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Exploring the Remapping Impact of Spatial Head-hand Relations in Immersive
Telesurgery

ANONYMOUS AUTHOR(S)

Fig. 1. Schematic diagram of immersive telesurgery system and the remapping situations of spatial head-hand relations it often faces

When skilled surgeons are not available at the hospital and surgery is required, the immersive telesurgery system offers a mainstream
and effective solution. The operator can observe through the robot’s camera and use their hands to control the robot-arms, as if
they were the robot. However, common remapping of spatial head-hand relations—due to camera adjustments and robotic arm
switching—creates significant visual-proprioceptive conflicts and physical limitations. To explore this, we simulated an immersive
telesurgery system and set remapping conditions and situations: head-camera remapping with 6 situations and hand-robot-arm
remapping with 12 situations. We assessed their perception and behavior effects across four typical surgical tasks: navigation, location,
cutting, and bimanual coordination. The study evaluates spatial perception bias, interactive deviation, workload, and task completion
time. Our findings reveal how different remapping targets, attributes, intensities, and situations affect performance, contributing to the
understanding of perception mechanisms and offering insights for optimizing operations or systems.
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1 Introduction

Despite advancements in artificial intelligence, autonomous robots still cannot match human intuition and reasoning,
especially in tasks requiring experience and specialized skills [13, 48]. While control algorithms can handle complex
interactions, humans excel in kinematics, efficiently performing such tasks in daily life [7, 46]. When skilled surgeons
aren’t available locally, immersive telesurgery becomes a key solution, particularly for procedures requiring high
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2 Anon.

precision and expertise in complex environments [5, 62]. This method, widely used and studied in both industry and
academia, allows remote surgeons to control surgical robots through VR headsets and handheld controllers, merging
their hand movements with robotic arm actions as if they were their avatars [9, 28]. The VR headset is usually fixed to
minimize physical effort and motion sickness during long surgeries, providing stable head support. Foot pedals control
binocular camera movement. The operator can manage 3 to 5 robotic arms with different instruments, controlling two
at the same time and switching between them as needed [9, 10, 36].

However, this control method often leads to remapping the spatial head-hand relation, disrupting the alignment
between the operator’s head-hands and camera-robotic-arms, which creates significant visual-proprioceptive conflicts
and physical limitations. This is for two reasons. On the one hand, operators frequently need to move or rotate the
camera to avoid internal structures like organs, tissues, or nerves, or to maintain a clear, unobstructed view of the
surgical site. On the other hand, switching between robotic arms can cause a mismatch between the operator’s hand
position/rotation and the robotic arm’s position/rotation. Unlike continuous remapping in VR, like haptic repositioning
or walking redirection, this remapping is discrete, applying one-time offset and deflection at specific moments—such
as before a procedure or when switching robot-arms. This discrete remapping may affect the operator’s perception,
cognition, and actions, yet its impact is still underexplored.

In our study, we used VR to simulate both the operator and robot sides of a telesurgery system. We implemented
head-camera and hand-robot-arm remapping based on remapped target objects, creating three experimental conditions,
including the aforementioned two remappings and a control condition without remapping. To more comprehensively
and precisely assess the impact of sensory conflict, we introduced positional offsets and rotational deflections to the
camera and robotic arms in different directions, generating 18 remapping situations. We then evaluated the effects of
these remapping conditions and situations through 4 key surgical tasks: navigation with obstacle avoidance, spatial
location, cutting based on spatial perception, and bimanual coordination surgery. Our evaluation combined both
subjective and objective measures to assess spatial perceptual bias rate, interactive action deviation, workload, and task
completion time. The experimental results show that when the remapping target is head-camera, it has the greatest
impact on spatial perception bias, especially in cases where the remapping attribute and intensity are strong deflection.
On the other hand, when the remapping target is hand-robot-arm, it has the greatest impact on physical limitations and
load, particularly in cases where the remapping attribute and intensity are strongly offset. We speculate that this is
due to the combined effect of the visual-proprioceptive conflict caused by the remapping and the physical limitations
imposed by compensatory actions.

This study holds three key implications: First, it deepens our understanding of the performance effects and perception-
cognition-behavior mechanisms in the remapping of spatial head-hand relations. Second, it provides valuable insights
for surgeons and trainees on how to adjust head-hand spatial relations during procedures to mitigate or accelerate
adaptation to sensory conflicts. Third, it offers guidance for the functional design, effective optimization, and sensory
intervention strategies of immersive teleoperation systems. To our knowledge, this is the first study to define the
visual-proprioceptive conflicts and physical limitations arising from the remapping of spatial head-hand relations. Our
contributions include: i) Systematically revealing how different remapping targets (head-camera and hand-robot-arm),
attributes (offset and deflection), and offset/deflection parameter size (strong and weak) affect spatial perception and
interactive behavior. ii) Speculating the underlying perception-to-behavior mechanisms that drive these effects based
on sensory integration theory. iii) Ranking the remapping situations by the impact levels, identifying those that require
attention, avoidance, or intervention.
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2 Related Work

This study focuses on exploring remapping impact in immersive telesurgery systems, closely related to immersive
teleoperation systems and VR remapping, and relying on theories of sensory integration and conflict mechanisms.

2.1 Immersive Teleoperation Robotic System

Immersive teleoperation robotic systems show great potential in unstructured, dynamic, and complex environments,
particularly for tasks requiring flexible hand-eye coordination, object recognition, and obstacle detection [82]. Operators
control robots remotely from a first-person perspective, without focusing on the mapping between user inputs and
robot actions. This egocentric control method transfers human-level cognitive and motor skills to robotic systems
[4, 95, 96]. However, like avatar control in VR, embodied interaction presents challenges in perception, cognition, and
behavior. Research has added haptic feedback to controllers to address the lack of tactile sensation [1, 29], used speed
remapping on robotic arms to create pseudo-haptic illusion and alter weight perception [70], studied the effects of
body tilt and environmental information on spatial awareness [50, 90], explored the differences between first- and
third-person perspectives [97], compared 2D and 3D interfaces for depth perception [81], and examined the impact of
latency on robot responsiveness [15].

Immersive teleoperated robots are widely used in surgeries like laparoscopy, thoracoscopy, and neurosurgery,
allowing operations without local skilled surgeons and filtering out hand tremors [5, 27, 51, 63, 86]. These systems
fix the operator’s head to a 3D display, and the crowded internal structure limits movement, posing challenges like
reduced sensory feedback, motion sickness, and visual fatigue [22, 32, 80, 85, 89]. This hinders surgeons’ hand-eye
coordination [93] and increases their cognitive and physical load [25, 65, 86].

These challenges on immersive teleoperated systems inspire us to focus on this critical area, particularly the impact
of perception-to-behavior. These findings also drive us to explore the underexamined issue of spatial remapping in
immersive telesurgery.

2.2 VR Remapping

In virtual reality (VR), remapping techniques are widely used to manipulate visual perception, allowing users to perform
tasks where physical translation/rotation/size don’t exactly align with those in the virtual space. This enhances user
capabilities and creates intriguing illusions [6, 42]. Remapping involves calculating the gain between virtual and
real-world objects, including offset (where the virtual object is mapped to an additional position) and deflection (where
the virtual object has additional rotation) [52].

Gains can be continuous or discrete, depending on how frequently they are applied. Continuous gains respond to
ongoing changes in the physical world. For example, curvature/bending-based walking redirection alters the physical
path’s curvature to allow users to walk through larger virtual environments within limited physical space [11, 47, 75, 77].
Haptic retargeting [66, 75] enhances the VR experience by dynamically manipulating visual and tactile perception.
Jumping Redirection [35, 39] improves user locomotion capabilities in VR. Similarly, head-turning redirection [60]
allows users to view wider virtual spaces, and action speed remapping adjusts perceptions of weight and time [73, 74].

Discrete gains occur once at specific trigger chance. For instance, upright and swimming redirection [16, 57, 91]
adjusts body posture and orientation to allow users to engage in more VR interactions. Body and arm rescaling enhance
users’ locomotion and action range by enlarging their virtual body size and arm length, respectively [2, 42].
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Similarly, the remapping of head-hand relations is a discrete remapping technique. Unlike intentional VR remappings,
remapping of head-hand relations in immersive telesurgery is often forced to meet the necessary needs, such as obstacle
avoidance or switching robotic arms. Given the seriousness of surgical settings, the consequences of such remapping
can be more severe, making it essential to explore its impact in detail.

2.3 Sensory Integration and Conflict

The brain integrates multisensory information from various parts of the body to form perceptions of self and spatial
awareness [68]. Visual factors such as color, occlusion, depth, and motion flow significantly influence our spatial
judgments [58, 59]. The vestibular system, which senses linear acceleration, gravity, head position, and angular
velocity [79], has a substantial impact on visual-spatial abilities, including spatial memory, navigation, mental rotation,
and mental representation of three-dimensional space [18, 26, 67]. This sensitivity is notably affected by the angle
of head tilt and gravity [3]. Proprioceptors, such as muscle spindles and tendon organs, provide crucial information
about muscle length and tension, joint position changes, and are essential for perceiving the position, movement, and
posture of body parts [14]. The brain weights each type of sensory information based on its reliability to derive the
most accurate perceptual result [23, 24, 55]. Finally, the brain takes into account previous experiences and current
intentions to optimize decision-making [8, 53, 72].

In spatial interactions, users experience complex multisensory integration [42]. Even if not consciously aware,
vestibular and proprioceptive inputs are vital in VR environments [71]. For example, users can easily perceive the
position and angle of their head, arms, and fingers even with their eyes closed. Integrating multiple sensory cues
generally yields more accurate spatial judgments than relying on a single cue. For example, without vestibular and
proprioceptive feedback, users may underestimate distances based solely on visual cues [41]. Conversely, without visual
information, relying only on vestibular and proprioceptive feedback can reduce distance estimation accuracy [94].
Perceptual integration theory suggests that multisensory conflicts in VR can lead to spatial disorientation, simulator
sickness [30, 45], and reduced body ownership [69].

The characteristics of the three senses have led us to confirm the type of sensory conflict addressed in this study,
which is visual-proprioceptive conflict. This is due to immersive telesurgical systems having a fixed head position,
without changes in head angle affecting vestibular sensitivity, and without visual motion that would significantly
conflict with static vestibular perception. Moreover, the theory of sensory integration and conflict provides a crucial
basis for speculating the perception-to-behavior mechanisms of remapping.

3 Design Considerations and Pilot Experiment

This section enhances the formal experiment’s design by introducing considerations for the immersive telesurgery
system’s simulated method and common remapping situations. It also outlines suitable remapping offset/deflection
parameters based on results from a pilot experiment.

3.1 Considerations for Simulated Immersive telesurgery System

We reviewed 16 commercial immersive telesurgery systems, including Da Vinci 5 [83], Hinotori [19], BITRACK
SYSTEM [84], SSi Mantra [56], Hugo RAS [61], etc. Of these, five systems (31.25%) use a fixed downward-angled 3D
display to simulate a typical surgical view, with arm interactions in both vertical and horizontal planes (Figure 2(a)).
The remaining eleven systems (68.75%) use a horizontally fixed 3D display, offering a more standard view and improved
neck comfort, with interactions mainly in the vertical plane (Figure 2(b)).
Manuscript submitted to ACM
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(a) Actual telesurgery system with downward view (b) Actual telesurgery system with horizontal view (c) Our simulated setting

(d) Actual telesurgery robot side (e) Moving right hand 20cm to the left (f) The corresponding robot-arm moves 20mm to the left
Fig. 2. Configurations for simulating immersive telesurgery system

For simulating these immersive telesurgery systems, we chose the more common horizontal view setup for user
experiment to minimize physical fatigue and dispersed interactive actions. On the operator side, a narrow table was
used to simulate arm support, with a stand fixing the VR headset in a forward-facing position (Figure 2(c)). We also
designed a grip posture for the VR handles to closely replicate surgical controllers, using the ’Grip’ button to simulate
surgical controller actions for opening/closing clamps, tweezers, or scissors. Since remapping of head-hand relations
and robotic arm switching were automated by our system, foot pedal controls for camera adjustments and robot-arm
switching were not included.

Actual surgical robots typically have one binocular camera and four robotic arms, each equipped with different tools
(Figure 2(d)). On our robot side, we used four robotic arms fitted with common instruments including scalpel, clamps,
scissors, and tweezers. Participants controlled two arms at a time, with the robotic arms’ movements directly mirroring
the operator’s hand motions. Given the small size of surgical targets, the surgical robot size and speed mapping were
also scaled down for operational precision. Usually, the robotic arm movement is mapped to be one-fifth to one-fifteenth
of the operator’s hand speed. For the formal experiment, we set the hand-to-robotic-arm speed ratio at 10:1 to avoid
cognitive load, meaning a 20 cm arm movement corresponds to a 20 mm robotic arm movement (Figure 2(e) and (f)).
This way, participants could intuitively perceive distances/angles by visual and proprioceptive actions, and mentally
converting centimeters to millimeters, maintaining the natural spatial awareness in daily life. The scaled movements in
the camera view appeared consistent with hand motions in the eye view, maintaining the spatial head-hand relationship.

3.2 Considerations of Remapping Situations

We analyzed 52 videos of immersive telesurgical systems in use, either during surgeries or training, on platforms
like YouTube. We found that 44 of them (84.6%) involved remapping of spatial head-hand relations, indicating the
prevalence of this phenomenon. First, we observed that the head remains fixed, while the camera’s position and
rotation are frequently adjusted to accommodate different surgical scenarios or personal preferences, leading to frequent
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head-camera remapping. For example, when the spatial height is low, the camera needs to offset downward; to better
observe small lesions, cysts, tumors, or nodules, the camera is offset forward; when a large lesion area requires wide
hand movements, the camera is offset back to provide a broader view. Additionally, to make the flat binocular camera
fit in a narrow gap or adjust the tilted object in the view to be straight, the camera may be rolled deflection. Another
common occurrence is remapping due to switching control between robotic arms. Since the hand may be in any position
or angle when switching to a new set of robotic arms, and the robotic arms remain in their last controlled positions and
rotations, possible mismatched situations between the hand and robotic arms are various.

Based on these 2 types of head-hand spatial relationships, we set 2 remapping conditions: head-camera remapping
and hand-robot-arm remapping. To comprehensively cover potential remapping cases during surgery, we further divide
the conditions into 18 specific remapping situations, categorized by the remapping attribute (offset or deflection) and
its direction (left/right, up/down, and forward/backward). These include 6 head-camera remapping situations (columns
2 and 3 in Table 1) and 12 hand-robot-arm remapping situations (columns 2 and 3 in Table 2). Since there are two hands,
we distinguish between symmetric and asymmetric offsets/deflections of the robotic arms, resulting in more situations.
It’s worth noting that a camera offset to one direction differs from the offset of two robotic arms in opposite directions,
as the camera’s offset affects the view, whereas the robotic arms’ offset does not.

3.3 Pilot Study

The pilot experiment aimed to optimize remapping parameters for the formal experiment and reduce potential confound-
ing factors. We recruited 10 participants (5 male, 5 female, average age = 25.6, SD = 2.46, age range: 22-30) from 3 local
universities, all with HCI research backgrounds and thus more attuned to user experience and parameter selections.

According to the common remapping parameters, we set five ranges for positional offset and rotational deflection
for each remapping condition (second-to-last column in Tables 1 and 2). Participants experienced each range in a
counterbalanced order in the formal experiment scene and selected the most suitable parameters. We counted the
number of participants’ selections, and the most frequently chosen ranges were set as the final remapping parameters
(first-to-last column in Table 1 and 2). Among interviews, seven participants found hand-robot-arm remappings with
big parameters introduced unrelated factors like huge physical strain, while eight felt head-camera remappings with
big parameters caused poor visibility of the surgical site. Six believed parameters with small parameters were hard to
perceive and unfavorable for research, and eight preferred moderate remapping parameters (i.e., not big and not small)
as they better reflected actual situations.

4 User Study

This study explores how various remappings of spatial head-hand relations affect participants’ spatial perception and
interaction behavior during typical surgical tasks.

4.1 Ethics and Participants

The experiment was approved by our university’s ethics committee, excluding individuals with sensory, cognitive, or
motor impairments. we did not recruit professional surgeons, since the tasks were simple and required no medical
knowledge or skills, all participants could perform the tasks proficiently after practice. We recruited 20 students (10
male, 10 female; average age = 24.6, SD = 2.50, age range: 21-29) from three local universities. Six participants were
highly experienced with VR, seven had moderate experience, and seven were novices. Additionally, five participants
Manuscript submitted to ACM
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were familiar with the concept of immersive telesurgery systems by advertisements and videos but had no practical
usage experience.

4.2 Scenario and Experimental Tasks

We designed an abstract experimental scenario and four general tasks based on literature and videos in Sections 3.1 and
3.2. These tasks are not tied to any specific surgery but are applicable to a variety of procedures. The abstract scenario
and general tasks offer broad applicability while simplifying the system’s interface and avoiding the need for medical
expertise, thereby reducing participants’ cognitive load. The virtual surgical environment we created includes a series
of interlocking convex and flat surfaces to simulate complex internal environments, with irregularly shaped organs,
tissues, and lines representing blood vessels and nerves, as shown in Figure 3. These structures are densely packed,
replicating the narrow, confined space typical of surgical procedures. We modeled four virtual robotic arms, equipped
with scalpel, tweezers, scissors, and clamps.

Additionally, we developed four typical, general surgical tasks to simulate the essential steps in locating and removing
tumors/cysts/nodules:

Task 1-Navigation and Obstacle Avoidance: This task simulates the operator controlling the robot arms to move
within the body while avoiding critical structures like organs, blood vessels, nerves, and tissues [44, 78, 88]. Participants
control two robotic arms to navigate through a confined space, avoiding critical structures to reach the target tissue. A
visualized optimal path guides participants to ensure consistent obstacle avoidance for later evaluation, as shown in
Figure 3(a).

Table 1. Configurations of head-camera remapping based on design considerations and pilot experiment

Condition Situation Diagram Optional offset/
deflection

Determined offset/
deflection

No remapping No offset and deflection
(NOD) / /

Head-camera
remapping

Camera is offset to left/right
(COL/R)

2mm-6mm(1)
3mm-9mm(2)
5mm-15mm(6)
7mm-21mm(1)
9mm-27mm(0)

5mm-15mm
Camera is offset to up/down

(COU/D)

Camera is offset to forward/
backward (COF/B)

Camera deflects to left/right
(CDL/R)

5°-15°(1)
10°-30°(4)
15°-45°(2)
20°-60°(2)
30°-90°(1)

10°-30°
Camera deflects to up/down

(CDU/D)

Camera deflects to clockwise/
counterclockwise (CDC/C)
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Table 2. Configurations of hand-robot-arm remapping based on design considerations and pilot experiment

Condition Situation Diagram Optional offset/
deflection

Determined offset/
deflection

Hand-
robot-arm
remapping

Two robot-arms are offset
to left/right (ROL/R)

2mm-6mm(0)
3mm-9mm(2)
5mm-15mm(5)
7mm-21mm(2)
9mm-27mm(1)

5mm-15mm

One robot-arm is offset to left,
the other to right (ROL-R)

Two robot-arms are offset
to up/down (ROU/D)

One robot-arm is offset to up,
the other to down (ROU-D)

Two robot-arms are offset
to forward/backward (ROF/B)

One robot-arm is offset to forward,
the other to backward (ROF-B)

Two robot-arms deflect
to left/right (RDL/R)

5°-15°(1)
10°-30°(5)
15°-45°(3)
20°-60°(1)
30°-90°(0)

10°-30°

One robot-arm deflects to left,
the other to right (RDL-R)

Two robot-arms deflect
to up/down (RDU/D)

One robot-arm deflects to up,
the other to down (RDU-D)

Two robot-arms deflect to
clockwise/counterclockwise (RDC/C)

One robot-arm deflects to clockwise,
the other to counterclockwise (RDC-C)

Task 2- Spatial Location: This task simulates the operator locating a hidden tumor, cyst, or nodule beneath the
surface of an organ based on the guiding data of medical images [20, 31, 54, 92]. The system provides a visible white
origin point on the organ and a 2D coordinate relative to the origin for guiding the cutting position. Participants
estimate the location using visual inspection (visual cues) and action measure (proprioceptive cues) and mark the
cutting position (green point) with the tip of a scalpel, as shown in Figure 3(b).
Manuscript submitted to ACM
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Task 3- Cutting based on Spatial Perception: To minimize harm, this task focuses on accurately controlling the
cutting angle, depth, and length to avoid blood vessels, nerves, and other vital points according to the guiding data
of medical images [33, 37]. Participants control a scalpel to make an incision at the mark position, following system
prompts for the insertion angle (randomly 10°-30° in various directions) and cut the tissue at a specified depth (randomly
4-8mm) and length (randomly 5-10mm), as shown in Figure 3(c) and (d).

(a) Navigating robot-arm to avoid obstacle (b) Mark the target coordinates (c) Adjust the scalpel to target angle

(d) Insert and incise to target depth and distance (e) Extract and remove the cyst/tumor/nodule (f) Suture incision with 8 stitches evenly spaced
Fig. 3. Experimental scenario and task procedures

Task 4- Bimanual Cooperation: Simulating the removal of tumor/cyst/nodule and suturing the incision [37, 38, 40],
participants use both hands for this task. The right robot arm, equipped with tweezers, holds the incision open to
expose the tumor/cyst/nodule, while the scissors in the left robot arm cut it free (Figure 3(e)). Afterward, the left robot
arm is automatically switched to clamps holding the suture needle, and participants must collaborate with both hands
to stitch the wound evenly, as shown in Figure 3(f). The system automatically calculates the standard suture template
trajectory based on the incision size and direction for subsequent evaluation.

4.3 Remapping Conditions and Situations

Following Section 3.1, we developed a VR-based teleoperation surgery system. The setup in the operator side includes
an adjustable table and VR headset stand to suit participants of varying heights, and a new VR handle holding posture to
simulate the actual surgical controlling. On the robot side, we reduced the size and speed of surgical robots to one-tenth
of that of operators. Typically, users manually switch robotic arms, causing remapping. In our experiment, to avoid
extra hand-robot-arm remapping caused by manual switching, the system automatically swaps the corresponding
virtual robot arms when a tool change is needed.

Based on Section 3.2, we set two remapping conditions: head-camera remapping and hand-robot-arm remapping,
along with a control condition without remapping. According to Tables 1 and 2, each remapping condition was further
divided into more remapping situations (6 in head-camera and 12 in hand-robot-arm), with random offset (5-15mm on
simulated robot side) or deflection values (10°-30°). These parameters ensured interaction actions weren’t distorting or
complicating, and the interaction area remained visible, minimizing unrelated variables.
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Figure 4 illustrates the two situations of head-camera remapping and four situations of hand-robot-arm remapping
during Task 4. For example, when the camera is offset 15mm forward, the robot arm appears bigger in the view (Figure
4(a)). Notably, the remapping of head-hand relations induces visual-proprioceptive conflicts, requiring either eye or
hand compensation to complete the same robot action accurately. For example, in the situation where the camera
deflects down 30°, participants need to rotate their eyes upward by 30° to clearly see the operational area (Figure 4(b)).
When both robotic arms are offset forward by 15mm, participants need to move their hands 15cm backward to keep the
robotic arms aligned with the incision (Figure 4(c)). Similarly, when both robotic arms deflect upward by 30°, participants
need to rotate their hands downward by 30° to maintain precise operation in view (Figure 4(d)).

(a) Camera is offset to forward 15mm (b) Camera deflects to down 30°

(c) Two robot-arms are offset to forward 15mm (d) Two robot-arms deflect to up 30°

(e) Left robot-arm is offset to left 30°, the right to right 30° (f) Left robot-arm deflects to clockwise 30°, the right to counterclockwise 30°
Fig. 4. Remapping situations cause mismatches between visual and proprioceptive actions.

4.4 Evaluation Metrics

To objectively and subjectively measure the remapping impact of spatial head-hand relations, we established four
metrics to assess spatial perception and behavior performance.

4.4.1 Trajectory Deviation. The system calculates navigation and suturing trajectory deviations for Task 1 and Task 4
using the Dynamic Time Warping (DTW) algorithm, known for its flexibility in handling sequences of varying lengths
and local speed changes [76]. By comparing participants’ trajectories with template trajectories, DTW calculates the
average deviation value of each pair of sampling points.
Manuscript submitted to ACM
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4.4.2 Perceptual Bias Rate. In Task 2, the location bias rate (i.e., 𝑏𝑟𝑙 ) is calculated based on the difference between the
participant’s marked incision point (x, y) and the system’s target coordinates (x’, y’). In Task 3, the angle, depth, and
distance bias rates (i.e., 𝑏𝑟𝑎 , 𝑏𝑟𝑑 , 𝑏𝑟𝐷 ) are determined using the difference in insert angles (𝛼 , 𝛽 , 𝛾 ), insert depth (d), and
incision distance (D) compared to their respective target values (𝛼 ’, 𝛽’, 𝛾 ’), d’, D’. The calculation method is shown in
Formula 1.



𝑏𝑟𝑙 =
1
2

(
|𝑥−𝑥 ′ |
|𝑥 ′ | + |𝑦−𝑦′ |

|𝑦′ |

)
𝑏𝑟𝑎 = 1

3

(
|𝛼−𝛼 ′ |√

|𝛼 ′ |2+|𝛽 ′ |2+|𝛾 ′ |2
+ |𝛽−𝛽 ′ |√

|𝛼 ′ |2+|𝛽 ′ |2+|𝛾 ′ |2
+ |𝛾−𝛾 ′ |√

|𝛼 ′ |2+|𝛽 ′ |2+|𝛾 ′ |2

)
𝑏𝑟𝑑 =

|𝑑−𝑑 ′ |
|𝑑 ′ |

𝑏𝑟𝐷 =
|𝐷−𝐷 ′ |
|𝐷 ′ |

(1)

4.4.3 Workload. We used the NASA-TLX to assess six dimensions of workload: mental demand, physical demand,
temporal demand, performance, effort, and frustration, with each dimension scored on a scale of 0 to 20 [34]. This scale
captures participants’ perception and behavior effort when facing remappings.

4.4.4 Task Completion Time. The system automatically recorded the time taken to complete each task, excluding time
spent filling out NASA-TLX. Completion time provides an objective measure of the effect on reaction and action time
during remapping.

4.5 Procedure and Bias Mitigation

This experiment used a repeated measures design where each participant completed all remapping conditions and
situations. There were 6 head-camera, 12 hand-robot-arm situations, and 1 control condition (no remapping). To balance
various situation numbers in conditions (6 in head-camera condition, 12 in hand-robot-arm condition, and 1 in no
remapping condition), the situations in head-camera condition were repeated twice, and the situation in no remapping
condition was repeated 12 times.

Participants first practiced under the no remapping condition until they were familiar with the scenes and tasks.
They then experienced each remapping scenario in a balanced order, aiming to complete the four tasks as quickly
and accurately as possible. After each condition, participants filled out the NASA-TLX and provided feedback. Upon
completing all scenarios, they participated in an interview.

Prior to the experiment, participants received a detailed introduction covering immersive telesurgery, remapping,
procedures, and NASA-TLX. A pre-recorded demo video explained the tasks, and any questions were addressed to
ensure familiarity. During practice, participants were trained to adapt to the robot avatar being 10 times smaller than
their body, immediately converting perception measurements between centimeters (operator side) and millimeters
(robot side) as needed. To mitigate potential effects from repeated measures and learning, the order of conditions was
counterbalanced. Participants rested between conditions and situations until any subjective mental or physical fatigue
subsided, and verbal confirmation was given that they were ready to proceed.

4.6 Implementation

Blender v3.6 was used to create 3D models of the robotic arms and surgical scenes, while Unity Engine v2021.3.32f1c1
was used to develop the four surgical tasks and control the experimental process. Participant and system data were
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stored in JSON files. The remapping was implemented by applying an additional offset and deflection to the mapping of
the headset and handles in VR. The experiment utilized Oculus Quest 2 [87] as the immersive display.

5 Experimental Results

To thoroughly evaluate the impact of sensory conflict caused by remapping of spatial head-hand relations, we examined
the effects of remapping on different target objects (i.e., head-camera and hand-robot-arm), attributes (i.e., offset and
deflection), and intensity (i.e., large and small mapping parameters) on spatial perception and interaction behavior. We
also compared the effects of various remapping scenarios.

Since most data did not follow a normal distribution according to the Shapiro-Wilks test, medians were used to
represent the user data. Boxplots were used to visualize the data distribution of each metric, and tables ranked the
impact of each remapping situation. Among them, we employed SPSS’s built-in post-Friedman pairwise comparison
method to assess significant differences between remapping targets, attributes, and intensity, based on Dunn’s method
with Bonferroni correction [21]. This method in SPSS automatically adjusts p-values, keeping the significance level at
0.05. Moreover, we used Wilcoxon signed-rank tests to determine the significant differences between each remapping
situation and baseline (no offset and deflection).

5.1 Comparison of Different Remapping Targets

The remapping was applied to two target objects: the head and the hands. The impact of the remapping targets can
be revealed by comparing the different conditions set in this study. This section provides a statistical analysis of the
metrics: four perceptual bias rates (location, angle, depth, distance) from tasks 2 and 3; two trajectory deviations
(navigation, suturing) from tasks 1 and 4; six scores from the questions of NASA-TLX; and four completion time of
tasks. Additionally, significant differences between conditions were analyzed.

(a) Perceptual bias rate of 3 remapping conditions in Task 2 and 3 (b) Trajectory deviation of 3 remapping conditions in Task 1 and 4

(c) NASA-TLX score of 3 remapping conditions (d) Completion time of 3 remapping conditions in 4 tasks
Fig. 5. Boxplots of 4 metric performances in three experimental conditions
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The Friedman test results showed significant effects on: location bias rate (𝜒2 (2) = 55.358, 𝑝 < 0.001), angle bias rate
(𝜒2 (2) = 16.358, 𝑝 < 0.001), depth bias rate (𝜒2 (2) = 10.658, 𝑝 = 0.005), distance bias rate (𝜒2 (2) = 24.758, 𝑝 < 0.001),
navigation deviation in task 1 (𝜒2 (2) = 96.533, 𝑝 < 0.001), and suturing deviation in task 4 (𝜒2 (2) = 37.525, 𝑝 < 0.001).
For NASA-TLX, significant differences were found in mental demand (𝜒2 (2) = 64.266, 𝑝 < 0.001), physical demand
(𝜒2 (2) = 43.486, 𝑝 < 0.001), time demand (𝜒2 (2) = 50.491, 𝑝 < 0.001), effort (𝜒2 (2) = 57.922, 𝑝 < 0.001), frustration
(𝜒2 (2) = 65.870, 𝑝 < 0.001), and completion time in task 1 (𝜒2 (2) = 30.608, 𝑝 < 0.001), task 2 (𝜒2 (2) = 16.425, 𝑝 <

0.001), task 3 (𝜒2 (2) = 12.175, 𝑝 = 0.002), and task 4 (𝜒2 (2) = 25.908, 𝑝 < 0.001).
The boxplot (Figure 5) illustrates the data distribution and significant differences across conditions, with * representing

p < 0.05, ** representing p < 0.01, and *** representing p < 0.001.
Overall, compared to no remapping, different remapping targets had varying impacts on task performance. Head-

camera remapping has the biggest perception bias rates, navigation deviation, mental load, and completion time.
Hand-robot-arm remapping has the biggest suturing deviation and physical load.

5.2 Comparison of Different Remapping Attributes and Intensities

The remapping attributes are categorized into offset and deflection, while the intensities are divided into strong and
weak. Thus, we further divided the two remapping conditions into the following groups: strong head-camera offset
(SHCO), weak head-camera offset (WHCO), strong head-camera deflection (SHCD), weak head-camera deflection

(a) Overall perceptual bias rate of 9 remapped attribute & intensity groups (b) Total trajectory deviation of 9 remapped attribute & intensity groups

(c) Total workload score of 9 remapped attribute & intensity groups (d) Total completion time of 9 remapped attribute & intensity groups

Fig. 6. Boxplots of 4 metric performances in 9 groups grouped by remapping attribute and intensity

Manuscript submitted to ACM



677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

14 Anon.

(WHCD), strong hand-robot-arm offset (SHRO), weak hand-robot-arm offset (WHRO), strong hand-robot-arm
deflection (SHRD), and weak hand-robot-arm deflection (WHRD). Together with no offset and deflection (NOD), a
total of 9 groups are formed. Among them, strong and weak are determined by dividing the offset/deflection parameter
range (5mm-15mm or 10°-30°) into two and checking whether the experimentally recorded parameter is in the smaller
interval (5mm-10mm or 10°-20°) or the larger interval (10mm-15mm or 20°-30°).

Additionally, we averaged the 4 perceptual bias rates (location, angle, depth, and distance) to calculate the overall
perceptual bias rate. We summed the navigation and suturing deviations to obtain the total trajectory deviation. The
total workload score was calculated using the method outlined in the original paper of NASA-TLX [34], and the total
completion time was derived by summing the time for 4 tasks.

Friedman test results indicated significant effects of conditions on the overall perceptual bias rate (𝜒2 (8) =

245.324, 𝑝 < 0.001), total trajectory deviation (𝜒2 (8) = 291.378, 𝑝 < 0.001), total workload score (𝜒2 (8) = 374.886, 𝑝 <

0.001), and total completion time (𝜒2 (8) = 196.604, 𝑝 < 0.001). The boxplot (Figure 6) illustrates the data distribution
and significant differences across the different remapping attributes and intensities, where * indicates p < 0.05, **
indicates p < 0.01, and *** indicates p < 0.001.

Overall, for the same remapping target and attribute, strong remapping performs worse than weak remapping.
The head-camera deflection performs worse than its offset, while the hand-robot-arm offset performs worse than its
deflection. Strong head-camera deflection results in the largest overall perceptual bias rate and total trajectory deviation,
whereas strong hand-robot-arm offset leads to the highest total workload and completion time. No remapping and
weak hand-robot-arm deflection tend to perform the best.

5.3 Comparison Between Different Remapping Situations and No Remapping Situation

This section evaluates the bias rate of location, angle, depth, and distance, total trajectory deviation, total completion
time, and total workload. Only the four perception bias rates are not combined, as different remapping directions may

Table 3. Ranking of the impact level of 18 remapping situations compared to the no remapping situation

No. Remapping
situations

Location Angle Depth Distance Trajectory Time Workload
MD Sig. MD Sig. MD Sig. MD Sig. MD Sig. MD Sig. MD Sig.

1 CDC/C 28.7% ** 12.3% *** 4.8% * 14.8% *** 0.910 *** 16.3 *** 8.5 **
2 CDU/D 19.0% * 13.5% *** 11.7% ** 6.1% * 0.629 ** 11.9 ** 8.2 ***
3 CDL/R 27.5% * 13.1% ** 3.7% ** 7.9% * 0.756 ** 16.0 *** 7.8 **
4 COF/B 21.3% * 3.1% / 3.7% ** 6.2% * 0.891 ** 12.8 * 4.8 ***
5 ROU-D 25.3% * 1.4% / 1.2% / 12.5% * 2.287 ** 13.5 * 17.0 ***
6 COU/D 17.6% * 4.2% / 3.8% * 10.5% * 0.715 ** 14.0 * 4.8 *
7 ROL-R 22.7% * 2.2% / 7.6% / 16.4% * 1.151 * 18.7 * 9.3 **
8 COL/R 14.9% * 4.0% / -1.7% / 3.9% ** 0.908 ** 7.9 * 2.7 /
9 ROF-B 3.4% / 3.9% / 11.4% ** 2.3% / 1.047 * 7.6 * 14.0 **
10 ROF/B 14.8% / 3.5% / 17% ** 7.5% / 1.726 * 5.8 / 13.0 **
11 ROU/D 10.0% / -2.1% / 3.8% / 11.6% * 1.382 * 11.0 * 8.5 **
12 ROL/R 16.6% * -2.2% / -3.8% / 9.9% / 0.987 * 7.6 / 7.8 **
13 RDL/R 6.8% / 19% * 4.9% / -6.2% / 0.014 / 7.1 / 8.5 **
14 RDC/C 6.4% / 4.3% / -4.1% / 2.2% / 0.135 / -1.6 / 8.8 **
15 RDL-R 5.3% / 3.5% / 1.0% / -4.1% / 0.393 / 4.7 / 6.7 *
16 RDC-C 5.0% / 4.9% / -3.9% / -1.5% / 0.313 / -0.8 / 4.0 /
17 RDU/D 12.4% / 1.4% / 3.2% / -3.6% / -0.228 / 7.8 / 4.3 /
18 RDU-D 2.6% / -1.0% / 2.2% / 0.4% / -0.062 / 9.9 / 4.0 /
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affect spatial perception in various directions. Using the Wilcoxon signed-rank test, we compared each remapping
situation with the no-remapping situation. To better illustrate the various impacts of remapping situations, we ranked
them by their impact size, as shown in Table 3. In the table,𝑀𝐷 indicates the difference in medians between a remapping
situation and the no-remapping situation for a specific metric, and 𝑆𝑖𝑔. indicates the significance of the difference (*
represents p < 0.05, ** represents p < 0.01, *** represents p < 0.001, green, blue and red backgrounds to highlight them
respectively). The ranking strategy is based on the total number of * across all metrics; if two conditions have the same
number of *, we further compare their𝑀𝐷 values for each metric, with the situation having larger𝑀𝐷 in more metrics
ranked higher.

Overall, head-camera deflection has the greatest impact, especially when the camera deflects clockwise or counter-
clockwise. Hand-robot-arm deflection has the smallest impact, particularly in situations where "one robot-arm deflects
to clockwise, the other to counterclockwise," "two robot-arms deflect up/down," and "one robot-arm deflects to up, the
other to down." Situations where the two robot arms offset in opposite directions typically ranked higher than situations
with same-direction offset, while opposite-direction deflection situations generally ranked lower than same-direction
deflection situations.

6 Discussion

The perceptual impact primarily stems from multisensory integration and conflicts, which can be effectively reflected
in the spatial perception bias rates in Tasks 2 and 3. The behavioral effects are more complex, involving errors due
to perceptual biases and physical factors such as increased physical exertion and limited joint flexibility caused by
remapping. Therefore, this section first discusses the sensory conflicts and physical impacts caused by remapping
separately. Then, we explore the broader value and implications of this study. Finally, we analyze the limitations of the
paper and suggest directions for future work.

Moreover, this study is exploratory and did not involve pre-formulated hypotheses before the experiment. Therefore,
all discussions in this section provide exploratory insights.

6.1 Sensory Conflicts Impact from Remapping of Head-Hand Relations

6.1.1 General impact and mechanism speculation. As the study only involved robotic arm movements without whole-
view movement, and no participants reported motion sickness during interviews, it can be inferred that the vestibular
contributionwasminimal. The primary sensory conflict caused by the remapping of head-hand relations is thus identified
as a visual-proprioceptive conflict. Overall, remapping disrupts the natural alignment between human perception of the
body and the environment. Compared to scenarios without remapping, we found that the visual-proprioceptive conflict
caused by remapping reduced the accuracy of spatial perception and interaction behaviors, increased task completion
time, and added cognitive load, significantly affecting participants’ perception, cognition, and behavior. Moreover, we
observed significant differences in the effects of remapping intensity. Smaller remapping parameters were easier to
adapt to and had less impact on perception, cognition, and behavior, while larger remapping parameters disrupted
multisensory integration more severely, increasing control difficulty and error.

Based on experimental results, observations, interviews, and sensory integration theory, we speculate that participants
faced a perception-cognition-behavior mechanism under remapping. The mismatch between the visual representation
of the head-hand relationship and proprioception led to confusion in sensory integration, making it difficult for users
to accurately judge spatial positions, hand operations, or even movement directions. Remapping required users to
adapt to the new head-hand relationship, with cognition having to process inconsistent sensory information. This
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adaptation process increased cognitive load, as the brain needed to resolve conflicting sensory inputs and coordinate
them, leading to longer task completion times and requiring more attention to complete the same tasks. To cope with
visual-proprioceptive conflict, users tended to adjust their behavior to correct the misalignment, leading to reduced
precision and deviation in movement trajectories, and increased physical load, especially in fine surgical operations.

6.1.2 Sensory Conflict Impact of Head-Camera Remapping. We found that the sensory conflict had particularly strong
effects when the remapping’s target, attribute, and intensity were strong head-camera deflection. From observations
and interviews, we discovered that camera deflection visually altered the movement direction of participants’ physical
hand motions. The direction sensed by the participant’s proprioception did not align with the robotic arm’s motion
direction, which distinguished it from other remapping situations. For example, in the ’camera deflects to clockwise’
situation, the participant’s hand moved vertically upward, but the robotic arm moved toward the upper left in the view.
Similarly, in the situations where of camera deflected to other direction, participants experienced distortion in the
hand’s movement in non-deflection axes. This change in the head-hand motion coordinate system caused strong spatial
perception and motion control difficulties for the participants. Some users reported, "I kept trying to adapt and control
the robotic arm to move in the direction I intended, which wasn’t easy."

Moreover, we found that camera offset situations also affected spatial perception, though to a lesser extent than
deflection situations. Among them, the ’camera is offset to forward/backward’ situation had notable effects. This was
primarily because when the camera offsets forward, the robotic arm appears closer to the camera, making the arm’s size
and movement seem larger in the view. Conversely, when the camera offsets backward, the robotic arm appears farther
away, making its size and movement appear smaller in the view. This separation between the view and the hands
affects the precision of integrating visual and proprioceptive signals, which in turn impacts the accuracy and difficulty
of estimating spatial movements. Similarly, offset in other directions of the camera also affect hand-eye coordination
precision. Additionally, this sensory conflict seems to influence certain cognitive aspects, such as body ownership.
Some users reported, "I feel like I’m controlling my body from a third-person perspective, and at times, it feels like this
robotic avatar isn’t even me."

6.1.3 Sensory Conflict Impact of Hand-robot-arm Remapping. In contrast to head-camera remapping, hand-robot-arm
remapping did not affect the view or hand motion direction, resulting in less impact on spatial perception. According
to Table 3, the offset of the robotic arm only influenced position-related metrics, while deflection of the robotic arm
only affected angular perception, suggesting that remapping’s effect may be more pronounced when the attribute of
remapping (offset or deflection) aligns with the attribute of spatial perception (translation or rotation). Interestingly,
we found that when the offset direction of the robotic arm aligned with the hand movement direction of the spatial
perception tasks, the perception bias rate was significant. This finding reveals the directional influence of visual-
proprioceptive conflict on perception bias.

6.2 Physical Impact from Remapping of Head-Hand Relations

We find that remapping introduced physical limitations, increasing physical load and further exacerbating interaction
trajectory deviations. These limitations were mainly due to behavioral compensations, including eye movement
compensation (for head-camera remapping) and hand movement compensation (for hand-robotic-arm remapping).

6.2.1 Physical Impact of Head-Camera Remapping. Specifically, camera offset and deflection shifted the operation area
and robotic arm from the center of the view, requiring participants to slightly rotate their eyes to refocus on them for
Manuscript submitted to ACM
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accurate interaction. For example, when the camera was offset or deflected upward, the operation area and robotic arms
shifted downward in the view, requiring participants to look slightly downward to refocus. Interestingly, the workload
caused by upward/downward camera offsets and deflects was greater than that caused by left/right offsets and deflects.
We speculate that this is because horizontal eye movements are not obstructed by the eyelids, and people tend to make
horizontal eye movements more frequently than vertical ones in daily life. As a result, the horizontal field of view is
wider than the vertical one, making it easier to maintain stable focus after horizontal movements [43, 49].

6.2.2 Physical Impact of Hand-robot-arm Remapping. We also found that hand-robot-arm remapping caused the highest
physical workload, especially in cases where the robotic arm was offset. This is because the offset requires compensatory
hand movements to maintain visually accurate interactions of robotic arms, and these compensations often result in
greater hand/arm fatigue compared to when no compensations are needed. For example, in the case of downward
offset, participants had to raise their hands higher to make the robotic arm return to the operational area, which often
caused their arms to hover above the table, leading to the “gorilla arm” effect and thus increased fatigue [12]. In the
case of upward offset, participants had to lower their hands for compensation, which sometimes caused their hands to
be positioned lower than their elbows, further exacerbating fatigue. When the robotic arm was shifted forward, the
hands had to move backward to maintain normal interaction, which could result in the hands hitting the VR headset,
leading to more cautious control and increased physical load.

Moreover, situations where the two robotic arms were offset in opposite directions often resulted in a higher workload
than when they were offset in the same direction. We speculate that this is because opposite-direction offsets place
greater demands on hand coordination and trigger larger visual-proprioceptive conflicts. For instance, when the left
robotic arm is offset left and the right robotic arm is offset right, participants’ compensatory movements could result in
crossed hands (Figure 4(e)); whereas when the left robotic arm is offset right and the right robotic arm is offset left, the
compensatory movements could result in a wider gap between the hands.

Interestingly, contrary to the results of offsets, same-direction deflections of the robotic arms generally had a
significant impact on workload, while opposite-direction deflections did not. We speculate that this is due to the
asymmetry in the flexibility of wrist rotation. For example, left-hand offsets to the right or deflects to counterclockwise
are easier, while offsets to the left or deflects to clockwise are more difficult; similarly, right-hand offsets to the left
or deflects to clockwise are easier, while offsets to the right or deflects to counterclockwise are more difficult. This
asymmetry leads to one hand experiencing more difficulty in compensatory movements when both hands are deflected
in the same direction, resulting in increased workload. In contrast, opposite-direction deflections offer two possibilities:
either both hands experience difficult compensatory movements, or both hands find the compensations easy. These
random possibilities may balance each other out, resulting in no significant impact on workload.

Additionally, we found that the two hand-robot-arm remapping situations involving upward/downward deflections
had the smallest impact on workload across all scenarios. We speculate that this is because compensatory movements
in upward or downward rotations are generally easier to perform.

6.3 Research Value and Insights

The study of head-hand relation remapping in immersive telesurgery holds significant research value and offers insights
in multiple areas, particularly in understanding multisensory integration mechanisms, improving surgical accuracy,
optimizing operational experience, and designing new sensory intervention methods or teleoperation systems.
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First, this paper is the first to identify the discrete remapping of spatial head-hand relations commonly found in
immersive telesurgery systems. It systematically reveals the dual sensory conflict and physical impacts caused by
remapping and proposes potential causes and mechanisms. This advances our understanding of how the perceptual
system handles conflicting information, providing new perspectives for researching multisensory integration and
perception-action compensation mechanisms.

Second, accuracy and safety are critical in immersive telesurgery systems. The remapping can affect the surgeon’s
spatial perception and operational precision with surgical tools and internal structures. The findings of this study,
along with the ranking of the impacts of various remapping situations (Table 3), help identify remapping scenarios that
surgeons should note or avoid to improve surgical precision and safety. For instance, if the camera needs to be deflected
due to constraints within the patient’s internal structures, the deflection angle should be minimized, or alternative
remapping with lower impact, as indicated by the ranking, should be used to mitigate effects on perception, cognition,
and behavior.

Third, by understanding the various influencing factors of remapping (e.g., target, attributes, intensity, situations) and
their respective impact levels, designers of telesurgery systems can implement intervention measures to help surgeons
maintain operational stability and accuracy under remappings. Intervention methods may include using visual and
haptic augmentation techniques to guide correct perception and action, providing alerts when behavior deviations
are detected or when remapping situations have a substantial impact, or designing motion compensation algorithms
for robot arms to correct behavioral errors. Additionally, adaptive algorithms could be developed to reconstruct the
hand-robot-arm relationship by automatically aligning the robot arms to the hands when feasible.

Fourth, immersive telesurgery systems are not only used in actual surgical procedures but are also widely applied
in the training of surgeons. Studying the remapping impact on surgical operations can provide valuable insights
for designing surgical training systems. By simulating different remapping situations, trainee surgeons can better
adapt to teleoperation, improving their perceptual and operational accuracy when encountering remapping in real
surgeries. Moreover, the findings can help in designing more effective training tasks. For example, designers could
gradually increase the complexity of remapping during training to help surgeons adapt to sensory conflicts and varying
operational environments. This will accelerate their learning process and enhance their performance in real surgeries.

Fifth, although the robot arms are consistent with the embodied actions of the human arms, the robot avatar may
not foster a high level of body ownership. Studies have shown that stronger body ownership over the avatar enhances
control over it [64]. Therefore, system designers could consider using AR technology to render the robot arms in
the view as hand-holding surgical instruments. They might also consider leveraging the rubber hand illusion [17] by
controlling one robot arm to stroke the other before the surgical interaction begins while one hand simultaneously
strokes the other. This synchronous visual-tactile sensory stimulation could enhance body ownership.

Sixth, the results and findings regarding the remapping of head-hand relations are generalizable beyond the field
of surgery. They can be extended to various application scenarios, such as teleoperating non-humanoid robots or
controlling non-humanoid avatars in VR, where head-hand relations are also broken.

6.4 Limitations and Future Work

6.4.1 Limitations. Although this study systematically explores the remapping effects of spatial head-hand relations on
perception, cognition, and behavior in the context of immersive telesurgery systems, there are still some limitations.

This research simulates the telesurgery system using a VR environment, rather than testing in a real surgical setting.
While VR can effectively reproduce some features of immersive teleoperation, real surgeries may involve more complex
Manuscript submitted to ACM



937

938

939

940

941

942

943

944

945

946

947

948

949

950

951

952

953

954

955

956

957

958

959

960

961

962

963

964

965

966

967

968

969

970

971

972

973

974

975

976

977

978

979

980

981

982

983

984

985

986

987

988

Exploring the Remapping Impact of Spatial Head-hand Relations in Immersive Telesurgery 19

factors such as actual force feedback, tactile sensations, and the dynamic properties of surgical instruments, which are
not fully reflected in this study.

Although the study designed 18 types of remapping situations, more complex and diverse remapping situations may
occur in actual practice, such as the superposition of head-camera remapping and hand-robot-arm remapping.

This study primarily focuses on conflicts between visual and proprioceptive information, neglecting the influence
of other sensory inputs such as tactile feedback. In real teleoperated surgeries, tactile feedback plays a critical role in
operational precision and stability.

Although human sensory integration processes and mechanisms are generally similar, the use of non-surgeon
participants might influence the results. For example, surgeons’ experience, operational skills, and ability to adapt to
sensory conflicts may affect their response to remapping.

6.4.2 Future Work. In the future, we plan to validate these findings in real telesurgery systems by collaborating with
surgeons to assess the specific impacts of different remapping situations on spatial perception and operational behavior.
This will provide more practical guidance for remapping.

We will also further investigate the integration and conflicts of multiple senses (such as vestibular and tactile senses)
to reveal how to design sensory feedback more effectively under multisensory conditions, reducing conflicts caused by
remapping and optimizing system design.

Additionally, we will explore how operators gradually adapt to sensory conflicts caused by remapping through
training, designing effective training mechanisms to accelerate the adaptation process. Research will focus on how
to use progressive remapping adjustments in virtual training environments to help operators more quickly adapt to
complex operational scenarios in real surgeries.

Finally, we will also combine intelligent control algorithms with remapping research to develop adaptive telesurgery
robotic systems. These systems would automatically adjust the head-hand relative relationship based on real-time data
during the operation, alleviating sensory conflicts and reducing physical strain.

7 Conclusion

This study systematically examines the remapping effects of spatial head-hand relation in immersive telesurgery,
revealing its significant impact on perception, cognition, and physical load. We found that head-camera remapping leads
to the greatest spatial perception bias, particularly with strong deflection, while hand-robot-arm remapping results in
increased physical limitations, especially with strong offset. These findings highlight the role of visual-proprioceptive
conflicts and compensatory actions induced by remapping. Our research provides valuable insights for optimizing
telesurgery systems, improving surgical training, and mitigating sensory conflicts to enhance surgical performance.
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