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Abstract:  This study presents an experimental system for the immersive teleoperation of a
quadruped robot in emergency scenarios. Based on the Unitree Gol robot and integrates the
Meta Quest 3 headset for immersive visual feedback, along with its built-in joystick controllers for
robot navigation. The user can control the robot’s movement intuitively via joystick inputs while
receiving real-time video from the robot’s onboard cameras directly into the headset. Prelimi-
nary tests in controlled environments show that this approach improves user situational aware-
ness and responsiveness during remote monitoring tasks. Designed as a modular and low-cost
prototype, the system aims to explore new interaction paradigms in immersive human-robot
collaboration.

1 Introduction

Throughout history, humans have survived by adapting to changing environments. This has
been made possible by the constant development of tools and strategies Boyd et al. (2011).
Although many risks to life have been reduced by advances in technology, today’s society still
faces various risks. These events can be any kind of disaster, from natural (like floods or storms)
to human-made (like accidents involving technology) Shi (2019). In these situations, advanced
technologies, standard procedures and specific equipment are needed to protect the public and
emergency response teams Zhu and Li (2021).

Over time, different tools and procedures have been introduced to reduce the risks to people
without affecting the performance Zhu and Li (2021). In recent decades, robotics has become
another tool for emergency response tasks. The way robots are designed depends on their shape
as unmanned aerial vehicles, underwater or caterpillar robots. Lately, quadrupedal robots have
gained attention because of their ability to move around complex surfaces more easily and with
more stability than other types of robots. Tong et al. (2024).

But even with these advances, there are still limitations in how robots are controlled and
how they interact with the operator. Conventional teleoperation interfaces, such as joysticks
and monitors, limit perception and make telepresence less effective Schwenk and Smith (2025).
Immersive interfaces, such as virtual reality (VR), offer more natural and intuitive control
schemes, helping operators better understand the environment and act with greater accuracy
Wan et al. (2024). In emergency situations, the portability of control equipment is very impor-
tant. Traditional systems that use external screens need extra devices to be carried, a flat surface
to be available, and electrical or network connections to be managed, which makes it hard for
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the operator to move around and slows down deployment Zhu and Li (2021). A virtual reality
device like the Meta Quest 3 combines visualisation and interaction into one device, making it
more portable and faster to use. A feature that can make a real difference in the effectiveness
of the intervention.

This research work is motivated by the need to combine well-established technologies:
quadrupedal robotics and immersive teleoperation. The aim is to improve and facilitate telep-
resence in emergency contexts in remote locations where screens may not be available. The
main contribution of this article is the presentation of an integrated framework for the immer-
sive teleoperation of a quadrupedal robot, applied to emergency contexts.

This research work does not aim to solve the problem of immersive teleoperation as a whole,
but rather to demonstrate that it can be implemented in a portable and economical way, serving
as a basis for future applications.

The remainder of this paper is structured as follows. Section 2 describes the robot and XR
hardware and the software used. Section 3 describes the proposed approach theoretically. Sec-
tion 4 shows how the experiments were configured for the present study. Section 5 presents
the experimental evaluation. Finally, Section 6 discusses the conclusions and outlines future
research directions.

2 Case Study

For this study, two different systems were integrated: a VR interface and a quadrupedal robot.

In this case, we used the Unitree Gol Edu quadruped robot, which has four legs and 12
Degrees of Freedom (DoF). It reaches a maximum speed of 5 m/s and has an autonomy of 1-2
hours. It is equipped with five cameras: one at the front, jaw, belly and one on each side of the
robot. All of which are wide-angle, as well as an IMU sensor.

It has been used because it has a good performance-cost ratio, it is versatile in irregular en-
vironments, in addition to having a good number of cameras to make a more immersive VR
experience.

The VR interface is the Meta Quest 3, featuring a standalone HMD with passthrough, and
2064x2208 px per eye. Controllers with integrated joysticks and Wi-Fi 6 connectivity for real-
time video streaming.

Godot Engine, an open-source video game engine that offers VR integration, was used as
middleware. Its open and free approach makes it an accessible and easily replicable option, as
well as facilitating collaboration and customisation without relying on commercial licenses. It
is also lighter, which consumes fewer resources in VR.

3 Methods

The proposed system enables immersive teleoperation of the Unitree Gol quadruped robot
by combining real-time video streaming with joystick-based motion control inside a virtual
reality (VR) environment. The architecture integrates three main components: the robot, a
middleware layer, and the Meta Quest 3 headset running a custom XR application developed
in the Godot 4.2 engine.

To provide the operator with a situationally aware view, the front and side cameras of the
Unitree Gol were used to create a panoramic feed. The robot transmits an H.264-encoded video
stream using WebRTC. On the receiving side, the XR application decodes the stream, extracts
still frames in real time, and maps them as textures within the Godot rendering pipeline. These
textures are then displayed directly inside the VR headset, enabling an immersive first-person
perspective.

Robot locomotion is controlled via the joysticks of the Meta Quest 3. Godot captures the input
events and translates them into motion commands, which are sent to the middleware through
a WebSocket channel. The left joystick controls linear translation (forward, backward, lateral),
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while the right joystick controls yaw rotation. The middleware forwards these commands to
the Unitree Gol through its native API, ensuring low-latency bidirectional communication.

To support remote operation without requiring local infrastructure, the middleware was
made accessible through a secure network channel. A VPN service provided by the Instituto
Tecnolégico de Galicia (ITG) was used to bridge the operator in Ferrol and the robot deployed
in A Corufia. The VPN employs asymmetric key-based authentication to ensure data confiden-
tiality and integrity during teleoperation.

Given the critical role of responsiveness in teleoperation, the system incorporates latency
monitoring at multiple stages. Control channel latency was measured using a ping-pong mech-
anism over WebSockets, recording timestamps for command issuance (T() and reception by the
robot (T1). Video latency was assessed by analyzing WebRTC internal metrics W3C (2025), de-
composing the total one-way delay — from camera capture to display - into encoding, network,
and receiver-side processing components Bray et al. (2024).

4 Experiment Setup

The experimental evaluation focused on validating the proposed teleoperation system in a re-
alistic remote inspection scenario, inspired by the potential use of quadruped robots to support
security services in risky environments.

Figure 1 illustrates the overall setup, structured into three layers: user, network, and robot.
The operator was physically located in Ferrol, while the Unitree Gol was deployed at the Ad-
vanced Services Centre (CSA) of the Instituto Tecnolégico de Galicia (ITG) in A Corufia Cidade
das TIC (2025). The environment included small static obstacles to test basic locomotion and
remote situational awareness.

XR Application Quadruped Robot
(Godot) Joystick Commands Joystick Commands (Unitree Go1)
~ WebSockets WebSockets -
Lan T ITG's VPN “;'E ﬂ#
LT &4
* . 1 Network T \
- WebRTC WebRTC y
video stream video stream - { ©
Ferrol's Gateway Corufia's Gateway -
User Layer Network Layer Robot Layer

To: command issued
T.: command received
Ta: video received

Figure 1: Experimental setup of the XR-based teleoperation system

The operator used a Meta Quest 3 headset running the XR application described in Section 3.
The system communicated through the middleware over a secure VPN provided by ITG, which
ensured encrypted and authenticated connectivity between both locations without additional
on-site infrastructure.

System responsiveness was evaluated by collecting latency, jitter, and packet-loss metrics
under controlled but realistic network conditions.

o Control latency was measured using the ping-pong mechanism introduced in Section 3,
recording timestamps for command issuance (T) and reception at the robot (Ty).

e (Ty) was derived from WebRTC internal statistics, allowing decomposition of total one-
way delay into encoding, network, and rendering components.

Each test run consisted of 200 samples, with the first 10 discarded as warm-up. Three inde-
pendent runs were performed under similar network load. These measurements were carried
out separately from the user evaluation sessions to avoid bias.

To complement the quantitative measurements, the system was tested by five external par-
ticipants with no prior involvement in the project. Each session lasted about 15 minutes and
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focused on basic teleoperation and situational awareness tasks. Afterward, participants pro-
vided subjective feedback on perceived latency, control responsiveness, and overall sense of
presence and usefulness.

5 Results

This section presents the experimental results obtained with the setup described in Section 4.
Two key aspects were evaluated: (i) the end-to-end latency of the control channel, and (ii)
the performance of the video streaming pipeline. Together, these metrics allow estimating the
overall delay perceived by the operator during teleoperation.

5.1 End-to-end Control-Channel Latency

For each of the three test runs, 200 round-trip time (RTT) samples were collected over the Web-
Socket control channel (the first 10 samples of each run were discarded as warm-up). Figure 2
shows the RTT distributions per run, while Figure 3 illustrates the time evolution. Table 1 sum-
marizes the main statistics.

RTT (ms) — Histograms per run
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Figure 2: Histograms of RTT measured over the control channel (WebSockets) on the three test runs.
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Figure 3: Time Series of net RTT measured over the control channel (WebSockets)

The average RTT ranged between 58-64 ms, with 95th percentiles around 153-158 ms and rare
peaks up to 194-204 ms. The maximum observed RTT during the experiments was about 203-
248 ms. As shown in Table 2, the majority of packets (50-70%, depending on the run) stayed
below 50 ms, indicating generally low control latency, but with occasional jitter spikes above
150 ms.
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Metric Runl Run2 Run3
Number of samples 200 200 200
Mean RTT 62.87 6391 5893
Standard deviation 3423 38.38  35.82
Median RTT 4985 4998 4641
95th percentile RTT | 153.27 158.10 156.48
99th percentile RTT | 196.06 204.19 193.91
Maximum observed | 202.85 238.41 248.37

Table 1: Latency statistics summary for the three test runs

RTT Range Runl Run2 Run3

< 50 ms 101 (50.5%) | 101 (50.5%) | 141 (70.5%)
50-100 ms 80 (40.0%) | 77 (38.5%) | 41 (20.5%)
100-150 ms 6 (3.0%) 3 (1.5%) 2 (1.0%)
150200 ms | 12 (6.0%) 16 (8.0%) 15 (7.5%)
> 200 ms 1(0.5%) 3 (1.5%) 1 (0.5%)

Table 2: Latency distribution by ranges

5.2 End-to-end video latency

Video delay was estimated from WebRTC internal statistics (jitter buffer occupancy, decoder
time, and network RTT) combined with typical hardware encoder and display refresh values.
Table 3 lists the parameters used to compute the one-way video latency.

Source
inbound-rtp
inbound-rtp

Metric Value
JitterBufferDelay / EmittedCount 40-60ms
TotalDecodeTime / FramesDecoded 0.5-1.5ms

currentRoundTripTime 40-60ms candidate-pair
VSync (display refresh) 16ms assumed (60 Hz)
Encode (camera) 20ms value H.264 HW

Table 3: Values used to calculate the total video latency

Using these values in Eq. 12.1, the typical one-way video delay was approximately 110 ms,
dominated by encoding and network propagation. Under normal conditions, jitter buffering
remained between 40-60 ms, but occasionally increased to 150 ms, leading to worst-case delays
of about 200 ms.

RTIT

Lyideo = Lencode + Ty + Ljit’ferbuffer + Ldecode T+ Lvsync (12.1)

5.3 Teleoperation round-trip latency

The overall delay perceived by the operator is the sum of the control RTT and the one-way video
latency (as shown in Eq. 12.2).

(12.2)

Using the measured mean RTT (~ 60 ms) and video latency (~ 110 ms), the typical operator-
perceived delay is about 170 ms. Under degraded network conditions (RTT up to 160 ms, video

LOp = RTTcontrol + Lvideo
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up to 200 ms), the delay can increase to 350—360 ms.
These values suggest that the system remains usable for exploratory teleoperation, though
high jitter can affect precision maneuvers.

5.4 User Experience

Five external participants tested the system in 15-minute sessions. All users reported perceiv-
able but manageable latency during remote operation (Ferrol-A Corufia over VPN), sufficient
for navigation and exploration but challenging for fine alignment or passing through narrow
spaces. In local tests (same LAN), participants perceived roughly one-third less latency, de-
scribing a smoother and more responsive experience. These observations align with the quan-
titative results: mean control RIT ~ 60 ms and video latency ~ 110 ms yield an end-to-end
delay near 170 ms under typical conditions.

6 Conclusion and Future Work

This work presented a modular and affordable prototype for the immersive teleoperation of
a quadruped robot using a standalone VR headset, with Godot as the integration layer and a
differentiated communication stack for control and video. The proposed architecture proved
viable for emergency telepresence and surveillance scenarios, maintaining control latencies in
the tens of milliseconds and video delays around 110 ms. These values enabled basic remote
navigation and situational awareness, fulfilling the initial goal of demonstrating that immer-
sive teleoperation can be implemented in a portable and economical way. User evaluation sup-
ported these findings: in the remote setup, participants perceived noticeable latency that made
fine maneuvers challenging but still allowed effective exploration; under local conditions, the
perceived delay decreased by about two-thirds, resulting in a noticeably smoother and more
responsive experience.

Nevertheless, the study also highlights several limitations. The performance of the system
depends strongly on the quality and stability of wide-area network links, a factor that can be
highly variable in real emergency deployments. The absence of advanced visual aids, such as
multi-camera fusion, depth visualization, or obstacle overlays, limits situational awareness in
complex environments. Moreover, the small sample size and the non-professional profile of
participants restrict the generalization of the results to demanding operational contexts, under-
lining the need for broader and more controlled validation campaigns.

Future work will address these challenges to evolve the current proof-of-concept into an op-
erational tool for emergency response teams. Planned improvements include enhancing the
communication and video pipeline through adaptive encoding, latency-oriented congestion
control, and dynamic buffering to reduce jitter and improve frame pacing. In parallel, XR per-
ception will be enriched with multi-camera composition, depth cues, and obstacle highlighting
to provide more reliable situational awareness. The integration of intelligent assistance — such
as shared control, reactive obstacle avoidance, waypoint navigation, and viewpoint prediction
— is expected to mitigate the impact of latency and reduce the operator’s low-level workload.

Additionally, the system will be evaluated with professional users in scenarios representa-
tive of security and emergency response operations. This will include metrics such as cogni-
tive load, presence, and task performance, as well as robustness tests in outdoor environments
with redundant communication links (e.g., 5G/LTE combined with Wi-Fi), fail-safe policies,
and cybersecurity considerations. Finally, ergonomic aspects such as interface comfort, HUD
configuration, and lightweight haptic feedback will be explored to further improve immersion
and control precision.

These developments aim to transform the presented prototype into a safer, more efficient, and
operationally ready immersive teleoperation system, capable of reducing risk and enhancing
situational awareness for emergency and security personnel in real deployments.
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