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Abstract—This paper presents a pioneering approach to devel-
oping remote Fabrication Laboratory (Fab Lab) using extended
reality (XR) and 3D digital twins, enabled by cutting-edge
advancements in private 5G networks. These XR Fab Labs
enable multi-user remote collaboration and real-time control of
R&D and manufacturing processes. Taking advantage of 3D
digital twins and XR technologies, users can interact, review,
and manipulate 3D models in a virtual space. The integration of
ultra-reliable low-latency communication (URLLC) and network
slicing within an Open Radio Access Network (O-RAN)-based
private 5G framework provides robust low-latency connectivity.
An operational demonstration compared eMBB and URLLC
slices under congestion, while a user Quality of Experience (QoE)
survey revealed high usability and minimal perceived latency.
This approach confirms the feasibility of integrating XR-based
digital twins with 5G slicing capability for remote design and
manufacturing in cyber-physical spaces.
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I. INTRODUCTION

The advancement of 5G and the emergence of 6G tech-
nologies are transforming digital ecosystems by enabling
novel approaches to networking, access, and service models.
Extended Reality (XR) applications, including 3D digital
twins, require highly reliable and low-latency communication,
making network slicing an essential technology. Recent re-
search highlights the role of Cyber-Physical Fusion in bridging
the gap between virtual and physical domains, facilitating
immersive, real-time telepresence and remote collaboration
[1], [2]. Unlike traditional telepresence, where a single user
interacts remotely with a physical space, modern XR-driven
collaboration allows multiple users to share a virtual reality
(VR) environment [3]. This advancement enables seamless
interaction with digital twins and real-world objects, allowing
users to manipulate virtual models while remotely controlling
physical systems in real time [4]. This enhanced connectivity
bridges the gap between cyber and physical domains, making
real-time manipulation of physical systems feasible. To sup-
port such demanding applications in mobile networks, ultra-
reliable low-latency communication (URLLC) and enhanced
mobile broadband (eMBB) capabilities in network slicing have
been explored extensively [5].

Efficient management of Quality of Experience (QoE) and
latency-sensitive XR interactions requires network config-
urations that ensure stability and reliability. Prior studies
have examined the impact of network slicing on QoE for
XR applications, showing that dynamic resource allocation
significantly enhances performance and user immersion [6].
Furthermore, XR-based remote control of robotic systems
within cyber-physical spaces is gaining traction, particularly in
industrial and research applications [7]. Remote teleoperation
and haptic feedback mechanisms are being integrated into XR
environments to facilitate seamless interaction between digital
and physical domains. Research on XR communications and
Metaverse applications underscores the necessity of reliable
low-latency connections for synchronizing cyber and physical
elements in real time [8].

The Open Radio Access Network (O-RAN) architecture is a
key component of the deployed testbed, enabling flexible and
efficient management of wireless communication resources
[9]. By leveraging O-RAN principles, the network supports
interoperability between different vendors, software-defined
control, and intelligent resource allocation. O-RAN’s disaggre-
gated and cloud-native architecture [10] enables more scalable
and cost-effective deployments while facilitating the integra-
tion of AI-driven network optimizations. This setup facilitates
dynamic network slicing, providing dedicated communication
resources for URLLC and eMBB traffic while enabling real-
time network optimizations tailored to XR applications and
digital twin interactions.

This study presents an XR Fab Lab testbed that integrates
3D digital twins, XR-based telepresence, and cyber-physical
control within a sliced 5G O-RAN infrastructure. By lever-
aging URLLC and eMBB slicing, the system enables low-
latency, high-reliability communication for real-time interac-
tion with digital twins and remote fabrication tools.

The rest of the paper is structured as follows: Section II
introduces the XR Fab Lab concept and the 3D digital twin
framework. Section III describes the testbed deployment and
O-RAN configuration. Section IV details system integration,
focusing on XR device connectivity and performance evalua-
tion. Section V presents QoS and QoE assessments, analyzing
real-time collaboration and usability. Section VI concludes
with key findings and future directions.



(a) XR Fab Lab application network diagram.

(b) XR Fab Lab components.

Fig. 1: XR Fab Lab system figure.

II. 3D DIGITAL TWIN SYSTEM OVERVIEW

A. Objective

In XR services, multimodal communication plays a pivotal
role in integrating voice interaction, broadband video, and
synchronized human motions with the environment in a 3D VR
space. This multimodal integration into XR communication
significantly enhances remote collaboration experiences. To
achieve such a high level of multimodality, QoS and network
configurations are adaptively managed within network slices.
As a practical application of XR, a 3D digital twin is developed
and demonstrated through a task involving the fabrication
process of a 3D printer in a Fab Lab environment. This
showcases the system’s ability to seamlessly merge physical
and digital domains, enabling immersive remote control and
real-time interaction.

B. Application Architecture and Design

The system architecture of the 3D game engine, illustrated
in Fig. 1a incorporates several critical components. A web
server hosts both the 2D user interface, developed with
React.js, and the 3D VR world interface using Babylon.js
[11]. Rendering is performed client-side, with VR glasses
handling the visualization. The backend service ensures seam-
less communication between React.js, Babylon.js, and other
subsystems. This backend oversees operations, including au-
dio, video, and screen sharing through an OpenVidu-based
streaming server [12]. Persistent data storage is achieved
via an integrated database and file system, preserving user
and system data across sessions. The Fig. 2 illustrates the
system’s functional architecture, highlighting the interaction
between XR devices, the backend, and the streaming server.
There are several platform options available for developing 3D
applications and XR services. Among them, Babylon.js offers
notable advantages as a web-based, open-source 3D engine.
Designed with WebGL and JavaScript, Babylon.js facilitates

the creation and rendering of complex 3D graphics directly in
web browsers, ensuring compatibility across multiple operat-
ing systems and XR devices [13]. Its integration with WebXR
enables immersive VR experiences accessible without the need
for additional plugins or installations [14]. This approach
allows a single code base to serve all WebXR-compatible de-
vices, streamlining the development and deployment process.

The XR Fab Lab system enables remote co-creative collabo-
ration through two primary scenarios. First, a remote instructor
and a remote user review a 3D object’s digital twin within
an immersive VR environment before initiating fabrication.
Users upload STL files to introduce 3D models into the
VR scene, enabling real-time verbal communication and hand
tracking for direct 3D model manipulation. Second, the system
supports real-time surveillance and control of a 3D printer
within the VR environment. As shown in Fig. 1b we prepared
a 3D printer Creality Sermoon D3 with video streams from
Raspberry Pi-connected cameras integrated with OctoPrint
allow users to observe and manage the fabrication process
[15]. These two video streams are displayed as textures in the
VR environment, aligned with the appropriate 3D orientations,
enabling seamless interaction between virtual and physical
domains.

III. DEPLOYED WIRELESS TEST NETWORK

A. Description of the 5G Test Network

The 5G Test Network (5GTN) at the University of Oulu
serves as the foundational infrastructure for this system. Orig-
inally established as a research and experimental validation
platform for 5G applications [16], 5GTN has evolved into
a full-scale testbed supporting flexible and advanced wire-
less network solutions. The network incorporates small cells,
macro cells, and a distributed antenna system, allowing diverse
testing environments for next-generation communication tech-
nologies. Beyond its role in 5G research, 5GTN is actively



Fig. 2: XR Fab Lab Application functional diagram.

evolving to support 6G validation and trials, aligning with
future connectivity demands and vertical applications [17].

B. Open RAN Network
O-RAN framework enhances flexibility and efficiency in

managing mobile wireless communication resources by en-
abling disaggregation of network functions. A key advantage
of O-RAN is the Near-Real-Time RAN Intelligent Controller
(Near-RT RIC) and xApps, which dynamically optimize net-
work parameters, including network slicing and traffic man-
agement. This functionality is particularly important for XR
applications that require dedicated communication resources
to maintain stable low-latency performance. To support this
infrastructure, the testbed integrates OpenAirInterface (OAI),
an open-source platform providing a complete LTE and 5G
stack for RAN and core network simulation, testing, and
deployment [18].

OAI is implemented within OAIBOX, a compact and pre-
configured 5G test platform designed for rapid prototyping.
OAIBOX integrates OAI-based RAN and core functions with
software-defined radio (SDR) components, such as USRP
N310/X410, to enable a customizable and adaptive 5G net-
work environment. This configuration ensures seamless in-
tegration of XR Fab Lab applications with 5G connectivity,
supporting real-time network slicing and optimized resource
allocation for both eMBB and URLLC slices. Fig. 3 illustrates
the system diagram of the O-RAN implementation in the
XR Fab Lab testbed, highlighting its key components and
functional interactions.

IV. SYSTEM INTEGRATION

The integration of the XR Fab Lab system with the 5GTN
O-RAN infrastructure enables real-time XR interactions and
remote fabrication processes. This section details the deploy-
ment of the VR application, the connectivity setup, and the
network performance evaluation.

A. Deployment of VR Application on Mobile Edge Computing
The VR application, developed using Babylon.js, was de-

ployed on the Mobile Edge Computing to optimize perfor-
mance and reduce latency. The application was deployed via

the O-RAN 5G wireless system and executed in real time
as an XR application, enabling interaction with the physical
fabrication environment, such as a remote 3D printer. With this
server-centric XR application architecture, new features and
software updates are centrally managed on the Edge Comput-
ing server, eliminating the need for device-side management.

B. 5G Connectivity Setup for XR Devices

Since the VR glasses used in this study, Apple Vision Pro
(AVP) and Meta Quest 3, (MQ3) do not natively support 5G
connectivity, a wired 5G modem system was implemented,
c.f. Fig 1a. The setup involved connecting a 5G wireless
modem to a PC and linking the VR glasses to the computers
with a cable. A MacBook was used for network sharing with
the AVP, while the MQ3 shared the network with an Ubuntu-
based PC. These customized 5G connectivity solutions enabled
compatibility with the novel 5G network system, allowing
seamless integration and connection for the XR devices.

C. Network Performance Evaluation

To evaluate end-to-end network performance, we used Qo-
sium, a passive measurement and monitoring solution [19].
Qosium provides real-time visibility into the actual QoS ex-
perienced by real applications over the network. Fig. 1a shows
the placement of Qosium Probe software agents (indicated
by green logos) installed on both the PCs and the 5G core
network. Qosium continuously measures key network perfor-
mance indicators. This evaluation focuses on throughput and
delay/latency, offering valuable insights into overall network
behavior. In total, Qosium collects over 60 different QoS-
related statistics, measured separately in both communication
directions.

V. EVALUATION RESULTS AND DISCUSSION

A. Application Procedure

To ensure reproducibility in network measurement tests, a
standardized application operation procedure was established.
Fig. 4 illustrates this procedure, with labeled points (1)–(4)
corresponding to the following steps:



Fig. 3: O-RAN 5G Network System Dashboard.

1) Initialization and Connection
The VR glasses connects via 5G radio with OAIBOX to
the edge server and loads the Babylon.js-based environ-
ment. Upon loading, the user’s avatar appears in the VR
scene, transmitting audio, hand-tracking, and motion data.
A second user joins to facilitate collaborative interaction
for the product design review with voice and motions.

2) 3D Printing and Video Streaming
The user initiates the 3D printer operation, and real-time
video streaming from the printer is integrated into the
VR environment. This results in a modest increase in
throughput, enabling synchronized video surveillance of
the fabrication process.

3) Scene Transition
During the transition to a new VR scene, environment
digital assets are downloaded, generating a large traffic
peak. This phase tests the network’s capability to handle
high data loads without affecting interactivity.

4) Completion and Evaluation
As the print job completes, the video streaming from the
3D printer concludes, marking the end of the measure-
ment session, which typically lasts for about 5 minutes.

Fig. 4: XR Fab Lab application procedure.

B. 5G Radio System Configuration

The 5G radio system was configured as outlined in Table I.
The radio hardware is based on the USRP X410 software-
defined radio (SDR), operating in the n77 band with a center
frequency of 3850.0 MHz and a bandwidth of 100 MHz.
The time-division duplexing (TDD) pattern is configured as
DDDFU (where D represents Downlink, F stands for Flexible,
and U denotes Uplink), thereby defining the ratio between
downlink and uplink traffic. Two network slices are provi-
sioned: the eMBB slice is set to maximize throughput, while
the URLLC slice is prioritized for reliability and low latency.
The user equipment (UE) utilizes the Quectel RM520Q-GL
modem for each. Additionally, three connected devices were
deployed that VR glasses of AVP and MQ3, and an extra traffic
generator prepared by an Ubuntu laptop running iperf3. The
sliced 5G network was configured such that the eMBB slice
was assigned to the MQ3 and the URLLC slice to the AVP.

TABLE I: Test Conditions

Parameter Value

Radio Hardware USRP X410
Radio Band n77 (3850.0 MHz center frequency)
Bandwidth 100 MHz
TDD Pattern DDDFU
Antenna Configuration 2x2 MIMO
Slice Service eMBB, URLLC
5G Modem Quectel RM520Q-GL
Connected End Device 3 (AVP, MQ3, Ubuntu laptop)

C. Quality of Service Evaluation

For the evaluation, the XR Fab Lab application was con-
currently executed on two VR glasses connected to the eMBB
slice and the other to the URLLC slice in a cell. In the
VR environment, the two users engaged in discussions and
remotely controlled the 3D printer in accordance with the
Application Procedure. Initially, measurements were taken
under normal conditions with only these two users, which




