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Figure 1: (Left) We propose the metaphor of an "Imaginary Joint" for conveying proprioceptive feedback on virtual body
extensions, using localized skin-stretch at the interface between the body and the virtual extension. (Center) Hardware for
the Imaginary Joint: A mechanism that stretches and relaxes the skin around the joint. (Right) Feedback Mapping: Converts
the angle of the joint and the torque generated by the Imaginary Joint into amounts of skin-stretch. These changes are then
superposed and provided as feedback, allowing the user to perceive the angle and torque even without seeing the virtual body

extension.

Abstract

Virtual body extensions such as a wing or tail have the potential to
offer users new bodily experiences and capabilities in virtual and
augmented reality. To use these extensions as naturally as one’s
own body—particularly for body parts that are normally hard to
see, such as a tail—it is essential to provide proprioceptive feedback
that allows users to perceive the position, orientation, and force
exerted by these parts, rather than relying solely on visual cues. In
this study, we propose a novel approach by introducing an "Imagi-
nary Joint" at the interface between the user’s actual body and the
virtual extension, delivering information about joint flexion and
force through skin-stretch feedback. We present a wearable device
for skin-stretch feedback and explore informing mappings that con-
vey the bending rotation and torque of the Imaginary Joint. The
final system presents both types of information simultaneously by
superimposing these skin deformations. Results from a controlled
experiment with users demonstrate that users could identify tail
position and force without relying on visual cues, and do so more
effectively than in the vibrotactile condition. Furthermore, the tail
was perceived as more embodied than in a vibrotactile condition,
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resulting in a more naturalistic and intuitive sensation. Finally, we
introduce several application scenarios, including Perception of
Extended Bodies, Enhanced Bodily Expression, and Body-Mediated
Communication, and discuss the potential for future extensions of
this system.
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1 Introduction

Body augmentation technology, which adds "body extensions”
such as supernumerary arms [45, 52], a sixth finger [47, 71], or a
tail [38, 78] to the human form, has recently attracted significant at-
tention and is reshaping human interaction across various domains
by enhancing both operational efficiency and expressive capabilities.
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In practical scenarios, these technologies contribute to more e ec-
tive multitasking and supporting human movemen38 43 52 71].

In addition, these technologies are increasingly being applied to
social interactions. For example, techniques using a ta9 for
animal ears §1] 1 to convey emotions are currently under investi-
gation, and social VR users are incorporating novel forms of bodily
expression such as using cat ears to express feelings or using a
tail to wrap around others?

However, a major challenge in enhancing the operability of ex-
tended bodies remains: developing proprioceptive feedback that
enables users to intuitively sense the position, orientation, and ap-
plied force of extended components without relying solely on visual
cues. Typically, humans integrate signals from muscles, tendons,
joints [60, and skin [L3 to maintain an awareness of limb position,
movement and force4§. In contrast, extended bodies lack innate
neural feedback, often forcing users to depend excessively on visual
information, which would impose a cognitive burden on theq.

In virtual bodies, this problem can be even more pronounced than

in physical limb extensions, because users cannot perceive physi-

cal cues such as shifts in the center of mass or pressure changes
around a mounting point that normally accompany limb motion.
The challenge is most acute for extensions that lie outside the eld
of view, where visual monitoring is impossible inherently unreli-
able, such as a tail or the base of a back-mounted extra arm. This
limitation can trigger problems in social interaction and practical
issues, such as unintended collisions or ine cient task execution.
It can also undermine the sense of immersion in the new bodily
form. In summary, relying solely on vision-based feedback limits
the quality and e ectiveness of interactions, highlighting the need
for proprioceptive signals that operate independently of visual cues.
Various non-visual feedback methods including vibratiorlf,
20, 62, pressure ¥1], sound [16 23 59, and electrical stimula-
tion [55 have been explored to convey information about aug-
mented body parts in physical and virtual reality environments, tele-
controlled robots, and prostheses. For instance, vibrational methods
using multiple vibrators and frequencies to indicate a robotic arm's
end e ector position promote optimal attention allocatior2fj,
yet they o er only coordinate data rather than joint-based posture
changes, thereby potentially falling short of replicating natural
proprioception. In the eld of prosthetics, electrical stimulation
of residual nerves or muscle$,[55 has been used to evoke joint
movement perception, although such methods are less applicable
to extended body parts that do not naturally exist in humans, as our
bodies inherently lack surplus sensory sockets. In VR, prior stud-
ies have explored immersive ight experiences and wing haptics
using vibration [14], air ow resistance 33, enhanced resistance
via exoskeletons37], and skin-stretch §§ stimulation; however,
detailed investigations into the accompanying somatosensory per-
ception are still lacking. One recent study indicates that stretching
and compressing the skin near the elbow in sync with a prosthetic
hand's movement can mimic innate proprioceptiofg. Remark-
ably, users described the sensation as an "imaginary tendon." Unlike
electrical stimulation targeting muscles and nerves, this skin-based

Lhttps://www.necomimi.com/
2for example, https://hellojingai3d500.booth.pm/items/6053240
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approach has the potential to be applied to extended body parts
that do not naturally exist in humans.

In this study, we present a proprioceptive feedback system for
extended bodies that can be applied in both physical and virtual
contexts, with a particular focus on virtual reality scenarios. As a
representative case, we focus on the tail an extension that typically
lies outside the user's eld of view and thus especially requires pro-
prioceptive cues. The system simulates an "Imaginary Joint" at the
interface between the user's body and the extended limb by using
skin-stretch to indicate changes in joint angles and torque exerted
by the joint. For example, when an extended tail curves to the left,
the skin near its base stretches and compresses asymmetrically in
the direction of movement (Fig. 1 Left). Likewise, when the tail
exerts force against external loads, the skin near its base stretches
asymmetrically employing a metaphor of muscle contraction to
correspond with the level of force exerted. We believe that this
"Imaginary Joint" feedback will enable users to perceive the posture
and force of the extended body in a way that mimics innate body's
natural proprioception, thus reducing their dependence on visual
cues. This is not merely a matter of mapping information (lik&d]);
rather, it is an attempt to construct a ctional sensation one that
lacks a real-world sensory counterpart that expands how users
perceive and embody arti cial extensions.

Hypothesis: "Imaginary Joint" feedback allows users
both to perceive the virtual body extension's posture
and the torque it generates, without relying on visual
cues, and to increase the sense of embodiment over the
extension.

In this study, we developed a skin-stretch mapping function
through exploratory methods to provide feedback on the angle
and exerted torque of an Imaginary Joint associated with a virtual
tail, and evaluated users' ability to perceive these signals within
the nal system. To provide feedback on the tail's yaw rotation
and exerted torque, we developed a device that stretches the skin
on the left and right sides of the waist. Through two preliminary
experiments, we investigated an mapping for angle feedback and
another for torque feedback. In the main experiment, we compared
two feedback conditions the proposed skin-stretch condition and
a vibrotactile condition across three tasks: the rotation estimation
task, the torque estimation task, and the dual estimation task. In
the dual estimation task, the actuator movements corresponding
to both angle and torque were superposed and presented to the
user. The mappings for angle and torque feedback were speci cally
designed so that users could infer the respective changes in angle
and torque based on the superposed stimulation delivered to the
left and right sides of the lower back.

The results showed that, across all perceptual tasks, the skin-
stretch condition outperformed the vibrotactile condition. Notably,
some participants demonstrated consistently high performance
even in the dual estimation task, suggesting that the proposed
mapping can indeed convey angle and torque information indepen-
dently yet at the same time to the user. Subjective evaluations also
favored the skin-stretch condition, which received higher scores
across all dimensions, including body ownership, agency, perceived
change, sense of augmentation, enjoyment, naturalness, and in-
tuitiveness. Here, we use the termaturalnesgand natural) to
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describe the similarity to sensations arising from innate body parts.
These ndings suggest that the proposed method, which delivers
feedback in a manner more closely resembling innate bodily sensa-
tions, can support users' intuitive perception and foster a stronger
sense of feeling the extended body as part of their own.

The contributions of the paper are as follows:

We propose a proprioceptive feedback method for extended
bodies that is based on an "Imaginary Joint" metaphor, uti-
lizing skin-stretch to provide feedback without relying on
visual cues.

We present an exploratory investigation of mappings that
converts virtual body posture and torque into skin-stretch
deformation, and we introduce a method to simultaneously
convey both posture and torque cues through a single haptic
modality.

Through psychophysical experiments involving a virtual
tail, we demonstrate that "Imaginary Joint" feedback outper-
forms vibrotactile feedback across all measured dimensions,
including perceptual accuracy, sense of embodiment, sense
of augmentation, enjoyment, naturalness, and intuitiveness.

These ndings move us closer to designing interfaces that allow
users to operate and perceive extended body parts as if they were
innate, potentially accelerating the practical adoption of safe, high-
functionality, and enjoyable human augmentation technologies.

2 Related Work

We built on previous studies of extended body technologies in the
virtual and physical World, proprioceptive perception, and feedback
systems for extended bodies and prostheses.

2.1 Extended Body Technologies in Physical
and Virtual Worlds

Supernumerary robotic limbs (SRLs), extra ngers, and robotic
tails have been developed to extend the human body's degrees of
freedom, thereby recon guring the interaction between human
bodies and their environmentl]2 3§. Early studies explored SRLs
to assist in aircraft assembly tasks, including operations such as
drilling above the head1Q 44. Since then, SRLs have been applied
in various scenarios, including construction worl6§, improvi-
sational music performance2f], rehabilitation support fL9, and
object recognition for individuals with visual impairments§.
Extra ngers have also been developed to restore and augment
hand function 30 47, 71, 77. While fewer in number, robotic tails
have been studied for their potential in providing emotional ex-
pressivity and physical supporf9, as well as assisting in balance
control [38].

Users have experienced bodily extension not only in the physical
world but also in virtual environments through extended avatars.
One of the earliest reports comes from Jaron Lanier, who demon-
strated the control of avatars with various morphologies such as
lobsters by mapping human degrees of freedom onto these non-
human forms R7, 76. He and his collaborators coined the term
Homuncular Flexibility to describe the human capacity to learn
to control bodies with unfamiliar con gurations (i.e., to acquire
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users adapt to avatars with three arms over time, supporting this
concept [76].

Adaptation to avatars is explained not only in terms of motor
performance, but also through the subjective experience referred
to as the Sense of Embodimert§. This experience comprises
three components: body ownership, sense of agency, and sense of
self-location R, and emerges through multisensory integration
processesq9 31, 34. Body ownership refers to the feeling that
one's body belongs to oneself, sense of agency is the feeling of
initiating and controlling actions that produce bodily outcomes (i.e.,
body agency, as opposed to external agency, where outcomes are
perceived as occurring in the external environmer& [/3), and
sense of self-location denotes the feeling of being located at the
position of the body within a given environment4g, 31, 50, 77.
Among non-human and non-humanoid avatars, a speci ¢ category
has been identi ed by Steptoe et al. as extended avatars those that
retain a human-like base body but incorporate additional parts such
as a third arm or a tail §4). They demonstrated that users could
experience a sense of body ownership over a virtual tail, using both
subjective and physiological measure&]. Moreover, the visual
appearance of non-human avatars has been shown to modulate
users' perception and cognition for instance, dragon avatars have
been reported to alleviate acrophobid? and enhance memory for
dragon-related vocabularylH highlighting their broad potential
for applications spanning both practical and psychological domains.

2.2 Proprioceptive Perception

Through proprioception, we are able to perceive the approximate
position of our body without relying on vision, enabling us to
avoid obstacles and manipulate objects. The term proprioception,
introduced by Sherrington§Q, refers to sensations that arise as a
result of our own actions, encompassing the senses of position and
movement of the limbs and trunk, as well as the senses of e ort,
force, and heavinesstf. When we move our limbs, the tissues
surrounding the relevant joints such as skin, muscles, tendons,
fascia, joint capsules, and ligaments undergo deformatioh7 48.
While muscle spindles play a primary role in kinesthetic percep-
tion [4§, certain cutaneous receptors also provide supplementary
information. For instance, it has been reported that stretching of
the skin over joints such as the elbow or ngers can induce a sensa-
tion of joint movement [7, 13. Furthermore, Golgi tendon organs
contribute to the perception of tension, force, and heavine?§.[
Building on this knowledge, our research aims to evoke innate-like
proprioceptive sensations in an extended body by providing tactile
stimuli via skin stretching or compression to induce the percep-
tion of an "Imaginary Joint" at the interface between the innate and
extended body.

2.3 Feedback Systems for Extended Bodies and
Prosthesis

Sensory feedback from prosthetic limbs has been extensively in-
vestigated over many decades due to the signi cant bene ts it pro-
vides such as facilitating intuitive tactile perception, enhancing
the adaptation of body image, and improving contrdg. Vari-

ous methods for delivering feedback from prostheses have been

a new body schema). Subsequent studies have demonstrated thatexplored. Invasive approaches, such as electrical stimulation of
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