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Figure 1: Overview of Body Sublimation. In the XR view (left), the user interacts with a virtual hand while both the user’s
original hand and the robotic hand are visually removed. The behind-the-scenes view shows the hidden robotic manipulator
that follows the virtual hand to perform physical interaction. The extended hand operates through two states (right): in the gas
state, it can pass through obstacles to reach distant targets, while in the solid state, it becomes physically grounded to grasp and

manipulate real-world objects.

Abstract

Recent research in extended reality (XR) and robotics has explored
approaches for extending human reach beyond the inert physical
body. XR enables embodied interaction with distant targets but
lacks physical manipulation. In contrast, robot-mediated systems
enable real-world interaction but often disrupt embodiment due
to physical constraints such as latency, limited workspace, kine-
matic mismatch, and collision avoidance. Therefore, reconciling
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physical manipulation with perceptual embodiment remains an
open challenge. In this paper, we present Body Sublimation, an
interaction concept that integrates the perceptual flexibility of XR
with the physical capabilities of robotic systems. A virtual hand in
XR serves as the user’s extended body while both the original hand
and robotic manipulator are hidden using diminished reality. A hid-
den robotic hand then performs physical manipulation, offloading
the physical constraints from the user’s perception, thereby main-
taining embodiment continuity. We validate the Body Sublimation
approach through a user study against a pass-through baseline,
where the robot body is always visible, and application scenarios.
Compared with a pass-through baseline in which the robot remains
visible, our approach maintains task performance while improving
trajectory efficiency in obstacle-reaching scenarios, and contributes
to a stronger sense of embodiment.
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1 Introduction

Human beings interact with their environment through their bod-
ies, particularly through the hand, which enables reaching, grasp-
ing, and manipulating physical objects. However, this capability is
inherently limited to the space surrounding the body. Extending hu-
man reach beyond the inert physical body to directly interact with
distant objects has therefore attracted increasing attention [28, 42].

Recent research in XR and robotics has explored approaches
toward this goal. XR enables interaction with distant targets by
extending the user’s body into virtual space, while preserving the
sense of embodiment, which is critical for intuitive and low-effort
interaction [6, 8, 54]. However, such virtual bodies cannot physi-
cally interact with real-world objects. In contrast, robot-mediated
systems enable real-world interaction by physically manipulating
objects. By directly mapping human motion onto robots, prior
works enabled users to acquire additional arms [50, 51, 58, 60],
operate at larger scales [11, 29], or interact with objects beyond
natural reach [23, 47]. Yet, physical constraints such as latency,
limited workspace, kinematic mismatch, and collision avoidance
often introduce spatial and temporal discrepancies between user
intention and system behavior, disrupting the sense of embodi-
ment [7, 41, 52]. Therefore, reconciling physical manipulation with
perceptual embodiment remains an open challenge.

In this paper, we propose a novel extended hand design that
integrates the ability of XR to support embodiment through accu-
rate body representation with the physical capabilities of robotic
systems. In our approach, the user interacts with real-world objects
through a virtual hand in XR, which provides high-fidelity and
low-latency control, while a robotic hand follows the virtual hand
to perform physical manipulation. To enhance the user’s sense of
embodiment toward the virtual hand, we employ diminished real-
ity (DR) to visually remove both the user’s original hand and the
robotic hand, allowing the virtual hand to be perceived as the sole
embodiment of the user’s action. Through this mechanism, the user
can interact with objects beyond their natural reach while main-
taining user’s sense of embodiment toward the extended hand. This
extended hand can operate in two modes, depending on whether
the hidden robotic hand matches the virtual hand. When the robotic
hand matches the virtual hand, users can physically grasp and ma-
nipulate objects beyond their natural reach. When it does not, the
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virtual hand behaves like a conventional XR hand and can move
freely without physical constraints.

We refer to this design concept as Body Sublimation, inspired
by material phase transitions, and in particular by Sublimate by
Leithinger et al. [36]. In this concept, the extended hand dynamically
transitions between two states: a solid state, in which the virtual
hand is physically grounded by the hidden robotic hand and enables
physical manipulation, and a gas state, in which the hand remains
purely virtual and unconstrained by physical contact. We further
characterize the interaction enabled by Body Sublimation through
representative application scenarios. To evaluate the efficiency of
our approach, we compared it with a pass-through baseline, in
which both the robotic arm and the user’s original hand remain
visible. A user study across multiple tasks showed that, compared
with a pass-through baseline, Body Sublimation enhances users’
sense of embodiment while maintaining task performance.

The contributions of this paper are as follows:

o Exploration of transitions between robot-mediated physical
embodiment and graphically rendered virtual embodiment,
and interaction techniques leveraging such state changes.

e Practical implementations to prototype interactions using a
hidden robotic hand and a virtual hand in XR.

e We evaluate our approach through a user study against a
pass-through baseline, demonstrating maintained task per-
formance and improvements in embodiment-related subjec-
tive measures, including ownership and agency.

2 Related Work

2.1 Expanding the Reach in XR

In the field of XR, techniques have been developed that expand
bodily reach by using the hand as a controller and transforming
spatial mappings. By amplifying hand movements [54] or remap-
ping them [6, 8], these approaches enable intuitive manipulation of
distant virtual objects. They preserve natural bodily motion while
extending reach within virtual space. Furthermore, such interaction
methods have been applied to directly control remotely located IoT
devices through bodily movements [45, 69]. However, these ap-
proaches do not involve dynamic physical interaction with physical
objects, and they do not allow users to physically grasp or move
objects in the physical world. As an attempt to extend reach toward
real-world objects, Feuchtner et al. proposed a method that uses an
extended virtual hand in XR to manipulate physical objects [18].
However, their approach required instrumentation or mechanisms
on the object side, resulting in strong environmental dependency.

2.2 Extending the Body with Robotics

Robotic systems have also been explored as a means of extending
human capabilities. By mapping human motion to robotic manipu-
lators, these systems enable users to physically interact with distant
objects, operate at different scales, and augment their bodies with
robotic embodiments. Such approaches have been widely studied
in the context of robot teleoperation [12, 19, 23, 32, 38, 55]. When
deployed in the same physical space as the user, these systems have
also been explored for assistive applications, enabling users to inter-
act with the environment beyond their physical limitations. [47, 78]
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Furthermore, some researchers have explored extending human
capabilities through Supernumerary Robotic Limbs (SRLs) [46, 80].
SRLs introduce additional body parts, such as extra arms or fingers
that humans do not originally possess, and augment human capa-
bilities by controlling them through users’ bodily movements or
physiological signals [58, 70]. Several studies have demonstrated
that humans can embody body structures different from their nat-
ural body, such as six-fingered hands and third or fourth arms, in
virtual environments [4, 24].

However, robot-mediated bodily interaction in real environ-
ments entails inherent constraints. Temporal limitations such as
control latency and differences in response speed, as well as mor-
phological differences including joint structure, range of motion,
and dynamics, introduce mismatches between the user’s natural
movements and the robot’s behavior [7, 41, 52]. In addition, au-
tonomous robot behaviors such as obstacle avoidance can create
inconsistencies between user input and robot behavior, thereby re-
ducing the sense of embodiment. Although embodiment is critical
for intuitive and low-effort interaction [3, 15], such inconsistencies
disrupt the alignment between users’ actions and system behavior,
thereby undermining embodiment and degrading the quality of
interaction.

2.3 Supporting Embodiment in Human-Robot
Interaction

To mitigate the degradation of embodiment caused by physical
constraints in real-world robot operation, prior work has explored
various approaches to align system behavior with user intention.
For example, latency introduced by communication and control
has been addressed through predictive control methods that esti-
mate future states and compensate for delays [34, 66]. Differences
in embodiment, such as mismatches in kinematics or orientation
between the human body and robotic system, have also been ad-
dressed through coordinate transformations and motion retargeting
techniques [52].

Alternatively, when delays or other system limitations are un-
avoidable, several approaches explicitly communicate the internal
state of the robot to the user in order to reduce ambiguity in inter-
action. For instance, feedback about robot constraints, planned mo-
tion, or safety interventions has been provided through haptic feed-
back [48, 49, 79] or visual feedback mechanisms [61, 67, 74]. Among
these approaches, visual feedback by XR has been widely investi-
gated due to its ability to convey rich information intuitively [65,
71, 75]. For example, previous studies have visualized robot states
through augmented reality overlays [20, 73, 81], projection-based
feedback [21, 37], or digital twin representations [52, 72]. By expos-
ing robot intentions, constraints, or predicted motion, such systems
help users better understand the robot’s behavior and improve
interaction performance.

However, in direct manipulation scenarios where users control
a robotic hand as their own, explicitly overlaying the robot can
interfere with embodiment by introducing additional representa-
tions [18]. Our work therefore explores an alternative design in
which robot-side constraints are conveyed through changes in the
embodied virtual hand rather than through explicit visualization of
the robot.
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2.4 Virtual-Physical Decoupling

In conventional XR systems, interaction is often grounded in a
tight spatiotemporal alignment between virtual and physical ele-
ments. When such synchronization is maintained, users’ actions
are consistently reflected in both virtual representations and physi-
cal outcomes, resulting in interaction without perceptual discrep-
ancy between bodily motion and environmental response. Such
strong coupling enables users to directly manipulate physical ob-
jects through virtual representations [18, 64], as well as to realize
interactions in which virtual and physical entities mutually influ-
ence each other [26, 36].

In contrast, intentionally relaxing this synchronization enables
interaction beyond physical constraints. For example, some re-
searches manipulate the temporal structure of reality by presenting
past states or alternative scenes within the pass-through view [17,
27, 63]. Reality Promises [33] compensates for physical latency by
presenting predicted outcomes in advance, thereby maintaining
perceived immediacy. Remixed Reality [40] further reconfigures the
environment by combining real and virtual elements at spatial and
semantic levels. These approaches introduce decoupling between
virtual and physical elements, allowing interaction to transcend
the limitations imposed by the physical world.

A key technical approach for enabling such virtual-physical
decoupling is diminished reality (DR) [13, 43]. DR is a technique
that visually removes or replaces physical objects and bodies from
the user’s perception. Asynchronous Reality [17], for example, uses
DR to hide physical events from the user while they are immersed
in another task. Instead of presenting the physical events as they
occur, the system later presents virtual replays triggered by inter-
actions with the environment, effectively decoupling the perceived
experience from the underlying physical timeline

Various approaches have been proposed, including real-time
reconstruction methods that estimate and complete the background
from the current environment using RGB-D sensors or multiple
cameras [16, 30], and methods that replace target regions using
pre-captured scene models [2, 25]. While real-time reconstruction
approaches can adapt to dynamic environmental changes, they
require additional sensing setups and computational resources for
online processing [10]. In contrast, pre-captured approaches are
limited in their ability to handle environmental changes but can
provide high-quality visual representations with lower runtime
costs.

The visual removal and replacement enabled by DR have been
widely used to improve users’ perception and interaction with phys-
ical environments. For example, removing unnecessary objects or
visual occlusions has been shown to reduce cognitive load, improve
visibility, and enhance task performance [9, 44]. In robotic applica-
tions, DR has also been used to visually remove robots themselves or
surrounding occluders from the user’s view, improving visibility of
the workspace and supporting more efficient operation [53, 62, 68].

In this work, we also visually remove the robot controlled by
the user through DR, however, our goal is not to organize visual
information or improve visibility of the workspace, but to maintain
embodiment during robot-mediated interaction. In addition, we
remove the user’s original hand and present only the extended
virtual hand as the user’s body representation [18, 39], allowing
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Figure 2: Comparison between Sublimate [36] and our body-
oriented extension of its concept.

users to embody the extended hand. This allows users to leverage
the robot’s physical interaction capability during contact and ma-
nipulation, while separating the virtual representation from the
robot’s physical constraints when necessary, enabling remote object
manipulation with a consistent sense of embodiment.

3 Body Sublimation

3.1 Vision and Concept

Our vision is to enable users to perform physical interaction beyond
the spatial limits of their biological body. To achieve this, robotic
arms are necessary as a means to reach and manipulate out-of-reach
objects. However, in order to support such interaction in a natural
and intuitive manner, the robotic arm must be embodied as part of
the user’s own body.

In considering embodiment for robotic arms, we draw inspira-
tion from Sublimate [36] by Leithinger et al. Sublimate explored
a way to integrate two complementary representations: tangible
display objects, which enable physical interaction but suffer from la-
tency and limited resolution, and augmented reality objects, which
provide high visual fidelity and responsiveness but lack physical
interaction. It introduced a metaphor for transitioning between
these representations to leverage the strengths of both; in Subli-
mate, objects can dynamically switch between a solid physical state,
where they are rendered as tangible objects through a shape display
with spatially co-located 3D graphics, and a gas-like state, where
they are represented by 3D graphics only (Fig. 2 top).

While Sublimate focused on the design of objects being touched,
our work shifts the focus toward the body that performs the in-
teraction. With recent advances in embodied interfaces, a similar
trade-off to that raised by Sublimate now appears in extended body
systems. Robotic arms and hands enable physical interaction but
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suffer from physical constraints such as latency, limited workspace,
and collision avoidance. In contrast, virtual hands in XR provide fast
and high-fidelity control but cannot directly interact with physical
objects (Fig. 2 bottom). To address this trade-off, we propose Body
Sublimation. In our approach, the user embodies a virtual hand
as an extended hand, while physical interaction is performed by a
hidden robotic manipulator. The extended hand can take two states
depending on the correspondence between the virtual hand and
the robot hand. When the robot matches the virtual hand, it enters
a solid state, in which it becomes physically grounded and can inter-
act with real-world objects. When they do not match, it enters a gas
state, in which it becomes a purely virtual entity without physical
constraints (Fig. 2 bottom).

To enable users to embody the virtual hand and operate it as an
extended hand, we employ DR to visually remove both the robotic
hand and the user’s original hand, leaving only the state-changing
virtual hand visible (Fig. 1).

3.2 Benefit of Our Interaction Approach

3.2.1 Maintaining Embodiment despite Human—Robot Kinematic
Differences. Although robotic arms and human arms differ in mor-
phology and kinematics, Body Sublimation enables users to main-
tain embodiment during physical interaction by visually removing
both the robotic hand and the user’s original hand. As a result, the
virtual hand becomes the sole embodied representation, allowing
users to interact with physical objects without being affected by
discrepancies between human and robotic bodies (Fig. 3 left).

3.2.2  Maintaining Embodiment under Collision Avoidance. When
operating robots in real-world environments, obstacles are often
present, making autonomous collision avoidance necessary for
safety and performance; however, such automation can disrupt the
user’s sense of embodiment. In Body Sublimation, the robot is not
directly exposed to the user, and collision avoidance is handled
autonomously by the invisible robot. When a potential collision is
detected, the system transitions the extended hand into the gas state
while the robot adjusts its motion to avoid obstacles. This allows
the user to perceive a continuous embodied interaction, while the
virtual hand can pass through obstacles and reach target objects
beyond them.

3.2.3 Maintaining Embodiment beyond the Robot Workspace. When
the extended hand moves outside the robot’s workspace, the robotic
hand cannot follow it. In such cases, the extended hand transitions
from solid to gas. This allows the system to convey the robot’s state
through changes in the state of the hand, preserving embodiment
while avoiding explicit exposure of the robot itself.

3.24 Interaction Across Multiple Robotic Platforms. Since the robotic
system is not directly exposed to the user, the interaction is not tied
to a specific robotic embodiment and can seamlessly adapt to dif-
ferent robotic systems. Various mechanisms, such as robotic arms,
mobile manipulators [78], or parallel-link systems [47], can be used
to realize physical interaction of the extended hand. Furthermore,
the system enables continuous interaction across multiple robots by
dynamically switching which robot follows the virtual hand based
on its spatial position. This allows users to maintain continuous
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embodied interaction across a workspace larger than what a single
robot can cover.

3.3 Design Considerations

To ensure safety and usability in interactions enabled by Body Sub-
limation, which involves an invisible robotic hand and manipulator,
the system must satisfy several key requirements.

3.3.1 Communicating the state of the extended hand. While Body
Sublimation maintains embodiment by visually removing the robotic
system, users still need to understand whether the extended hand
can physically interact with the environment to ensure usability.
Therefore, the system should convey the state of the extended hand
to the user through visual or other forms of feedback. In particular,
it is important to inform the user whether the extended hand is
physically grounded or not, i.e., whether it is in the solid or gas state.
This feedback allows users to understand whether the extended
hand can physically interact with the environment through changes
in its state, without directly perceiving the physical constraints of
the underlying robot, thereby maintaining a sense of embodiment.

3.3.2  Ensuring safety through autonomous collision avoidance. Since
the robotic hand is invisible to the user, the system must autonomously
ensure safe robot behavior. The robot should avoid collisions with
environmental obstacles, objects, and people including the user.
When a potential collision is detected, the robot should temporarily
decouple from the virtual hand and adjust its motion to avoid the
obstacle while maintaining perceptual continuity.

3.3.3 Supporting attachment and detachment function between the
user and robot. When the robot workspace overlaps with the user’s
reachable space, users may want to switch between using the robot
for remote interaction and using their original hand for direct in-
teraction. Therefore, the system should allow users to intentionally
attach and detach the extended hand from the robot depending on
their interaction goals.

4 Implementation

4.1 User Experience

We first describe the end-to-end user experience before detailing
its technical implementation. Please also refer to the supplemental
video for a demonstration of the interaction.

The user wears a VR headset (Meta Quest 3) and sits in front
of a desk. The passthrough view of the physical environment is
displayed, but the user’s original hand and the robotic arm/hand are
visually hidden through Gaussian splat-based diminished reality.
In their place, a virtual hand is displayed.

The virtual hand employs a Go-Go-style reach amplification: the
farther the user extends their hand, the farther the virtual hand
travels. A blue sphere is displayed at the position of the (hidden)
robotic hand. When the user reaches out with the virtual hand and
touches this sphere, the virtual hand turns into a blue filled hand,
indicating attachment. In this attached state, the robotic arm and
hand track the virtual hand’s motion, enabling physical interaction
such as grasping objects (solid state). If the robotic arm encounters
an obstacle, reaches the boundary of its workspace, or cannot match
the virtual hand’s position for other reasons, meaning that the
physical interaction afforded by the robot does not correspond to
what the virtual hand visually suggests, the virtual hand transitions
to a blue outline, representing the gas state.

To detach from the robot, the user performs a stop sign gesture
(palm facing away). Upon detachment, the blue sphere remains at
the robot’s current position, and the virtual hand returns to white,
signifying the detached state.

4.2 System Architecture

Our system consists of two main components: a Meta Quest 3
head-mounted display (HMD) for hand tracking, diminished reality
rendering, and virtual hand visualization, and an xArm?7 (uFactory)
robotic arm equipped with an Ability Hand (PSYONIC) as the end
effector for realizing physical interaction. The user application was
implemented in Unity and deployed to a PC connected to the Meta
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Quest 3 via USB (Quest Link). The robotic control system was im-
plemented using Python and TouchDesigner. The two components
communicate bidirectionally via UDP using Protocol Buffers for
serialization. To establish a shared coordinate system between the
Quest and the robot, we manually placed a spatial anchor aligned
with the robot’s base origin.

4.3 Extended Virtual Hand

To enable the user to reach objects beyond their physical arm’s
length, we employ a Go-Go-like [54] hand extension technique.
We compute the distance r,, between the user’s original hand and
the estimated center of the head on the horizontal (XZ) plane only,
excluding the vertical axis to avoid unintended amplification from
raising or lowering the hand. Given a distance threshold D = 0.1m,
the virtual hand position is computed as follows: when r;, < D, the
virtual hand maps one-to-one with the original hand. When r, > D,
the virtual hand distance r, from the head center is computed as:

ro=D+g- (r,~ D) 1)

where g = 10 is the amplification gain. The direction of the virtual
hand on the XZ plane remains identical to that of the original hand,
and the Y coordinate is passed through without modification.

The visual appearance of the virtual hand encodes two inde-
pendent dimensions of system state—attachment and the solid/gas
state—through color and fill style. When the virtual hand is not
attached to the robot, it is rendered in white: as a filled hand in
the solid state (one-to-one correspondence with the original hand,
rp < D), and as an outline in the gas state (reach is amplified,
rp > D). When the virtual hand is attached to the robot, it is ren-
dered in blue: as a filled hand in the solid state (the robotic arm
successfully tracks the virtual hand position), and as an outline
in the gas state (the robotic arm cannot match the virtual hand’s
position due to obstacles, workspace limits, or other constraints).

4.4 Robotic Hand Control

The robotic hand was controlled to follow the virtual hand position
received from Unity as the target position. During tracking, the
robot’s target motion was computed while considering collision
avoidance and speed constraints.

The robot was controlled by sending the end-effector pose (6DoF),
and inverse kinematics was automatically solved by the robot con-
troller. Collision avoidance was implemented as a retargeting of
the target position. Let X;qr¢e; denote the desired target position
of the robot and x,,s denote the position of an obstacle. The dis-
tance between them is defined as d = [X;arger — Xobs|- When this
distance becomes smaller than a predefined safety threshold J, the
target position is pushed outward along the radial direction from
the obstacle to maintain a safe clearance, as defined in Eq. (2).

Xtarget —Xobs [ ( )

< _ | Xtarger + (6-4a) ||xmrget7XObs (d <)
target d=>0)

Xtarget

Here, X} ,,4., represents the adjusted target position used for ro-
bot control. Potential collision targets included the user’s original
hand, a base position defined to prevent self-collision of the robot,
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Figure 4: (Left) Gaussian splat of the environment and the 3D-
reconstructed robot arm. (Center) Splat clipped using cone
cutouts. The red ellipses represent the base of each cone.
(Right) Final splat rendering clipped and edge-feathered us-
ing alpha masking. To account for latency and positional
misalignment of the robot arm, the mask boundaries in the
actual scene are slightly expanded compared to those shown
in this image.

and obstacles tracked by OptiTrack, as well as obstacles fixed at
predetermined positions in the environment.

To ensure safe motion, the robot speed was constrained such
that the speed of end-effector remained below 1000 mm/s at all
times. In addition, when abnormal torque was detected, the robot
was immediately stopped according to the robot controller’s safety
mechanism. The robot arm has a reach of 750 mm; therefore, the
target positions sent to the robot were constrained within a sphere
of 750 mm radius from the robot base. In addition, to avoid overly
complex robot configurations, the orientation of the end effector
(roll, pitch, yaw) was constrained within predefined limits of +90°.
When the target position moved outside the predefined workspace,
it was retargeted to remain within the workspace boundaries.

When the target position was modified due to these operational
constraints, such as velocity limitation, workspace limitation, and
collision avoidance, the system considered that the robotic hand
could no longer accurately follow the extended virtual hand. This
mismatch was sent back to the Unity system as a state flag and
used to control the transition from the solid state to the gas state.

4.5 Diminished Reality Rendering

Here, we describe our DR implementation. As discussed in the Re-
lated Work section, we adopt a pre-captured scene representation
to prioritize visual fidelity over adaptability to dynamic environ-
ments. To visually remove both the robotic arm/hand and the user’s
original hand from the passthrough view, we employ a 3D Gaussian
splatting [35] system that renders a previously captured splat of
the environment over the entities to be hidden. We use an open-
source Gaussian splatting renderer [1], extended with additional
functionalities described below.

4.5.1 Splat Preparation and Masked Rendering. The environment
was captured using an iPhone with a Gaussian splatting application
(Luma 3D) and imported into Unity. We color-corrected the splat
to match the Quest’s passthrough view by enabling a tone curve
adjustment in the renderer.
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To clip the splat to the regions to be hidden, we adopt a two-stage
masking similar to that of Reality Promises [33]: cone cutouts at
the compute stage for coarse region selection, followed by screen-
space alpha masking with edge feathering in the fragment shader
for pixel-accurate silhouette clipping. Cone cutouts are attached to
the tracked positions of the robotic arm and the user’s original hand,
so that only the splats necessary to cover these entities are rendered.
Whereas Reality Promises masked a low-DoF robot by combining
two elliptical masks, our system must cover the articulated 7-DoF
arm and multi-fingered hand, removing only the targeted regions
with high fidelity so that the surrounding view remains intact
and real-time embodied interaction is not disrupted. We therefore
reconstruct the full robot within Unity, using publicly available
3D models of the xArm and Ability Hand driven by real-time joint
angles received via UDP, and render it off-screen to a mask texture,
to which a Gaussian blur is applied to feather the boundary. During
splat rendering, the fragment shader samples this mask at each pixel
and multiplies the splat’s output by the mask value, ensuring that
the splat patch covers the robotic arm accurately without bleeding
into the surrounding passthrough view (Fig. 4).

4.5.2 Diminished Reality for the Original Hand. To prevent conflict-
ing body ownership cues between the original hand and the virtual
hand, the original hand must be hidden from the passthrough view.
However, our initial attempts revealed a critical constraint: using
precise hand-tracking data to cutout the original hand creates a
distinct, hand-shaped outline due to subtle color and alignment
discrepancies. This silhouette inadvertently draws the user’s atten-
tion back to the original hand’s location, undermining the illusion
of hand extension. To address this problem, we employed a low-
fidelity masking that deliberately avoids a precise silhouette. We
approximate the original hand using three cuboids, representing the
palm, thumb, and the remaining fingers, resulting in a mitten-like
shape. The resulting lower-fidelity cutout at the original hand’s
location reduces the visual salience of the boundary, encouraging
the user to attend to the higher-fidelity virtual hand displayed at
the extended position.

4.6 Technical Analysis

To evaluate the system performance of Body Sublimation, we mea-
sured the trajectories of the user’s hand, the virtual hand, and the
robotic hand during interaction. The position of the user’s original
hand was obtained from the hand tracking data of the Meta Quest
3. The position of the robotic hand was reconstructed from the ro-
bot’s joint states using forward kinematics to obtain the end-effector
XYZ position. The position of the virtual hand was computed by
applying a hand extension function to the user’s hand motion.

Fig. 5 shows the trajectories of the original hand, virtual hand,
and robotic hand during an interaction sequence, together with
the system state (gas / solid). The results illustrate how the virtual
hand extends the user’s reach, while the robotic hand follows the
motion when physical interaction is required.

The mechanical time lag was measured through cross-correlation
between the control position (user’s original hand) and the mea-
sured position (robot). The measured delays were 0.025 s in the X
direction, 0.30 s in the Y direction, and 0.044 s in the Z direction.
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Figure 5: Time-series position data along each axis (X, Y, Z)
for the user’s hand, virtual hand, and robot hand during a
sequence of motion. Periods in the gas state are highlighted
with color.

Figure 6: Two conditions for user study in participants’ view:
PT, a pass-through baseline (left), and SU, the Body Sublima-
tion approach (right).

5 User Study

We conducted a user study to assess the potential benefits of Body
Sublimation relative to the baseline pass-through system.

5.1 Experimental Design

We conducted a within-subject study to evaluate whether Body
Sublimation enables users to experience remote physical manipula-
tion as part of their own body while maintaining task performance.
Participants performed three types of tasks: reaching without ob-
stacles, reaching with obstacle, and a grasping (pick-and-place)
task.

Each task was performed under two conditions: (PT) a pass-
through baseline, in which both the user’s real hand and the robot
are visible (Fig. 6 left), and (SU) Sublimation approach, in which
both are visually removed and replaced with a virtual hand repre-
sentation (Fig. 6 right). Note that the underlying robotic system and
control pipeline were identical across the two conditions; only the
visual representation differed. This allows us to isolate the effect of
perceptual embodiment introduced by Body Sublimation.

5.2 Participants

12 participants (10 male, 2 female) voluntarily joined the study. Par-
ticipants’ age ranged from 19 to 29 years (Mean = 23.25, SD = 2.87),
and all participants were right-handed. All participants provided
informed consent prior to the experiment and were informed about
the procedure and the approximate duration of the study.
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Figure 7: Spatial configuration of the user study. The initial
hand position was fixed across all tasks. In the reaching task,
three target candidates were placed at equal distances, and
one was randomly selected as the target. An obstacle was
positioned 0.2 m from the initial hand position. In the grasp-
ing task, multiple target candidates were placed at equal
distances from the initial object position.

5.3 Procedure

Each experimental session lasted approximately 80 minutes and
was conducted individually. The order of the PT and SU conditions
was counterbalanced across participants, while the other factors,
including task order, were fixed. Participants first completed a short
practice session to familiarize themselves with the system and
interaction method. Participants then performed three tasks in the
following order: reaching without obstacles, reaching with obstacle,
and grasping. After completing all three tasks under one condition,
participants repeated the same procedure under the other condition.
After completing each task under both conditions, participants
reported their subjective experience via questionnaires. At the end
of the session, a semi-structured interview was conducted to collect
qualitative feedback.

5.4 Tasks

The spatial configuration of the tasks is shown in Fig. 7. The initial
hand position was fixed across all tasks.

Reaching task. Participants moved their extended hand from the
initial position toward a visually presented target. Three target
candidates were placed at equal distances, and one was randomly
selected in each trial. A trial was considered successful when the
robot’s index finger touched the target and remained within the
target region for 2 seconds.

Reaching task with obstacle. A physical object was placed 0.2m
from the initial hand position. The robot performed obstacle avoid-
ance during motion. Participants were informed in advance that
the robot would automatically avoid obstacles.

Grasping task. Participants reached for and grasped a physical
object (a water bottle), then moved it to a goal region indicated
in AR. Multiple target candidates were placed at equal distances
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from the initial object position. A trial was considered successful
when the object was placed within the goal region and held for 2
seconds. Trials were terminated as failures if the object was dropped
or if the task exceeded 60 seconds. In each condition, participants
performed three trials per task, and target positions were presented
in randomized order.

5.5 Metrics

We evaluated both behavioral performance and subjective experi-
ence. In all trials, we recorded the positions of the virtual hand, the
robot end-effector, and the user’s original hand. The virtual hand
represents the target position generated from the user’s original
hand using the Go-Go interaction mapping. Although it is not vi-
sually presented in the baseline condition, it is still computed and
used as the control target for the robot, ensuring identical control
inputs across conditions.

For the reaching task, we measured task completion time and
trajectory straightness of the virtual hand in order to measure the
effectiveness of reaching. For the grasping task, we measured suc-
cess rate. Following prior work [14, 76, 77], trajectory straightness
was computed as the ratio between the Euclidean distance from
the start position to the target and the actual path length. A value
closer to 1 indicates a more efficient trajectory.

To assess subjective experience, we used the Virtual Embodiment
Questionnaire (VEQ)[57] to evaluate embodiment and the UEQ-
S[22] to assess perceived usability. We adapted the VEQ by replacing
the term “virtual body” in the questionnaire items with “extended
hand”. Additionally, we conducted semi-structured interviews to an-
alyze how participants interpreted discrepancies between intended
motion and robot behavior, and whether the system was perceived
as an external tool or as an extension of the body.

5.6 Results

We analyzed task performance and subjective responses to com-
pare the two conditions. Statistical comparisons were conducted
independently for each task between PT and SU conditions, and
no correction for multiple comparisons was applied. For task per-
formance, we first assessed normality using the Shapiro-Wilk test
and selected either paired t-tests or Wilcoxon signed-rank tests
accordingly. For subjective ratings obtained from Likert-scale ques-
tionnaires, we treated the data as ordinal and applied Wilcoxon
signed-rank tests. In addition, qualitative preferences were collected
through semi-structured interviews.

5.6.1 Task Performance. Fig. 8 left shows the task performance re-
sults. For the reaching task without obstacles, paired t-tests revealed
no significant differences between conditions in either completion
time or trajectory straightness. For the reaching task with obstacle,
the Wilcoxon signed-rank test showed no significant difference in
completion time. In contrast, trajectory straightness was signifi-
cantly higher in SU than in PT (paired t-test, p = 0.04). For the
grasping task, the Wilcoxon signed-rank test revealed no significant
differences between conditions.

5.6.2  User Preferences. Subjective ratings were collected using 7-
point Likert-scale questionnaires. Ownership, Agency, and Change
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Figure 8: Task performance across conditions (left) and user preferences in each task (right). Asterisks indicate statistical

significance: #p < .05

Table 1: Questionnaire results (median, IQR). * : p < .05,
s p < .01

Reaching (R()eljsct};lcrlleg) Grasping
Measure PT SU PT SU PT SU
Ownership 4.1 5.4 43 5.5 4.9 5.5
(14) (0.9 (0.8) (0.9 (17) (1L6)*
Agency 5.1 6.3 4.8 6.0 . 5.8 5.9
(18) (1.0)" (1.8) (0.6)° (1.4) (1L.1)
Change 1.3 1.8 1.3 2.5 1.3 2.4
06) (09 (12) (19 (@19 (17
Pragmatic 4.9 5.9 5.3 5.9 6.0 6.0
(0.6) (L6) (14) (0.6) (1.1) (1.9
Hedonic 5.5 6.9 5.9 6.6 6.1 6.9
(14) (0.6)" (1.4) (0.8 (1.1) (0.3)*

subscales were derived from the VEQ, while pragmatic and hedo-
nic quality were obtained from the UEQ-S. All comparisons were
conducted using the Wilcoxon signed-rank test.

Table 1 summarizes the results for each task. For the reaching
task without obstacles, SU showed significantly higher scores than
PT in ownership (p = 0.006), agency (p = 0.02), change (p = 0.03),
pragmatic quality (p = 0.04), and hedonic quality (p = 0.009). For
the reaching task with obstacle, SU was significantly higher than
PT in ownership (p = 0.02), agency (p = 0.02), and hedonic quality
(p = 0.02). For the grasping task, SU was significantly higher than
PT in ownership (p = 0.04) and hedonic quality (p = 0.009).

Finally, in the semi-structured interview, participants were asked
which condition they found easier to perform for each task. The
results are summarized in Fig. 8 right.

6 Discussion

The aim of this study was to examine whether the Body Sublimation
approach, where both the user’s original hand and the robotic hand
are visually removed and only a virtual hand representing the
user’s intended position is presented, can improve users’ sense of
embodiment while maintaining task performance.

Task Performance. Overall, the results suggest that Body Subli-
mation enhances embodiment while maintaining task performance.

Furthermore, in the reaching task with obstacle, trajectory straight-

ness was significantly improved in SU. Although participants were
informed that the robot would automatically avoid obstacles in both
conditions, some participants noted that in PT, the visibility of the
avoidance behavior led them to adjust their own movements (P2), or
made them feel inclined to avoid obstacles themselves even when
they knew the robot would do so (P8, P10). On the other hand,
some participants reported that they avoided obstacles on their
own regardless of the condition (P7), while others felt increased
uncertainty when the robot was not visible (P4).
User Preferences. The results of the subjective questionnaire
indicated that Body Sublimation improves both embodiment and
usability. In the reaching task, more participants preferred SU (Fig. 8
right). Many participants reported that it was easier to understand
the spatial relationship between the hand and the environment (P3,
P4, P7, P10, P12). P4 noted, “PT was more difficult, as the robot arm
and the control box obstructed the view and made it harder to perceive
depth and spatial relationships.” On the other hand, one participant
noted, “In SU, the mismatch between the robotic hand and the vir-
tual hand was noticeable” (P3). In the reaching task with obstacle,
several participants reported that SU felt less stressful (P3, P5, P9).
Participants tended to avoid obstacles themselves in PT despite
knowing it was unnecessary, and the visibility of the robot made
them anxious about potential collisions (P9). Some also reported
a sense of inconsistency between their own movements and the
robot’s avoidance behavior in PT (P12). However, one participant
perceived both conditions as using a tool rather than an extension
of the body and therefore found PT easier to use (P10). Taken to-
gether, these findings suggest that Body Sublimation reduces visual
interference from the robot, enabling more direct spatial under-
standing and interaction. At the same time, removing the robot’s
visual representation can introduce perceptual discrepancies and
reduce transparency for some users, indicating a trade-off between
embodiment and system interpretability in Body Sublimation.

In contrast, a different tendency was observed in the grasping
task. Although ownership and hedonic usability were significantly
higher in SU, more participants preferred PT. A major reason was
that the Gaussian splatting mask occasionally occluded parts of the
object being grasped, and the mismatch between the virtual hand
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Figure 9: Comparison between PT and SU during grasping a
bottle. In PT, the robot grasping the bottle is visible, whereas
in SU, parts of the bottle are also occluded due to the Gaussian
splatting mask.

and the robotic hand made it difficult to judge whether the object
was successfully grasped (P2, P3, P6, P8, P9, P10, P11, P12). P11 also
noted that haptic feedback would be necessary to confirm successful
grasping. Fig. 9 shows a comparison between PT and SU during
grasping. Precisely masking only the robot remains technically
challenging, and the current approach can obscure relevant parts
of the scene, which is a limitation. On the other hand, several
participants reported that SU was easier to use. They noted that the
virtual hand, being closer to the shape of a human hand, made it
easier to determine the timing of finger and hand movements (P1),
and that removing the visible robot reduced stress (P4, P5).
Findings from the Interview. Finally, the semi-structured in-
terviews provided further insights into how Body Sublimation
addresses challenges inherent to physical interaction in real en-
vironments. First, regarding environmental obstacles, as reflected
in the feedback from the reaching task with obstacle, many partici-
pants reported that hiding the robot’s avoidance behavior reduced
stress and prevented a decrease in their sense of agency. Second,
regarding differences in embodiment, as observed in the grasping
task feedback, several participants reported that SU made grasping
easier by masking the robot and reducing the discrepancy between
their own body and the robotic system. In addition, many partici-
pants noted that removing the visible robot arm reduced a sense
of intimidation, resulting in a less stressful interaction. Regarding
latency, most participants reported that it was not a major concern
in either condition (7/12 participants). However, in the reaching
with obstacle task, some participants perceived additional delay
due to the robot’s avoidance behavior, particularly in PT (P2). In PT,
the visible delay of the robot arm also influenced users’ movements,
causing them to slow down or adapt their actions accordingly (P8,
P11). In contrast, some participants reported that latency was more
noticeable in SU, as the virtual hand made the intended position of
the robot more explicit, thereby highlighting temporal discrepan-
cies between the virtual and physical motion (P1, P3).

7 Applications

Body Sublimation enables embodied out-of-reach interaction through
robotic mediation, even in cluttered daily environments or across
spatially separated spaces. Here we describe example scenarios.
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Figure 10: The system assists the user in fetching a distant
snack without moving by extending the user’s reachable
space, even in a desktop environment where many obstacles
exist for the robot.
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Figure 11: The user attaches to a robot beyond the curtain to
hand over a bottle to a person on the other side (1, 2), and
directly transfers the object (3).

7.1 Enhancing Fetching Action for Reachability

In everyday living environments, physical spaces often contain
many obstacles such as monitors, furniture, and shelves, which
limit direct access to objects. Body Sublimation enables users to
interact with objects beyond such obstacles without requiring phys-
ical repositioning. For example, a user can fetch a snack placed
on a shelf behind monitors without standing up. By extending the
virtual hand beyond the obstructed region, the system allows the
user to reach and retrieve objects that are otherwise physically
inaccessible from their current position (Fig. 10).

7.2 Social Interaction Beyond Physical Barriers

Our system also enables embodied interaction across physical bar-
riers by perceptually bridging the gap between the user’s reachable
space and the robot’s operational space. When the user extends
their arm toward a barrier, the extended hand transitions into a
gas state and mediates the spatial discontinuity, visually and per-
ceptually connecting the user’s body to the manipulation point
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beyond the physical obstruction. Rather than switching to a sepa-
rate robotic agent, the extended hand preserves a continuous bodily
trajectory across the barrier. For example, a user can reach through
a curtain and grasp a bottle located on the opposite side, then hand
it to a friend standing beyond the barrier (Fig. 11).

8 Limitations and Future Work

This work has several possible directions for future improvement.
First, Body Sublimation can be extended beyond a single robotic

arm to room-scale systems [59], such as cable-driven parallel robots [47].

Although such systems provide a larger workspace, they often suf-
fer from dead zones in cluttered environments. Body Sublimation
can mitigate this limitation by enabling seamless transitions be-
tween gas and solid states, maintaining interaction continuity even
when the robot cannot perfectly follow the path. Body Sublimation
is also applicable to telepresence scenarios. In teleoperation, limited
viewpoint control and reduced situational awareness make it diffi-
cult to perceive obstacles and plan safe motions [56]. By allowing
users to maintain a sense of agency while the system autonomously
handles constraints such as obstacle avoidance, Body Sublimation
can improve both usability and robustness in remote interaction.

Second, there are several limitations in our current implementa-
tion. In our implementation, DR masking relies on a digital twin
reconstructed from joint angles, which can lead to misalignment
and unintended occlusion of target objects. More visually accurate
approaches, such as directly tracking occluding geometry, could
improve visual consistency. Additionally, our method relies on a
pre-captured scene representation using Gaussian splatting. While
this enables high-fidelity rendering with moderate computational
cost, it requires a time-consuming preprocessing step and cannot
handle dynamic changes in the environment. Future work could ex-
plore multi-camera or real-time reconstruction methods to address
these limitations. Furthermore, the current system provides only
visual feedback, but haptic sensations during contact and grasping
would improve the interaction experience. Integrating haptic feed-
back may further enhance embodiment and usability, and remains
an important direction for future implementation.

Third, there are also limitations in our evaluation. The primary
objective of the user study was to assess the overall Body Sublima-
tion experience, particularly in terms of embodiment and agency,
rather than to isolate the effects of individual design components or
provide a comprehensive evaluation of task performance. Therefore,
the individual contributions of diminished reality, robot masking,
original-hand masking, and the gas/solid state transition remain
unclear. Future work should clarify these contributions through
controlled ablation studies. In addition, our evaluation was limited
to relatively simple reaching and grasping tasks. Although grasping
was important as a representative physical interaction task, our
analysis primarily focused on subjective embodiment and usability
rather than detailed manipulation performance. A more compre-
hensive evaluation of manipulation performance, including grasp
accuracy, grasp stability, and failure modes, together with valida-
tion in more complex real-world manipulation scenarios, remains
important future work.

Finally, participants’ interview comments suggest a trade-off be-
tween embodiment and interpretability. While implicitly handling
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processes such as obstacle avoidance can improve efficiency and
enhance embodiment, the current binary gas/solid representation
may limit users’ understanding of system behavior. For example,
some participants appeared not to understand why the robot failed
to reach targets near the boundary of its workspace. These obser-
vations indicate that explicitly communicating robot states may
improve task performance, but could also reduce the sense of em-
bodiment. This suggests the need to convey rich information about
robot-side constraints without exposing the robot itself. Prior work
in object-oriented HRI has explored encoding robot reachability on
the object side [74]. Similarly, a body-oriented approach may be
required, in which such constraints are communicated through the
user’s embodied representation rather than through explicit visu-
alization. This trade-off between embodiment and interpretability
constitutes an important design consideration for future robot-
mediated embodied interaction. A key characteristic of Body Subli-
mation is its tolerance to mismatches between user actions and the
robot’s actual behavior. Leveraging this property, future work could
incorporate predictive control for latency compensation [34] or in-
troduce autonomous assistance for precise manipulation [5, 31],
enabling more accurate and robust interaction.

9 Conclusions

In this paper, we presented Body Sublimation, an interaction ap-
proach that enables embodied physical interaction beyond the limits
of the human body by integrating a virtual hand representation
with a hidden robotic manipulator. By decoupling the user’s per-
ceived interaction space from the physical constraints of the robot,
our approach allows users to seamlessly transition between uncon-
strained virtual interaction and physically grounded manipulation.

Through a user study comparing our method with a pass-through
baseline, we demonstrate that Body Sublimation enhances users’
sense of agency and ownership, while maintaining task perfor-
mance and improving trajectory straightness during reaching in
the presence of obstacles. These results suggest that removing ex-
plicit robot representations and instead presenting a unified virtual
hand can support more coherent embodiment, even in the presence
of physical constraints such as reachability and obstacle avoidance.

Our findings highlight a new design direction for integrating
XR and robotics, where physical constraints are handled implicitly
while preserving a continuous embodied experience. We believe
Body Sublimation provides a foundation for future systems that
extend human interaction beyond natural reach, bridging the gap
between virtual flexibility and physical capability.
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