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Fig. 1: Hand redirection in four conditions. Left : a participant wearing an XR headset reaches out to touch a virtual target (green
dot); redirection is applied so that when the participant sees their hand touch the virtual target, their physical hand touches an offset
physical target (green circle, not visible to the participant, shown here for illustration purposes). Right : first person views of the four
conditions of our user study, combining two hand rendering modes–one using a generic VR avatar hand (VRH) and one a photorealistic
model based on a live video frame (MRH)–and two scene rendering modes–one using a virtual environment (VRS) and one the actual
physical surroundings of the user in video passthrough mode (MRS).

Abstract—Redirection in virtual reality (VR) enhances haptic feedback versatility by relaxing the need for precise alignment between
virtual and physical objects. In mixed reality (MR), where users see the real world and their own hands, haptic redirection enables a
physical interaction with virtual objects but poses greater challenges due to altering real-world perception. This paper investigates the
effect of the realism of the user’s surroundings and of the user’s hand on haptic redirection. The user’s familiarity with their actual
physical surroundings and their actual hand could make the redirection manipulations easier–or harder–to detect. In a user study (N
= 30) participants saw either a virtual environment or their actual physical surroundings, and saw their hand rendered either with a
generic 3D model or with a live 2D video sprite of their actual hand. The study used a two-alternative forced choice (2AFC) design
asking participants to detect hand redirections that bridged physical to virtual offsets of varying magnitudes. The results show that
participants were not more sensitive to 2D video sprite hand redirection than to VR hand redirection, which supports the use of haptic
redirection in MR.

Index Terms—Hand redirection, mixed reality, haptic feedback, hand tracking

1 INTRODUCTION

Haptic feedback greatly enhances virtual reality (VR) applications by
allowing users not just to see but also to feel the virtual objects with
which they interact [53, 56, 63]. Providing convincing haptic feedback
is challenging. One approach is to rely on physical objects in the
user’s surroundings to impersonate the virtual objects with which the
user interacts [28, 41]. The approach provides limited haptic feedback
opportunities since it is unlikely that the user’s physical surroundings
match the virtual world. The number of haptic feedback opportunities
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has been increased by using redirection to tolerate offsets between
physical and virtual objects, such that the same physical object can be
used to provide haptic feedback for multiple virtual objects [1,25,35,66].
Redirection has to accommodate two competing requirements: the
offset between real and virtual should be large in order to provide haptic
feedback in a wide range of scenarios, and, at the same time, the offset
should be small enough for it to go unnoticed by the user [64, 68, 69].

Advances in video passthrough headset technology (e.g., Oculus
Quest 31, HTC Vive2, and Apple Vision Pro3) support mixed reality
(MR) immersive visualization applications where users see their actual
hands and their actual physical surroundings into which virtual objects
are integrated seamlessly [33]. Like in VR, haptic redirection is called
upon to allow users to touch the virtual objects of an MR application.
Unlike in VR, haptic redirection is more challenging in MR as one has
to manipulate the user’s view of their physical surroundings.

1https://www.meta.com/quest/quest-3
2https://www.vive.com/us
3https://www.apple.com/apple-vision-pro
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In this paper we investigate the effect of the realism of the user’s
surroundings and of the user’s hand on haptic redirection. We put forth
two competing hypotheses. On one hand, it could be that the user’s
familiarity with their actual physical surroundings and their actual hand
makes the redirection manipulations more conspicuous, increasing the
user’s acuity at detecting them. On the other hand, it could be that when
the user sees their own hand and their actual physical surroundings, any
redirection manipulation becomes less plausible, lowering the user’s
guard, and allowing for more sizable manipulations to go undetected.
We have conducted an IRB-approved user study (N = 30) in which
participants saw either a virtual environment or their actual physical
surroundings, i.e., VR scene vs. MR scene, and saw their hand rendered
either with a generic 3D computer graphics model or using a 2D video
sprite of their hand, i.e., VR hand vs. MR hand (Fig. 1). We used a two-
alternative forced choice (2AFC) design asking participants to detect
hand redirections that bridged real to virtual offsets of different sizes.
The results show that participants were not more sensitive to redirection
when they saw their actual hand in their actual physical surroundings.
To the contrary, the results even bring preliminary evidence that users
might be less sensitive to redirection in MR than in VR, which opens
the door to haptic redirection in MR. We note that our comparison
between VR and MR is affected by confounding factors such as hand
representation differences, i.e., 3D in VR and 2D in MR, and such
as a slightly larger latency in MR compared to VR. Although our
results cannot be directly extrapolated to perfect MR, they do inform
on the difference between the VR and MR redirection implementations
possible at this time. We also refer the reader to the video accompanying
our paper.

In summary, our paper makes the following contributions: (1) A
system for hand redirection in MR that changes the position where the
user sees their hand in video passthrough mode. (2) A user study (N =
30) with four conditions that investigates differences in hand redirection
detection between VR and MR hand representations and VR and MR
environments.

2 RELATED WORKS

We review prior work on hand redirection techniques (Sec.2.1), practi-
cal applications (Sec.2.2), and effects (Sec. 2.3), establishing the basis
for our study of hand redirection across VR and MR.

2.1 Hand Redirection Techniques

Zenner et al. [62] categorize redirection techniques into three types:
body warping, world warping, and hybrid warping. In this paper, we
focus on hand warping, which modifies the virtual hand’s position
relative to the physical hand either continuously or instantaneously,
while minimizing perceptual discrepancies. The main idea is to help
extend the human ability to interact with virtual objects with haptic
feedback without breaking user immersion.

Prior work has explored a range of hand redirection techniques.
Azmandian et al. [1] proposed haptic retargeting through body ma-
nipulation to dynamically align a single physical prop with multiple
virtual objects. Cheng et al. [11] introduced Sparse Haptic Proxy, using
continuous redirection guided by eye gaze and hand motion to steer
users toward shared proxy surfaces. Han et al. [25] compared static
translational offsets and interpolated movement, finding the former
more effective in high-level mismatched reach tasks. Benda et al. [7]
studied fixed positional offsets in six directions (left, right, close, far,
up, down), revealing direction-dependent detection thresholds. Hartfill
et al. [26] investigated motion scaling via decelerated hand movement,
showing that detection thresholds varied significantly by movement
direction.

Building on these prior works, our study explores hand redirection
along both lateral (left–right) and depth (near–far) directions on a table-
top surface. We apply consistent redirection stimuli using a predefined
set of spatial offsets and continuously compute the redirected hand
position along the specified axis.

2.2 Hand Redirection Applications
Hand redirection has been applied across diverse VR applications to
enhance interaction efficiency, comfort, and system adaptability. Gon-
zalez et al. [22] proposed REACH+, a dynamic redirection framework
that improves timing accuracy and realism for encounter-type haptic
devices by predicting hand arrival time and adjusting contact points
accordingly. Matthews et al. [35, 36] investigated remapped hand tech-
niques to improve alignment between visual and physical interaction
spaces. Montano-Murillo et al. [40] introduced Erg-O, a strategy that
reduces fatigue by retargeting interaction points to more ergonomic
physical locations using spatial partitioning and optimization. Feucht-
ner and Müller [18] developed Ownershift, which gradually shifts the
virtual hand space during prolonged overhead interactions, allowing the
physical hand to move to a more comfortable position while maintain-
ing ownership. Xiong et al. [59] applied hand redirection to VR-based
upper limb rehabilitation, showing that patients tolerate hand discrepan-
cies well and find the technique motivating. Ogawa et al. [43] proposed
Redirected Drawing, using translation gain to enlarge the perceived
drawing space in VR, particularly effective with pen-based input on
physical surfaces.

This prior work highlights the potential of hand redirection in VR,
showcasing its adaptability across domains such as haptics, ergonomics,
rehabilitation, and creative interaction. Building on these insights, we
see promising opportunities to migrate hand redirection into MR, a
space where users engage simultaneously with both physical and virtual
worlds. MR not only preserves the illusion of seamless interaction
but also opens up possibilities for manipulating real-world objects in
intuitive and almost magical ways.

2.3 Perceptual Effects on Hand Redirection
Various factors influence the noticeability and detectability of hand redi-
rection in virtual environments. Avatar appearance is an important one,
due to the visual dominance of humans [10]. Ogawa et al. [45] found
that realistic hand avatars led to a 31.3% higher detection thresholds
compared to abstract hand representations, suggesting that stronger
body ownership and greater proprioceptive drift contribute to reduced
sensitivity to remapping. Hartfill et al. [27] further explored avatar
realism and dexterity, showing that while embodiment varied across
different hand models, detection thresholds remained largely unaffected.
Notably, both studies used generic 3D hands with uniform skin tone for
their realistic representations, leaving the effect of photorealistic hands
unexplored—a gap our work addresses.

A series of studies by Ban et al. [2–5] introduced visual-only pseudo-
haptic manipulation, showing that deforming the real-time image of a
user’s hand can modulate perceptions of edge location [2], curvature [3],
object size [4], and stiffness [5], and without requiring physical force
feedback. Unlike the finger-level deformations [4, 5] that preserve
visuo-tactile congruence and are conducted using a stereoscopic video
see-through system with a monitor and webcams, our work applies
hand-level redirection to investigate how avatar and scene realism affect
redirection detectability, and is conducted in an MR HMD environment.

Beyond avatar appearance, recent studies have examined percep-
tual, sensory, and contextual factors influencing redirection. Zenner
et al. [61, 65] and Groth et al. [23] showed that natural interruptions
like blinks and saccades can mask hand redirection. Ponton et al. [46]
found that maintaining avatar continuity through arm stretching en-
hances proprioception, embodiment, and performance, while Feick et
al. [15] reported that more complete avatars improve embodiment with
minimal effect on detectability. Ogawa et al. [44] demonstrated that
noisy tendon electrical stimulation reduces proprioceptive reliability
and alters detection thresholds without impacting embodiment or pres-
ence. Tanaka et al. [52] showed that redirection during motion replays
increases JNDs, as users tend to underestimate replayed displacement.

Recent work by Venkatakrishnan et al. [54,55] emphasized the value
of avatarized hands in near-field AR and MR settings, showing that
visually enhanced hand representations improve task performance and
usability. These results reinforce the hypothesis that avatar realism
plays a key role in hand-based interaction quality—particularly relevant
in MR contexts where both real and virtual elements co-exist.



While most studies focus on fully virtual environments, hand redi-
rection in MR remains underexplored. Matthews et al. [34] proposed an
MR redirection method using video inpainting to remove the physical
hand and target objects, but residual artifacts and lack of perceptual
validation highlight the need for further investigation into redirection
detectability in MR.

3 HAND REDIRECTION IN MIXED REALITY

Hand redirection in VR environments has been extensively studied [1,
26,64,67]. Implementing hand redirection in VR benefits from knowing
the geometry and appearance of the scene and of the user’s virtual hand,
which allows displacing the hand to a different position and rendering
it in the virtual scene to achieve the hand redirection effect. Hand
redirection in MR is more challenging.

3.1 Challenges and Approach
Hand redirection in MR is more challenging because one has to manip-
ulate the user’s view of the real world. Hand redirection in MR implies
addressing the following three challenges: (1) Hand segmentation, to
isolate the user’s hand in their view of the real world; (2) Hand dele-
tion, to remove the user’s hand from their view of the real world; and
(3) Hand re-rendering, to show the user’s hand in a different position,
within the user’s view of the real world.

All three steps must be performed in real time, for each frame,
avoiding latency that is known to induce cybersickness in immersive
visualization [51]. Furthermore, the visual quality has to be high to
sustain the user’s illusion that they continue to see their actual hand
in their actual physical surroundings. The first two steps amount to a
challenging diminished reality [42] exercise, where the output view, i.e.,
the user’s first person view, is dynamic, where the object to be removed,
i.e., the user’s hand, has complex geometry that deforms non-rigidly,
and where the background over which the user sees their hand can
also be dynamic. The third step requires real-time photorealistic 3D
modeling of the user’s hand for it to be rendered at a different position.

MR headsets adopt one of two technologies. Optical see-through
headsets (e.g., Microsoft’s now discontinued HoloLens4) let the user see
the real world directly, through a transparent visor. Optical see-through
has important challenges such as lack of support for true opacity, which
complicates deleting the hand from the user’s view, and such as a
limited active field of view, which restricts redirection to a small subset
of the user’s field of view. Video passthrough headsets capture the real
world with cameras whose feeds are shown on the headset displays.
Video passthrough headsets are more suitable for hand redirection in
MR because they simplify the manipulation of the user’s view of the
real world: the hand can be deleted effectively by inpainting, through
pixel manipulations on the opaque conventional displays catering to
the user’s eyes, bypassing the see-through challenge of having to mask
off the hand by rendering a transparent background layer on top of it.
Video passthrough technology has challenges of its own, including the
offset between the cameras and the user eyes, which is significant for
objects close to the user’s eyes, and which is addressed imperfectly
through distortions. We develop and investigate MR hand redirection
for video passthrough headsets, which is, at least for now, the prevalent
MR technology.

Computer graphics research advances such as neural radiance fields
(NeRF [39]) and 3D Gaussian Splatting [32] now allow for the photore-
alistic interactive rendering of real-world scenes from novel viewpoints.
Recently, researchers have also demonstrated support for scenes with
moving objects [29, 58], and even for interactive, physics-based modifi-
cations of the scene [30]. However, these approaches rely on building
offline comprehensive implicit or explicit representations of the 3D
scene and are therefore not yet suitable for real-time applications such
as hand redirection in MR.

In order to answer our central research question of whether and
how much hand redirection can go undetected by the user in MR,
we have developed an MR hand redirection pipeline based on several
simplifying assumptions. One is that there is sufficient contrast between

4https://learn.microsoft.com/en-us/hololens
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Fig. 2: VR and MR hand redirection system overview: VR components
in pink, MR in green, and input and output data in grey.

the workspace and the hand, for robust hand segmentation. Another is
that the workspace can be captured and rendered with a simple textured
mesh, to allow deleting the user’s hand by rendering the workspace
on top of the passthrough video frame. A third assumption is that
redirection implies a limited displacement of the user’s hand. For
example, it is reasonable to assume that if the user reaches into the
workspace with a palm-down index-pointing hand gesture, redirection
will not be asked to retract the pointing finger or to flip the hand for
a palm-up gesture. Examples of typical redirections are to displace
the hand to the left or to the right, or closer or farther. For such
displacements, a real-time video sprite model of the hand is sufficient.
The video sprite captures the appearance of the hand photorealistically,
making it immediately recognizable by the user as their own hand,
it preserves visual fidelity even after redirection displacements, and
it implies only a modest capturing and rendering cost, making the
approach tractable on MR headsets.

3.2 MR Hand Redirection System

Our VR and MR hand redirection pipeline is shown in Fig. 2.
The Scene Manager ( 1 in Fig. 2) aligns the virtual and physical

workspaces. In VR, the alignment is needed for the physical workspace
to provide haptic feedback when the user touches the virtual workspace.
In MR, the alignment is needed to allow deleting the user’s hand that
is visible over the workspace, by rendering the virtual workspace on
top of the video passthrough frame. Workspace alignment is done with
the handheld controller, either once per session, or just once for each
workspace by leveraging saved scene anchors5. In our experiments
the workspace is a rectangular table (Fig. 1). In MR, a reference
background frame is acquired for hand segmentation.

Auxiliary Camera Registration ( 2 in Fig. 2). To support hand redi-
rection in MR, the user’s hand and/or the user’s physical surroundings
have to be acquired from the user’s perspective. The eye cameras built
into the headset for video passthrough support are ideal for fulfilling
this role. However, many MR headsets do not give developers access
to the passthrough video feed, or do so with long latency precluding
real-time hand interaction. At the request of developers, MR headset
manufacturers, such as Meta, are in the process of exposing the video

5https://developers.meta.com/horizon/documentation/unity/
unity-scene-overview
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Fig. 3: XR headset with attached auxiliary camera for the low-latency
capture of real-world frames.

passthrough feeds to developers for direct access. For now, like other
researchers [16, 17], we overcome this barrier by attaching an auxil-
iary camera to the headset using a custom 3D printed bracket (Fig. 3).
Both the camera and the headset are connected to a workstation. The
auxiliary camera is fixed with respect to the headset, and its constant
pose relative to the headset (virtual world) was calibrated with a con-
ventional approach involving a black-and-white checkerboard [8]. This
calibration registers the auxiliary camera to the scene as the user moves
their head, providing frames that approximate the user’s view of their
hand and physical surroundings.

Redirection ( 3 in Fig. 2). We rely on the hand tracking provided
by the headset. The redirection module prescribes the displacement
between where the user’s physical hand is and where the user sees
their hand in VR or MR. The hand redirection module is based on the
incremental body warping algorithm by Azmandian et al. [1], which
gradually shifts the virtual hand for the physical hand to align with a
physical target. Given the physical hand position W0 when redirection
begins, i.e., the activation position, the desired physical hand position
WT at the end of redirection, i.e., the physical target position, and
the current hand position PH , the warping ratio α is defined with the
following equation.

α = max
(

0,min
(

1,
(WT −W0) · (PH −W0)

∥WT −W0∥2

))
The warping ratio is used to interpolate between the real and virtual

targets, producing a redirected hand position. Inspired by the HaRT
framework [62], we compute a transformation matrix that maps the
physical to the redirected hand position, which is passed to the Hand
Rendering module for rendering. This modular approach decouples
redirection logic from environment-specific rendering, supporting con-
sistent behavior across VR and MR setups.

Segmentation ( 4 in Fig. 2). We segment the user’s hand from
the auxiliary camera frame through a background subtraction fragment
shader, leveraging the reference workspace frame acquired during scene
initialization.

Fig. 4: VR (left) and MR (right) hand rendering.

Hand Rendering ( 5 in Fig. 2). The Hand Rendering module is
responsible for modeling and displaying the redirected hand according
to the selected environment and redirection parameters. It takes as input
the redirection transformation and the hand representation, applying
the transformation in the vertex shader to produce the final rendering.

Fig. 5: MR hand alignment correction using the tip of the index finder as
the contact point. Notations were used by Alg. 1.

Algorithm 1 Visual-Tactile Alignment for MR Hand
Input: With the notations from Fig. 5: Index finger tip PPP, wrist OOO, forward
direction

−→
OOOZZZ, with

−→
OOORRR⊥ POZV ′1

Output: Updated local rotate angle ααα for the XR hand

1:
−−→
OV1← PPP−OOO ▷ get direction from O to P

2:
−−→
OV ′1←

−−→
OV1−

−→
OOORRR(
−−→
OV1 ·

−→
OOORRR) ▷ project

−−→
OV1 onto POZV ′1

3: ααα ← arccos
(
(
−→
OOOZZZ/∥

−→
OOOZZZ∥) · (

−−→
OV ′1/∥

−−→
OV ′1∥)

)
▷ compute local rotation angle

For the VR hand mode, the hand is represented as a 3D skinned mesh
rigged to the OVR Hand Skeleton6, see Fig. 4, left. The mesh includes
pre-defined physically-based materials and it is scaled to the user’s
approximate hand size during session initialization. For the MR hand
mode, the hand is represented as a real-time 2D video sprite that reflects
the user’s real hand appearance. The sprite is generated by projectively
texture mapping the segmented auxiliary camera frame onto a 3D rect-
angle. The size of the MR hand sprite is dynamically determined using
a headset provided hand scale factor7 and 3D axis-aligned bounding
box, allowing the sprite to approximate the user’s actual hand size from
a first-person perspective, see Fig. 4, right.

One challenge in rendering the MR hand lies in maintaining accurate
visual-tactile alignment, particularly when the user’s finger touches
the table surface, the virtual (visual) and physical (tactile) contacts
have to be synchronized. In an initial implementation, we applied the
wrist pose to the entire 2D sprite, which resulted in a visual-tactile
misalignment. To address this, we compute the sprite orientation to
align the tip of the index finger with the physical surface at the moment
of impact, as shown in Alg. 1 and Fig. 5. Furthermore, to account for
minor but non-negligible hand tracking errors, the MR hand sprite is
rendered with depth testing disabled to avoid the visual artifact of the
hand sinking into the table.

This approach to hand rendering ensures a consistent visual feedback
across conditions, enabling controlled and comparable evaluation of
hand redirection between VR and MR environments.

4 USER STUDY

We conducted an IRB-approved user study to compare four conditions
defined by all {VR, MR} × {scene, hand} combinations. The goal was
to investigate the influence of the MR scene and hand visual realism on
redirection detectability.

4.1 Design
The study employed a within-subject design to compare four condi-
tions: VR hand and VR scene (VRH_VRS), VR hand and MR scene
(VRH_MRS), MR hand and VR scene (MRH_VRS), and MR hand and
MR scene (MRH_MRS). To mitigate learning effects and order bias,
the presentation order of the conditions was counterbalanced across
participants using a Latin Square design [20].

6https://developers.meta.com/horizon/reference/unity/v64/
class_o_v_r_skeleton

7https://developers.meta.com/horizon/reference/unity/v67/
class_o_v_r_hand
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The study used a 2AFC design, which is the golden standard in
detection threshold research, avoiding the bias of designs based on
yes/no questions [47]. For each trial, the participant was asked to touch
with their index finger a virtual target, to retract their hand, and then
to touch a second virtual target. In one of the touches hand redirection
was applied, and in the other touch no redirection was applied. After
each trial, the participant was asked to indicate in which of the two
touches their hand did not move as expected, and detection thresholds
were derived from the response correctness rate data.

4.2 Hand Redirection Latency
Tab. 1 shows CPU and GPU frame times across 600 frames for the four
study conditions. All conditions sustained frame rates above 60 FPS
(approximately 90 FPS), ensuring a comfortable XR experience [60].
CPU times dominate GPU times, but differences across conditions were
minimal (e.g., 0.04 ms more for the MR hand compared to the VR
hand in the MR scene). This latency is below the perceptual threshold
for detecting visual delay differences, typically within 10–15 ms [24],
making it unlikely participants noticed it.

Table 1: CPU frame time statistics and GPU average frame time over
600 sampled frames (all values in ms except FPS).

Cond. Mean Min Max Std FPS GPU

MRH_MRS 11.20 4.29 39.51 2.10 89.31 2.67
VRH_MRS 11.16 4.35 36.84 2.02 89.62 2.55

MRH_VRS 11.13 4.67 26.96 2.00 89.81 2.63
VRH_VRS 11.13 4.41 19.31 1.84 89.88 2.55

4.3 Participants
We recruited N = 30 participants from our institution’s human subject
pool. The average age of the participants is 22.5 (SD = 4.26), ranging
from 18 to 37, with 11 self-identifying as female and 19 as male.
Among them, 27 were right-handed, 2 were left-handed, and 1 was
ambidextrous. Regarding prior VR experience, 4 participants had never
used VR before, 7 had tried it once, 15 use VR occasionally, and 4 use
it frequently. All participants had normal or corrected-to-normal vision.
An adjustable head strap was used with the headset to ensure comfort
and stability during the task.

4.4 Procedure
Upon arrival at the experiment site, consenting participants completed a
demographics questionnaire, they were seated at the experimental table,
and the experimenter assisted them in putting on the headset. Each
participant completed all four experimental conditions in a counter-
balanced order. At the beginning of each condition, instructions were
shown inside the headset, guiding participants through an initial cali-
bration process. This included adjusting the virtual table height using
the bottom of their dominant-hand controller. For the two MR hand
conditions, participants were also instructed to capture a background
image of the empty table for hand segmentation purposes. After cali-
bration, participants performed a brief (approx. 5 min) training session
in which the experimenter explained how to use the index fingertip of
their dominant hand to touch a virtual green dot. Participants were
instructed to carefully observe both touches in each trial and to identify
the one that felt inconsistent with their actual hand movement. They
were encouraged to ask questions until they felt comfortable with the
task procedure. Once participants confirmed their understanding of the
task, data collection commenced.

A participant completed multiple trials per condition. We used two
workspace points, A and B, as physical targets to which redirection
guided the user’s physical hand. The use of two physical targets is
needed to avoid that the user memorize the position of the physical
target when no redirection is applied. Offsets were applied along the
left-right (X) and the near-far (Y) directions in the table plane. We
used 8 X and 8 Y offsets, in the -12 cm to 12 cm range, with 3 cm

increments, and a 0 cm offset (no offset), for a total of 17 offsets. Each
offset was tested twice, once with the redirected touch occurring first,
and once with it occurring second. A participant completed 68 trials
in each condition: 2 physical targets × 17 offsets × 2 repetitions. The
order of offset values and redirection targets was randomized to avoid
predictability and learning effects.

The selection of the number of physical targets and of their locations
is guided by competing concerns. On one hand, we wanted to test
locations within the user’s reach in a 2D desktop-sized user workspace.
On the other hand, we wanted to avoid user fatigue, which can corrupt
the data acquired. We compromised by selecting two target locations,
one near one far, one left one right. For a 2AFC design like ours, the
offset range always starts at 0 and then has to extend sufficiently to
yield consistently correct detections at the far end. The 12 cm far end
was selected through experiments that revealed that at 12 cm redirection
is quite noticeable. Our results do confirm that the range did indeed
bracket the detectability thresholds of participants (Sec. 4.7.1). The
resolution with which the range of offsets is investigated is also dictated
by competing concerns. One concern is again participant fatigue. The
other is to ensure that there are sufficient measurement points as the
correctness rate flips from 50% to 100%. Our results do confirm
(Sec. 4.7.1) that the 3 cm step samples the sigmoid adequately.

After each condition, participants filled out three questionnaires: the
System Usability Scale (SUS) [9], the Simulator Sickness Question-
naire (SSQ) [31], and a custom User Experience Questionnaire (UEQ).
Participants were allowed to take breaks between conditions. The total
duration of the study was approximately 90 minutes per participant,
and participants were compensated with a $40 gift card for their time.
Participants were informed that they should withdraw from the study
at any time if they experienced discomfort, without forfeiting their
compensation.

4.5 Implementation
The MR and VR redirection system (Sec. 3.2) was developed in Unity8

(version 2022.3.17f1), integrated with the Meta XR All-in-One SDK9

(version 64.0.0). The study was conducted on a Windows 11 PC
equipped with an Intel Core i9-13900 CPU, 32 GB of RAM, and an
NVIDIA GeForce RTX 4080 GPU. Participants used a Meta Quest
3 headset, paired with two handheld controllers. A Logitech Brio
webcam10 was mounted on top of the headset to capture video frames at
a resolution of 1280×720 with a 90° diagonal field of view, see Fig. 1,
left, and Fig. 3. Both the headset and the webcam were connected to
the PC via USB Type-C cables. Participants were seated in front of a
table (see the supplementary video) measuring 1.53 m in length, 0.76 m
in width, and 0.73 m in height, covered with a black cloth to guarantee
robust segmentation, avoiding the confounding factors of segmentation
artifacts.

4.6 Data Collection and Analysis
We collected both objective and subjective metrics to evaluate partici-
pants’ performance and experience across conditions.

Descriptive and inferential statistics. We used violin plots with
embedded boxplots to visualize the distribution of correctness and
SUS scores. These plots illustrate data density, along with key sum-
mary statistics including the median, interquartile range (IQR), mean,
and outliers. SSQ scores were shown with standard boxplots, and
UEQ responses were presented as stacked bar plots to depict the five-
point Likert scale distribution. For significant results, we quantified
effect size using Cohen’s dz for paired t-tests [13], and Cohen’s r for
Wilcoxon’s tests [19], and we used the effect sizes to estimate the
statistical power provided by our number of participants for each test.

Objective Metrics. We recorded the answer correctness for each
trial, and the data was analyzed by: (1) estimating detection thresholds

8https://unity.com
9https://developers.meta.com/horizon/downloads/package/

meta-xr-sdk-all-in-one-upm
10https://www.logitech.com/en-us/products/webcams/
brio-4k-hdr-webcam.html

https://unity.com
https://developers.meta.com/horizon/downloads/package/meta-xr-sdk-all-in-one-upm
https://developers.meta.com/horizon/downloads/package/meta-xr-sdk-all-in-one-upm
https://www.logitech.com/en-us/products/webcams/brio-4k-hdr-webcam.html
https://www.logitech.com/en-us/products/webcams/brio-4k-hdr-webcam.html


via psychometric modeling, (2) evaluating the overall correctness per
condition, and (3) analyzing correctness rates at each offset across
conditions.

Detection threshold computation. To model detection performance
across redirection offsets, we fit a sigmoid psychometric function of
the form:

Σ(x;a,b,δ ) = 0.5+
0.5

1+ eδb(x−a)

where x is the redirection offset, a is the detection threshold (i.e.,
the offset at which participants reached 75% accuracy), b controls the
slope of the curve (reflecting sensitivity), and δ ∈ {−1,1} indicates the
direction of redirection—negative for rightward (increasing sigmoid),
positive for leftward (decreasing sigmoid). Separate sigmoid fits were
applied to leftward and rightward data using constrained nonlinear least
squares.

Overall correctness analysis. After confirming both data normal-
ity, via the Shapiro-Wilk test [49], and sphericity, via Mauchly’s
test [37], we applied a repeated-measures ANOVA to evaluate differ-
ences between conditions, followed by paired t-tests for×6 Bonferroni-
corrected posthoc pairwise comparisons.

Per offset correctness analysis. For (3), correctness at each indi-
vidual offset was treated as a binary variable (True/False). We used
Cochran’s Q test [12] to assess differences across the four conditions.
If significance was found, we conducted pairwise comparisons using
McNemar’s test [38] with Bonferroni correction.

Subjective Metrics. Subjective metrics included standard SUS and
SSQ questionnaires, analyzed using prescribed methods and compared
across conditions. Since SUS scores were not normally distributed, we
used the non-parametric Friedman test [21] to assess overall differences
among conditions, followed by Wilcoxon signed-rank test [57] for post
hoc pairwise comparisons.

We also developed a custom user experience questionnaire (UEQ)
with seven items designed to assess user preferences and perceived
realism, using a five-point Likert scale (1: “strongly disagree” to 5:
“strongly agree”). The questions were: Q1, “In some trials it was
obvious in which of the two touches the hand seen in the headset was
moving differently than my real hand”; Q2, “In some trials it was
impossible to tell in which of the two touches the hand seen in the
headset was moving differently than my real hand”; Q3, “I was never
confident; I guessed all the time”; Q4, “I always felt pretty sure of
my answer”; Q5, “I felt like the hand I saw in the headset was a live
video of my own hand”; Q6, “Sometimes the hand I saw in the headset
touched the dot before or after I felt the contact with the table”; and
Q7, “I am fine with the hand seen in the headset not moving like my
real hand”.

Since UEQ scores were not normally distributed, we used the Fried-
man test to analyze the overall differences among conditions.

4.7 Results and Discussion
To ensure data reliability, we filtered out inattentive trials using the
Spearman correlation test [50]. For each participant and condition we
calculated the correlation between offset magnitude and correctness
across the four redirection groups AX, AY, BX, and BY, where the
first letter indicates the physical target , and the second the displace-
ment direction. Participants with more than one subgroup showing a
negative trend (correlation < -0.1), indicating declining performance
with increasing offset, were excluded from that condition. The filtering
removed the data of 2, 3, 1, and 2 participants from each condition.
This left the data of 28 participants in the MRH_MRS, of 27 in the
MRH_VRS, of 29 in the VRH_MRS, and of 28 in the VRH_VRS con-
ditions, which was used to compute per condition detection thresholds.
Furthermore, 24 participants had valid data across all four conditions,
and their data was used for statistical comparisons across conditions.

4.7.1 Detection Thresholds
The detection threshold computation is shown in Fig. 6 and the thresh-
olds are shown in Tab. 2, for each redirection group, in rows 1-4. For
our 2AFC design, the sigmoid function value f (x) = 0.5 indicates the

Fig. 6: Psychometric sigmoid fits for the computation of detection thresh-
olds for four conditions and four redirection groups. A group is defined
by a physical redirection target A or B, and by an offset axis X or Y. In
each subplot, the x-axis indicates redirection offset in cm.

point of subjective equality (PSE) [47], while f (x) = 0.75 defines the
correct response rate threshold for detection.

MR hand vs. VR hand. Notable differences in detection thresholds
(DTs) were observed in three redirection groups: AY with near offsets,
i.e., towards the user (-12 to 0 cm), BY with near offsets, and BX
with right offsets (0 to 12 cm). For all three groups, the MR hand
conditions (MRH_MRS and MRH_VRS) yielded larger DTs than their
VR hand counterparts (VRH_MRS and VRH_VRS). Specifically, for
AY near, the average DT for the two MR hand conditions was -7.45 cm,
compared to -4.25 cm for the VR hand conditions. For BY near, the
MR hand conditions averaged -6.85 cm, vs. -5.4 cm for the VR hand
conditions. In BX right, MR hand conditions averaged 6.6 cm, vs.
4.45 cm for the VR hand conditions.

MR scene vs. VR scene. In contrast, differences between scene
types were smaller. Two groups showed slight separation: AX with
left offsets and AY with far offsets. In AX left, MR scene conditions
averaged -8.75 cm, while the VR scene conditions averaged -9.25 cm.
In AY far, MR scene conditions averaged 9.8 cm, compared to 10.45 cm
for the VR scene conditions.

Table 2: Detection thresholds in cm. Columns: condition and offset direc-
tion (L/N denote negative offsets—Left for X and Near for Y; R/F denote
positive offsets—Right for X and Far for Y). Rows 1-4: four redirection
groups {A, B} × {X, Y}. Rows 5-9: average detection thresholds for each
physical target {A, B}, offset direction {X, Y}, and condition (Overall).

Cond. MRH_MRS MRH_VRS VRH_MRS VRH_VRS

L/N R/F L/N R/F L/N R/F L/N R/F

AX -9.0 6.9 -9.1 6.0 -8.5 5.5 -9.4 6.9
AY -7.2 9.8 -7.7 10.3 -4.4 9.8 -4.1 10.6
BX -6.5 7.0 -8.7 6.2 -7.5 5.1 -6.6 3.8
BY -7.3 9.0 -6.4 7.0 -5.4 8.6 -5.4 9.2

A 8.23 8.28 7.05 7.75
B 7.45 7.08 6.65 6.25
X 7.35 7.50 6.65 6.68
Y 8.33 7.85 7.05 7.33
Overall 7.84 7.68 6.85 7.00



Fig. 7: Violin plots of the overall correctness across the four conditions.
Means are marked with diamonds and provided numerically. The asterisk
indicates a significant difference.

Average detection thresholds. Tab. 2 also gives in Rows 5-9 the
average absolute DTs for each redirection target A and B, for each
offset direction X and Y, and overall. For all five of these averages, MR
hand consistently exhibited higher DTs than VR hand.

4.7.2 Analysis of Response Correctness

To validate the trends observed in the detection threshold analysis, we
conducted statistical tests on the correctness rate of the participant
responses. We analyzed correctness over all offsets, as well as over
individual offsets. The overall and individual correctness was compared
across the four conditions.

Overall Correctness was computed for each participant and each
condition as the proportion of correct responses out of the total number
of trials in a condition (i.e., 68). The results are shown in Fig. 7 and
Tab. 3. The data satisfied the normality (Shapiro–Wilk test, p > 0.05)
and sphericity (Mauchly’s test, p > 0.05) assumptions. A repeated
measures ANOVA revealed a significant difference among the four
conditions in overall correctness (F(3,69) = 4.27, p = 0.008). We
performed a posthoc pairwise analysis using paired t-tests, with a ×6
Bonferroni correction to account for the 6 pairs of conditions. The
overall correctness in the MRH_MRS condition was significantly lower
than in the VRH_MRS condition (t(23) =−3.13, p×6 = 0.0285), as
highlighted in yellow in Tab. 3. The post-hoc statistical power analysis
reveals that the test is underpowered and more participants are needed to
strengthen the confidence in the significance of this difference. No other
pairwise differences reached statistical significance after correction.
This suggests that in video passthrough mode, when the user sees their
physical surroundings (MR scene), using a realistic depiction of the
participant’s hand significantly reduces the participants’ ability to detect
hand redirection compared to using a generic VR hand. As illustrated
in Fig. 7, the average overall correctness for MR hand conditions
(MRH_MRS = 73.5%, MRH_VRS = 74.1%) was consistently lower
than for VR hand conditions (VRH_MRS = 78.0%, VRH_VRS =
77.1%).

Individual Correctness was analyzed as a dichotomous variable
(True/False) for each trial, across all combinations of redirection target

Table 3: Post-hoc correctness comparisons between condition pairs.
Displayed p-values are Bonferroni-corrected (×6) for readability against
α = 0.05; statistical power is computed using the corrected threshold
α = 0.0083.

Post-hoc Comparisons t-value p-value d Power
MRH_MRS vs. MRH_VRS -0.335 >1.000 0.07 1.2%
MRH_MRS vs. VRH_MRS -3.125 0.0285 0.64 60%
MRH_MRS vs. VRH_VRS -1.969 0.367 0.40 21%
MRH_VRS vs. VRH_MRS -2.555 0.106 0.52 39%
MRH_VRS vs. VRH_VRS -2.629 0.090 0.54 42%
VRH_MRS vs. VRH_VRS 0.658 >1.000 0.13 2.2%

Fig. 8: Bar plot showing the mean correctness rates with scaled error
bars for redirection detection at -6 cm and -12 cm offsets in the AY group
across the four conditions.

(A or B), offset direction (X or Y), and magnitude. Since each partic-
ipant completed two trials per condition, Cochran’s Q test was used
within each combination to evaluate whether there were significant
differences in detection performance across the four conditions. If a
significant difference was found, pairwise comparisons were performed
using McNemar’s test with Bonferroni correction.

Significant differences among the four conditions were observed in
the AY group at offsets −0.12 and −0.06, χ2(3) = 9.67, p = 0.0216
and χ2(3) = 10.50, p = 0.0148 respectively. However, no pairwise
comparisons were statistically significant after Bonferroni correction
based on McNemar’s test. Fig. 8 illustrates the mean correctness rates
at AY for these two offsets. On average, the VR hand conditions
(VRH_MRS and VRH_VRS) yielded higher detection correctness than
the MR hand conditions (MRH_MRS and MRH_VRS).

4.7.3 User Experience
The results of the custom user experience questionnaire (UEQ), with
answers on a five-point Likert scale, are summarized in Fig. 9. A non-
parametric Friedman test revealed no statistically significant differences
across the four conditions for any of the seven questions (Q1–Q7). For
analysis and discussion, we grouped the questions into five subjective
categories: perceived detectability (Q1, Q2), confidence (Q3, Q4), hand
realism (Q5), synchronization (Q6), and acceptability (Q7).

For perceived detectability, all conditions showed comparable re-
sponses: Q1 (MRH_MRS = 4.3, MRH_VRS = 4.2, VRH_MRS = 4.4,
VRH_VRS = 4.1) and Q2 (3.9, 4.1, 4.2, 4.1), indicating that partici-
pants across all conditions found it similarly easy or difficult to detect
redirection. In terms of confidence, MRH_VRS showed slightly lower
scores than the other conditions: Q3 (2.4, reverse-coded: “I was never
confident; I guessed all the time”) and Q4 (2.9: “I always felt pretty
sure of my answer”). For hand realism (Q5), scores decreased in the
order of MRH_MRS (3.3), MRH_VRS (3.1), VRH_MRS (3.1), and
VRH_VRS (2.8), suggesting that participants perceived the MR hand
as more visually realistic than the VR hand. Regarding perceived syn-
chronization between the visual and physical hand (Q6), lower values
indicate better synchronization. VRH_VRS yielded the best score (3.3),
followed by VRH_MRS (3.6), MRH_MRS (3.6), and MRH_VRS (3.8),
indicating slightly better haptic alignment in VR hand conditions. Fi-
nally, for redirection acceptability (Q7: “I am fine with the hand seen
in the headset not moving like my real hand”), responses were similarly
distributed across all conditions. On average, 11 out of 30 partici-
pants expressed acceptance, while 10 to 16 participants per condition
indicated discomfort with the visual-proprioceptive mismatch.

4.7.4 System Usability and Cybersickness
The SUS scores are shown in Fig. 10, left. According to established
SUS interpretation guidelines [6], both MR hand conditions fall within
the adjective label “OK”, correspond to a letter grade of “C”, and are
classified under the “Marginal” acceptability range with a Net Promoter



Fig. 9: Responses to the custom user experience questionnaire. Each
bar shows the distribution from 30 participants, with conditions stacked
top to bottom as indicated in the legend.

Score (NPS) rating of “Passive”. In contrast, the VR hand conditions re-
ceived substantially higher ratings: VRH_MRS corresponds to a grade
of “B+”, and VRH_VRS to “A–”, both falling within the adjective label
“Good” and the “Acceptable” usability range. Notably, VRH_VRS also
reaches the highest NPS category of “Promoter”, indicating strong user
satisfaction. As the SUS scores were not normally distributed, a Fried-
man test was conducted and revealed a significant difference among the
four conditions (χ2(3) = 12.552, p = 0.006). Post hoc comparisons
(Tab. 4) indicated that MRH_MRS was rated significantly lower than
VRH_MRS (Z =−72.5, p×6 = 0.017). These results suggest partici-
pants had no clear preference for scene type (VR vs. MR) but preferred
the VR hand over the MR hand.

The SSQ results are shown in Fig. 10, right. The average total scores
(TS) were: MRH_MRS = 15.46, MRH_VRS = 17.08, VRH_MRS =
14.71, and VRH_VRS = 15.33. While the MR hand conditions showed
slightly elevated oculomotor strain (e.g., O = 20.21 in MRH_VRS),
no statistically significant differences were observed among the four
conditions. All total SSQ scores remained below the commonly cited
discomfort threshold of 20 [14, 48], indicating low levels of cybersick-
ness overall. This may be attributed to the stationary nature of the
task, minimal visual motion, and frequent physical grounding during
redirection interactions.

4.8 Main Findings and Discussion
Overall, the study did not reveal strong statistically significant dif-
ferences across conditions in either objective or subjective measures.
Nonetheless, several patterns and observations provide useful insights
into the applicability of hand redirection in MR environments.

Detection Thresholds and Correctness. Due to time constraints in
our within-subject design, each redirection offset was tested only twice
per participant, limiting the ability to estimate individual detection
thresholds. To address this, we analyzed correctness at two levels: over-

Table 4: Wilcoxon test results for SUS pairwise comparisons.

Post-hoc Comparisons Z p-value r Power
MRH_MRS vs. MRH_VRS -189.5 >1.000 0.16 14%
MRH_MRS vs. VRH_MRS -72.5 0.017 0.60 89%
MRH_MRS vs. VRH_VRS -84.5 0.071 0.56 84%
MRH_VRS vs. VRH_MRS -92.5 0.070 0.53 80%
MRH_VRS vs. VRH_VRS -96.0 0.089 0.51 77%
VRH_MRS vs. VRH_VRS -213.5 >1.000 0.07 7.1%

Fig. 10: Left: Violin plots of SUS scores by condition. Right: Boxplots of
SSQ scores—Total (TS), Nausea (N), Oculomotor (O), and Disorientation
(D)—with rounded means above whiskers.

all correctness (aggregated per condition) and individual correctness
(per offset). While trends in the detection threshold data indicated that
MR hand conditions tended to yield slightly higher thresholds than VR
hand, these differences were not consistently supported by statistical
tests.

Participants’ post-study feedback also aligned with their UEQ re-
sponses, with many stating that they perceived little to no difference
across the four conditions when identifying redirection. This suggests
that hand redirection can be reasonably applied in MR environments
without significantly compromising the illusion. Interestingly, the data
showed a trend toward lower detectability with MR hand, which is
contrary to the expectation that MR, by revealing more of the physical
world, might increase sensitivity to mismatches. A possible explanation
of this trend is that participants tend to believe what they see more when
the scene and the hand depiction match their physical surroundings and
their own hand, compared to a VR scene and a VR hand. Participants
harbor the implicit assumption that the realistically depicted hand and
surroundings are tamper proof, and hence dismiss any secondary cue
of possible tampering. This finding aligns with Ogawa et al. [45], who
reported that more anthropomorphic hand avatars lead to higher redi-
rection detection thresholds. Specifically, our results show elevated
thresholds for the 2D photorealistic hand avatar. However, unlike their
study, which found threshold differences primarily in the leftward (neg-
ative horizontal) direction, we observed slightly higher thresholds in
the rightward direction (e.g., BX with offsets > 0). Additionally, our
findings extend theirs by showing that the MR hand condition results in
higher detection thresholds than the VR hand in the nearward direction
(e.g., AY and BY with offsets < 0).

As discussed in Section 4.2, MR hand redirection incurs slight
latency, which can act as a confounding factor hiding the redirection
from user detection, so one cannot infer that the detection thresholds
apply to an ideal MR redirection without latency. Latency is a delay
in updating the user’s hand position, so it acts like a redirection vector
rl that is added to the (target) redirection vector rt . In all cases, rl
is against the user’s hand motion, which is always from near to far,
so rl is always from far to near. On the other hand, we have applied
redirection both left-right and near-far, so rl is sometimes orthogonal to
rt , sometimes aligned and in the same direction with rt , and sometimes
aligned but in opposite direction with rt . Consequently, any effects of
latency average out when averaging trials with a variety of rl directions,
giving robustness to the measurements reported in rows A, B, X, Y, and
Overall of Tab. 2.

Subjective Experience. Participants reported similar levels of per-
ceived detectability across conditions in the UEQ (Q1, Q2), which
contrasts with the objective results suggesting slightly higher detection
thresholds for MR hand. Confidence ratings (Q3, Q4) were generally
low across all conditions (e.g., Q3 means: 2.1 to 2.4; Q4 means: 2.9
to 3.2), indicating overall uncertainty in participants’ judgments, re-
gardless of the condition. While MR hand received higher ratings for
realism (Q5), it did not translate to perceived accuracy in synchroniza-
tion (Q6), and its higher scores (reverse-coded) on Q6 may indicate



some limitations of the 2D MR hand in conveying tactile alignment
with the physical environment. These results suggest that realism alone
does not guarantee better perceptual fidelity or confidence.

In the post-study feedback, most participants reported no preference
between the VR and MR scenes during the task, possibly because
they did not perceive the environment as influencing task performance.
Furthermore, many noted that although the 2D MR hand represented
their real hand, they preferred the 3D VR hand due to its stronger depth
cues. The experimenter observed that some users took longer to get
comfortable using the 2D MR hand to touch the target during training.
The MR hand also showed slightly poorer contact synchronization
(Q6 in Fig. 9) compared to the VR hand, although the index finger
collider was carefully matched in position and size between the two
representations.

System Usability and Cybersickness. SUS scores showed a clear
trend favoring VR hand over MR hand, with MR hand conditions rated
as “Marginal” and VR hand conditions rated as “Good”. These results
imply a user preference for VR hand representations. This points out
that any remaining imperfection of the MR hand representation, such
as occasional segmentation artifacts, incur a high usability penalty.
In other words, despite simplifying assumptions embraced for MR
hand representation robustness, our MR hand representation might not
yet be completely out of an “own hand” uncanny valley. Importantly,
SSQ scores across all conditions remained well below the commonly
VR discomfort threshold, indicating that hand redirection tasks in MR
do not induce significant cybersickness, supporting the feasibility of
extending hand redirection to MR without adverse effects on user
comfort.

5 CONCLUSIONS. LIMITATIONS. FUTURE WORK.
Conclusions. This paper presents a comparative investigation of hand
redirection across VR and MR environments, with a particular fo-
cus on how scene context and hand representation influence detection
thresholds, usability, and user perception. By implementing a modu-
lar redirection system supporting combinations of VR/MR hand and
scene, and conducting a within-subject study across four experimental
conditions, we contribute one of the first explorations of redirection in
MR settings.

Consistent trends emerged across both objective and subjective met-
rics. MR hands generally yielded higher detection thresholds and lower
correctness, suggesting reduced sensitivity to redirection. These results
include the effects of factors that confound the comparison between
the two conditions, such as latency, so our conclusions cannot be ex-
trapolated to a comparison between VR and an perfect MR condition.
Participants reported minimal perceived differences across conditions,
and overall confidence in redirection detection remained low, reflecting
the potential for VR and MR redirection to evade user detection. VR
hands were rated as more usable and acceptable, while MR hands were
perceived as more realistic. Cybersickness remained low across all
conditions.

These findings suggest that hand redirection can be effectively ex-
tended to MR settings, opening new possibilities for redirected interac-
tion where users see their own physical hand and environment without
compromising the illusion. While VR hands remain effective, MR
hands emerge as a viable—and potentially advantageous—alternative.
Rather than replacing VR hands, MR hands expand the design space
by allowing redirection techniques to be applied in more grounded,
mixed-reality scenarios.

Limitations. Our study set out to measure and compare redirec-
tion thresholds in VR and MR. Implementing redirection in MR is
challenging due to the difficulty of segmenting the user’s hand over a
dynamic and complex environment, of rendering the user’s hand at a
different location, and of filling in the frame pixels corresponding to the
newly disoccluded background. The approximations introduced by the
imperfect solutions to each of these problems translate into visual arti-
facts, and their non-negligible computational cost translates to latency,
i.e., a delay in updating the user’s hand position as the user moves it.
We have resorted to solutions to these problems that are robust and
that imply a small computational cost, e.g., segmentation assuming a

favorable background and rendering hand as a 2D sprite that is both
fast and avoids reconstruction artifacts. Nonetheless, we acknowledge
that, although reduced, visual artifacts, such as a 2D MR hand vs. a
3D VR hand, and latency are present in the MR condition, acting like
confounding factors when comparing to the VR condition. Despite
these confounding factors, which preclude a comparison between VR
and perfect MR redirection, we put forth that our study contributes
valuable information nonetheless, as it compares VR to an MR ap-
proach that is possible now. As the ability to implement MR redirection
advances, reducing or eliminating latency, and allowing for perfectly
photorealistic 3D reconstruction and rendering of the user’s hand, the
thresholds computed by our study will have to be updated.

Our study was constrained by practical limitations inherent to within-
subject designs, particularly the need to manage overall session dura-
tion. Consequently, each redirection offset was tested only twice per
participant, limiting the reliability of individual psychometric fits and
contributing to variability in detection threshold estimates. Furthermore,
the MR hand representation, rendered as a 2D sprite using real-time
video textures was visually realistic, but lacked depth cues and full
articulation, potentially affecting both perceived synchronization and
redirection performance.

Our exploration of virtual environment influences is limited, particu-
larly regarding lighting, which can impact user immersion [55]. While
we applied consistent virtual lighting and adjusted hand shading to
minimize its effect on interaction, physical-world lighting also plays a
role in MR, where users see through to the real environment. Future
work could incorporate more precise lighting configurations to improve
visual consistency in MR scenes.

Robust MR redirection will ultimately depend on advances in photo-
realistic digital twins of users and environments. Key technical chal-
lenges include real-time 3D reconstruction, accurate hand and object
tracking, segmentation, and visual inpainting. Overcoming these barri-
ers is essential to enable seamless MR experiences where redirection
remains perceptually plausible and unobtrusive.

Future Work. Future research should investigate denser sampling of
redirection offsets and more trials per condition to enable finer-grained
psychometric modeling. Enhancing MR hand realism and alignment re-
mains a critical direction, where advanced rendering approaches—such
as neural radiance fields [39], or 3D Gaussian Splatting [32]—could
improve both hand and scene representations. Moreover, extending this
framework to include dynamic hand-object interactions, varying redi-
rection strategies (e.g., rotation, scaling), and real-world applications
like MR drawing or manipulation tasks could broaden the applicability
of MR hand redirection in practical settings.
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