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Abstract— Robots are increasingly being deployed across 

diverse domains such as manufacturing, healthcare, 

agriculture, industry, and on customer service. However, their 

mobility, energy constraints, and cost considerations often limit 

the onboard computational capacity required to run advanced 

algorithms for personalized human-robot interaction in real 

time. This shortfall can hinder the quality of interaction and 

restrict the broader applicability of such robots. The emergence 

of 5G/6G connectivity addresses this challenge by offering high 

data throughput, expansive bandwidth, and ultra-low latency—

enabling more capable robotic services. In this paper, we 

examine the combined potential of 5G/6G edge computing to 

enhance personalization in human-robot interaction. We 

present an application level approach showcasing how these 

technologies can mitigate network latency and substantially 

improve robotic systems. 
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I. INTRODUCTION 

The paper demonstrates how 6G technology can support 
autonomous robots in an Industry 4.0 setting. The goal is to 
show how 6G enables low-latency, reliable communication 
for robots performing industrial tasks. The autonomous robot 
in this case navigates within a factory environment, moving 
objects between two designated positions based on requests 
received from a central server.  Figure 1  below visualizes the 
autonomous robot navigating the factory floor, exchanging 
data with the central server via a 6G network, and responding 
to instructions in real time within a smart Industry 4.0 setup. 

 

Fig. 1. High level application layout. 

 Building on this scenario, the study further highlights how 
the interplay between 6G edge-offloading and reconfigurable 
intelligent surfaces (RIS) tightens the perception-action loop 
to sub-10 ms round-trip times, even under non-line-of-sight 
conditions common on crowded factory floors. 
Computationally intensive tasks—such as SLAM, multi-
object tracking, and adaptive path-planning—are migrated to 
nearby edge servers, freeing the robot’s on-board resources for 
safety-critical functions while maintaining deterministic 
control latency. 

II. STATE-OF-THE-ART 

A. Overview 

The shift from enhanced-mobile-broadband 5G to an AI-
native, sensing-aware 6G fabric is charted by Sil & Chatterjee, 
who trace the migration from sub-6 GHz to joint 
mmWave/THz spectra, tight integration of non-terrestrial 
links, and pervasive intelligence across the protocol stack [1]. 
Complementing this strategic view, Alraih et al. [8] quantify 
the leap in headline targets— >1 Tbs⁻¹ peak rates, <100 µs air-
interface latency and “zero-energy” interfaces—while 
mapping the enabling tool-set (RIS/IRS, cell-free mMIMO, 
joint communication-sensing) required to meet them . Recent 
network-architecture work couples these radio advances with 
software-defined Radio Access Network (RAN) slicing and 
reinforcement-learning-driven orchestration to support 
massive IoT traffic patterns typical of smart-factory scenarios 
[5]. Collectively, the literature converges on a deterministic, 
sub-millisecond control loop—an imperative for high-
bandwidth human–robot interaction addressed in the present 
paper.  

B. Embedding societal value in 6G research 

While performance metrics remain vital, the 6G 
Infrastructure Association’s white paper reframes system 
design around Key Value Indicators (KVIs) that capture well-
being, sustainability and inclusiveness targets alongside 
traditional KPIs (Key Performance Indicators) [3]. Wikström 
et al. formalise this concept, proposing a multi-disciplinary 
KVI framework that links network capabilities to UN SDGs 
via measurable outcome variables, thereby operationalising 
“value-driven” ICT development. At project level, 
Rantopoulos et al. survey Smart Networks & Services Joint-
Undertaking (SNS-JU) methodologies [4], showing how 
experimental platforms now report on societal impact with the 
same rigour as throughput or latency. This transition from can 



it work? to should it work—and for whom? frames our own 
focus on safe, ethically aligned human–robot collaboration 
over 6G links [2]. 

Theory is rapidly de-risked through open testbeds such as 
the EU-funded 6G-BRICKS initiative, which is building a 
reusable experimentation facility that fuses cell-free mMIMO, 
RIS, and cloud-native RAN components to validate ultra-
reliable sub-10 ms services [6]. Chochliouros et al. [7] detail 
how the platform exposes programmable xApps and remote 
APIs, letting third parties trial tactile-internet workloads on 
real hardware. They also supply reference implementations of 
edge-offloading frameworks that directly inform our 
navigation pipeline. 

Robotic workcells are the archetypal cyber-physical assets 
envisaged by Industry 4.0. Goel & Gupta catalogue the 
progression from rigid, caged manipulators to AI-enhanced 
cobots that cooperate with humans and with each other via 
high-bandwidth wireless backbones [9]. The 2024 review by 
Soori et al. expands this picture, highlighting how federated 
learning, multi-modal perception and blockchain-backed 
traceability raise both productivity and sustainability, yet 
impose stringent network and compute demands. These 
findings reinforce the need for deterministic connectivity and 
edge intelligence—the twin pillars of our 6G-enabled HRI 
architecture. 

C. Digital twins, AR, and the human-centric production 

loop 

Finally, Akbari demonstrates how intelligent digital twins 

rendered through augmented-reality headsets can cut 

maintenance downtime by overlaying live analytics onto 

physical assets [11]. Such immersive interfaces rely on uplink 

video, real-time 3-D model updates and bi-directional low-

latency control—traffic profiles perfectly matched to 6G 

URLLC (Ultra-Reliable Low-Latency Communications) 

slices and RIS-assisted coverage [3]. When combined with 

the KVI-oriented design ethos and testbed results above, 

these works outline a state-of-the-art in which next-

generation networks do more than connect machines: they 

create adaptive, value-aligned environments where humans, 

robots and digital twins interact seamlessly [7]. Our paper 

advances this frontier by quantifying how 6G edge offloading 

and RIS stabilisation specifically enhance personalised 

human–robot exchanges on the factory floor. 
 

III. DEPLOYMENT ARCHITECTURE 

We consider an autonomous robot equipped with 
audiovisual capabilities—specifically, a camera and display. 
The robot is expected to understand remote commands, collect 
sensor data, and autonomously navigate while avoiding 
obstacles. The primary goal of this system is to support 
efficient objects movement with a warehouse infrastructure. 

The deployment architecture is designed to validate the 
feasibility of 6G-based robotic autonomy in an industrial 
environment. This architecture integrates robotic systems, 
network infrastructure, edge/cloud processing, and a 
centralized control platform into a cohesive operational 
pipeline. It is specifically engineered to demonstrate ultra-
low-latency and high-reliability communication under both 
line-of-sight (LOS) and non-line-of-sight (NLOS) conditions. 

The diagram in Figure 2 illustrates the flow of data, tasks, 
and communication among key components of the 
deployment architecture: 

• The Turtlebot 4 is equipped with a Raspberry Pi, a LiDAR 
sensor for mapping and obstacle detection, and a camera 
for object recognition. It operates using ROS for 
navigation and interacts in real-time with other elements 
in the system. 

• A 6G gNB handles dynamic wireless communication. The 
system utilizes Reconfigurable Intelligent Surfaces (RIS) 
to maintain signal reflection in NLOS conditions, 
ensuring uninterrupted connectivity. 

• The Control Center visualizes the robot’s status and 
movement via RViz and dispatches commands via a task 
management interface. 

• Edge/Cloud servers, managed through the Create@3 
platform, offload compute-heavy tasks such as 
Simultaneous Localization and Mapping  (SLAM) and 
real-time analytics. 

• The robot collects and sends sensor data, which is 
processed in the edge/cloud layer and used for decision-
making, while the Control Center monitors all activities 
in real time. 

 

Fig. 2. Overview of architecture with 6G-enabled autonomous robot 

operation. 

 This architecture provides a modular and scalable 
framework that supports the dynamic, low-latency 
requirements of industrial robotics. It highlights the potential 
of 6G networks to handle complex orchestration tasks while 
enabling safe and autonomous robot behavior in smart 
manufacturing environments. 

A. Components Status  

 This section summarizes the maturity of the hardware and 
network enablers that underpin fully autonomous navigation 
and coordination within our Industry 4.0 testbed. 

Key Hardware and Network Enablers 

Autonomous Robot Platform – A Turtlebot 4 serves as the 
mobile agent. It integrates a Raspberry Pi single-board 
computer for on-board inference, an RGB-D camera for visual 
object recognition, and a 2-D LiDAR for mapping and 
obstacle avoidance. Guided by high-level commands received 



from the Control Center, the robot moves autonomously 
between predefined workstations A and B. 

6G-Enabled Communication Backbone – Ultra-low-
latency connectivity is provided by a QUECTEL RG-530F 6G 
modem embedded in the robot. The modem maintains a 
persistent TCP session with the edge servers, ensuring 
deterministic round-trip times for control and telemetry 
traffic. 

Reconfigurable Intelligent Surfaces (RIS) – To guarantee 
robust links in industrial halls with frequent line-of-sight 
interruptions, programmable RIS panels dynamically reflect 
and steer the gNB’s millimetre-wave beams toward the robot 
whenever non-line-of-sight (NLOS) conditions are detected. 

Data Flow and Communication Logic 

• The robot continuously acquires environmental data 
from its sensors and time-stamps each frame locally. 

• Sensor streams and telemetry are forwarded to the 
edge tier over the 6G link. 

• The gNB monitors the robot’s position in real time 
and adaptively re-optimises beam patterns, taking into 
account RIS feedback for LOS/NLOS transitions. 

• The Control Center analyses incoming data, computes 
navigation updates, and returns motion commands 
with sub-10 ms end-to-end latency. 

Edge/Cloud Offloading Framework 

A cloud-native orchestration stack schedules 
computationally intensive workloads—such as SLAM and 
deep-learning-based object detection—on nearby edge 
servers. Offloading these tasks: 

• frees up the robot’s limited Central Processing Unit / 
Graphics Processing Unit (CPU/GPU) budget for 
safety-critical routines, 

• shortens inference turnaround to near real-time, and 

• allows global situational awareness to be shared 
among multiple robots. 

Processed results are transmitted back through the 6G 
infrastructure, enabling the robot to react instantly to dynamic 
factory conditions. 

Overall, the interplay of a 6G backbone, RIS-assisted 
coverage, and edge computing forms a resilient, low-latency 
control loop that satisfies the stringent timing and reliability 
requirements of autonomous operations in an Industry 4.0 
environment. 

B. Control Center 

 Control Center provides real-time remote commands for 
the robot’s movements, task progress, and status. The task 
management system at the Control Center ensures that 
instructions, such as moving objects between positions, are 
delivered to the robot based on the data it receives from the 
network. All hardware and software components have been 
successfully integrated and are operational under both LOS 
and NLOS scenarios. The communication architecture 
ensures resilient and real-time data exchange, while 
edge/cloud offloading and network intelligence allow the 
robot to operate with minimal latency and high reliability. The 

effectiveness of the proposed solution was evaluated through 
a use-case study involving an autonomous robot operating in 
an emulated warehouse environment. 

IV. CONCLUSION 

In this paper, we presented how 6G technology can 
support autonomous robots in an Industry 4.0 setting. The goal 
of this research is to show how 6G enables low-latency, 
reliable communication for robots performing industrial tasks. 
The autonomous robot in this case navigates within a factory 
environment, moving objects between two designated 
positions—Position A and Position B—based on requests 
received from a central server. The results highlight the 
potential of this integrated approach to enable more 
responsive and intelligent human-robot interactions. 
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