAMEWORK

With the significant variations of biomechanics between humans and other
creatures, this study will establish an analyzing methodology, with which the
movement mechanism of target creatures could be learned and the way to
transform human haptics will be based on it.

Biomechanism Framework of Avian

In the first step, this research will define the scope of the creatures, as the
non-human species are broad, the species that move similarly to humans are
easier to simulate. In this case, considering the possible limitations of the
user’s room, the research focuses on the upper body of humans as a start.
According to the study (Häggström, 2014) of the upper body muscle system,
shown in the Figure 2(a), this research chooses the avians which have upper
limbs (wings) and pectoralis on their chest.

Apart from the common part of the body, there is a born gift of the avians,
which is flying. To analyze the biomechanics of the bird’s flight, this study
divides this topic into 2 aspects: space transformation and body transforma-
tion. To begin with, this study focuses on the space changes caused by rising
altitude when avian is taking off. The air pressure will be lower, accompa-
nied by stronger wind and cooler temperatures. This will be a challenge for
the breathing system of the birds. In the study, of biologists, the air sacs
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help the bird to resist those crises. The evolution of flight in birds required
the development of efficient respiratory and gas exchange systems. The lung-
air sac system represents one possible solution (Maina, 2007). This study
drew an image of the air sac location on a bird body, shown in Figure 2(b),
referenced by (Sereno et al., 2008). Therefore, to simulate the space transfor-
mations happening in the taking off, the haptic feedback devices should not
only provide the strong wind, cooler temperature, and the inflation of the air
sacs.

Figure 1: (a) Muscle system (b) Air sacs (c) Avian’s muscles.

On the other hand, body transformation is more about the strength exer-
tion system of birds during flight. The biologists said in their study that
flapping flight is the most power-demanding mode of locomotion. In con-
trast, many developing birds use their forelimbs to negotiate environments
(Heers et al., 2018). Biologist indicates, that two parts of muscles mobilise
the wings: the pectoralis are responsible for lowering wings, and the supra-
coracoideus raising them. The working biomechanics of avian wings in flight
can be seen in Figure 2(c), inspired by (Ingle et al., 2019). Thus, the haptic
feedback devices need to change the way humans use their muscles.

As a result, this study establishes a flow chart to clarify the movement
mechanism of avians taking off, which is shown in Figure 3. This chart would
be a reference for the designers and researchers who would like to enhance
the body ownership of avatars with bird wings.

Figure 2: Flight movement mechanism of avian taking off.
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User-Centred Design and Hardware Implementation

After researching on movement mechanism of bird flight, this study incor-
porates the User-Centred Design (UCD) theory (Gulliksen et al., 2003) in
conducting the design. Gulliksen proposes three methodologies: Multidis-
ciplinary Design, Iterative Design, and thorough user research and testing.
These three methodologies will guide the development of the design in this
study. Firstly, this study will provide a multidisciplinary perspective for this
design. Above, this study investigated the movement mechanism of bird
flight from the perspective of biological evolution. After integrating the
mechanisms of bird flight, this study will simulate these mechanisms by com-
bining the haptic feedback hardware design with the software design of the
virtual reality environment, which involves the knowledge of ergonomics,
programming, and so on.

Meanwhile, the focus of this study is the feedback from users as the car-
rier of these simulations to this design. Therefore, in the preliminary design
stage, anticipating the possible responses of users to the simulations becomes
the first challenge. This study draws on the Sensorimotor system and control
theory in cognitive science (Abtahi et al., 2022), in which Abtahi addresses
the responses of the central nervous system of users to beyond-real transfor-
mations occurring in the virtual environment and corresponding movement
decisions. Abtahi proposed flows of control signals in movement-based inter-
actions. This framework inspired the design and interaction approach of the
software and hardware in this study; the software in the VR headset needs
to provide cues that explicitly point to the movement with common sense or
information known to the user and allow some tolerance for the users’ next
movement and the initiation of haptic feedback, for instance, longer wait-
ing time or double state judging. This conclusion integrates the sensorimotor
system and psychological knowledge to anticipate movement decisions that
may cause neurological errors when users are nervous and facing beyond-
real transformation and to help the system optimise to be more responsive to
users.

After completing the multidisciplinary research and initial design, this
study is conducted to develop and iterate the hardware. The hardware con-
sists of two parts: the straps system and the controlling system. The strap
system is used to connect the user’s upper body, providing force feedback,
and in the initial design, all straps are designed to be elastic. However, after
prototyping and function testing by users, this study found that the elastic
straps could not fix and support the forcing point, such as the shoulders and
chest, and the stretching at the retractable straps weakened the downward
pulling force, which made the force feedback not obvious enough. Therefore,
this study utilises a combination of elastic and non-elasticated nylon straps.
Next, the controlling system consists of an Arduino microcontroller, a vibra-
tion sensor, and a servomotor, designed based on Abtahi’s sensorimotor flow.
The Arduino microcontroller is like the central nervous system of the hard-
ware, which receives input from the vibration sensor and makes judgements
on the user’s positions; then, it makes behavioural decisions based on the
judgement and commands the servo motor to act. Initially, this study used
a motorised reel instead of a servo motor to control the chest strap. How-
ever, after user testing, this study found that although the motorised reel can
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control the length of the stretch more accurately, due to its structure, the
downward pull force that the reel can generate is minimal. It is easy to dam-
age and jam in the testing. Therefore, a servo motor with a metal plate is
used, which produces a downward pulling force by rotating the metal plate
within a range of 160 degrees in the longitudinal direction. The servo motor
is more straightforward to work away from and, therefore, more stable, and
its pulling force can be adjusted by voltage, which can generate a maximum
of 10kg. With this pulling force, the user can feel and react with the servo
motor.

From the perspective of thorough user research and testing, the initial test-
ing of the hardware development has users’ participation, who provide the
researcher with the experience of use and improvement opinions. At the end
of hardware development, this study recruits 15 participants, designed a com-
parison experimental group and cites Muender’s theory for creating a scoring
questionnaire. These questionnaires are distributed to participants and calcu-
lated according to the formula in Muender theory to derive the haptic fidelity
of different devices and combinations.

RESEARCH PERSPECTIVES FOR VR

In this survey, the recent publications could be divided into four groups
according to the research perspective, shown in Figure 4. To ensure accuracy,
this statistic will include papers that comply with multiple groups simulta-
neously. The percentage figures and the scale numbers on the bar show the
promotion and the number of papers. For instance, based on the chart, 25
papers focus on the interaction design of haptic devices in a VR environment,
representing 71.4% of the total.

Figure 3: The research perspective.

Figure 4: Hardware technology.
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According to Figure 4, it is clear that among the perspectives on enhanc-
ing body ownership through haptic feedback, most research focuses on
improving the interaction system, for instance, virtual social touch interaction
(Maunsbach et al., 2023) (Boucaud et al., 2023), user experience, percep-
tions, and cognitions (Xi et al., 2024) (Kim & Schneider, 2020), and training
assistant (Phataraphruk et al., 2020). Besides, the second most discussed
perspective is hardware technology, for instance, multiple actuation (Zhu
et al., 2020), texture simulations (Strohmeier et al., 2020), and pressure and
thermal feedback (Zhang & Sra, 2021), followed by multiple sensory coop-
eration (Siu et al., 2020), and finally, enhancing body ownership as a means
to increase social empathy (Calepso et al., 2020), or improve accessibility
for disabled users (Balasubramanian et al., 2023), or therapeutic usage (Min
et al., 2020). Based on these findings, it claims that upgrading the interaction
system is the main means to improve the users’ embodiment, and enhancing
the fidelity of the haptic feedback by hardware is another effective method.

HAPTIC TECHNOLOGY FOR VR

Additionally, technology advancement is also crucial for enhancing body
ownership, especially for improving haptic feedback fidelity. As indicated by
the survey, there are six categories of technologies, shown in Figure 5. The
statistics also include the research complying with multiple groups simulta-
neously. Based on the chart, the largest proportion is force feedback, which
usually operates with restrictions on the human body, for instance, compres-
sion force (Hecquard et al., 2023), tensioning cables (Yang et al., 2022),
and soft pneumatic actuators (Zhu et al., 2020) (Zhang & Sra, 2021). Then
followed motion tracking, based on the motion sensor and pressure sensor,
which is crucial to the navigation of users’ bodies (Eltanbouly et al., 2022),
for instance, recognizing users’ gestures (Kim & Xiong, 2022), gazing, and
position (Evangelou et al., 2023). Besides, vibration feedback also supports
many functional demands, for example, a sense of co-presence (Saint-Aubert
et al., 2023) and gaming controller (Kim& Schneider, 2020).Moreover, mid-
air haptic feedback concentrates on improving social behaviours in a virtual
environment (Maunsbach et al., 2023) (Evangelou et al., 2023), which could
help users who are unwilling or unable to touch others physically. Further-
more, passive haptic means being touched; it works well on scoping space in
a virtual environment (Daiber et al., 2020). Finally, the most minor propor-
tion is thermal feedback, which handles specific haptic demands, for instance,
simulating dynamic thermal sensations (Liu et al., 2021).

Based on the survey of technology advancement, it demonstrates that
force feedback, corresponding with motion tracking are the main method
to enhance the haptic feedback.

ANALYSIS OF RECENT HAPTIC FEEDBACK RESEARCH

Through the survey, this research generates the strengths and the limita-
tions of recent research and provides solutions and research plans for the
enhancement of haptic feedback of non-human avatars.
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Superiority and Potential of Recent Researchs

The development of multimodal haptic feedback forms for different needs
will provide the basis for future integration. As simulation of movement
mechanism and space transformation demands multimodal haptics feedback,
the reunited sensory haptic technology and reconfigurable kinetics mecha-
nism system (Liu et al., 2021) can provide theoretical bases. For instance, the
researcher of (Evangelou et al., 2023) explored enhancing the virtual interac-
tion experience by combining motion-tracking technology and mid-air haptic
feedback. With the maturity of the technology, more haptic forms could be
added to the haptic feedback system.

Research Gaps and Chellanges of Recent Researchs

Concerning the research gap and the challenges, the first problem that needs
to be overcome is the increasing weight corresponding to the devices’ scaling
up. A positive correlation exists between the equipment’s structure’s com-
plexity and weight. A possible solution is to upgrade the integration level of
the devices by unifying the control system, for instance, by setting the same
start and end signals for the hardware and software.

Besides the second gap is the versatility of the haptic feedback devices.
As the variating kinematics of different creatures, it is difficult to simulate
more than one species with single devices. The challenges will be on both
material and structure; the joints of the devices should be easy to shape and
organize (Yang et al., 2022). Moreover, to be used in more scenarios, the
sensor needs to be stable and accurate, for instance, vibration sensor, angle
sensor, or horizontal sensor. At the same time, in proportion to the accuracy,
the settings and coding demands for the microcontroller will be higher, and
the cost will rise, too.

Finally, about the challenges of movement simulations, although recent
research has developed the force feedback to change the kinematics of the
users, the locating scope on the body should be expanded. Among the
research, most devices are located on a specific part of the body, by which
the whole balance of the body wasn’t considered. For instance, in (Calepso
et al., 2020), users are expected to experience an amputated arm with haptic
devices, while with the single devices on the forearm, the unbalancing body
weight of losing an arm is not embodied.

Aiming at the above problems, this paper puts forward a few conclusions
for improving the haptic feedback design for non-human avatars. First, it is
necessary to establish a motion mechanism research system specifically for
non-human avatars in VR environments, as shown in section 2 of this paper,
to analyze the movement mechanism of a certain species, combined with
the interaction requirements of VR software and hardware. Secondly, the
haptic feedback forms correspond to non-human avatars’ movement mech-
anisms. Finally, interdisciplinary working methods should be introduced, for
instance, cognition, biology, interaction design, etc., to combine the biological
mechanism and the human movement mechanism.
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CONTRIBUTIONS AND OPEN QUESTIONS

From the perspective of technology, this study establishes a system design and
hardware framework that is based on the analysis of movement mechanisms.
Inspired by the research of birds and sensorimotor theory, this study estab-
lishes a hardware design framework by iterating the control system and
improving the strap connection. This framework will be the basis for more
force feedback designs. In the future, if this study wants to explore more
body areas or forms of force feedback, we can keep the existing hardware
framework and, replace the sensor and motor, change the location of the
connection or material of the straps in order to complete the exploration of
new force feedback.

From the perspective of doctrine, this study analyses and summarizes the
main problems encountered in the current stage of haptic feedback device
development by investigating the existing related studies and combining them
with the practice of this study. For the recent challenges of haptic feedback
devices, the movement-based interaction flow theory proposed by Abtahi
can provide inspiration. The control system of the device is simplified into
three parts: sensor, motor, and central neural system, which are controlled
by codes. In addition, in the choice of sensor and motor, this research is
based on the methodology proposed by UCD theory, which allows users to
participate in the co-design at an earlier stage and demands the researcher to
fully study the interaction between the user and the prototype of the device.
The above theoretical guidance can provide a reference for more research on
haptic feedback.

In this study, open questions emerged that could be explored further dialec-
tically. The first question is: how should the versatility of applications for
haptic feedback devices be balanced with fidelity? The pursuit of haptic
feedback fidelity tends to increase the complexity and weight of the hard-
ware, which can have a negative impact on the user’s experience. So, how
should the ideal balance between versatility and fidelity of haptic feedback
hardware be defined and reached? The second question is, does enhancing
body ownership equate to improving haptic authenticity? In this study, the
researcher speculates and simulates the body sensations of birds through bio-
logical research. In contrast, the natural body sensation of birds is difficult to
be directly experienced. Therefore, the way to improve the user’s body own-
ership in a non-human avatar’s haptic feedback design is to make the user feel
real rather than to pursue the imitation of similarity. This leads to the third
question: how can researchers find commonality in individuality concerning
the user’s subjective perception of “realness”? These questions can bring us
to the next step of research.

LIMITATIONS AND FUTURE DEVELOPMENT

When selecting publications for this paper, because this paper involves several
factors, wearable devices, haptic feedback, movement mechanism, and non-
human avatars, the number of publications selected is relatively small, and at
the same time, each of the papers has a different research question and focus.
For a more comprehensive analysis and avoidance of omission, this paper
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reserved the publications that do not have all the elements but have most of
them. Furthermore, due to space limitations, this paper does not analyze the
movement mechanisms of other species. In the future, further analysis will
be conducted for four-legged creatures and mythical creatures in conjunction
with interaction design in VR environments.

In future, this study will be developed into a practical project based on
simulating avian flight with haptic feedback.With the study going deep, non-
human avatars will be categorized in a more detailed way. Besides the avian,
tetrapods which lived on the land also have a common part with humans
in movement mechanisms. The motion capture technology could help the
research to study the strength exertion system and build a framework; for
instance, the study of (Demuth et al., 2023) proposed a 3d digital method to
investigate locomotor biomechanics.

In the process of hardware iteration, this study focuses on improving the
clarity of the haptic feedback of the hardware, which is reflected in the pre-
cise location, reasonable magnitude, and multiple haptic forms. These factors
are referred to as foundational factors inMuender’s study and have a positive
correlation with fidelity. At the same time, this study acknowledges that in
the pursuit of fidelity, the hardware reduces personalised adaptation to the
user’s diverse body. In the future, the study will work with more diverse users
by precisely controlling the angle of the servo motor, e.g. by changing the
angle of rotation from a standardized 160 degrees to range from 120 to 160
degrees. Meanwhile, the haptic feedback hardware can also be used in phys-
ical world applications outside of VR, e.g. in gaming, simulation training or
therapy, bridging the body sensations between the user and another person
or avatar could enhance the effect of the above applications.
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