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ABSTRACT

This study presents the design and implementation of a robust low-latency teleoperation system that integrates extended reality
(XR) with embedded robotics. This system bridges the gap between high-level XR development and low-level embedded control
by interfacing an AjnaXR headset with a custom-built 4-wheel drive Mecanum robot. This framework is important because inherent
latency and network instability in wireless human-robot interaction historically cause cognitive dissonance and severe limitations
in operational safety. To address these challenges, the solution utilizes a centralized star network topology employing a multicast
domain name system for reliable device discovery without relying on static Internet protocol addressing. The robot architecture
was decoupled into two independent ESP32-S3 microcontroller nodes: a control node handling asynchronous motor commands
and a vision node dedicated to streaming the quarter video graphics array video. The system implements a direct input-mapping
paradigm, bypassing traditional ray-casting user-interface interactions, to minimize the input-to-actuation delay. The experimental
results demonstrated a control latency of approximately S0 ms and a stable first-person view video stream at 20-25 frames per
second. In addition, this study explores the integration of a large-language-model-driven agentic exploration framework that enables

natural-language-guided autonomous navigation using semantic mapping and finite-state machine orchestration.
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1. INTRODUCTION

The integration of extended reality (XR) technologies into
mobile robotics has led to a profound paradigm shift in human-
robot interaction (HRI). Teleoperation, the actuation and con-
trol of a robotic entity from a remote location, has historically
been encumbered by two critical bottlenecks: high latency within
the communication link and high cognitive load imposed on the
human operator by unintuitive user interfaces'. As the demand
for remote intervention in hazardous, industrial, and special-
ized environments accelerates, bridging the gap between high-
level immersive interfaces and low-level embedded hardware has
become an important engineering challenge.

Traditional teleoperation systems rely on two-dimensional
(2D) screens and conventional input devices, such as keyboards
or standard joysticks. XR, which encompasses both virtual reality
(VR) and augmented reality, addresses this fundamental limi-
tation by immersing the operator in a three-dimensional repre-
sentation of the remote environment. However, the synthesis of
XR and robotics introduces profound systemic complexities: an
XR headset must render high-resolution environments at high
frame rates while simultaneously transmitting control signals and

receiving high-bandwidth video telemetry over volatile wireless
networks.

‘When the temporal gap between an operator’s physical action
and the robot’s visual feedback exceeded approximately 200
ms, cognitive dissonance and task failure manifested rapidly.
Research into the Tactile Internet confirms that traditional
wireless networks introduce critical latency bottlenecks, caus-
ing severe cognitive dissonance and operational safety risks in
real-time teleoperation”. Mitigating this latency is fundamen-
tal to operator ergonomics and mission success, current frame-
works remain limited by the computational overhead of coupled
hardware and indirect user interfaces. To address this knowl-
edge gap, the primary aim of this study is to bridge the critical
latency bottleneck in human-robot interaction and establish a
safe, deterministic architectural framework for generative Al in
physical environments. The novelty of this research lies in com-
bining a physically decoupled, dual-node edge architecture with
an OpenXR direct input mapping paradigm. By isolating asyn-
chronous motor control from video telemetry and bypassing
ray-casting bottlenecks, this study introduces an original solution
that effectively minimizes control latency while paving the way
for autonomous, large-language-model-driven exploration.
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2. LITERATURE REVIEW/RELATED WORK

Modern human-robot interaction (HRI) prioritizes direct, low-
cognitive-load inputs over traditional raycasting, which intro-
duces nondeterministic latency in time-critical tasks®. To sup-
port this rapid interaction, asynchronous IoT servers (e.g,
ESPAsyncWebServer) and mDNS provide robust, non-blocking
network discovery, drastically outperforming synchronous pro-
tocols*. Within extended reality (XR), migrating to unified
frameworks like OpenXR eliminates the vendor-specific com-
ponent conflicts commonly found in legacy toolkits>®. For
autonomous navigation, recent architectures have demonstrated
the viability of using Large Language Models (LLMs) as zero-
shot planners; these systems parse symbolic semantic maps built
via AprilTags and lightweight object detectors into discrete com-
mands, bypassing the computational overhead of end-to-end

neural policies” .

3. METHODOLOGY

3.1. System Architecture. The system architecture is
designed around a centralized star topology combined with
functional decomposition of the robot’s tasks. The XR headset
(client) and robot (server) connected wirelessly to the cen-
tral Wi-Fi access point (mobile hotspot). A direct peer-to-peer
(software-enabled access point) connection was rejected because
Android devices acting as hotspots often randomize IP addresses
and fail to provide reliable dynamic host configuration proto-
col services to connected clients. The central hotspot acts as
a stable authority for the mDNS broadcasts, ensuring reliable
discovery. The complete system architecture, illustrating the cen-
tralized star topology and dual microcontroller nodes, is provided
in Supplementary Material S1.

The robot’s functions are split between two independent
microcontrollers: (1) the control node (ESP32-S3 wireless room
(WROOM)), dedicated to listening for hypertext transfer proto-
col (HTTP) motor commands and generating pulse-width mod-
ulation (PWM) signals, and (2) the vision node (XIAO ESP32S3
Sense), dedicated to capturing, compressing, and streaming
videos. This separation is a critical design decision; if both tasks
are placed on a single chip, the heavy interrupt load of the camera
interface (vertical synchronization, peripheral clock) introduces
jitter into the motor PWM signals, resulting in erratic movement.
Table 1 summarizes the system’s nodal configurations.

3.2. Microcontroller Framework: ESP32-S3. ESP32-S3
features a dual-core Xtensa LX7 central processing unit running
at 240 MHz, augmented with single instruction, multiple data
vector instructions that accelerate mathematical operations. The
Wi-Fi protocol stack was strictly pinned to Core 0 using the free
real-time operating system (FreeRTOS) xTaskCreatePinned-
ToCore application programming interface (API), whereas the
application logic for evaluating incoming HTTP strings and gen-
erating precise hardware PWM signals was pinned to Core 1. This
asymmetric multiprocessing prevents background network man-

agement tasks from pre-empting time-critical motor actuation '°.

3.3. Kinematic Modeling and Omnidirectional Con-
trol. The physical robot relied on a 4-wheel drive Mecanum
drivetrain. Mecanum wheels feature passive rollers angled at

45°relative to the main axis of the wheel, enabling true omnidirec-
tional movements, including forward, lateral (strafing), diagonal,
and rotational trajectories, without altering the robot’s physi-
cal heading!!. The standard inverse kinematic Jacobian mapping
and vector force analysis utilized for the base chassis omnidi-
rectional control are detailed in Supplementary Material S2'%.
Figure 1 shows the assembled robotic platform

3.4. Hardware Integration and Mechatronics. Legacy
bipolar junction transistor (BJT) motor drivers, such as the
L298N, suffer from internal voltage drops in the range of 2.0-2.5
V, necessitating bulky aluminum heatsinks. The 7Semi Vikram-
453R6Q Quad Channel Motor Driver utilizes the DRV8871 inte-
grated chip with an advanced n-type metal-oxide semiconductor
H-bridge topology and a drain-to-source resistance of R_DS(on)
A 360 m{2, resulting in a voltage drop below 0.7 V. The complete
power wiring schematic and a detailed architectural comparison
of the motor drivers are provided in Supplementary Material S3.

3.4.1. Chassis design and material selection. The struc-
tural framework employs a multimaterial fused deposition mod-
eling additive manufacturing strategy: polylactic acid for the main
double-deck chassis (high rigidity), thermoplastic polyurethane
for the motor mounts (elastic vibration damping acting as a
mechanical low-pass filter against Mecanum roller oscillations),
and polyethylene terephthalate glycol for the structural couplers
and camera mounts (high thermal resistance). A stacked mass-
centralization layout was adopted comprising the Vikram motor
driver, four direct-current motors, and a control node mounted
on the lowest deck to lower the center of gravity and prevent chas-
sis rolling during high-speed lateral strafing. The 3S lithium-ion
polymer battery, pan-tilt servos, and vision nodes were elevated
to the upper deck.

3.5. Embedded Software and Asynchronous Net-
working. The firmware was developed using an Arduino IDE
(v2.3.2) with the ESP32 microcontroller board support package.
The control node firmware was built on the ESPAsyncWeb-
Server library, which leverages FreeRTOS to handle incom-
ing network traffic asynchronously via lightweight interrupt-like
callbacks. When the XR headset transmits a movement com-
mand via a stateless uniform resource identifier (URI) (for
example, HTTP GET / move?dir=forward), the server immedi-
ately executes the corresponding motor function and queues the
HTTP 200 response in the background. Experimental evalua-
tions demonstrate that asynchronous HTTP and message queu-
ing telemetry transport protocols provide considerably lower
mean latency (~11 ms vs. ~41 ms) than synchronous WebSock-
ets in resource-constrained IoT environments.

Upon booting, both nodes register their host names using
the ESPmDNSh library: the control node as bot.local and the
vision node as camera.local. The vision node employs a client-
pull HTTP snapshot model via the capture endpoint rather than
pushing frames in a persistent motion joint photographic experts
group (JPEG) stream (which causes backlog buildup during
channel degradation), and the XR headset explicitly requests a
single JPEG frame via HTTP GET. The camera was configured
to a quarter video graphics array resolution (320 x240), JPEG
quality index equal to 10, and a double-buffered frame pipeline
(fb_count = 2) using 8 MB pseudostatic random access memory
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Table 1. Communication roles, protocols, and network identifiers for the primary system components

Component Hardware Primary function Protocol Multicast domain
name system
(mDNS) identity
(ID)
Extended reality (XR) client ~ AjnaXR headset Sends movement commands; Hypertext transfer Not applicable (N/A)
fetches video frames protocol (HTTP)
GET

Control server ESP32-S3 microcontroller

Listens for commands; controls

HTTP GET (port bot.local

wireless room motors via pulse-width 80)

modulation

Vision server Seeed XIAO ESP32S3 Captures and streams Joint HTTP GET camera.local
Photographic Experts Group (/capture)
(JPEG) snapshots of First
Person View (FPV)

Network hub Wi-Fi access point Routes traffic; facilitates mDNS ~ 802.11/Internet N/A
broadcasts Protocol (IPv4)

(RAM), yielding a stable 20-25 frames per second (FPS) stream
with a per-frame payload of a few kilobytes. During continuous
streaming, the OV2640 sensor can exceed 70 °C; passive copper
heatsinks applied to the camera module’s electromagnetic inter-
ference shield (EMI) shield can prevent thermal throttling and
image artifacts.

3.6. Extended Reality Application Layer. The client-
side interface was developed within the Unity Engine (2022.3
LTS) and deployed in the AjnaXR headset, which is a stan-
dalone Android-based device powered by the Qualcomm XR2+
Gen 1 platform with 6-degree-of-freedom inside-out tracking and
Wi-Fi 6 connectivity. Initial attempts to use the MRTK gener-
ated phantom inputs caused unpredictable polling behavior due
to conflicts between MRTK’s abstracted input layers and the
AjnaLlens native Android drivers. The system was migrated to
the XRI built strictly upon the OpenXR standard, providing a
device-agnostic API that standardizes controller state reporting
and eliminates vendor-specific SDK conflicts>°.

The most critical design decision is the rejection of unity Ul
ray casting interactions in favor of direct input mapping. A cus-
tom C# script (DirectInputHandler.cs) was incorporated directly
into the OpenXR Input Action Asset. When the operator presses
the physical trigger, the hardware interrupts the fire, the OpenXR
driver registers the state change (action is started), and the script
immediately executes the network request to ESP32. The sys-
tem also implements a deadman’s switch: the instant the operator
releases any control input (action canceled), an overriding stop
command is transmitted to the robot, ensuring an immediate halt
in the event of distraction or network failure.

A technical challenge specific to Android-based standalone VR
headsets is that the Android OS does not resolve local domains
using standard HT TP request libraries. The solution integrates a
native Java Native Interface bridge to directly access the Android
NsdManager, which resolves the raw IPv4 addresses of bot.local
and camera.local and passes them back to the Unity C# environ-
ment for dynamic URI construction. For memory management,
the video-handling script invokes Destroy(oldTexture) before
each new texture is applied, bypassing the laundry C# Garbage
Collector and maintaining a flat memory profile during extended

sessions. To validate this system stability, a custom C# profiling
script was integrated into the Unity application to continuously
monitor real-time RAM usage. Over a 10-min active teleoper-
ation session, the total RAM footprint on the AjnaXR headset
remained strictly bounded between 420 and 480 MB. This stable
memory allocation confirms the absence of texture memory leaks
and ensures reliable and uninterrupted rendering performance
on standalone Android hardware. The complete system program
flowchart detailing the logic loop from the Unity application
through the network hub to the ESP32 firmware is provided in
Supplementary Material SS.

3.7. LLM-based Agentic Exploration. For autonomous
operation, the robot incrementally builds a lightweight seman-
tic map by detecting visual cues at junctions using a You Only
Look Once version 11 (YOLO11)-small object detector®® to
identify signboards, directional arrows, and store icons, whereas
AprilTags serve as reliable geometric anchors'* that comple-
ment simultaneous localization and mapping-oriented fast and
rotated brief (ORB-SLAM3) global pose tracking'*. The deci-
sion layer was powered by the Qwen2.5-VL-7B-Instruct vision-
language model '°, which acted as a discrete reasoning engine
over a semantic graph. To facilitate this task reasoning, a ded-
icated host machine ran Python-based middleware that parses
natural language user instructions and executes Fireworks artifi-
cial intelligence (AI) API calls to the vision-language models for
high-level path planning.

At each junction, perception nodes append a symbolic record
to a persistent JSON semantic map. This JSON structure is
explicitly formatted to include a unique junction identifier, the
estimated 2D pose (x, y, yaw) of the robot at the time of obser-
vation, and a list of directional relations mapping the available
branches (for example, left, straight, and right) to specific points
of interest (POIs) or store icons. The LLM is prompted with
this JSON map, the remaining task order, and a historical log
of visited junctions, outputting a constrained command in the
format <DIRECTION>|||<STORE_ACTION>. To minimize
inference latency, the framework implements a payload optimiza-
tion strategy rather than querying the model for every microstep;
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Table 2. Summary of performance metrics, including communication latency and video frame rates

Metric Observed value Systemic implication
Control command latency ~50 ms Near-instantaneous actuation; eliminates overcorrection and operator oscillation
Video streaming latency ~150 ms Well below the critical 200 ms cognitive dissonance threshold, enabling safe

high-speed navigation

Video frame rate 20-25 frames per second

Smooth visual flow; minimizes virtual-reality-induced motion sickness

Input mapping overhead <5 ms

Direct OpenXR bindings drastically outperform graphical user interface

raycasting pipelines

asingle API call generates a batched sequence of navigation com-
mands that govern several seconds of autonomous movement.

The main controller’s finite-state machine executes these com-
mands and orchestrates motion primitives, transitioning between
states such as WALL AVOID, APRILTAG_APPROACH,
ENTER_STORE, and grasping routines. By restricting the LLM
to high-level semantic decisions and relying on classical low-
latency ESP32 controllers for physical execution, the system
ensures that the LLM hallucinations® do not result in dangerous
physical motor commands.

4. RESULTS AND DISCUSSION

4.1. End-to-End Latency Metrics. The system was
tested to measure the end-to-end latency and video stability.
The latency was calculated as the temporal differential between
the transmission time of a command and the actuation time at
the destination. Table 2 summarizes the observed performance
metrics.

A control latency of ~50 ms is exceptionally low for a Wi-
Fi-based microcontroller system utilizing standard transmission
control protocol (TCP)/HTTP protocols. This rapid response
is attributable to the combination of the ESPAsyncWebServer
handling requests outside the main loop and direct input map-
ping, bypassing the Unity Physics and graphical user interface
event systems. A video latency of ~150 ms represents the aggre-
gate time for the OV2640 sensor exposure, ESP32-S3 JPEG
compression, network transmission, and AjnaXR headset decod-
ing and rendering. Although a centralized star topology utilizing
a mobile hotspot yields an optimal control latency of ~50 ms

Figure 1. Top-down view of the assembled 4-wheel drive Mecanum
robot platform showing the vision node, pan-tilt camera mount, and

motor layout

in controlled settings, its performance in congested radio fre-
quency environments presents scalable challenges. The current
architecture relies on the ESP32-S3 WROOM and Seeed XIAO
ESP32S3 Sense modules, both of which operate exclusively
within the 2.4 GHz spectrum. Experimental testing in a heavily
congested laboratory environment utilizing a shared institutional
router with multiple connected devices at increased physical
distances demonstrated a measurable degradation in network
determinism. This congestion results in increased mDNS reso-
lution times and elevated command latency. To mitigate these
2.4 GHz spectrum limitations and maintain sub-100 ms latency
in industrial deployments, future hardware iterations must be
scaled to 5 GHz-capable microcontrollers to ensure isolated,
high-bandwidth channels for robust teleoperation.

4.2. Hardware and Thermal Reliability. The physical
separation of the control and vision nodes proved highly suc-
cessful during extended operational testing. The control node
maintained absolute determinism in its PWM generation; no
motor jitter or stuttering was observed even when the vision
node was subjected to the maximum network polling stress. The
7Semi Vikram-453R6Q driver remained within the safe operat-
ing temperatures without passive or active cooling, even under
conditions wherein the peak current was drawn from the four
Johnson motors. The OV2640 camera sensor exhibited consider-
able thermal gain during continuous streaming, reaching unmit-
igated temperatures in excess of 70 °C. Because the specified
operating range for the Seeed XIAO ESP32S3 Sense is strictly
rated between —20 and 65 °C, this ambient heat transfer exceeded
hardware limits and subtly degraded the vision node’s processing
efficiency, resulting in frame rate fluctuations. To restore opti-
mal thermal conditions, the module was upgraded by installing
a single passive copper heat sink directly onto the thermal pad.
This modification effectively arrested the severe thermal climb
and brought the system back within its safe operating bounds,
ensuring that the overall video telemetry remained stable at a
target frame rate level of 20-25 FPS. Because the passive heat
sink successfully prevented thermal throttling, additional active
cooling mechanisms (such as microfans) were not considered,
thereby preserving the power budget and mechanical simplicity
of the robot. The empirical thermal profile of the sensor during
a 15 min operational window, demonstrating the effectiveness of
the copper heat sink, is provided in Supplementary Material S6.

4.3. Input System Robustness. The shift to direct input
mapping eliminates the synchronization errors found in ray cast-
ing. The deadman’s switch logic stopping motors on button
release functioned reliably, ensuring that the robot did not drift
when the operator lost the connection or released the controller.
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Migration from MRTK to OpenXR/XRI resolved all phantom
input events and ensured cross-platform portability.

While mDNS reliably handles zero-configuration device
discovery, maintaining robustness in nonlaboratory environ-
ments with increased 2.4 GHz spectrum congestion or packet
loss requires careful protocol selection. The system mitigates
these environmental networking challenges using the client-pull
HTTP snapshot model. Rather than relying on a persistent
MJPEG stream, which can suffer from backlog buildup and severe
desynchronization during channel degradation, the XR headset
explicitly requests individual JPEG frames. In the event of packet
loss, the dropped frame does not crash the stream, and the client
simply issues the next HTTP GET request. Furthermore, the
asynchronous nature of ESPAsyncWebServer ensures that the
dropped control packets do not block the microcontroller’s main
loop, allowing the robot to safely execute the deadman’s switch
protocol and halt actuation if sustained congestion interrupts the
command link.

4.4. Autonomous Exploration Performance Metrics.
The teleoperation framework requires strict real-time execu-
tion; however, adding an LLM-based autonomous layer natu-
rally introduces processing overhead. To measure the impact of
this extension, we evaluated the system based on the inference
latency, mapping success rates, and overall task completion.

4.4.1. Inference latency. Running the YOLO11-small
detector for signboard and POI recognition required ~28 ms per
frame on the hardware used (NVIDIA GTX 1650). High-level
reasoning handled by Qwen2.5-VL-7B-Instruct via the Fireworks
AI API introduced a larger network delay. Based on the round-
trip time between sending a payload and receiving a response, the
LLM requires an average of 2.4 s to process the JSON semantic
map and output a decision at each junction. To prevent this from
stalling the progress of the robot, the system requests multiple
sequential commands per API call. In addition, the MainCon-
troller shifts the robot to a safe WAIT NEXT ACTION state
while waiting, ensuring that the network delay does not interfere
with the real-time obstacle avoidance loop.

4.4.2. Semantic mapping reliability. The metric SLAM
(such as ORB-SLAM3) often suffers from tracking drift in fea-
tureless corridors. Our lightweight JSON mapping approach
bypasses this by entirely depending on discrete visual markers.
During testing in diverse corridor setups, the system successfully
logged the junction-to-POI relationships 94% of the time. The
use of AprilTags as geometric anchors proved to be highly effec-
tive for lining up approach maneuvers. Mapping or alignment
failure was almost exclusively due to the camera losing sight of
the tag, which is usually caused by an extreme approach angle or
physical occlusion near the doorway.

4.4.3. Task execution and instruction adherence. To
evaluate the zero-shot planning capabilities of the LLM in a phys-
ical environment, we conducted 20 real-world navigation trials by
directing the robot to different target positions within the labo-
ratory. The model extracts the correct items from the language
requests and converts them into valid JSON orders with 95%
accuracy. Over the course of the trials, the navigation logic suc-
cessfully guided the robot to the correct unvisited target locations

and back to the pick-up zone 80% of the time. Maintaining a
continuous history log and strictly formatting the system prompt
were key factors in reducing errors, as these constraints prevented
the LLM from outputting invalid directions or looping back to
areas it had already visited.

5. CONCLUSIONS

This study successfully designed and validated a robust,
low-latency XR teleoperation system for an omnidirectional
Mecanum robot, extended with an LLM-driven autonomous
exploration layer. By migrating to a standardized OpenXR frame-
work and implementing a direct input-mapping paradigm, the
system bypassed raycasting latency to achieve a highly respon-
sive ~50 ms control loop. The use of mDNS solved dynamic
IP assignment issues, while the physically decoupled ESP32-
S3 architecture effectively isolated deterministic motor actua-
tion from interrupt-heavy video streaming. Furthermore, the
LLM-driven exploration framework provided a viable pathway
for natural-language navigation, maintaining physical safety by
restricting the Al to high-level semantic decisions. Democratiz-
ing this low-cost architecture opens pathways for critical civilian
applications, such as teleoperated hospital wheelchairs, shifting
these capabilities out of defense-dominated sectors. Industri-
ally, our findings underscore that crowded 2.4 GHz spectrums
are no longer viable for real-time robotics, requiring facilities to
adopt dedicated 5 GHz or private SG infrastructure to guaran-
tee determinism. Future iterations will resolve current 2.4 GHz
and thermal constraints by migrating to WebRTC for sub-100 ms
video streaming, integrating a 2D LiDAR sensor for holographic
SLAM overlays, and implementing bidirectional FPV teleme-
try alongside edge-deployable vision-language models for direct
speech-based control.
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