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Figure 1: Distributed XR system for remote teleoperation of the da Vinci Research Kit, enabling three geographically distributed
surgeons to collaborate in real time through a cloud-based coordination server.

ABSTRACT

Extended reality (XR) technologies offer new opportunities for re-
mote collaboration in robotic-assisted surgery; however, most ex-
isting systems focus on single-user interaction and local operation,
thereby limiting their applicability to distributed surgical work-
flows. This paper presents a multi-user remote XR teleoperation
framework for robotic surgery based on the Da Vinci Research Kit
(dVRK), integrating immersive mixed reality visualization, unilat-
eral haptic teleoperation, and cloud-based synchronization to en-
able real-time collaborative interaction among geographically dis-
tributed participants. The system employs a role-based teleoper-
ation paradigm, in which a primary surgeon performs bi-manual
instrument manipulation using a haptic device, a secondary sur-
geon controls the endoscopic camera through a dedicated haptic
interface, and a support user facilitates coordination via intent com-
munication and spatial annotation, without directly actuating the
robot. Robot state, user inputs, and visual information are synchro-
nized through a centralized cloud infrastructure hosted on Amazon
Web Services (AWS), which enforces role-based access, separates
control channels, and maintains a consistent shared XR represen-
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tation across users under networked conditions. A preliminary ex-
perimental evaluation on the integration of this systems shows the
round-trip teleoperation latency, including robot command trans-
mission and force feedback, is approximately 38 ± 5.4 ms with a
mean video transmission latency of 112 ± 13 ms.

Index Terms: Extended Reality (XR); Robotic-Assisted Surgery;
Teleoperation; Multi-User Collaboration; Cloud Computing

1 INTRODUCTION

Historically, Extended Reality (XR) technologies have been used
to bridge the gap between digital and physical environments, en-
abling the creation of immersive and interactive experiences for
various healthcare applications, including training, education, and
pre-surgical planning. While these systems offered rich local im-
mersion, their ability to support real-time remote experiences and
meaningful interaction across distances was limited [21, 12, 11].

Over time, however, the increasing need to create a strong sense
of presence in remote locations, commonly referred to as telep-
resence, particularly in the context of performing surgical opera-
tions, has driven a significant transformation in the use of immer-
sive technologies for remote surgery [14, 2]. These advancements
are especially driven by robotics, networking, sensing, visualiza-
tion, and human–computer interaction, which have progressively
shifted the focus from isolated immersive experiences to connected,
collaborative, and spatially aware remote environments [22, 23].
Despite these advances, the ability to collaborate remotely using
XR remains relatively underexplored, particularly in the context of
robotic-assisted surgery. Although a limited number of studies have
begun to study multi-user XR approaches in surgical environments,
these systems often require additional training and adaptation by
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Figure 2: Overall software and hardware framework on AWS infrastructure: Left: remote environment and pilot stations, including teleoperated
robots and user-side teleoperation interfaces. Right: AWS EC2–based cloud architecture providing centralized coordination, synchronization,
and shared XR state management.

users to surgeons [18, 4, 24].
In this paper, we propose a multi-user remote XR teleopera-

tion framework for robotic surgery using the Da Vinci Research
Kit (dVRK). The proposed framework allows multiple surgeons to
collaboratively interact with the robotic system using haptic de-
vices, while simultaneously monitoring through real-time video
streams. In addition, it provides coordination tools that support
shared awareness and interaction around a common, real-time XR
representation of the robotic surgical system. The main and supple-
mentary contributions of this work are summarized below:

1. Main: A multi-user XR-based teleoperation framework for
robotic surgery using the da Vinci Research Kit (dVRK), en-
abling collaborative surgeon interaction through haptic de-
vices and shared real-time XR representations, supported by
using Amazon Web Services (AWS) for low-latency commu-
nication and real-time state synchronization.

2. Supplementary:

(a) A preliminary assessment of cloud-based infrastruc-
ture for distributed surgical collaboration, identifying
performance characteristics, limitations, and scalability
considerations.

(b) Demonstration of key collaborative surgical scenarios
across different cities, including real-time team inter-
action, contextual visualization, remote telementoring,
and XR-enabled telepresence.

2 RELATED WORK

The proposed framework and its underlying concepts encompass
multiple research domains, including extended reality (XR) tech-
nologies, cloud computing, data compression, real-time streaming,
and the application of XR in surgical environments. To maintain
a focused and relevant scope, this section reviews the most recent
related works on the use of XR technologies in the operating room.

Immersive visualization in Robotic Surgery has emerged as a
key application in robotic-assisted surgery, aiming to enhance sit-
uational awareness, overlay information, provide depth perception,
and spatial understanding during complex procedures. Providing

surgeons with three-dimensional views of the surgical scene to im-
prove task performance and safety. Early research works in this
area focused on stereoscopic visualization and head-mounted dis-
plays (HMDs) to improve depth perception and hand–eye coordi-
nation during minimally invasive procedures [15, 20, 21, 12, 11].
As XR hardware matured, researchers began integrating real-time
endoscopic video, robot kinematics, and anatomical models into
immersive environments, allowing surgeons to visualize both the
operative field and the underlying robotic system in a unified spa-
tial context [16, 24, 6]. In addition, these approaches have demon-
strated the feasibility of overlaying virtual information, such as tool
trajectories, safety boundaries, and anatomical landmarks, directly
onto the surgeon’s view of the surgical scene to guide and avoid
errors. In parallel, immersive simulation frameworks that inte-
grate physics-based models with ROS-compatible interfaces have
supported user training and algorithm development for surgical
robotics [13].

Teleoperation Interfaces in Robotic Surgery, are a foundational
component of robotic-assisted surgery, allowing surgeons to control
patient-side robotic instruments with precision and stability. Tradi-
tional teleoperation in surgical robotics relies on master–slave ar-
chitectures, where surgeon-side master devices map hand motions
to patient-side manipulators. Systems such as the da Vinci Surgi-
cal System employ kinematically matched master tool manipulators
(MTMs) combined with stereoscopic visualization to provide intu-
itive control and high dexterity[10, 17, 19, 5, 1]. In addition, hand
gesture and hand pose-based teleoperation methods have also been
explored as alternatives to traditional control interfaces [3, 25, 9].
Wen et al. [25] proposed a gesture-guided surgical system using
Kinect-based recognition to control a surgical robot and interact
with an augmented reality interface. Fu et al. [9] introduced an in-
ertial measurement unit (IMU)-based approach that captured wrist
motion for robotic instrument control.

Despite extensive research on XR-based visualization and tele-
operation, relatively few systems explicitly address collaborative
and multi-user interaction in robotic-assisted surgery. Existing ap-
proaches predominantly focus on single-user control paradigms and
do not support role-based interaction or geographically distributed
collaboration. The framework proposed in this work addresses
this gap by enabling multi-user, role-based collaboration within a



shared XR environment.

3 SYSTEM OVERVIEW

As illustrated in Figures 1 and 2, the proposed system provides
a multi-user, remote XR-based telesurgery framework using the
dVRK. It provides a high-resolution MR visual interface and a uni-
lateral haptic teleoperation device for surgeons or users. Data from
the user’s side is networked on an Amazon Web Service with mech-
anisms for synchronization across users and the patient-side manip-
ulator, helping geographically distributed participants interact with
a shared, real-time representation of a robotic surgical system.

This section presents the overall system architecture and explains
how the robotic components and their states are modeled, commu-
nicated, and synchronized within the proposed framework. It first
describes the Patient-Side Systems, including the dual Patient Side
Manipulators (PSMs) and their associated kinematic and interac-
tion states, as well as the modeling and control of the Endoscopic
Camera Manipulator (ECM). The section then presents the User-
Side Components, focusing on the mechanisms used to capture
user interactions, manage immersive visual data streams, and main-
tain a consistent shared representation of the robotic system across
geographically distributed users. Finally, it will present the Net-
work and Synchronization mechanisms, showing how robot state
information, user inputs, and visual content are transmitted over the
cloud, and how synchronization mechanisms guarantee temporal
consistency and coherent system behavior under varying network
conditions.

3.1 Patient-Side Systems
The physical setup of the da Vinci Research Kit (dVRK) typically
consists of three main subsystems: the passive positioning struc-
ture, referred to as the Setup Joints (SUJ); the two Patient Side
Manipulators (PSMs), which enable bimanual instrument manip-
ulation; and an Endoscopic Camera Manipulator (ECM). The pro-
posed system utilizes the full kinematic model of this structure, and
each PSM is modeled as a six-degree-of-freedom serial manipula-
tor, excluding the gripper, providing real-time access to joint states
and end-effector pose information. This kinematic representation
enables accurate tracking and representation in XR environments,
allowing for the creation of replicas and the teleoperation of robotic
instruments within the shared XR environment.

To ensure accurate replication of the robotic system and con-
sistent state synchronization across distributed users, the proposed
framework adopts a unified coordinate frame convention and no-
tation. The coordinate frames are defined as follows. The frame
{W} defines the world frame (e.g., operating room reference),
{S} the SUJ base frame, and {Bk} the base frame of subsystem
k ∈ {PSML,PSMR,ECM}. For each subsystem k, let {gk} denote
the tool (end-effector) frame and ATTT B ∈ SE(3) is used for the ho-
mogeneous transform from frame {B} to {A}.

The Setup Joints (SUJ) provide passive positioning of each
patient-side manipulator base, allowing flexible placement of the
robotic arms within the operating environment. For each robotic
subsystem k, the SUJ configuration is represented by the joint vec-
tor

qqq(k)suj ∈ Rnsuj , (1)

where nsuj is the number of passive SUJ joints used to position the
corresponding arm. The SUJ defines the transform from the world
to the subsystem base frame:

W TTT Bk

(
qqq(k)suj

)
= W TTT S

STTT Bk

(
qqq(k)suj

)
. (2)

Here W TTT S is a fixed calibration transform, and STTT Bk (·) is the SUJ
forward kinematics. In this paper, W TTT Bk is treated as part of the
authoritative state for consistent multi-user visualization.

Each Patient Side Manipulator (PSM), indexed by j ∈ L,R, is
modeled as a serial kinematic chain with six actuated degrees of
freedom, excluding the gripper. This representation is consistent
with standard modeling and identification approaches for the dVRK
PSMs [7]. The joint configuration of each PSM is defined as

qqq( j)
psm =

[
θ1 θ2 d3 θ4 θ5 θ6

]⊤ ∈ R6, (3)

where the third joint is prismatic, and the remaining joints are
revolute. The PSM tool pose in world coordinates is:

W TTT
g( j)

psm
= W TTT BPSM j

(
qqq(PSM j)

suj

)
BPSM j TTT

g( j)
psm

(
qqq( j)

psm

)
. (4)

The manipulator Jacobian is defined as

ẋxx( j)
psm = JJJ( j)

psm

(
qqq( j)

psm

)
q̇qq( j)

psm, (5)

where ẋxx( j)
psm is the 6D spatial twist of the tool.

The Endoscopic Camera Manipulator controls the viewpoint of
the endoscopic camera, and it is modeled as an actuated kinematic
chain whose joint configuration is represented by

qqqecm ∈ Rnecm . (6)

The ECM is modeled with yaw/pitch, insertion, and roll and the
world pose of the camera frame {gecm} is:

W TTT gecm = W TTT BECM

(
qqq(ECM)

suj

)
BECM TTT gecm(qqqecm) . (7)

This transform provides the camera extrinsic used to render consis-
tent viewpoints across all XR clients.

3.2 User-Side Components
To demonstrate collaborative interaction and emulate a realistic op-
erating room (OR) workflow on the user side, we defined a role-
based unilateral teleoperation paradigm involving three remotely
connected, distributed participants. The first role is the primary
user (surgeon), who is responsible for operating the dual Patient
Side Manipulators (PSMs) for bimanual instrument control using
two haptic devices. The second role is that of a secondary user (an-
other surgeon), who controls the Endoscopic Camera Manipulator
(ECM) using a single haptic device. The third role is a support user
(e.g., a nurse), who serves as a coordinator and facilitates interac-
tion.

The primary surgeon operates two PHANTOM Omni devices,
one assigned to each Patient Side Manipulator. The master-side
Cartesian poses are denoted as

xxx(L)m (t), xxx(R)m (t) ∈ R6, (8)

corresponding to the left and right haptic devices, respectively.
Each master input is independently mapped to the desired Cartesian
pose of the corresponding PSM through a device-to-robot mapping
function:

xxx(PSM j)
cmd (t) = Φ

(PSM j)
(

xxx( j)
m (t)

)
, j ∈ {L,R}. (9)

The resulting Cartesian commands are converted into joint-space
references via inverse kinematics [8]:

qqq( j)
psm,cmd(t) = IK(PSM j)

(
xxx(PSM j)

cmd (t)
)
, (10)

and transmitted unilaterally to the robot-side controller. No force
or haptic feedback is rendered to the master devices.

A secondary surgeon is responsible for controlling the Endo-
scopic Camera Manipulator (ECM) using a single PHANTOM
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Figure 3: Surgeon-side and patient-side telesurgery setup. (A) Mixed reality (MR) view of the operating room, showing the virtual model of the
robotic system and real-time rendering of the endoscopic video streams. (B) Surgeon-side teleoperation setup, where the primary surgeon uses
a Phantom Omni haptic device to control the position of the da Vinci Research Kit (dVRK) instruments. (C) Patient-side telesurgery configuration,
illustrating the robotic manipulators and experimental setup used during remote operation.

Omni haptic device and does not issue commands to the Patient
Side Manipulators, to ensure a clear separation between instrument
teleoperation and camera control. The master-side Cartesian input
provided by the haptic device is denoted as

xxx(ECM)
m (t) ∈ R6. (11)

This input is mapped to a desired endoscopic camera pose
through a device-to-camera mapping function:

xxx(ECM)
cmd (t) = Φ

(ECM)
(

xxx(ECM)
m (t)

)
, (12)

The resulting Cartesian command is converted into joint-space
references using the inverse kinematics provided by the dVRK
driver [8]:

qqqecm,cmd(t) = IK(ECM)
(

xxx(ECM)
cmd (t)

)
. (13)

The third participant assumes the role of a charge nurse, acting
as a liaison between the two surgeons. This role does not involve
direct control of any robotic subsystem. Instead, the charge nurse
supports the collaborative workflow by facilitating intent communi-
cation, coordinating task sequencing, and mediating potential con-
flicts between operators.

Within the proposed framework, the intention of each participant
n is represented as

iiin(t) =
(
kn(t), xxxn,ref(t), An(t)

)
, (14)

where kn(t) denotes the relevant subsystem (PSML, PSMR, or
ECM), xxxn,ref(t) denotes a reference pose, direction, or region of
interest, and An(t) represents auxiliary actions such as annotations,
warnings, or coordination cues.

3.3 Network and Synchronization

To establish the network from the patient side and across all users,
Amazon Web Services (AWS) is used as a centralized server us-
ing Unreal Engine 5 dedicated server implementation, as illustrated
in Figure 2. This cloud server acts as the authoritative coordina-
tion layer, managing state distribution, synchronization, and access
control among all connected users and enforces the following coor-
dination constraints:

• Control of Patient Side Manipulators (PSMs) and Endoscopic
Camera Manipulator (ECM) is explicitly decoupled, prevent-
ing interference between instrument teleoperation and camera
control.

• The control of the Patient Side Manipulators (PSMs) and the
Endoscopic Camera Manipulator (ECM) are decoupled.



• Only the designated operator for a given subsystem is permit-
ted to issue control commands, to ensure clear responsibility
and avoid conflicting inputs.

• All participants receive similar robot and camera states, sub-
ject to bounded synchronization error introduced by network
latency and update rates.

• Intent signals generated by the charge nurse are visible and
shared with all participants.

The relationship between the cloud server state and a users
(client’s) local replica can be represented by the following model:

ŝssi(t) = sss(t − τi(t))+ εi(t), (15)

and the equation captures the core challenges of networked syn-
chronization within the Unreal Engine architecture, where sss(t) is an
authoritative server state maintained solely by the dedicated server.
All critical logic, such as user location, robot locations, and inter-
action outcomes, is resolved. ŝssi(t) is the user replica state, and it
denotes the perceived state of users i at time t. The user’s view is al-
ways an approximation derived from data received from the server.
τi(t) is the network latency/Delay, and it accounts for variable net-
work latency (ping) between the server and users i. Data cannot
arrive instantaneously, meaning the client’s replica ŝssi(t) inherently
represents the server’s state as it was a moment ago, sss(t − τi(t)).
εi(t) is the prediction and smoothing error to deliver a smooth user
experience despite delays, and the Unreal Engine clients use tech-
niques like client-side prediction and interpolation. This introduces
a controlled error εi(t), as the client must extrapolate between re-
ceived server updates. The engine strives to minimize this error and
reconcile the predicted state with the delayed server truth as new
data arrives.

4 RESULTS
When all components are integrated, the overall system configura-
tion is shown in Fig. 3.(A) showing the mixed-reality (MR) oper-
ating room view, including the virtual robot model and real-time
endoscopic video rendering. (B) showing the surgeon-side tele-
operation interface, where a Phantom Omni haptic device is used
to control the da Vinci Research Kit (dVRK) instruments and (C)
shows the patient-side setup, including the robotic manipulators and
the experimental environment used for remote operation.

To evaluate the effectiveness of the proposed system, we ana-
lyzed improvements in Quality of Service (QoS) in terms of band-
width utilization and replication latency, as these factors directly
impact the overall Quality of Experience (QoE). For evaluation,
the system was deployed on Amazon Web Services (AWS) using
a t3.medium virtual machine instance hosted in the Milan, Italy
region, equipped with 2 vCPUs and 2 GB of RAM. Two teleop-
erators connected remotely from Verona city and Genova city,
approximately 292 km apart, while the patient-side manipulators
and a patient mannequin were located in Verona city. All patient-
side devices were controlled in real time by the operator from Gen-
ova city. Consequently, time-critical data, including robotic control
commands, force feedback, and two video streams, was exchanged
continuously between the two locations.

A video recording of the experimental setup and execution is
available online 1.

Latency measurements for the robot control loop, corresponding
to command signals transmitted from the surgeon-side interface to
the remote robotic system and the associated feedback, are shown in
Figure 4, and it shows a mean round-trip latency of 38.17 ms, with a
minimum of 28 ms and a maximum of 48 ms. The measured latency

1https://youtu.be/xi0Yo5iz1xA

Figure 4: Normalized distribution of round-trip teleoperation latency
with percentile markers.

Figure 5: Normalized distribution of per-user bandwidth consumption
(MB/s), including all data transmitted to each participant, such as
dual video streams and bidirectional teleoperation data.

exhibits a standard deviation of 5.45 ms, indicating limited variabil-
ity during operation. As seen in the figure, the 25th, 50th (median),
and 75th percentiles are observed at approximately 33 ms, 38 ms,
and 43 ms, respectively, while the 99th percentile remains below
48 ms. This distribution shows that the majority of control-loop
latency values are tightly clustered around the mean, with only a
small tail of higher-latency events. Two video streams, each with
a resolution of 640 × 420 pixels, were used for visual data trans-
mission between the surgeon and patient sites. Video compression
was performed using H.264 codec at a target bitrate of 20 Mbps per
stream to ensure high visual fidelity. Video data were transmitted
using the Real-time Transport Protocol (RTP) to maximize through-
put and minimize transmission overhead, which is critical for real-
time surgical visualization. Under these conditions, the measured
end-to-end video transmission latency was approximately 112±13
ms.

Figure 5, illustrates the normalized distribution of per-user band-
width consumption during the experiment. The reported band-
width usage includes all data transmitted to each participant, en-
compassing dual video streams and bidirectional teleoperation data
such as robot control commands and force feedback. The distri-
bution shows a median bandwidth consumption of approximately
1.79 MB/s, with the 25th and 75th percentiles at 1.6 MB/s and
2.14 MB/s, respectively. The upper tail of the distribution remains
bounded, with the 99th percentile observed at approximately 2.46
MB/s.

Another important performance metric is CPU utilization, which



represents the percentage of processing capacity used by the cloud
instance during operation. The system was deployed on a virtual
machine equipped with two virtual CPUs (vCPUs). During the ex-
perimental evaluation, CPU usage remained low and stable, with a
minimum utilization of 4.62%, a maximum of 7.70%, and a mean
utilization of 6.08%, accompanied by a standard deviation of 0.8%.

5 CONCLUSION

In this paper, the telesurgery setup and interface were presented,
introducing a multi-user mixed-reality (MR) framework for re-
mote robotic-assisted surgery built on the da Vinci Research Kit
(dVRK). The proposed system integrates immersive MR visual-
ization, cloud-based synchronization, and role-based teleoperation
to enable real-time collaborative interaction among geographically
distributed participants. While the proposed mixed-reality–based
collaborative telesurgery framework demonstrates promising pre-
liminary performance, several directions remain for future inves-
tigation. First, a comprehensive experimental evaluation involv-
ing a larger number of participants is required to assess system
scalability, multi-user interaction dynamics, and collaborative ef-
ficiency under realistic scenarios. In particular, replication latency
and bandwidth utilization should be analyzed independently to bet-
ter characterize their respective impact on system performance and
Quality of Experience (QoE). Second, the current implementation
relies on unilateral teleoperation. Future work will focus on inte-
grating bilateral teleoperation with haptic feedback, supported by
delay-aware and stability-preserving control strategies, to enhance
transparency and realism in the presence of network-induced la-
tency. Finally, the mixed-reality environment can be further im-
proved through the integration of real-time three-dimensional scene
reconstruction using external 3D sensing technologies. The gener-
ation and rendering of remote 3D information are expected to sig-
nificantly improve situational awareness and depth perception.
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