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The EuroXR 2024 conference will focus on cutting-edge advancements in Virtual Reality (VR), 

Augmented Reality (AR), and Mixed Reality (MR) technologies. This includes software systems, display 
technologies, interaction devices, and various applications. Besides papers on the latest scientific results 
and highlights from many application fields, the EuroXR conference series aims at creating a unique 
human-dimension framework, interconnecting European and international XR communities, for 
knowledge cross-fertilisations between researchers, technology providers, and end-users. 
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Preface  

Preface
We are pleased to present these conference proceedings in the VTT Technology series, which 

contains the papers accepted for the Application Track and Poster & Demo Track of EuroXR 2024, the 
21th annual EuroXR conference, being hosted by ICCS (Institute of Communication and Computer 
System) from November 27th to November 29th 2024, in Athens, Greece. This publication is thus a 
collection of the application papers (talks) and posters and demos papers ( posters and demonstrations) 
presented at the conference. It provides an interesting perspective into current and future applications 
of VR/AR/MR.  

In previous years, under the name EuroVR, the conference has been held in Bremen (2014), Lecco 
(2015), Athens (2016), Laval (2017), London (2018), Tallinn (2019) and Valencia (2020); and as EuroXR in 
Milan (2021), Stuttgart (2022), Rotterdam (2023) and Athens (2024). The focus of the EuroXR conferences 
is to present, each year, novel Virtual Reality (VR), Mixed Reality (MR) and Augmented Reality (AR) 
technologies, including software systems, display technologies, interaction devices, and applications, to 
foster engagement between industry, academia, and the public sector, and to promote the development 
and deployment of VR/MR/AR technologies in new, emerging, and existing fields. This annual event of 
the EuroXR association (https://www.euroxr-association.org/) provides a unique platform for exchange 
between researchers, technology providers, and end users around commercial or research applications. 

We would like to warmly thank the industrial committee chairs for their great support and 
commitment to the conference, and special thanks go to the local organizing committee for their great 
effort in making this event happen .  

https://www.euroxr-association.org/
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SCOPE 

The metaverse (or Virtual Worlds) is currently attracting a great deal of attention in business and 
society (Council of EU, 2022; European Parliament, 2022; Siemens, 2023). At the center of the often-
controversial discourse is the next development stage of the internet in three-dimensional space. The 
metaverse is currently associated with virtual environments with always-on 3D experiences that combine 
physical and virtual reality using various technologies. This enables social interactions and economic 
transactions. The impact on the economy and society is considered to be substantial: corporate 
consultancies forecast metaverse markets with volumes of up to USD 394 billion by 2025 (BCG) (Bobier 
et al., 2022) and USD 5 trillion by 2030 (McKinsey & Company) (Elmasry et al., 2022). A metaverse study 
from 2023 by Ernst Young (EY) and NOKIA clearly shows (Douin et al., 2023 p. 28, Figure 5.1) that it will 
not only be the big tech companies (1st place) and existing metaverse platform (2nd place) that will drive 
future metaverse developments, but also industrial equipment suppliers (3rd place), manufacturers of 
enterprise software (4th place) and game developers (5th place). Such huge impact projections and 
various ways to contribute to and to benefit from the metaverse motivated a number of countries and 
the European Commission to work out respective metaverse strategies to position themselves (Kshetri, 
2023). This paper compares these strategies, giving also an outlook on what to expect in the future. 

Active countries and regions 

A number of countries want to lead the way with dedicated metaverse strategies. Some of these are 
coordinated by state actors, while others are industry consortia. 

China has published a three-year plan "Three-Year Action Plan for the Innovative Development of 
the Metaverse Industry (2023-2025) in China". Although China focuses on the industrial metaverse, 
applications in the entertainment industry are also mentioned. China wants to promote the Yuan 
metaverse ecosystem, new technologies and also the digital infrastructure. China's strategy aims to 
create global metaverse champions and metaverse celebrities. A secure and trustworthy industrial 
governance system shall be established. China has launched its own metaverse standardization 

mailto:christoph.runde@vdc-fellbach.de
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initiatives (MIIT, 2023; Pascual, 2022; Liu and Ryder, 2022; Baptista, 2022; Kshetri, 2022; Hernandez, 2022; 
Knight, 2022; SCMP, 2022; Terrill, 2005; Kalathil, 2003, Yang, 2001). 

 

Figure 1. Politico.eu reports about China’s metaverse ambitions in August 2023 (Volpicelli, 2023). 

The DDubai Metaverse Strategy seeks to foster innovation, enhance the metaverse’s economic 
contributions through R&D collaborations, and promote advanced ecosystems utilising accelerators and 
incubators. It also aims to foster talent and invest in future capabilities by providing the necessary 
support in metaverse education aimed at developers, content creators and users of digital platforms in 
the metaverse community. The Dubai Metaverse Strategy aims to turn Dubai into one of the world’s top 
10 metaverse economies as well as a global hub for the metaverse community. The strategy aims to 
build on Dubai’s achievement of attracting more than 1,000 companies in the fields of blockchain and 
metaverse. It also promotes Dubai’s ambitions to support more than 40,000 virtual jobs by 2030. This 
would further boost Dubai’s economy and support the UAE government’s vision of increasing the 
number of blockchain companies by five times the present number. (Dubai’s Higher Committee, 2023; 
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Cabral, 2022; UAE Moments, 2022; Abdulmalak, 2022; Handagama, 2022; O’Malley, 2022; Al-Monitor, 
2022; Hanafi et al., 2021) 

The EEuropean Union (EU) published “An EU initiative on Web 4.0 and virtual worlds: a head start in 
the next technological transition“. Core elements of Europe’s strategy are to foster a supportive business 
environment and to support SMEs and start-ups; a talent pool of virtual world specialists is to be built; 
children are to be empowered and protected in virtual worlds. The EU further mentions to build its 
metaverse solutions based on interoperability, standardization, open standards and open interfaces. 
There shall be support for the open-source community. European solutions shall profit from the EU’s 
robust legislative framework and European measures for IP protection. The goals of Europe’s strategy 
are to boost the EU’s technological capabilities and to accelerate the uptake of new business models. 
Europe seeks to support access to finance to support creators and to scale up innovative business 
models. Furthermore, societal progress shall be supported, and public services be improved (EC, 2023). 

The “Metaverse Initiative by the Finnish Ecosystem. Virtual Potential into Real-World Impact” aims to 
establish Finland as a leading architect and enabler for the Metaverse. In addition, the Finland society 
shall be considered as a benchmark metaverse society. The Finish strategy shall attract major foreign 
direct investments in all parts of the Metaverse value chain. Finland’s metaverse ecosystem expresses 
its will to avoid domination by a single company or country. The Finish metaverse strategy is based on 
a Finish vision, Finish values and strengths. Core elements of the Finish metaverse strategy are to boost 
economic growth, to foster cross-boundary collaboration, to support education for the Metaverse, to 
advance metaverse research, and to market Finish solutions on a global scale (DigitalFinland, 2023). 

The JJapan metaverse strategy is twofold. On the one hand side, many Japanese tech and finance 
giants, including Mizuho Financial Group, Sumitomo Mitsui Financial Group, and Mitsubishi UFJ Financial 
Group, have signed an agreement to form the Japan Metaverse Economic Zone. This metaverse, called 
Ryugukoku, will be operated by JP Games and will serve as a digital asset platform for member 
companies to share their technology with users. The platform will allow for the transfer of items and 
personal data between metaverses using unique identities and wallet services. On the other hand, the 
Japanese government considered what risks are expected from the metaverse, and how governments 
and private businesses should respond to these risks. In particular, the “Study Group on Utilization of 
Metaverse, etc. for the Web3 Era” established by the Ministry of Internal Affairs and Communications, 
and the “Public-Private Partnership Conference on Dealing with New Legal Issues Concerning Content on 
Metaverse, etc.” established by the Cabinet Office, examined a number of legal risks. Issues, among 
others, were: the relationship between the real world and users, the state of avatars (actions, identity in 
the virtual space), and the relationship between users and operators (JCB et al., 2023; Japan Ministry of 
Internal Affairs, 2023). 

In SSaudi Arabia, the metaverse is key part of nation’s “Vision 2030”. The metaverse also plays a valid 
role in the national „Gaming and e-Sports Strategy“. The goal of Saudi Arabia is to grow the gaming and 
e-sports market to US$ 13.3 billion of gross domestic product (GDP) and to 39.000 jobs by 2030. Saudi 
Arabia is investing into these businesses. One element of Saudi Arabia’s metaverse strategy is to create 
a metaverse twin of the futuristic megacity NEOM (Ellyatt, 2022; Uddin, 2022; Al-Monitor, 2022; Middle 
East Eye, 2022; BeyondGamez, 2022; Robertson, 2022; Gideon, 2022; Nureldine, 2022; Panhans et al., 
2021; Geschwindt, 2022; Fitch, 2020). 

South Korea’s ambitious plans included to take the upper hand in the global metaverse market (5th 
largest market share by 2026), to train metaverse experts (total of 40,000 people by 2026), to nurture 
metaverse service providers (220 companies by 2026), and to discover metaverse best practices (total 
of 50 cases by 2026). Key elements of the South Korean strategy to reach these goals are to nurture 
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specialized corporations that could lead the metaverse industry, train key players in the metaverse era, 
and to create and support a metaverse ecosystem. Finally, Korea aims to build a world-class metaverse 
platform; as lighthouse showcase, South Korea has chosen to create virtual Seoul as an exemplary 
metaverse world. Further showcases, marketing campaigns and diverse types of funds underline South 
Korea’s ambitions. (MSIT, 2022; Davies and Jung, 2022, Cureton, 2022; Park, 2022a; Park 2022b). 

 

Figure 2. Magazine by Cointelegraph reports about South Korea's metaverse ambitions in December 2022 (Fenton, 
2022) 
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The United States of America did not develop a metaverse strategy until now. The reason can 
presumably be seen in the fact that the US government sees this as a task for the economy. 

Comparison 

The analyzed metaverse strategies differ greatly in terms of many criteria.  

The topic of sskilled people and talents is mentioned by China, Dubai, the EU, Finland and Korea, but 
not by Japan and Saudi Arabia.  

Only in Japan and Finland was it a cconsortium of companies that formulated the strategy. In all other 
countries, it was state actors that drew up the strategy.  

It is therefore to be expected that the ffinancing of the implementation of the strategies will also be 
handled very differently. Although the Finnish metaverse ecosystem is planning the "Metaverse in Action 
Programme", it will not be able to raise any significant funds itself. In Japan, it is estimated that the large 
corporations involved will be able to do so. All other countries (China, Dubai, Saudi Arabia, Korea) are 
launching funding programs. 

The structure of the funding programs depends directly on the sspecific nature of the planned 
projects. Japan is planning the Japan Metaverse Economic Zone "Ryugukoku", Korea with the Seoul 
Metaverse and Saudi Arabia with the NEOM Metaverse. Japan is still in the process of realizing a 
platform, while Korea and Saudi Arabia are already working on concrete applications in the contexts of 
urban planning, citizen participation, public services and tourism. 

This also makes it clear that the ttarget groups of the various metaverse strategies differ. All countries 
address the digital society, the consumers. All countries except Dubai and Saudi Arabia address industry. 
China, Dubai, Japan and Korea see public services in the metaverse. Dubai, Saudi Arabia and Korea are 
planning tourism applications in the metaverse. Dubai and Saudi Arabia see real estate applications in 
the metaverse. Dubai explicitly mentions retail applications, Saudi Arabia explicitly mentions e-sports 
and gaming applications. 

China, Dubai and Japan address ppayment systems for the metaverse. China wants to promote the 
Yuan metaverse ecosystem. Dubai explicitly emphasizes its role as a global crypto stronghold. Japan 
envisions a digital asset platform that enables member companies to share their technology with users. 
For example, Mizuho Financial Group will provide its expertise on payments and metaverse tokens, and 
Mitsubishi UFJ Financial Group, which has its own digital asset platform, will support Web3 functions 
and global expansion plans.  

Only the European and Chinese strategies explicitly mention mmetaverse standardization. Europe and 
China have already taken initial steps in this area. Europe is planning an analysis of the status of 
metaverse standardization and the relevant standardization system. After the topic of eXtended Reality 
was explicitly mentioned in the Chinese standardization strategy "China Standards 2035", the Chinese 
Ministry of Industry and Information Technology (MIIT) has announced the establishment of a 
"Metaverse Standardization Working Group".  

Only the European Commission Metaverse / Virtual Worlds strategy provides for a later rreview and 
adaptation of the strategy. 
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Introduction 

Extended Reality (XR) technologies offer significant benefits for industrial applications by enhancing 
visualization, training, and operational efficiency. By encompassing Virtual Reality (VR), Augmented 
Reality (AR), and Mixed Reality (MR), these technologies enable immersive simulations and real-time 
data overlays, facilitating improved decision-making and reduced operational risks. For instance, VR can 
simulate remote and hazardous environments for training purposes without requiring travel or exposing 
individuals to physical danger, while AR can overlay critical information onto real-world equipment, 
aiding in maintenance and repair tasks. The growing adoption of XR in industries such as manufacturing, 
construction, healthcare, and public safety underscores its potential to streamline processes, enhance 
safety, and foster innovation. 

Creating virtual representations of physical spaces for VR can be achieved in multiple ways, including 
the use of CAD-based 3D models or other pre-existing 3D data. However, when pre-existing data is 
unavailable, the accurate modelling of the space is often considered too laborious, making the use of 
VR technologies unfeasible. 

This study focuses on the multi-platform utilization of point clouds as the common ground 
representations of physical spaces. Point clouds enable the capture of detailed physical environments 
efficiently, facilitating the creation of accurate and dynamic virtual spaces. This approach is particularly 
advantageous for environments that undergo frequent changes, such as construction sites. 

This paper presents implementation of a Unity 3D-based XR application platform supporting 
multiple device platforms, ranging from VR to AR, with multi-user collaboration capabilities. The 
platform’s versatility and robustness make it suitable for various industrial applications, demonstrating 
the practical benefits and scalability of point cloud-based virtual spaces. 
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Methodology 

Point clouds can be captured using various techniques, such as photogrammetry and LiDAR. In this 
study, we utilized a Trimble X7 3D laser scanning system. The Trimble X7 captures an accurate 3D point 
cloud, supplemented with RGB data from the device’s cameras, resulting in a naturally coloured, 1:1 3D 
point cloud of the environment with millimetre accuracy. The captured data was processed using Trimble 
Real Works software, where unwanted artifacts were removed, and the point cloud was subsampled to 
a resolution optimal for XR development. 

The XR development was conducted in the Unity 3D environment. Point cloud data was imported 
using the Pixyz Plugin for Unity, which facilitated the automatic segmentation of the point cloud model, 
generation of level-of-detail (LOD) groups, and creation of a simplified 3D mesh to serve as a collider. 
The coordinate system of the imported point cloud was maintained as the ground truth for all multi-
platform data. 

Achieving multi-platform compatibility between Windows desktop-based VR and AR devices (Apple 
Vision Pro, Magic Leap 2, and Microsoft HoloLens 2) was accomplished using the Unity 3D platform, 
supplemented with additional libraries that consolidate multiple lower-level platform-specific libraries 
under a shared code base. The Unity XR Interaction Toolkit was crucial in enabling consistent user 
interface elements and interactions across multiple platforms. 

OpenXR was employed for desktop VR, allowing support for various VR devices, though it limited 
the use of certain platform-specific functionalities on devices like Varjo XR3. For AR, where OpenXR 
support was more restricted, the implementation relied on platform-specific libraries combined with 
Unity AR Foundation libraries. 

The presented implementation includes basic multi-user capabilities built on the Unity NetCode for 
GameObjects library. The Dissonance Voice Chat plugin was used to enable voice chat functionality, 
facilitating real-time communication among users within the virtual space. 

 

Figure 4. Point cloud capturing, processing and visualization pipeline 
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Multi-User Collaboration 
The aim was to study the multi-user collaboration in industrial setting utilizing different XR 

technologies. The core concept was built upon the scenario of a worker on the field using AR supported 
by a remote expert operating in VR. VR environment contained the point cloud representation of the 
physical space the AR operator was working in. AR operator is unconcerned about the point cloud 
visualization. 

Both VR and AR operators shared various types of 3D spatialized data. Users were represented in 
the 3D space as simplified avatars that displayed the position and orientation of their heads and hands. 
This setup allowed users to see each other’s movements and communicate in real-time. The application 
also supported the placement of various types of annotations, including different symbols and both 
basic 2D and 360-degree photographs. These features provided the necessary components for basic 
telepresence and cooperation. 

The study included also the visualization of different types of mobile robots in real-time. A Boston 
Dynamic SPOT robot was visualized with 1:1 mapping based on the detailed state data offered by the 
platform APIs. Other robots were visualized based on data provided by Noccela ultra-wideband (UWB) 
tracking system visualized as simple 3D models or avatar symbols. 

Multi-Use Applications 
The developed multi-user collaboration framework was tested in industrial use-cases with expert 

end-users from various fields including automotive industry, aircraft maintenance, crime scene 
inspection and mobile robotics. The core framework was kept the same and the use case specific 
adaptation was made by using different user interfaces best suited for the case at hand. 

 

Figure 5. Tested application use cases. Top left: robot cell evaluation for automotive industry, top right: co-
operation with mobile robots, bottom left: crime scene inspection and bottom right: aircraft maintenance. 
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Conclusion 

The multi-user collaboration framework developed in this study significantly enhances the sense of 
presence, situational awareness, and operational coordination in industrial settings. This framework 
demonstrates the potential of XR technologies to improve industrial workflows through immersive and 
interactive virtual environments. The point cloud processing pipeline proved effective for creating 
detailed 3D visualizations of various industrial environments within Unity 3D. Point cloud-based 
visualization offered a higher level of environmental detail compared to CAD-based visualizations and 
provided up-to-date representations of dynamic environments. 

This study also showcased the practicality and scalability of using point cloud data to support multi-
platform XR applications. The implementation of basic multi-user capabilities and real-time visualization 
of mobile robots highlighted the versatility of the developed platform in various industrial use cases, 
including robot cell evaluation, aircraft maintenance, crime scene inspection, and cooperation with 
mobile robots in indoor environments. 

Future directions include exploring near real-time point cloud visualization, enabled by 
advancements in scanning and visualization technologies, and further improving multi-platform 
support through initiatives like OpenXR. These advancements will continue to drive the adoption of XR 
technologies in the industrial sector, fostering innovation and operational efficiency. 
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Introduction 

This paper presents a novel Virtual Reality (VR) training approach for teacher empowerment using 
a VR training application developed under the VRTEACHER project. The VRTEACHER project was 
conceived to address the urgent need for innovative approaches to teacher training within the 
constantly evolving educational landscape, the unprecedented challenges for educators brought by the 
pandemic worldwide and the lack of hands-on training experiences for teachers. The project aimed to 
revolutionize teacher education and strengthen the profile of the teaching profession by offering an 
alternative training paradigm based on VR technology, offering immersive training experiences for 
educators with virtual scenarios that replicate real-world classroom situations as documented by 
teachers and education experts through focus groups. Emphasis was given to teachers’ empathy-
building through the ability to change the user’s perspective and experience the same incident both 
from the eyes of the teacher and from the eyes of students, enabling trainee teachers to empathize and 
understand their student's viewpoint. Experiencing the scenarios from the student’s viewpoint was 
crucial for the effectiveness of the VR training fostering teacher trainees' emotional connection and 
understanding increasing their empathy (Hadjipanayi et al. 2024) and compassion (Ventura et al., 2020; 
Stavroulia & Lanitis, 2023a; Wang et al., 2024).  

VRTEACHER adds a unique dimension to teacher education, offering a hands-on, experiential 
training tool that complements theoretical knowledge and classroom practice. By pushing the 
boundaries of traditional teacher training and leveraging the potential of VR technology, VRTEACHER 
contributes to the ongoing innovation and advancement of teacher education practices. More 
information and the application are available on the project's official website https://www.vrteacher.eu/.  
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VRTEACHER application  

Technical specifications 
The VRTEACHER multilingual application (in English, Greek and Spanish) runs on smartphone VR 

headsets in conjunction with any Android mobile device with Android version 7.0 (API level 24) or newer 
and requires 604 MB of device storage. The Android phone should also meet the minimum 
requirements for VR which mainly include the existence of a gyroscope sensor. The use of smartphone-
based VR headsets minimizes the hardware cost, allowing the widespread deployment and use of the 
application. The application was developed using UNITY (version 2020.3.22).  

The main menu of the VRTEACHER application consists of four sub-categories (Figure 6) “Scenarios”, 
“Instructions”, “About the VRTEACHER project” and “Settings”. By pressing the “scenarios” tab users are 
instructed to insert their smartphone in a VR headset so that they can visualize the three scenarios that 
have been developed. 

 

Figure 6. (i) VRTEACHER application main menu. (ii) Settings tab. (iii) Scenarios tab. (iv) Instructions to place the 
phone into the VR headset. 

Scenario cases 
The VR application offers three scenarios (Figure 7), co-developed with educators who were involved 

in the design cycle. The user can experience each scenario both from the teacher's perspective and the 
virtual student's perspective (Figure 8: 1-7), gaining a deeper understanding of the problem and the 
student’s viewpoint. Additionally, the inner voice technique was used to refer to teachers’ internal 
thoughts and reflections during the time that the incidents occurred in class to enhance the user’s 
immersive experience (Figure 8: 1). At the end of the scenario a mentor appears providing feedback to 
the teacher trainee (Figure 8: 8). 
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Figure 7. The three scenarios developed under the VRTEACHER project. 

 

Figure 8. (i) Through the eyes of the teacher for all three scenarios and teacher’s inner voice. (ii) Student avatar in 
scenario 1. (iii) Through the eyes of the student in scenario 1, in his room with his mother. (iv) Student avatar in 
scenario 2. (v) Through the eyes of the student seeing particles of COVID-19 in the class. (vi) Student avatar in 

scenario 3. (vii) Through the eyes of student refugee. (viii) Avatar of a mentor providing feedback to the trainee.  

Interaction within the virtual classroom is gaze-based. Gaze input indicates where the user is 
focusing, with a cursor indicating the direction of the gaze. Eye gaze input requires minimal effort from 
the user, as it enables interaction with the virtual world without the need for physical movements or 
additional hardware. During the VR experience, users are required to use eye-gaze to initiate actions 
(Figure 9:1) and/or answer multiple-choice questions (Figure 9:2,3) that assess teachers' readiness in 
appropriately handling various situations depicted in the implemented scenarios. 

VRTEACHER Application Impact 
The VRTEACHER application was implemented across the partner countries training more than 300 

in-service and pre-service teachers (Stavroulia et al., 2023b). The implementation process followed an 
experimental protocol that was approved by National Bioethics committees in the respective partner 
countries. The results demonstrated that the VR implementation significantly improved participants' 
attitudes towards remote and blended learning, inclusive education, and cultural intelligence. Metrics 
were assessed at three points: before implementation, immediately after, and long-term, four weeks 
post-implementation. The results also demonstrated a statistically significant difference between the 
three points related to perspective change. Equally important, the results indicated that the VR 
intervention had a long-lasting impact on the participants, as the positive change in attitude not only 
persisted over time but continued to improve.  

 

Scenario 1 
Distance education and 
domestic verbal abuse

•The scenario simulates a 
student who is connected to 
the lesson by distance and 
experiences verbal abuse from 
his mother at home.

Scenario 2  
Student phobias related to 

COVID and panic attack

•The scenario simulates a 
student who is experiencing a 
panic attack and anxiety 
related to COVID-19. 

Scenario 3  
Refugee Student

•The scenario simulates a 
student who does not speak 
the instruction language and 
does not understand the 
teacher. 
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Figure 9. (i) Start button to begin the scenario. (ii) Unanswered question during the scenario. (iii) Selection of 
answer after looking for some minutes.  

Conclusions  

The VRTEACHER project addressed the need for novel technology-based hands-on training 
experiences in teacher education contributing to advancing innovative VR-based teaching practices. 
The VR application was implemented and evaluated providing evidence of its added value as part of 
teacher training curriculum. The VRTEACHER application is accessible for use, aiming to inspire new 
initiatives in the field. Furthermore, this work is ongoing, and the team aims to update the application 
in line with current trends such as Artificial Intelligence (AI) for more dynamic and adaptive experiences 
that respond to user behavior and enrich it with new scenarios reflecting real-life in-class incidents 
experienced by educators. 
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Introduction 

This paper presents an approach towards digitalizing and enhancing operational 
procedures within the Test Centre of the European Space Agency (ESA) by exploiting Mixed 
Reality (MR) systems. The first phase, known as "VirWAIT - Virtual Workplace for AIT & PA 
Training and Operations Support”, focuses on developing the VirWAIT MR system, which was 
built on the MS HoloLens 2 mixed reality platform. The second phase, the project called “DPIAR-
V1 - Digitalisation of Procedure and Introduction of Augmented Reality (Step 1)”, [represents a 
continuation of the ESA's MR use cases and development. The project outcome was a complete 
end to end solution for the authoring (off- and on-site), deployment and usage of MR to 
support execution of manual procedures and operations within the Test Centre of the European 
Space Agency. 

The first phase - VirWAIT 

The operational VirWAIT MR-systems includes three main parts (Helin et al., 2021): 

1. Content authoring 
a. Desktop mode (off-site authoring) 
b. Mixed reality mode (on-site authoring) 

2. Mixed reality based procedure execution 

3. Automatic reporting and as-build 3D model generation 

mailto:kaj.helin@vtt.fi
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VirWAIT’s Use cases 

The system were tested in two main use cases at the Test Centre premises: 

1. MR supported installation of thermocouples on  an Heat Plate used as GSE for the Solar 
wind Magnetosphere Ionosphere Link Explorer – SMILE (see Figure 10 - left) 

2. MR supported phase 2 sensor installation  on TEDY (TEst DummY) for a vibration test 
campaign on the Hydra facility (see Figure 10 - right) 

The VirWAIT MR system was preliminary tested for the configuration of the JUpiter ICy moons 
Explorer’s (Juice) Network Data Interface Unit (NDIU) in preparation to the Thermal Vacuum test 
campaign held at ESTEC. 

        

Figure 10. VirWAIT use cases. Left: Thermocouples installation to SMILE. Right: Sensors installation to TEDY. 

The second phase - DPIAR-V1 

Building upon the success of VirWAIT MR, the second phase, the project called DPIAR-V1, represents a 
continuation of the ESA's MR use cases and development. The project outcome was a complete end to 
end solution for the authoring (off- and on-site), deployment and usage of MR to support execution of 
manual procedures and operations within the Test Centre of the European Space Agency. The 
operational DPIAR-v1 MR-systems and authoring components can be found in Figure 11. System 
includes: 
 

1. Microsoft HoloLens 2 with DPIAR-v1 MR-player app 
2. mobiPV – server for all Operations Data File (ODF) content, AR annotation and 3D models 

with animation 
3. mobiPV’s web interface, which also allows to the user interact with systems 
4. STAMP sensor data server 
5. Authoring environment, which is including on-site and off-site authoring. 
6. Remote observation via web access 
7. Reporting 
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Figure 11. DPIAR-v1 system set-up 

DPIAR-v1’s Use cases 

To verify the main project objectives, two most relevant use cases were selected. Them were use 
cases at the Test Centre premises. 

1) Large Space Simulator – LSS Basement procedure (see Figure 12) 
2) Vacuum Test Chamber - VTC1.5 Operating Procedure and Pre-operation 

       

Figure 12. The MR systems in use during procedure execution (LSS- Basement procedure) and its automatic 
reporting. 

Both use cases were authored by leveraging off-site and on-site authoring. At the same time, the 
semi-automatic off-site authoring templates were utilized and further developed. On-site authoring was 
employed to add the point of interests (POIs) in the correct locations due to the lack of 3D models. The 
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authoring process was carried out in collaboration with partners and ESA personnel. The MR system, 
remote observation and reporting was tested, particularly in the LSS Basement procedure.  

Conclusion  

The DPIAR-v1 system offers a notable advantage due to its optimized operational workflow, which 
enables the reduction of the MR procedure authoring time. This is achieved through a combination of 
semi-automated off-site procedure template and intuitive on-site authoring methods via HoloLens 2. 
These features streamline the preparation and modification of procedures, thereby playing a crucial role 
in facilitating the deployment of MR technology in daily operational activities. 

Through the continuation by VirWAIT and DPIAR-V1 projects, the Test Centre Division of the 
European Space Agency highlights its strong interest in applying MR technology to maintenance and 
operation procedures of Test facilities, but also to training of operators and where possible to AIT 
(assembly, integration and testing) tasks. Videos documenting the development and outcome can be 
found in the Appendix. 
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Video during VirWAIT development  (2021): https://youtu.be/gefrH8EJXWU?si=2B7dchjDbz44T_3i 

Video of DPIAR-v1 (2024): https://www.linkedin.com/posts/kaj-helin-8523a62_spacetech-xr-ar-activity-
7157658812429086721-nABe?utm_source=share&utm_medium=member_desktop 
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Introduction  

This abstract presents a proof of concept (PoC) of Large Language Models (LLMs)-driven Human-Robot 
Interaction (HRI) in eXtended Reality (XR). Our LLM assistant is capable of holding multimodal 
conversations with users through voice, gestures, emoji reactions, and Mixed Reality (MR) hints, all while 
simultaneously communicating with the UR10e cobot. This to make it assist the user in the right way at 
the right time. As this is just a proof of concept, the underlying architecture holds great potential and 
can be replicated in several industrial use cases. While big industry players focus on enhancing raw LLM 
performance, our goal is to make these models more context-aware, particularly in real-world 
applications. The specific task chosen for this PoC is the assembly of an IKEA step stool, which consists 
of 8 steps. The system guides the user through each step, providing real-time assistance to ensure 
accurate and efficient assembly. We chose IKEA step stool assembly as the use case because there is a 
variety of data and 3D models available online, and many users are already familiar with IKEA products. 
Appendix includes video of the proof of the concept.  

System architecture  

The core application was developed in Unity 2022.3 LTS. It makes use of OpenAI’s APIs to communicate 
with GPT-4o, while a traditional TCP socket communication is used to communicate with the UR10e 
collaborative robot (cobot). The application was built to run on the Microsoft HoloLens 2 platform, and 
it makes use of its AR features, Wi-Fi and microphone peripherals (see Figure 13). 
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Figure 13. System architecture of the application. The communication to the LLM is mediated by parser scripts that 
convert different types of input (i.e., from TCP sockets or microphone) into conversational text. Likewise, another 

parser script takes the LLM’s output and redirects the different messages to the right recipients. 

LLM-based assistant  

Voice assistants such as Alexa and Siri have demonstrated how a software agent can interpret natural 
language and provide information through voice generation. However, general voice assistants have 
limited capabilities to follow or provide multi-step instructions. Large-language models provide the 
means to enhance Natural Language Processing (NLP) and enable more thorough insight on the subject 
especially if the initial system message or context is provided. (Guan, Y. 2023)     

Interaction design 

The presented application is based on multimodal communication. The virtual assistant is able to guide 
the user through the procedure of assembling a piece of furniture by voice instructions (through 
OpenAI’s text-to-speech APIs), as well as AR hints and emoji reactions which are described in more 
detail in the next sections. On the other hand, the assistant can also receive multiple types of input, 
namely voice clips from the user and message codes from the UR10e cobot, that are converted into 
plain, natural text before being fed to the LLM (see Figure 14). 

One major limitation of LLMs is their reactive nature - they only respond when prompted, lacking 
proactive assistance. To overcome this, the application was developed modularly, allowing different 
entities to communicate with the LLM, enabling it to engage with users without being directly prompted. 
Research (Sonnino, 2024) showed GPT-4 could handle conversations with multiple entities by parsing 
prompts with a "sender" and a message field. In this prototype, the cobot is the only added entity, but 
future expansions could involve agents like sensors, computer vision, or IoT devices. Our results show 
that multi-entity conversations are feasible, with the LLM generating multiple responses for different 
entities (robot, user, emoji) within the same message. 
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Figure 14. Interaction design graph. The LLM assistant’s output affects four different recipients, namely the cobot, 
the user (through voice), AR hints and the reactive emoji. As input, the assistant is prompted both by the user and 

the cobot. 

 

Prompt engineering and LLM output 
The different responses mentioned above focus on producing a natural output for user interactions 

and a more structured one for cobot instructions. Research has already demonstrated that structured 
output for robot instructions (Izzo et al., 2024) can be achieved with appropriate prompt engineering. 
Our goal was to ensure that the LLM could adapt its communication style depending on its audience, 
using natural language for users and structured formats for cobots. A parser script was implemented to 
correct minor errors from the LLM, such as improper capitalization, punctuation, or conversational 
language in the structured messages. 

To guide the assistant in delivering the right behavior, we created an initial system message that 
outlines the steps the user must perform and how to communicate them. This message is based on the 
instructions for assembling an IKEA Bekväm step stool, derived from the official manual with seven total 
steps. The assistant is instructed to stay true to the assembly process and divide longer steps into 
substeps for easier communication. 

UI implementation  

The UI elements (Figure 15) can be split into two main groups: 3D assembly instructions and an AI 
assistant interface. Each UI group can be interacted with directly (by hand) or indirectly (with far 
pointers). Users can place each UI group anywhere in the environment to keep it out of the way, and 
the directional arrows are displayed when those elements are out of the user's FOV. 3D assembly 
instructions can be hidden completely, while AI assistant UI is always visible. 3D assembly instructions 
are meant to be interacted with by hand while AI assistant UI mostly uses hands-free gaze and speech 
interactions. 
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The 3D assembly UI features a 3D product model with the product name and current step displayed. 
Users control the assembly via a hand menu, offering toggles like "3D Model" (show/hide model), "1:1 
Scale" (real-world size), "Exploded View" (show part connections), and "Step Highlight" (focus on current 
parts). Navigation is through "Previous Step," "Next Step," and "Current Step" buttons, while the AI 
advances steps based on user progress. 

The AI assistant interface uses animated 3D emoji and a chat system, with user questions in green 
and AI responses in blue. Animated emoji reflect the AI's state, enhancing interaction and emotion. The 
system has ten states, including Sleeping, Idle, Attentive, Listening, Disappointed, Processing, and 
Speaking. For example, after inactivity, the AI shifts from Idle to Sleepy, then Sleeping. If the user looks 
at the AI, it becomes Attentive and may enter the Listening state.  

 

Figure 15. (top left) 3D assembly instructions manipulation; (bottom left) assembly step selection; (top right) AI 
assistant manipulation; (bottom right) AI assistant's response to the user. 

The Listening state uses speech detection with a circular timer and volume bar. If no speech is 
detected, the AI shows Disappointment and returns to Idle. If successful, it acknowledges, processes, 
and responds, then reverts to Idle. For the Speaking state, the AI will generate a response to the user's 
spoken request. Additionally, based on the generated response, AI will select an appropriate animated 
emoji and generate positive, neutral, and negative automated responses for the user. The Moving state 
handles hand interactions, and Error appears when server issues occur. 

Robot implementation 

Universal Robots 6-axis UR10e cobot was utilized for the presented application (presented in Figure 
16). The cobot performs a traditional pick and place task, where the individual components to be 
handled are located on a jig-plate. Component locations are known to the program and no machine 
vision is required at this stage. Handling of the components is apprehended with a Robotiq vacuum 
gripper.  
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Communication between the cobot and the LLM wrapper is established using TCP/IP sockets. In this 
setup, the server machine hosts the LLM, while the cobot functions as the client. The communication 
follows a command-based protocol aligned with the step-by-step instructions for assembling the stool 
previously described. As the operator progresses with the assembly, the LLM sends commands to the 
cobot to provide the necessary components for the next step. The messages exchanged between the 
server and client are strings formatted in big-endian. The cobot program interprets these strings and 
executes the corresponding step. After completion, the cobot program notifies the LLM. The LLM then 
acknowledges this by informing the operator via generated voice output.  

 

 

Figure 16. UR10e cobot cell for IKEA step stool assembly. 
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Conclusion and next steps  

In conclusion, our project has successfully demonstrated the transformative potential of LLMs when 
applied to practical, real-world scenarios. Starting with limited resources, we developed an assistant 
capable of engaging in dynamic conversations and interacting seamlessly with the UR10e cobot to 
provide timely assistance. This proof of concept showcases not just the viability of LLMs in industrial 
settings but also their ability to be context-aware, an area where we see significant opportunity for 
innovation. 

As we move forward, the next steps involve refining the architecture and exploring its applicability 
across various industries. We should focus on gathering domain-specific data to improve the assistant's 
decision-making and contextual understanding. Multi-modal systems, which process and integrate text, 
images, and audio, will enable more complex functions and richer feedback. These interactions make 
the assistant more flexible and accessible, enhancing the user experience. Partnering with real-world 
environments for testing will be crucial. By continuing to develop this technology, we can unlock new 
possibilities for LLMs, driving innovation and practical benefits across sectors. 
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Introduction 

Soft skills, such as communication, problem-solving, and teamwork, are essential components of 
children's education, contributing significantly to their overall development and learning efficiency. 
While Extended Reality (XR) and Artificial Intelligence (AI) have been widely utilized across various 
educational contexts (Gua et. al. 2021, Yim et. al. 2024), their combined use in formal education, 
particularly for building soft skills, remains underexplored (Ouchen et. al. 2022).  

Recognizing this gap, we developed a collaborative XR application, named Quantum Quadrant, with 
text-generative-AI-driven feedback during the XRHack 20241 event in Cologne, Germany. The initial 
concept was to explore how XR and generative AI could be used together to improve both physics 
understanding and soft skills development in elementary schools. The hackathon environment, with its 
time constraints and competitive nature, compelled us to focus on core features and rapidly create a 
minimum viable product. Currently, the application is being refined as a proof of concept, with a focus 
on addressing the design and technical challenges associated with co-located, collaborative XR 
experiences, and the usage of generative AI. This paper presents an overview of the application, 
discusses its unique design and technical challenges, and evaluates the potential and limitations of using 
XR and AI to support soft skills development in educational environment setting. 

Overview of the Application 

The main goal of the application is to enhance both physics understanding and soft skills among 
elementary school students through an interactive, collaborative XR experience. The application is 
designed for four co-located players using the Meta Quest platform and combines a puzzle game with 
generative AI-driven feedback to improve communication, teamwork, and problem-solving abilities. 

 

 
1 https://www.xrhack.com  
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At the start of each session, four players are assigned individual objects that only they can see and 
interact with: a laser, a mirror, a cannon, and a magnet. To solve the puzzle, players must coordinate 
their actions to correctly place their objects within the room. The task is designed to include different 
physical concepts and basic information about these are also directly presented to user as a text and 
images. The solution requires directing the laser beam from its source, reflecting it off the mirror, 
activating the cannon, and finally attracting the fired cannonball with the magnet. Additionally, the laser 
must reflect off the mirror before it can activate the cannon. Players must clearly communicate in order 
to complete the task successfully. When the laser is activated, all players can see the entire setup, but 
objects can no longer be moved. If the solution is incorrect, the game resets, prompting the team to try 
again.  

When the laser is activated, the complete transcript of the players’ conversation is sent to OpenAI2, 
where it is analysed to provide feedback on communication skills. The AI generates personalized 
suggestions for each player, highlighting areas for improvement in their collaborative and 
communication behaviours. This AI-driven feedback is intended to promote reflection and development 
of soft skills in an engaging, real-time context. 

 

Figure 17. Left: Part of the puzzle, where laser triggers the cannon via a mirror. Right: Visualization of AI feedback. 

Design and Technical Challenges  

The design of the application centered on integrating physics concepts with soft skills development 
without overwhelming the players. The structure of the game encourages iterative problem-solving, as 
players must repeatedly attempt to solve the puzzle through trial and error, refining their strategies and 
communication with each attempt. This iterative approach not only reinforces physics concepts but also 
improves the communication and teamwork skills by requiring continuous dialogue and coordination.  

From a technical perspective, one of the major challenges was achieving a co-located multiplayer 
experience on the Quest 3, which lacks support for image marker or object detection as a built-in feature 
and does not allow direct camera access, preventing for these capabilities to be implemented 
independently. However, the colocation features of Meta’s Presence Platform helped us to position users 
accurately within the same physical environment relative to each other. Our approach was based on 
establishing a shared anchor point between the Quest glasses and synchronizing the positions of other 
objects relative to this reference point. However, it is important to note that the cloud-based 

 

 
2 https://platform.openai.com/  

https://platform.openai.com/
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synchronization is not always reliable, particularly when users attempt to use the application in different 
environments.  

Another challenge was adapting the application to dynamic environments, ensuring that the puzzle 
remained solvable across different settings. The current implementation assumes a central table that 
divides the room into four quadrants in which each player can operate. However, this setup may not 
work in all environments, so the complexity of the puzzle was reduced to ensure reliable operation. 

Performance limitations of the Quest 3 glasses also influenced the design choices. The initial concept 
presented at the XRHack event included a more complex puzzle with other interactive elements like a 
pulley and water system. However, the Quest 3 struggled with the realistic physics simulations required 
for these components, prompting us to simplify the design. While custom implementations and further 
optimizations tailored to the Quest hardware could potentially address these issues, current off-the-
shelf libraries do not offer sufficient performance for these more complex simulations. 

Integrating generative AI posed also predictable challenges, particularly in designing appropriate 
“prompt engineering” techniques to manage the AI’s responses. We have observed that certain prompt 
wordings, such as “criticize”, often lead to overly harsh feedback despite the rest of the prompt, which 
could negatively impact young users. Crafting prompts that encourage constructive and age-
appropriate feedback requires careful tuning to ensure that the suggestions remained supportive and 
aligned with the educational goals of the application.  

Discussion 

Our initial and unstructured observations with the application suggest that the design choices, 
particularly those involving data scarcity and iterative problem-solving, positively influence 
communication and group dynamics. By allowing each player to see and interact with only their 
assigned object, participants are compelled to engage more actively in dialogue and use physical 
gestures to coordinate their actions. This setup causes a more balanced group interaction, where each 
player’s contribution is necessary for successful puzzle completion. In contrast, tests with a demo mode 
where all objects were visible to everyone often resulted in one participant taking the lead, reducing the 
collaborative nature of the game, and diminishing the soft skills training aspect. 

Adapting the application to dynamic environments remains a significant challenge. While schools in 
controlled environments could provide the necessary space and layout consistency, future iterations 
should explore more adaptive spatial mapping techniques for puzzles that better accommodate 
different room layouts, enhancing the robustness and accessibility of the application. Alternatively, the 
application could include a creative mode, similar to existing authoring tools (Horst et. al. 2022) that 
allows teachers to design and arrange their own puzzles, adapting the gameplay to fit the physical 
environment available in their classrooms. 

The integration of generative AI in an educational XR setting shows substantial potential, but also 
raises important ethical and privacy concerns. The use of AI for feedback involves transmitting 
conversation transcripts to a third-party server, which raises issues of data privacy and consent, 
particularly when working with children. In addition, XR technologies that track body and hand 
movements could inadvertently introduce new forms of student monitoring, potentially leading to 
privacy violations. To address these concerns, we recommend exploring locally processed data solutions, 
such as on-premises generative AI models and no-log local servers for XR applications, to better protect 
user data. 
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During testing, OpenAI generally provided relevant and contextually appropriate feedback; however, 
the AI also displayed tendencies toward hallucinations, where the AI model generates incorrect or 
misleading information, and occasionally failed to adhere strictly to the provided prompts. This 
unpredictability underscores the need for an approval mechanism, allowing teachers or other 
professionals to review AI-generated feedback before it is shown to students. Such oversight ensures 
that the feedback remains constructive, accurate, and appropriate for the educational context. 

Furthermore, while our team includes a qualified teacher, the AI-generated feedback should also be 
independently evaluated by other experts to ensure it is applicable and beneficial to school-aged 
children, particularly in providing constructive feedback within a reflection-on-action context. 
Establishing clear guidelines for the use of generative AI in schools would be crucial to ensure that AI-
driven feedback aligns with educational standards. Incorporating this feedback into design of the 
application could help guide students to follow suggested improvements and reinforce learning goals 
in a more structured way.  

Finally, this application serves as a proof of concept that demonstrates the feasibility of integrating 
XR and AI to support both physics learning and soft skills development in an educational context. 
However, formal scientific studies using a mixed method approach are needed to validate the efficacy 
of this approach, assess its long-term impact, identify any other unforeseen challenges and address 
privacy and ethical concerns. Future research should aim to quantify the benefits, refine the AI feedback 
mechanisms, and explore broader applications in diverse educational settings. 
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Introduction and Motivation 

Board game creators face numerous challenges during the design process, particularly in the time-
consuming and iterative playtesting phase.  Traditional playtesting requires physical presence, physical 
prototypes and components, as well as considerable time and a dedicated space, often leading to 
excessive costs and logistical hurdles (Kougioumtzian et al., 2023). Digital tools offer a potential solution 
by facilitating remote playtesting, streamlining component management, and enabling easier 
modification. However, according to relevant articles, forums and blog posts, members of the board 
game community have found that traditional digital platforms often fall short in replicating the nuances 
of physical interaction, social cues, and the overall tabletop experience. Additionally, they might have a 
learning curve or limitations when it comes to the design and creation process (Loewen, 2020, Backe, 
2020, Reddit, 2022, Kinne, 2024). These limitations can impact the accuracy of playtesting conclusions 
and influence design decisions. 

Recent research has highlighted the potential of eXtended Reality (XR) to bridge this gap. XR 
environments foster social presence, enable natural gestures and on some occasions facial expressions 
and support physics-based interactions that closely mirror the real world. These advancements of the 
medium, combined with effective, user-centric experience design approaches, are capable of creating 
new opportunities in multiple different fields (Stanney et al., 2021). This potential led us to develop 
NoFold, a next-generation web/XR hybrid platform designed to cover the needs of the board game 
community. Utilizing the immersive capabilities of XR and the flexibility of web technologies, NoFold 
aims to empower board game creators to design, playtest, and share their games seamlessly.  

Nofold Platform 

NoFold is a web/XR hybrid platform designed to address the limitations of existing tools, offering 
the accessibility of digital playtesting, while also maintaining the richness of physical interaction. By 
leveraging immersive XR technologies, we bridge the gap between the physical and digital worlds, 
providing a comprehensive solution for board game creators. 

mailto:chrislou@di.uoa.gr
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NoFold's web application serves as the creative hub, where users can create and manage game 
components, design cards, and define their properties. The XR application, compatible with Virtual 
Reality (VR) and Mixed Reality (MR) headsets, provides an environment for realistic playtesting. By 
combining these two complementary platforms, NoFold offers a comprehensive end-to-end solution 
for the entire board game development lifecycle. The game used in the following images for 
demonstration purposes is an existing card game called Love Letter and apart from a physical copy we 
do not claim to own the rights of the game in any way. 

Web Application 
The NoFold web application offers an intuitive interface for game creation and component 

management. Users can create a personal account and access their games through the dashboard. 
Currently focusing on card games, the platform allows for bulk uploading of card images, customization 
of card properties (e.g., dimensions, quantity), and auto-save functionality for seamless workflow. Future 
developments prioritize features to improve the card game workflow, such as component grouping, 
bulk editing, and free placement on the virtual table. Games created in the web app are instantly 
accessible in the XR app through a virtual library of games, enabling rapid iteration and testing. 

 

Figure 18. Editing a card game in the game creation interface of the web application. 

XR Application 
Leveraging the power of VR and MR to create an immersive playtesting environment, users can be 

co-located or connect with others remotely, interact naturally with virtual game components, and 
experience the social dynamics of in-person playtesting. They have the option to select avatars and 
connect to virtual rooms, fostering social presence and enabling voice chat communication.  

The XR application brings the created games to life in two ways: (1) in VR where users immerse 
themselves in a virtual environment, (2) in MR where the physical world gets blended with the virtual. 
The integration of scene understanding in MR allows NoFold users to seamlessly interact with virtual 
components in a real-world setting, ultimately transforming any tabletop into a dynamic game board. 
Additionally, physics-based manipulation of game elements facilitates a more natural and immersive 
testing process. A virtual library provides access to games created using the web application, which can 
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be loaded onto a virtual table for playtesting. Providing hand tracking and controller input options 
offers flexibility for players, while physics interactions allow for intuitive manipulation of virtual objects 
(Kim and Park, 2015, Höll, et al., 2018, Lougiakis et al., 2024), resembling the naturalness of real-life 
interactions. Currently, the platform focuses on card games, supporting physics-based interactions like 
grabbing, moving, and throwing cards. Future updates will introduce more card interactions, group 
manipulation, a shuffling mechanism, avatar customization, and support for 3D models, game pieces, 
and dice.  

 

Figure 19. Left: Playing a card game on a virtual table in VR . Right: Playing a card game on a real table in MR3. 

Addressing the Needs of Board Game Creators 

One of our recent studies exploring the needs of board game creators through targeted 
questionnaires highlighted the strengths and weaknesses of current digital tools, as well as the specific 
needs board game creators have for the game design process (Kougioumtzian et al., 2023). Additionally, 
we are currently exploring their needs further by conducting interviews with individual creators, to get 
more refined and detailed feedback (study has not been published yet). The results from the 
questionnaires and interviews show the potential of XR in facilitating social presence, natural 
interactions, and nuanced player dynamics, addressing the limitations of the existing digital tools.  

NoFold's development is driven by user research highlighting the advantages and limitations of 
current digital tools, while also drawing from the specific requirements for board game creation that 
were brought to light through it. Our design process is focused on integrating social interaction, natural 
hand interactions, and physics-based interactions into a unified approach that enables nuanced player 
interactions and conclusions that can be directly applied to physical game design. Our philosophy aligns 
with these requirements, prioritizing features that enhance the collaborative and interactive aspects of 
playtesting. 

 

 
3 Video overview of the MR version can be found at https://youtu.be/_17LOY8y9zA?si=KC52ITDgsbhUZRGV  

https://youtu.be/_17LOY8y9zA?si=KC52ITDgsbhUZRGV
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Conclusion and Future Directions 

NoFold represents a promising approach towards advancing board game creation tools, addressing 
gaps in current digital solutions, though future iterations and studies are needed to fully realize its 
potential and validate the platform's benefits over existing tools. By combining a web-based authoring 
tool with an immersive XR playtesting environment, we aim to provide a comprehensive platform that 
supports the entire game creation process, empowering creators to bring their ideas to life and gather 
valuable feedback. The platform's current focus on card games allows for in-depth feature development 
and optimization of the core workflow. Future plans include expanding support to other game 
components such as 3D models, dice, and game pieces, further enhancing the platform's versatility. The 
platform will also continue to evolve based on feedback received from comprehensive user studies and 
evaluations assessing all different aspects and the overall user experience, maintaining its value as a tool 
for the entire board game community. Our goal is to provide a platform that not only streamlines the 
design and playtesting process, but also fosters a thriving community of creators and players, pushing 
the boundaries of board game innovation. 
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Introduction 

Saving resources, the ability to work in distributed teams and the shortening of development 
processes are drivers for the use of virtual reality (VR) in the product life cycle. Here collaborative tools 
for remotely designing products are often praised as one of the most important applications of VR in 
industry. However, such complex applications that are not intuitive to use and cause more frustration 
than pleasure can be associated with negative effects such as cognitive load (CL) and stress (Souchet et 
al., 2023). Thereby, the functional requirements cannot be reduced in order to reduce complexity or 
improve the quality of use, as they are necessary for task fulfillment. Therefore, the collaborative VR 
application “VoirVR” was designed and implemented between 2021 and 2023. The application is 
intended to make users feel comfortable when using VR through targeted user experience (UX) design 
and the spatial design of the virtual environment. This study investigates the positiveness, stress-
freeness, naturalness and intuitiveness of VoirVR, demonstrating that comfortable collaborative VR 
applications are achievable.  

Related Work 

UX is understood as the entirety of the (subjective) perception, reactions and emotions of users 
when using a product or application (DIN EN SO 9241-11:2018-11). For a high UX users have to feel 
comfortable and satisfied. In order to ensure that UX is as positive as possible, future users should be 
involved in the development process by applying the user-centered design (UCD) process (DIN EN ISO 
9241-210:2020-3). This paper focuses on the fourth and final phase of the process, which involves 
iterative testing, analyzing and assessment of the evaluation object (LaViola et al., 2017). To measure 
the overall perception of an application, many UX questionnaires with different notions are available, 
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each targeting various aspects of user experience (Schrepp, 2020). Among the factors these 
questionnaires assess, both cognitive under- and overload are significant contributors to poor UX. 
Chandler and Sweller (1991) distinguish three forms of cognitive load in their cognitive load theory (CLT): 
Intrinsic Cognitive Load (ICL), Extraneous Load and Germane Cognitive Load (GCL). Besides CL, 
emotions play an important role in the UX. Relying on environmental psychology, the perception of an 
environment can have a direct influence on the emotion (Russell & Lanius, 1984). 

The VoirVR Application  

The demonstrator used for the evaluation is the result of the third iteration of a user-centered design 
process. The application supports the collaborative configuration of a product using the example of a 
robot. The UI design is based on the neumorphism style, a fusion of skeuomorphism and flat design. 
This design focuses on an organic, clear and natural aesthetic that is intuitive and emotionally appealing. 
The main element of the application is an interactive table, as shown in Figure 1 (left). A miniature view 
of the product is placed on this table to create a central basis for discussion and to examine and 
configure the product. A special feature is the ability to teleport to the miniature table for a 1:1 view. 
There are interactive stations around the table for product configuration. Each user has a personal 
inventory with tools such as a camera, microphone, pen and notepad. The Avatars have an upper body, 
head and abstract arm representation with controllers as hands. By tilting and holding the joystick on 
the controller, the user can navigate to specific locations within the VR environment.  

Figure 20. Rendering of the VoirVR environment and the interaction concept 

Measurements 

The “VoirVR” application is designed for collaborative product configuration. The aim of this study 
is to evaluate the overall design in terms of design goals for a pleasant environment to avoid stress and 
to provide easy-to-use interaction concepts to enable intuitive interaction and balanced cognitive load. 
In order to measure the three dimensions of CL the Cognitive Load Scale (Klepsch et al., 2017) was 
selected for this study. The scale includes two items for ICL, three for ECL, and three for GCL, each rated 
on a 7-point Likert scale (1 = 'absolutely wrong' to 7 = 'absolutely right'), where higher numbers indicate 
a higher cognitive load. The Self-Assessment Manikin (SAM) (Bradley & Lang, 1994) was chosen to 
measure the effect of the “VoirVR” environment on user´s emotions in the dimensions Valence, Arousal 
and Dominance by a picture-oriented 5-point scale with figures that represent from unhappy to happy 
for valence, sleepy to exited for arousal and from small to large for dominance with large representing 
full control over a situation. The UEQ-short (Schrepp et al., 2017) and the INTUI (Ullrich & Diefenbach, 
2010) were selected as UX questionnaires. The UEQ-S measures the general, hedonic and pragmatic 
quality of a product on a 7- Point Likert scale (-3 to +3). An Excel tool for data analysis is provided by 
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Schrepp and his colleagues4. The INTUI (Ulrich & Diefenbach, 2010) was used to assess the four sub-
components of intuitive interaction: Effortlessness, Verbalizability, Gut Feeling, and Magical Experience 
and additional the global rating of Intuitiveness on a 7-point Likert scale. The higher the rating the 
higher is the level of the sub-components examined. 

Procedure  

The study took place at Chemnitz University of Technology (approved by local ethics board). Due to 
the higher experimental control, the evaluation was performed with an assumed asynchronous 
collaboration instead of multiple users simultaneously. Before the actual study, the participants received 
written instructions detailing the study's progression, functionalities, interaction concepts, and tasks. The 
evaluation was carried out using a Meta Quest 3 head-mounted display (HMD) in AirLink mode. In the 
beginning, a VR tutorial video was presented to the participants, demonstrating the task and controller 
assignments followed by a free explorations phase. The study supervisor provided clarifications if 
necessary. When the participants felt confident in using the application, the study started. 

They were asked to press a virtual buzzer, which unlocked a prepared task. The task for the study 
was to recreate a given configuration on the interactive table. A total of six configuration variants were 
developed, which were counterbalanced and assigned to the test subjects. The participants were shown 
the virtual board, which depicted the individual components in the desired configuration. In addition, 
the participants had to perform small prototypical design review tasks such as writing a text message, 
taking a picture or marking a specific point on the robot. For this purpose, the subjects received 
messages in the VR scenario, which were also assigned to the tasks and participants in a 
counterbalanced manner. The messages served as stimuli to use the respective tools in the fulfillment 
of the task. In order to avoid a break in perception, the surveys on emotional perception of space were 
carried out directly afterwards in the VR. The scenario ended with the participants removing the HMD 
and answering the Cognitive Load Scale, INTUI, and UEQ-S questionnaires on a tablet. 

Results and Discussion 

The final sample size was N = 36. The participants were between 18 and 48 years old (M = 26.47, 
SD = 7.14) and 21 participants were female (58%). All but four participants were right-handed. All had 
normal or corrected-to-normal vision and no other impairments.  

Data in Table 1 show a moderate ICL which indicates that the given task was designed in a way 
participants could understand and process. ECL was perceived as quite low. It can be assumed that the 
participants did not feel compelled to use a large part of their mental resources to obtain all the 
information they needed to complete the task or to interact with the VR environment. In contrast the 
“good” GCL achieved high values, meaning that the participants used a large part of their mental 
resources for the actual task solving. For a deeper understanding how the design of the VoirVR 
application affects the user’s emotional perception the data shows that participants were quite happy 
(Valence), moderate exited (Arousal) and did not feel intimidated (Dominance) by the VR environment.  

Table 1. Descriptive Statistics (M= Mean; SD= Standard Derivations) for the variables CL, Emotional Perception and 
UX (N=36) 

 

 
4 https://www.ueq-online.org  

https://www.ueq-online.org
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Scale  M  SD  

Cognitive Load (Cognitive Load Scale) 
 ICL 
 ECL 
 GGCL 

 
2.81 
2.31 
4.92 

 
1.12 
1.11 
1.24 

Emotional Perception (SAM) 
 Valence 
 Arousal 
 DDominance 

 
4.31 
4.19 
1.98 

 
0.82 
0.82 
0.97 

User Experience (UEQ--S) 
 Overall  
 Pragmatic Quality 
 Hedonic Quality 

 
User Experience (INTUI) 
 Magical Experience 
 Gut Feeling 
 Verbalizability 
 Effortlessness 
 IIntuitiveness 

 
1.47 
1.25 
1.69 

 
 

5.41 
3.23 
5.19 
4.91 
4.75 

 
0.87 
1.22 
0.87 

 
 

0.90 
1.35 
1.47 
0.90 
1.44 

 

The results show an overall positive UX. Especially for the hedonic quality for the VoirVR 
environment, the results show “excellent” values as part of the benchmarking included in the data 
analyzing tool. However, the results for pragmatic quality can be classified as “above average”. As the 
complexity of the VoirVR application is largely predetermined by task requirements and it was not the 
main focus, the authors are not surprised by this outcome. However, it is noticeable that the dispersion 
of the data for the items “complicated/simple” (M= 0.97, SD= 1.5) and “clear/confusing” (M=1.22, 
SD=1.4) suggest that the complexity might not be the main reason and there is room for improvement. 

For the INTUI the means for Magical Experience, Verbalizability and Effortlessness are well above 
the scale midpoint (3.5/7). The results show that the VoirVR environment achieves a high level of 
Intuitiveness, as was the aim of the design. In terms of Gut Feeling the mean lies slightly below scale 
midpoint, not necessarily indicating a poor result. As Ulrich & Diefenbach (2010, p. 258) state that Gut 
Feeling can be perceived less for products that are not fun products and that even if intuitiveness is 
perceived as high overall, the sub-components can be specified differently depending on the product 
typ. 

Conclusion 

We present the evaluation of a comfortable and intuitive VR environment for collaboratively 
configuring products called VoirVR. The results indicate that the iteratively designed application with its 
intuitive interface, effectively meets the requirements by maintaining a low negative cognitive load and 
creating a positive emotional experience. Notably, the overall user experience (UX), especially the 
hedonic quality, was rated highly. Therefore, practitioners should focus more on spatial design of an VR 
environment and its impact on emotional perception and UX. Albeit, specific recommendations for 
design patterns have yet to be developed. Further, we showed that comfort of VR applications can be 
reflected on different dimensions and levels. Study protocols should, therefore, determine the relevant 
sub-constructs for their evaluation purpose, and chose suitable measures.  
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Introduction  

The exploration of realistic avatars is rapidly advancing in both academic and industry contexts. 
Alongside these technical developments, critical ethical considerations arise, particularly concerning 
data management, privacy, diversity, inclusion, personal agency, identity, and societal impact. These 
issues demand thorough and ongoing reflection throughout the research and development process.  

User involvement is key for these reflections, but, as for any new technology, high-quality 
demonstrations of the technological possibilities and constraints are a base requirement for informed 
discussion. The aim of this project, consequently, is to develop application scenarios that enable 
neurodiverse user groups to experience and explore how they would want to be represented by avatars 
in computer mediated environments and what controls would be required by users.     

Here we present an avatar application toolkit designed for neurodiverse individuals, focusing on 
how avatars can enable the manipulation of facial animation, attention, and focus. We will explore three 
specific applications targeting different conditions. In each case the aim of the manipulation is to provide 
neurodiverse individuals control the degree to which features that result from neurodiversity are 
experienced by third parties. The first addresses facial paralysis, enabling real-time modifications of 
facial animation data. The second facilitates the manipulation of focus and gaze direction, allowing 
individuals uncomfortable with eye contact to shift the focus of their communication partner’s avatar 
and control their own gaze position. The third application is designed to enable individuals with 
Tourette's Syndrome explore their avatar representations by blending idle animations with live data to 
help mask involuntary tics.  

It is crucial to acknowledge the potential for polarized reactions to these technologies. While some 
may appreciate the ability to modify their avatar to suit their needs, others might oppose any alterations 
to their appearance or communication, as these elements reflect their true selves. We expect some users 
to appreciate to manipulate their avatars depending on the context. The emphasis of the underlying 
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research therefore is to develop tools that enable potential end users of the technologies to influence 
their development.   

To better understand public perceptions of avatar technology, particularly in both conventional and 
socially transformative contexts, we are collaborating with the Brain Charity to collect user views. This 
partnership will provide valuable insights into how these innovations are received and their broader 
implications for personal and social identity.  

All three of the applications were developed in Unreal Engine 5.1 utilizing latest visualization tools, 
most notably MetaHumans. The framework developed by Epic Games allows swift and accessible 
creation of virtual characters. Each character can be made from scratch using a diverse range of 
templates provided by the Metahuman Creator, or created based on a real person using a 
photogrammetric scan. Each character is fully rigged, allowing extensive control of the facial animation 
down to subtle details such as tongue movement or cheek puffing. Animating the characters can be 
done either manually using a MetaHuman Control Rig, or captured directly from an actor in real time. 
The true potential of these methods can be achieved when they are used in combination with one 
another, allowing us to modify the facial animation as it is being captured. 

Technical Realization 

Facial capture is at the core of all three applications. We use Epic Games’ Live Link Face for real-time 
facial motion capture using a compatible iPhone or iPad. The software utilizes Apple’s 3D scanner 
technology, including the TrueDepth camera and LiDAR sensors, capturing precise facial movements 
and depth data in real time. Using the Live Link feature, this data is streamed over the network to Unreal 
Engine, where it can be used to animate the MetaHuman avatar simulation. The TrueDepth camera 
tracks detailed facial expressions allowing the MetaHuman to mimic the actor’s facial animations in real-
time.  

In the following sections we will look closer into how each of the applications utilizes the technology 
and how the live animation data is modified to account for different forms of neurodiversity. 

Application One: Facial Paralysis    

Cranial nerve palsies are disorders of the nerves involved in eye movements, facial expression and 
the anterior portion of the tongue. These disorders lead to a, typically unilateral, loss of essential facial 
functions, such as blinking, nasal breathing, lip sealing, smiling or speaking (e.g Roob et al., 1999). Cranial 
nerve palsies have been linked to anxiety, depression and quality of life reduction in patients, in part 
because patients report issues around their perceived appearance and difficulties with social 
interactions, for example smiling (Norris et al., 2019).   

To model facial palsies, the animation data, captured from the user’s face, are modified using a 
custom control rig that enables users to control the degree of paralysis across the three main facial 
nerves, independently on each side of the face. 

Users can choose to fully or partially paralyze any part of the character’s face and directly observe 
the impact that this paralysis has on the facial animation, similar to watching their face in a mirror. On 
the user interface the parts the user has chosen to paralyze are highlighted in green Figure 21, left).  

Another key feature allows users to mirror animation data from one side of the face to the other, 
making the side affected by a condition appear like the healthy side on the virtual character. The 
mirrored areas are highlighted in blue (Figure 21, right). 
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All modifications are visualized in real-time. These seamless adjustments are made possible by 
blending the Live Link input with an idle 'Paralyzed' animation, using the rig to determine which facial 
bones should receive animation data and to what extent it should be applied compared to the paralyzed 
variant.  

 

Figure 21. Controls for manipulating facial palsies – the left panel shows how facial nerves can be ‘artificially 
paralyzed’ by restricting captured face movements in selected areas. The right panel shows how movement on one 

side can be mirrored to animate the af.    

Application Two: Attention and Focus    

Nonverbal signals, especially eye contact, play an essential role in social interactions. Neurotypical 
adults and neonates preferably and reflexively make eye contact with interlocutors. A proportion of 
individuals with autism spectrum disorder (ASD) show atypical responses to eye gaze and avoid eye-
contact (Senju & Johnson, 2009).    

Eye-gaze in avatars, of course, can be arbitrarily controlled: users that feel uncomfortable with direct 
eye-contact can redirect the gaze of their interlocutors at will, just as easily as users who do not like to 
look directly at others can set their avatars to ‘do this for them’.    

Application 2 focuses on controlling the direction in which the virtual avatar is facing. This is 
managed through an interface located on the left side of the screen (Figure 22), where the user moves 
a white dot within a grey box to adjust the avatar’s head gaze. The dot’s position corresponds to the 
avatar's gaze, with the center of the box representing the avatar looking directly at the user. 

The control rig for the avatar's facing direction can be toggled in real-time, allowing users to switch 
between controlling the avatar’s direction through the rig or based on their own head movements, 
captured via Live Link. This effect is achieved by adjusting the character's neck position and blending 
the motion capture data with the direction specified through the control interface.   
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Figure 22. User interface enabling users to control head and eye gaze of avatars to explore different eye contact 
representations 

Application Three: Animation Blending    

(Gilles de la) Tourette syndrome is a childhood-onset neurodevelopmental disorder that is 
characterized by a wide range of motor and phonic tics and affects around 1% of children. While 
swearing tics (coprolalia), which dominate the public discussion of the syndrome, are rare, facial tics are 
common and can result in considerable social stigma and poor quality of life (review Robertson et al., 
2017). For the vast majority (>90%) of those affected by Tourette’s syndrome the ticks are not completely 
involuntary, but fully or partially a voluntary response to premonitory urges (Leckmann et al., 1993).     

This premonitory urge is used in therapy, by training sufferers to execute non-visible actions, for 
example a hand movement, instead of a visible facial tic. It also provides users with an opportunity to 
switch an avatar from live capture into an idle animation for the duration of a tic by pressing a button.  

The third application allows the user to toggle whether the facial animation captured via Live Link is 
displayed by the character, controlled by a single button press. This feature is designed to help users 
mask the effects of a tic, providing a brief window, triggered by a premonitory urge, during which they 
can press the button to neutralise the animation. 

When the button is pressed, the character’s facial animation smoothly transitions to a neutral idle 
expression, temporarily halting the display of the user’s captured facial data. Upon releasing the button, 
the animation transitions back to real-time capture from the user’s face. This effect is achieved through 
animation blending across the entire face, with smooth interpolation of facial bone positions to ensure 
a seamless, non-jarring change between animations. 
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Figure 23. User interface for the animation blending interface. Users can press the space bar to temporarily replace 
the avatar animation from face capture by an idle animation to mask tics. 

Discussion  

Here we present three applications, using Unreal Meta-Humans for animation and Live Link for face 
capture that enable the systematic exploration of user experience and perception for controls that 
neurodiverse users of avatars might like to consider for interactions in computer mediated environments. 
The applications are designed to provide the basis for informed discussions in focus groups with 
neurodiverse individuals.   

The same applications can provide the basis for qualitative and quantitative studies into the needs 
of neurodiverse individuals, and also for awareness-raising in the neurotypical population. They may 
enhance public debate about how neurodiverse individuals should be represented and be able to 
control their representations. Most importantly, they provide a pathway to directly involve potential 
end-users of the technologies in the design process in a principled and informed fashion.  

We are very keen to share and further develop the software and collaborate with interested parties 
in studies that are aimed to enhance the understanding of what controls are required for the best 
possible user experience of neurodiverse people with avatars.    
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Figure 24. An overview of the pipeline that provides the user with pruning suggestions, given a video of the plant. 

Introduction 

Winter pruning in orchards is an essential but labor-intensive and time-consuming task, traditionally 
done manually to shape future growth by removing unwanted branches. Workers use various 
techniques to optimize yield, fruit quality or disease resistance. However, labor shortages and the need 
for professional training pose challenges for farmers. To address this, we offer support to make pruning 
more accessible to a broader segment of the workforce. 

At the same time, computer vision in outdoor environments is complex due to varying lighting, 
weather, unique plant shapes, occlusions and similarity between foreground and background plants. 

mailto:mariia.podguzova@dfki.de
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Multiple studies have addressed the problem of pruning grapevines and other fruit trees (Amatya, 2016; 
Botterill, 2017; Gentilhomme, 2023; Tong2023). These studies either focus on the entire automation 
pipeline (Botterill, 2017; Fourie, 2021) or separate steps, for instance, branch detection (Amatya, 2016; 
Zhang, 2018), reconstruction and skeletonization (You, 2022; Feng, 2024), and cut position localization 
(Marset, 2021). The recent approaches (Fourie, 2021; Gentilhomme, 2023) prove the general feasibility 
of automated pruning systems but do not address real-world challenges like outdoor conditions and 
complex, occluded plant structures. Effective pruning systems for fruit trees require accurate spatial 
information. Several studies have highlighted challenges in capturing thin structures using laser 
scanners or 3D cameras, often requiring additional refinement or proper initial registration, which can 
be time-consuming (Tagarakis 2013; Medeiros, 2017). To achieve a balance between cost and benefit, 
affordable methods for 3D reconstruction need to be explored. In contrast to similar studies that use 
3D sensors for apple trees (Majeed, 2018; Tong, 2023), we explore the potential of image-based 
approaches suitable for an augmented reality (AR) pruning assistant on a mobile device.  

In this work, we address the mentioned challenges and present an AR assistant that enables 
inexperienced workers to carry out pruning for grapevines and reduces the size of the cut wounds, 
making the plants more resilient to fungal infections and promoting rich and healthy yield. We further 
apply this concept to other fruit trees, such as apple and peach trees, and highlight the improvements 
made in this direction. Our contributions can be summarized as follows. First, we present a pipeline that 
extracts 3D and semantic information from a video of a plant and outputs pruning suggestions using 
both traditional and deep-learning methods (Vid2Cuts). Second, we introduce a mobile AR application 
to display the results to the user. Third, we extend the pipeline for other fruit trees that are more 
challenging compared to grapevines due to their more complex 3D structure and larger size. 

 

Figure 25. Comparison of grapevines (left), peach trees (center) and apple trees in high-density orchards (right). 

Vid2Cuts 

We implemented a multi-step pipeline to extract pruning suggestions from smartphone videos of a 
grapevine plant (Häring, 2024). Figure 24 provides an overview of our approach. First, we automatically 
select a set of non-blurry frames, that are well spread throughout the video. This ensures good coverage 
of the entire plant from different angles. Next, we use a deep neural network (Pan, 2023) to identify 
different parts of the grapevine in the selected images via semantic segmentation. Using this 
information, we can also separate foreground from background in the images and use Meshroom 
(Griwodz, 2021) to generate a 3D point cloud of the plant. We combine the 2D semantic masks with the 
3D information, by projecting the points into the masks via the intrinsic and extrinsic camera parameters 
also estimated by Meshroom. Doing so, every point is assigned the most common class it was projected 
onto. Next, the segmented point cloud is simplified into an abstract graph model. Each vertex in the 
graph has a 3D position and is connected by an edge to another vertex if there is a direct connection 
between them on the plant. The pruning rules defined by winemakers are then applied to this graph. 
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Using these, a pair of good fruit rods and a pair of cones for the following year are selected. They are 
highlighted blue and red respectively in the top-right of Figure 24. Based on this selection, a set of 
cutting planes is generated. Finally, the graph model and the pruning suggestions can be viewed on a 
smartphone in the field as an AR overlay on the camera feed. 

Adaptation to Fruit Trees 
We developed the first prototype for grapevines, which naturally exhibit a "flat" branching pattern. 

Moreover, the plant size is relatively small, allowing a view from one side to be sufficient for making 
pruning decisions. In contrast, fruit trees present more challenges due to their thin, long structures and 
numerous occlusions. Additionally, these trees have complex spatial structures that need to be captured 
from a 360-degree view on distinct levels due to their considerable height, see Figure 25 and 3. 
Furthermore, pruning rules for fruit trees differ significantly based on the type of fruit, the variety, and 
even the farming location. Therefore, we plan to offer a tool for experts to define new rule sets, making 
our system more flexible. This will require the extraction of high-level properties and sub-routines which 
can then be combined to define new rules. 

Enhanced 3D Reconstruction 
Traditional computer vision reconstruction approaches, such as Structure from Motion (Soatto1998), 

struggle to reconstruct thin branches crucial for pruning decisions for fruit trees. 

The first challenge is precise camera localization. Feature extraction often fails due to the lack of 
texture on apple trees, requiring more overlapping images and increasing resource usage. We improved 
this by incorporating a hierarchical approach for camera localization (Sarlin2019). The main advantage 
is leveraging a global approach for the visual place recognition (Berton2023), combined with local 
feature extraction and matching, employing SuperPoint (DeTone2018) and SuperGlue (Sarlin2020) for a 
more robust and efficient feature matching, reducing the need for many overlapping keyframes. 

The second challenge involves reconstruction of thin, occluded branches. We replaced Meshroom 
(Griwodz2021) with a Gaussian splatting-based approach (GS) (Kerbl2023), optimized for thin structures. 
Figure 3 shows the 3D models obtained using Meshroom and the Gaussian-based reconstruction 
approach. Due to the significant height of the trees, the keyframes exhibit considerable variation in their 
backgrounds. This makes feature matching challenging, even with the background removed, as the 
structures are very thin. This can be seen in the results obtained from Meshroom, which selected only 
the lower part of the tree for matching. By improving camera pose estimation, we achieved more 
accurate poses and a complete reconstruction using Gaussian-based methods. 
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Figure 26. A: Examples of keyframes. Images 1 and 2 show other trees in the background, while image 3 has a 
smooth sky, complicating feature matching. B: Dense point cloud from Meshroom. C: Mesh using GS. 

Tracking 

In the initialization phase of our tracking system, traditional methods like template matching were 
initially used to match 2D nodes in live frames with precomputed 2D-3D correspondences from a pre-
selected keyframe. However, this approach is limited due to its lack of invariance to scale, rotation, and 
sensitivity to illumination variations. To enhance robustness, we replaced template matching with a more 
advanced method. Specifically, we integrated SuperPoint as our 2D feature extractor, leveraging its 
strong capability of descriptor generation. For matching these features, we utilized LightGlue 
(Lindenberger, 2023), resulting in accurate camera pose estimation even under challenging scenarios. 

To address the inadequacy of using a single pre-selected keyframe for larger fruit trees, we compute 
an optimal set of keyframes that collectively cover the tree’s features, with precomputed 2D-3D 
correspondences for each keyframe. Furthermore, selecting an initial reference frame from these 
multiple keyframes for accurate initialization is a challenge. To resolve this, we match the features of 
each keyframe against the live frame. The keyframe with the highest number of matching features is 
then selected as the initial reference frame, ensuring a more reliable and accurate initialization process. 

Conclusion 

In this work, we presented our first prototype for generating pruning suggestions based on hand-
held monocular video of a grapevine, along with a mobile AR application to visualize cut positions. The 
app is intended for vineyard use, enabling inexperienced workers to perform accurate pruning. 

We addressed challenges encountered during development and extended our solution to larger 
and more complex fruit trees such as apple and peach trees. We enhanced 3D reconstruction as well as 
tracking in the AR mobile application making it more efficient and accurate for thin and long branches. 
The development of the extended AR mobile app for visualization of pruning suggestions for fruit trees 
is kept as future work. 
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Introduction 

In this paper, we present an augmented reality (AR) system that captures the full body of a user with 
an RGB camera and facilitates interaction between the user and 3D virtual objects.Figure 27a illustrates 
our AR environment, where a user standing on the rectangular workspace (colored in pink) is captured 
by an RGB camera. The large screen on the left side displays the mirrored view of the environment that 
is augmented with two virtual objects, a green ball and a blue box, so that the user can interact with 
them, as shown in Figure 27b. 

 
Figure 27. AR interaction: (a) The user can see the virtual objects on the screen. (b) The virtual objects appear located 

away. Walking close to the ball, the user picks it up. Walking toward the box, the user hits the box with the ball. 

Methods 

Facilitating interactions between a real human and 3D virtual objects requires real-time estimation 
of the human’s 3D pose and shape. For this, we use HMR (human mesh recovery) (Kanazawa et al., 
2018). It estimates the body pose and shape in the form of SMPL-X (Pavlakos et al., 2019), a parametric 
human model that represents the body as a differentiable function. Then the 3D mesh and the 2D/3D 
joints are extracted from the estimated parameters. 
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Just for the sake of exposition, we call the estimated user a character. It needs to be tested for 
collision and occlusion with the virtual objects, making it essential to place the character into the 3D 
camera space as accurately as possible. For this, we first estimate the user’s depth, i.e., the -coordinate, 
in the camera space using the 2D joints’ pixel coordinates. In Figure 28a,  denotes the height of the 
captured image (in pixels) and  denotes the length between two of the user’s joints (also in pixels) as 
an indicator of the user’s height. We select a few candidate pairs of joints (foot to knee, pelvis to neck, 
etc.) and choose the one that maximizes its vertical orientation to provide a robust indication of the 
user’s height. As the user moves around,  is continuously computed. The farther away the user is from 
the camera, the smaller  is. Let  denote / . 

 
Figure 28. Computing the depth of the 3D character: (a) The normalized length, , is defined as / , where is 
fixed but  changes. (b) When the user stands at , we get . (c) When the user stands at , we get 

. 

In Figure 28b, where  and  represent the depth boundaries of the workspace, the user 
stands at . Then,  reaches the largest possible value, which we denote as . On the other hand, 
Figure 28c shows the smallest possible value, , which is obtained when the user stands at . 
Note that [ , ] is linearly mapped to [ , ]. Through this mapping,  defined in [ , 

] is converted into the camera-space depth, , in [ , ].  

 
Figure 29. Collision and occlusion: (a) Collision is detected between the ball and the capsule colliders. (b) The 
character is represented as a mesh extracted from the SMPL-X model, and the ball behind it appears to be 

occluded. 

User Study 

Our study is designed to contrast the effects of incorporating a full-body shape model in an AR 
environment against a scenario that lacks such detailed shape information. We define “Case A” as the 
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baseline approach, which uses 3D pose estimation and employs colliders based on the skeletal 
information. In the current study, we assign a capsule collider to each bone, as shown in Figure 29a. In 
contrast, we set our method as “Case B,” which takes the estimated full-body shape, i.e., the character’s 
mesh extracted from the SMPL-X model is used directly for collision and occlusion handling.Figure 29b 
shows occlusion handling with Case B. In our study, we hypothesize that Case B enables more natural 
handling of collision and occlusion. 

 
Figure 30. User study room: (a) AR setup. (b) In this top view of the room, the objects and targets are spawned in 

evenly-distributed predefined positions, and users are asked to grab an object and hit the target with it. 

 

Figure 30a shows our user study room, and Figure 30b depicts its top view, where the green circles 
represent the object-spawning positions and the blue squares represent the target positions. We have 
five pairs of object and target with the same number, and a pair is spawned at a time. Participants are 
asked to grab the object and hit the target box with it, after which they are to return to their initial 
position to perform the next task with a new pair. The tasks follow a 2 × 1 within-subjects design, where 
participants perform identical tasks in both cases. The arrangement of five pairs is in counterbalanced 
order (by using Latin square method). 

In our user study, we recruited 43 participants, consisting of 15 males and 28 females, aged between 
20 and 35 (M=24.07, SD=3.68). Half of the participants had prior experiences with AR applications, while 
the other half did not. Participants took turns performing Cases A and B, where half of the participants 
started with Case A and the other half started with Case B. After completing each case, participants 
filled out post-test questionnaires: the NASA Task Load Index (NASA-TLX) (Colligan et al., 2015) and the 
System Usability Scale (SUS) (Brooke et al., 1996). We also measured the completion time for each task 
to obtain additional objective data to evaluate the participants’ performance. 

Results 

As presented in TTable 2, the conducted t-test for NASA-TLX fails to reveal the significant differences 
between the cases in terms of workload, but SUS evaluation indicates that Case B offers better system 
usability compared to Case A with statistical significance. 

The mean completion time is 24.06 (SD = 17.86) for Case A and 21.77 (SD = 13.90) for Case B. The F 
-test detects inequality between the cases, and Welch’s t-test (unequal variance t-test) is conducted. The 
result reveals that there is a difference between the two cases in terms of completion time with statistical 
significance (t = 2.10, p < 0.05). Further analysis is made to investigate the effects of the different 
object/target positions on the completion time. For each position, F-test between two cases is 
conducted. Once an F-test reveals the inequality of variances, a Welch’s t-test is conducted. Otherwise, 
a t-test assuming equal variances is conducted. The results are shown in Table 3. The average completion 
time for Case A is longer than that of Case B at position 3 with statistical significance, which is the most 



 

Page 770 of 3317 

A Simple but Effective AR Framework for Human-Object Interaction 
Nguyen, H.S, Chalmers, A., Cheong, D., Kim, M. G., Rhee, T., Han, J.  

challenging task as it requires the users to travel the longest distance. This implies that when the task is 
more challenging, using the shape (Case B) can assist in completing the task more efficiently. 
 

Table 2. NASA-TLX/SUS Assessment.  Table 3. Completion time in different positions. 

  Case A  Case B    Poosition  Case A  Case B    

NASA-
 

 52.44 47.40  
1 

 22.72 21.99 >0.05 

 14.14 12.27   

 14.94 14.08  >0.05 
2 

 25.87 23.52 >0.05 

 
 64.94 74.42   11.44 15.62  

 20.09 13.87  *<0.05 
3 

 25.27 20.34 *<0.05 

  20.43 13.45  

4 
 24.78 22.39  >0.05 

 22.04 15.01  

5 
 21.19 21.48  >0.05 

 10.27 13.34  

Conclusion 

This paper introduces a practical framework that enables natural full-body interactions with 3D 
virtual objects in AR environments using only a conventional RGB video camera. Our framework 
facilitates real-time interaction by providing accurate depth cues for enhanced collision and occlusion 
management. Through our user study, we have quantified the impact of our method on full-body 
interactions, focusing on user interaction and handling of collisions and occlusions with the virtual 
objects. The comparative analysis of two prototypes—one without and one with the detailed shape 
model-revealed enhanced interactivity and occlusion handling afforded by the detailed shape 
information. 

While our approach marks a significant advancement in facilitating full-body human interaction in 
AR using a single RGB camera, there is potential for further refinement. Our current implementation 
does not achieve pixel-wise alignment between the 3D human model and the captured video, 
occasionally resulting in occlusion artifacts and inaccuracies in collision detection. An advanced 
synchronization module could significantly enhance the congruence between the 3D model and video 
frames, thus improving the quality of interaction. Future research, which may incorporate state-of-the-
art depth-sensing technologies, is poised to provide further insights into the nuances of full-body 
interaction in AR environments. 

Acknowledgements  

This work was supported by ICT Creative Consilience Program through the Institute of Information 
& Communications Technology Planning & Evaluation(IITP) grant funded by the Korea 
government(MSIT) (IITP-2024-RS-2020-II201819) and the grant no. 2020-0-00861. 



 

Page 771 of 3317 

A Simple but Effective AR Framework for Human-Object Interaction 
Nguyen, H.S, Chalmers, A., Cheong, D., Kim, M. G., Rhee, T., Han, J.  

References  

Brooke, J. (1996). SUS-A quick and dirty usability scale. Usability evaluation in industry, 189 (194), 4-7. 

Colligan, L., Potts, H. W., Finn, C. T., & Sinkin, R. A. (2015). Cognitive workload changes for nurses transitioning 
from a legacy system with paper documentation to a commercial electronic health record. International 
journal of medical informatics, 84(7), 469-476. https://doi.org/10.1016/j.ijmedinf.2015.03.003  

Kanazawa, A., Black, M. J., Jacobs, D. W., & Malik, J. (2018). End-to-end recovery of human shape and pose. In 
Proceedings of the IEEE conference on computer vision and pattern recognition. 7122-7131. 

Pavlakos, G., Choutas, V., Ghorbani, N., Bolkart, T., Osman, A. A., Tzionas, D., & Black, M. J. (2019). Expressive body 
capture: 3d hands, face, and body from a single image. In Proceedings of the IEEE/CVF conference on 
computer vision and pattern recognition. 10975-10985. 

 

 

 

  

https://doi.org/10.1016/j.ijmedinf.2015.03.003


 

Page 772 of 3317 

A Simple but Effective AR Framework for Human-Object Interaction 
Nguyen, H.S, Chalmers, A., Cheong, D., Kim, M. G., Rhee, T., Han, J.  

 



 

Page 773 of 3317 

Using Augmented Reality and Machine Learning for Captioning in Theatrical Experiences  
Chatzifoti, O., Achilleopoulos, N., Borotis, S., Ahsan, M., Oikono, E. 

 

Using Augmented Reality and Machine Learning  
for Captioning in Theatrical Experiences 

Olga Chatzifoti1, Nick Achilleopoulos1, Spiros Borotis1, Moonisa Ahsan2,  
and Eleni Oikonomou 3 

1 Maggioli Spa, Research & Development Department, Athens, Greece 
2 Centrum Wiskunde en Informatica (CWI), Amsterdam, The Netherlands 

3 Athens-Epidaurus Festival, Athens, Greece 

Corresponding author: olga.chatzifoti@maggioli.gr 

 
Keywords:  Augmented Reality, Machine Learning, Theatre, Cultural heritage, Captions  

 

Introduction  

In this work, we present an Augmented Reality Theatre System, exemplifying the benefits of using 
new technologies for enhancing audience engagement and directors’ creative practice. Our work aims 
to improve accessibility for an international and diverse audience through personalized captions and to 
creatively support a new generation of directors through hybrid multimedia. To achieve that, we design 
and develop a system using augmented reality (AR) and machine learning (ML) technologies. In this 
paper, we present the personalized captions feature of the system. This work has been undertaken in 
the context of VOXReality (www.voxreality.eu), a European Union-funded Research and Innovation 
Action.  

Motivation  

Our goal is to make the theatre-going experience more accessible to a wider audience through 
-time, customizable captions, translated into the viewer’s preferred 

language. This is an especially relevant need for cultural works in languages with small speaker 
communities, like Greek, and even more important for historical works, such as Ancient Greek plays. To 
support this goal, we opted to use AR for content delivery following literature recommendations, and 
ML for the generation, synchronization and translations of the captions to provide automation as well 
as extended language support over the current practice.   

Related Work & Background  

The established practice for theatre caption delivery has two formats: open captions, displayed on 
large screens or projected on stage, and closed captions, delivered on viewers’ smartphones or 
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dedicated devices. Closed captions offer improved accessibility because they can support customization 
options. Closed captions delivered in AR can offer an improved user experience by allowing the user to 
focus on a single visual frame, potentially reducing mental workload (Rzayev et al., 2018, 2020). Related 
work in AR captioning for theatre includes the SmartSubs1 project by Institute of Informatics & 

2 which also investigated 
audiovisual effects in the performance. The Royal National Theatre in London, UK has already 
established a monocular AR closed captions system as part of their public accessibility initiative3. 
Industry solutions that support ML generated AR captions, like XRAI4, are also appearing. This work aims 
to improve closed AR captions for theatrical performances by investigating optimized ML workflows 
and extended user customization options for AR display.  

System Description  

Our system uses a server-client architecture adopting a secure WebSocket protocol for 
communication between server-client and a secure REST API for communication with the ML models, 
developed in VOXReality (Maniatis et al., 2023). The server directs the audio signal from the stage’s 
microphones to the ML model and distributes the text responses to the XR clients in the audience for 
AR display. The ML model (Issam et al., 2024; Maka et al., 2024) uses a transformer architecture and 
performs audio transcription and text matching to provide pre-
latency and best accuracy, in addition to executing translation demands. All VOXReality ML models can 
be found available online, promoting Open Science5.   

Figure 31. System Architecture for AR Theatre. 

 

Figure 31 describes the system architecture. The AR application allows the user to customize the 

designed and orchestrated by the theatrical director. Figure 32  presents screenshots of the AR 
application user interface for caption customization and placeholder AVFXs that were used during 
evaluation.  
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Figure 32. Left: screenshot from AR customization UI. Right: screenshot from caption display  

Evaluation  

The first user evaluation was completed in May 2024 in Athens, Greece with 12 users recruited 
through email invitations with users attending a live performance of an excerpt of the Ancient Greek 
play ‘Hippolytus’ by Euripides. The focus was on estimating users’ behavioural intention toward this 
system. Alongside that, other parameters of usability (System Usability Scale (Lewis, 2018), NASA Task 
Load Index (Hart, 1986) and Simulator Sickness Questionnaire (Kennedy et al., 1993)) were evaluated, 
and a semi-structured interview in pairs of participants was performed to capture more nuanced 
feedback. Application data logs were used to contextualize user responses and were complemented by 
facilitator observations. Questionnaire results were analysed using statistical analysis and the interview 
transcripts using thematic analysis (Clarke & Braun, 2017). The second user evaluation will be delivered 
in May 2025 and will be advertised for user recruitment on public communication channels.  

Results & Discussion  

Despite being at an early technical and aesthetic level, the initial evaluation was decisively positive 
with users stating that they would be interested in attending this form of theatre in real conditions and 
that they saw practical benefit and artistic merit in the provided features. Negative feedback was focused 
on the technical performance of the system and the learning curve of the AR application. Table 4 
presents a summary of key results focusing on the custom Behavioural Intention Questions - the 
extended results of the full evaluation are beyond the scope of this paper. Redesign for pilot 2 will 
address the initial user feedback and provide a renewed evaluation.  

Table 4. Pilot 1 results on Behavioural Intention Questions 

Question   Mean   Standard Deviation   Median   
Recommend AR theatre   4.3  1  5  
Prefer dynamic subtitles   3.3  0.9  3.5  
Prefer static subtitles   3.8  1  4  
Would like more VVFX    4.5  0.7  5  
General Experience rating   4.3  0.5  4  

Conclusion  

This work showcases the potential of augmented reality and machine learning to address the needs 
of diverse audiences and offer a more inclusive augmented theatre experience. The initial evaluation of 
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our system demonstrated promising user engagement and interest, while also revealing areas for 
technical improvement. The redesign of the system for the next pilot will aim for improvements in 
latency, accuracy and translation quality for the ML components, and a more user-friendly experience 
for the AR components. As we move toward the next iteration of user testing, outcomes are expected 
to advise theatres’ guidelines for performances of international appeal, provide tested technical 
solutions for wider adoption, and future research recommendations for blending cultural heritage with 
cutting-edge technology.  
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Abstract  

Cognitive load has been identified as a key factor influencing user performance and interaction in 
mixed reality (MR) environments.  In this paper, we examine how prior knowledge and experience with 
a task using standard web technology influence eye-tracking metrics and cognitive load when 
performing the same task in a mixed reality (MR) environment. Utilizing HoloLens 2, we conducted an 
empirical study with seventeen participants who tested a building occupancy monitoring application in 
both a web and MR environment. We systematically assessed eye-tracking metrics, including fixation 
frequency, duration, and saccadic movements, in relation to various participant factors such as age, 
visual condition, previous MR experience, and technology order (web vs. MR). Our findings suggest that 
transitioning from web to MR environments significantly impacts fixation frequency, which, in turn, 
correlates with cognitive load levels experienced by participants. Notably, the data indicate that 
participants began with web-based version of the application exhibited a higher fixation frequency in 
the data collection of our experiment, suggesting a potential reduction in cognitive load. These insights 
offer critical implications for optimizing learning procedures and user interface design of MR 
applications.   

Introduction 

Mixed Reality (MR) represents a transformative intersection of virtual and real-world environments, 
creating increasingly immersive user experiences across a wide array of sectors, from healthcare and 
education to industrial monitoring and smart cities. As MR applications evolve and become more 
sophisticated, effectively managing cognitive load—defined as the mental effort required to perform a 
task (Sweller, 2011)—is essential for maintaining user efficiency, satisfaction, and overall engagement. 
Elevated cognitive load has been linked to diminished task performance, increased user fatigue, and 
negative impacts on the overall experience. These factors can significantly hinder the full adoption and 
efficacy of MR technologies, particularly in high-stakes environments where user performance is critical. 

mailto:Paula.lopez.alvarez@upm.es
mailto:anamaria.bernardos@upm.es
mailto:joseramon.casar@upm.es


 

Page 778 of 3317 

Cognitive Load in Mixed Reality: Technology Order and Prior Experience in Eye-Tracking 
López, P., Bernardos, A.M., Casar, J.R. 

Eye-tracking has emerged as a valuable tool in the field of cognitive load assessment, offering non-
invasive and real-time insights into user behavior and interactions. By analyzing metrics such as fixation 
frequency, duration, and saccadic movements, researchers can gain a deeper understanding of how 
users allocate their attention and process information within MR environments. This work extends prior 
research conducted by (López et al., 2024), which examined cognitive load and eye-tracking metrics in 
MR contexts without considering the critical factor of task sequencing. 

In our study, we introduce technology order as a significant variable, positing that the sequence in 
which participants interact with different versions of the application—transitioning from web-based 
version to the MR environment—may have a profound influence on cognitive load. The rationale behind 
this hypothesis stems from the cognitive theory of multimedia learning, which suggests that the manner 
in which information is presented can impact cognitive processing efficiency. Specifically, we aim to 
investigate how prior knowledge of the environment can establish a cognitive baseline that affects 
subsequent performance on MR tasks. 

Our analysis focuses on eye-tracking data collected via the HoloLens 2, a state-of-the-art wearable 
MR system that enables immersive interactions with digital content. The study is applied to an MR 
application specifically designed for building occupancy monitoring, as discussed in (Zambrana et al., 
2024). This application allows users to interact with an interactive map, retrieve pertinent indicators, and 
visualize customized charts for data-driven decision-making. By providing an ideal context for studying 
the relationship between task technology and cognitive load, this research aims to contribute valuable 
insights that can inform the design of more effective MR applications, ultimately enhancing user 
experience and performance in complex operational environments. 

Methodology 

The user study involved a comparative analysis with 17 participants during the "discovery phase" of 
the wearable mixed reality (MR) application previously described. This phase was crucial for 
understanding how users interacted with the MR environment. The participants, comprising 7 females 
and 10 males, were aged between 18 and 65 years and were recruited from the university community. 
The sample included a diverse group of individuals, including students, researchers, and their relatives, 
providing a broad range of user experiences. Of the participants, 6 wore glasses, 2 used contact lenses, 
1 had undergone cataract surgery, and 9 reported no visual impairments. 

Regarding prior experience with augmented reality (AR) and MR technologies, 5 participants had 
prior experience with AR, though only 1 had experience using the HoloLens 2. None of the participants 
had previously interacted with the specific MR application designed for this study, ensuring that all users 
started with a similar baseline in terms of familiarity with the application environment. 

Participants were divided into two groups based on technology order, with one group beginning in 
the web environment before transitioning to MR, while the other group completed the tasks in reverse 
order (starting with MR and moving to the web). This division allowed for a comparative analysis of how 
technology sequencing influenced cognitive load and user interaction within MR. 

Prior to beginning the study, all participants were given a tutorial on using the HoloLens 2, ensuring 
they understood the basic functionality and interaction methods of the device. Following the tutorial, a 
calibration process was conducted to optimize visual clarity for each participant, ensuring consistency 
across the study in terms of user experience and the accuracy of eye-tracking data collection. 

During the discovery phase of the study, participants navigated an augmented building 
representation using only their gaze for a duration of 1-2 minutes. This phase was designed to allow 
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participants to familiarize themselves with the MR environment, thereby focusing purely on gaze-based 
interaction. Eye-tracking data was collected throughout the discovery phase using the open-source 
ARETT (Augmented Reality Eye Tracking Toolkit) tool (Kapp et al., 2021), which recorded key data points 
such as the x, y, z coordinates of each gaze point, the relative timestamp, and the Area of Interest (AOI) 
where each gaze was fixed. As shown in Figure 33, the Areas of Interest (AOIs) were pre-defined based 
on key elements in the MR environment, such as specific interactive objects or data points within the 
building monitoring application. Each gaze point was recorded and assigned to its corresponding AOI 
for further analysis. 

       

Figure 33: (a) AOI’s marked by colours for fixation classification (on the left) and (b) Distribution of fixation gaze 
points by AOI (on the right) 

To analyze the eye-tracking data collected during the study, a custom Python implementation was 
developed to identify and classify fixation and saccadic movements based on AOI’s. The classification 
process was designed to distinguish between fixation points and saccades by first determining whether 
each gaze point fell within a predefined AOI. This method provided a structured approach to 
understanding how participants interacted with specific regions of the mixed reality (MR) environment. 
The analysis followed these steps. If a gaze point fell within an AOI, it was preliminarily classified as part 
of a fixation, while gaze points outside any AOI were classified as saccades, representing the rapid eye 
movements between fixation points. Consecutive gaze points within the same AOI were grouped 
together as part of a potential fixation, allowing for the identification of continuous fixations where the 
participant's gaze remained focused on a specific area of the MR environment over time. For a sequence 
of gaze points to be confirmed as a fixation, the total duration of those points had to exceed a 
predefined minimum fixation duration (100 ms). If the combined duration of the gaze points within the 
AOI did not meet this threshold, those points were reclassified as saccades. This ensured that only 
sustained visual attention on a specific AOI was counted as a fixation, reflecting the mental effort and 
cognitive processing associated with that area. 

By employing this method, we were able to derive detailed insights into how participants allocated 
their attention within the MR environment, focusing on key areas and understanding the relationship 
between technology sequencing and cognitive load. Moreover, the custom Python script facilitated this 
nuanced analysis, which was critical for interpreting the eye-tracking data in relation to the cognitive 
demands. 

 

Analysis and Results 

After pre-processing the data to remove missing values and noise, ensuring all fixations lasted at 
least 100ms, we performed statistical analysis and applied a K-Prototypes algorithm to categorize 
cognitive load levels. Fixation duration had the largest coefficient of variation (CV) at 45.53%, indicating 
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moderate variability among subjects, followed by saccade speed (26.3%), fixation frequency (11.57%), 
and saccade duration (3%).  

The participants were divided into groups based on several factors: visual condition (with or without 
visual impairments), prior MR experience (with or without), and four age categories (18-25 years, 26-35 
years, 46-55 years, and 56-65 years). Additionally, technology order (whether participants completed 
the web task first or the MR task first) was also considered a key variable. To test differences between 
these groups, a Mann-Whitney U test was conducted for experience, visual condition, and technology 
order groups, while a Kruskal-Wallis test was applied for age categories. A significant result was 
observed for fixation frequency in the technology order grouping (U=63.0, p=0.007), suggesting that 
technology order influences fixation frequency and potentially cognitive load. Although not statistically 
significant, the result for saccade duration in the grouping by previous MR experience (U=48.0, p=0.063) 
suggests a possible relationship for further study.  

Following the application of the K-Prototypes clustering algorithm, two distinct groups emerged 
based on their eye-tracking metrics. Further analysis revealed a significant difference in fixation 
frequency between these groups (U=70.0, p=0.0001). Additionally, a Chi-Square test showed a 
significant association between group membership and technology order ( N=17) = 4.74, p=0.029), 
highlighting that participants' cognitive load, as indicated by their eye-tracking behavior, was influenced 
by their prior knowledge of the domain in MR. 

As shown in table 1 below, Group A and Group B have several differences in terms of eye-tracking 
metrics. Participants in Group B demonstrated an average fixation duration longer than those in Group 
A (1066.1 ms vs. 754.88 ms). A longer fixation duration typically reflects greater cognitive effort or 
difficulty in processing visual information, suggesting that Group B participants required more mental 
effort to engage with the tasks. Additionally, while both groups had similar saccade durations, Group B 
showed a higher saccade speed (0.49 x 10^-3 ms vs. 0.40 x 10^-3 ms for Group A). Faster saccades 
could indicate heightened cognitive load as participants processed information more quickly, potentially 
compensating for the increased difficulty reflected by their longer fixation durations. 

Table 5. Centroids of the groups for each eye-tracking metric 

 Fixation Duration (ms)  Saccade Duration 
(ms) 

Saccade Speed (x10^--
3 ms) 

Fixation Frequency 
(fix/ms) 

Group A  754.88 37.69 0.40 0.0022 

Group B  1066.61 37.11 0.49 0.0018 

 

As illustrated in Figure 34 below, most subjects in Group A were those who initially tested the 
application in its web version, as well as participants with prior experience in mixed reality environments. 
This suggests that both previous experience in MR settings and familiarity with the application, even in 
a different format, significantly influence the eye-tracking data. Consequently, these factors play a crucial 
role in the estimation of cognitive load. 
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Figure 34: (a) Distribution of Technology order by cluster (on the left) and (b) Distribution of Experience by cluster 
(on the right) 

 

Conclusions and further work 
The results of this study underline the critical impact of prior knowledge on cognitive load during 

exposure to mixed reality environments. The clustering analysis highlighted that participants with the 
highest fixation frequencies were primarily those who had first accomplished the tasks to be completed 
through standard web technology, as well as individuals with prior experience in mixed reality 
environments. This indicates that both domain familiarity and previous exposure to MR technologies 
significantly contribute to easing cognitive demands. Specifically, participants who used the web version 
before transitioning to MR demonstrated increased fixation frequencies, suggesting that familiarity with 
a known interface may reduce cognitive effort in more complex environments. This finding can be useful 
to program technology transitioning between systems, as it suggests that prior training on the tasks to 
be completed using well-known technologies can mitigate learning effects of MR environments.  

Among the study limitations, the dependency on specific headsets used in the study is one of them. 
As emerging technologies, such as the Apple Vision Pro, Meta Quest 3 or Orion by Meta offer higher 
resolution and improved ergonomics, their adoption could lead to different cognitive load experiences. 
Therefore, the findings from this study may not fully generalize to these new technologies. Additionally, 
the study was constrained by a relatively small sample size, which included a demographic skewed 
towards participants under 35 years old. This limitation may restrict the applicability of the results to 
older populations, which often exhibit different cognitive processing patterns. Expanding the sample 
size and including more diverse demographics would not only strengthen the generalizability of these 
findings but also provide deeper insights into how various age groups interact with MR environments. 

Future research should explore additional eye-tracking metrics, such as pupil dilation and blink rate, 
and their connections to broader cognitive and physiological factors. Investigating these metrics could 
lead to a more comprehensive understanding of cognitive load in mixed reality environments. 
Furthermore, longitudinal studies could be beneficial to assess how repeated exposure to MR 
applications influences cognitive load over time.  
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Introduction 

As a result of the COVID-19 pandemic, the possibility of remote work or “Home Office” has been 
normalized by many companies. Although the existing telecommunication tools are sufficient for many 
mainstream tasks, they lack the capabilities of 3D interaction which is necessary for complex tasks which 
require physical presence for engaging in problem solving.  

As an early implementation of collaborative 3D communication tools, Microsoft (Chen et al., 2025) 
developed the HoloLens system, which introduces a novel interaction model for supporting 
collaboration between a head-mounted display (HMD) user and remote participants. The HoloLens 
allows remote companions to join the AR space by hitching onto the view of the primary HMD user 
through Skype-enabled devices, such as tablets or PCs. This system facilitates asynchronous interaction 
in a shared 3D space with digital objects, allowing remote parties to contribute to tasks and have their 
inputs reflected back to the primary user in real-time, thus enabling new scenarios for remote 
collaboration. 

Further advancements in remote collaboration systems have focused on complex tasks like 
environmental pollution analysis, which require expertise from multiple fields. One such system was 
designed by Mahmood et al. (2019). It uses mixed reality to support co-presence and collaborative 
analysis, demonstrating improved remote analysis through shared user and data spaces. Drey et al. 
(2022) explored how the benefits of pair-learning and virtual reality (VR) can be combined by comparing 
symmetric systems, where both peers use VR, and asymmetric systems, where only one peer uses VR 
and the other uses a tablet. They found that the symmetric system significantly enhanced presence, 
immersion, and reduced cognitive load, which are important for learning. However, both systems 
resulted in similar learning outcomes, demonstrating that both symmetric and asymmetric setups are 
effective for co-located VR pair-learning. 

In industrial and technical settings, operating machinery often requires assistance or training that 
can be difficult to acquire with traditional documentation or voice/video calls alone. These methods 
often fail to convey spatial relationships, leading to miscommunication and repeated explanations. To 
address these challenges, we start by 3D scanning the machines and environments ahead of time, to 
have them available when running the application. The technician on site is assisted by a remote expert, 
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with the option for additional observers, using multi-device support. Depending on available hardware, 
participants join the session through their respective devices (PC, XR headset), with the software 
adapting to features like webcams and tracking. 

In this setup (Figure 35), the expert views a virtual representation of the object or environment and 
can track the technician's pose to better understand what they are looking at. The expert can place and 
manipulate 3D annotations in the scene and provide additional guidance via voice and video. The 
technician sees the actual scene through a webcam or XR headset with the expert’s annotations 
superimposed, matching the 3D position. This setup enables efficient collaboration between the expert 
and technician to solve complex problems more effectively. 

 

 

Figure 35. An overview of our setup. Left image: The technician view annotated with moveable augmentations. 
Right image: The remote export view with the view of the technician visualized as frame and an interface capable 

of creating 3D annotations and add them to the scene as augmentation.  

While existing systems such as HoloLens and mixed reality platforms focus on immersive 
experiences, our approach is tailored to the industrial environment. It addresses the current issue of 
heterogeneous hardware availability and usage, allowing flexibility through multi-device integration and 
adapting to the hardware on hand.  

Technical description  

Our application is based on Rainbow, a cloud-based communication platform developed by Alcatel-
Lucent Enterprise, which offers APIs for video/audio sharing and data transfer. Rainbow’s base 
communication layer operates independently of the device, which means interoperability across 
different platforms. It supports short-lived sessions, managing dynamic drop-in/out participation. We 
developed our application with Unity by utilizing the Rainbow SDK. This application supports common 
communication features such as video/audio transfer and an experimental low-level data channel for 
message transfer in a call between clients. It also employs distributed state storage, enabling 
participants to rejoin ongoing conversations, regardless of their device type, maintaining session 
continuity. 

Our implementation currently runs on desktop and XR headsets. The desktop version employs 
mouse and keyboard as interaction means and uses the object tracker developed by Rambach et al. 
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(2017) for providing the camera pose. The 3D data available from the 3D scan allowed us to implement 
effects such as occlusion and shadows, which makes the experience more realistic. 

The headset version is based on OpenXR which makes it simpler to adapt and port to different 
headsets. The interaction is based on hand/controller tracking which allows the user to select the most 
appropriate input. As the pose tracking is embedded in most headsets, the technician places the virtual 
object on top of the real one at the start of the session. After the placement has been done, the virtual 
object is hidden, but still used to provide occlusion. 

Limitations 

Currently OpenXR is not in a mature or stable state, which consequently introduces several bugs in 
official packages and vendor plugins. In terms of XR devices, they also come with several limitations. 
These include not being able to access sensor data, such as RGB and depth, or missing services such as 
surface reconstruction. While the API is the same across devices, different headsets might have small 
discrepancies, which makes it difficult to use the same code (e.g. Passthrough projection doesn’t align 
correctly with rendering).    

Summary and Future work 

In this paper we presented an XR telecommunication application prototype targeting industrial use 
cases, with the potential of generalization. Our prototype operates on desktop PCs and multiple XR 
headsets, allowing participation and interaction in 3D. For the future, we will extend our application to 
be capable of quickly scanning the environment and add it to the scene. Moreover, we will extend the 
roles, allowing multiple technicians to work simultaneously. Additionally, we will test external RGB-based 
interaction methods for users of desktop PCs, enabling them to have hand and gesture interactions. To 
make augmentations more immersive, we will use depth-cameras, either external or provided by the 
headset vendors themselves.   
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Introduction 

The emergence of XR technologies signifies a great advancement in facilitating profound and 
immersive human-digital interactions. This progress is chiefly attributed to recent strides in high-speed 
communication and computation. For the partners of the Alliance4XR (Erasmus+) project, this is 
enabling unprecedented possibilities in the domains of education and training. Notably, the industry's 
transition towards open-source solutions, exemplified by platforms such as Unreal and Unity for XR 
creators, has ushered in a new era. This shift towards open-source game engines has substantially 
democratized the process of content creation, making the development of XR content more attainable 
and inclusive than ever before. As we embark on the incorporation of XR into education and training 
methodologies, the profound implications of these technological advancements and open-source 
solutions are duly acknowledged, shaping a future characterized by collaborative and accessible 
immersive learning experiences. 

The main target of the Alliance4XR project is to design, develop, and validate an innovative teaching 
and training approach, using XR technologies. A careful design requires a reflection on the status of the 
Higher Education Institutions (HEI), Vocational Education and Training (VET), and key engineering 
sectors (structural engineering and construction, grids and energy, and maritime professions). 

One of the first task of this project has been to perform a gap analysis, more precisely to describe 
the market needs and emerging professions, focusing on XR, and at the same time enhance the green 
skills (Tsaknaki et al., 2024). This presentation gives an overview of this work, from its methodology up 
to its main results.  

Methodology 

Use cases collection.  The process of specifying successful XR use cases is a crucial step in 
understanding the current landscape of XR applications across various sectors. Desk research, a method 
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of collecting and analysing existing data from various sources, provides a structured approach to identify 
and evaluate exemplary use cases. The next step was the data collection process. This process involves 
collecting information from various reliable sources, which include, but are not limited to: a) Academic 
Journals and Conference Proceedings; b) Industry Reports; c) Company Websites; d) Technology Review 
Platforms; e) News Articles and Press Releases. To systematically compile the use cases, their information 
was gathered in a predefined template. The last step was to verify the credibility and pertinence of the 
obtained use cases, by cross-checking information among various resources and getting advice from 
experts whenever possible. This phase also entails an early-stage analysis to assess overall themes and 
common features in the use cases. The same procedure also applied to the collection of the learning 
material for the sectors. 

In-depth interviews with industry and academia stakeholders. In order to gain insights from industry 
and academic experts regarding the state of the art and needs of XR technologies, in-depth interviews 
were conducted. At first, finding the candidates for the interviews was a crucial step of the process. This 
was achieved by addressing the consortium's extended network and colleagues. Based on the 
background of the candidates, the focal point was to have a fair representation between industry and 
academia. Thus, eleven in-depth interviews with lectures/academics, as well as industry CEOs and 
technology officers were conducted. At the next step, the questions needed to guide the conversation 
were defined. During the interviews, follow-up questions were asked in order to gain insight into the 
unique way of thinking of the experts. 

Questionnaire: eXtended Reality state and needs for Education & Training. In order to reach out also 
to organisations not covered by the desk study, a questionnaire was distributed to the partner’s 
networks in order to capture the current state of XR technologies in industry and academia, and the 
needs of the sector. The questionnaire was distributed through LimeSurvey, to ensure that it was user-
friendly and accessible. As a first step, the target audience for the survey was identified. The target 
audience included stakeholders in the sectors targeted and academic experts. The next step was the 
design of the questionnaire and ethical approval. As a next step, the questionnaire was distributed to 
various distribution channels, which include, but are not limited to: a) Email: Personalized emails to 
identified stakeholders with a link to the questionnaire. b) Professional Networks: Distribution through 
professional networks such as LinkedIn to reach a broader audience. c) Industry Associations: 
Collaboration with industry associations to distribute the questionnaire to their members. d) Social 
Media: Promotion of the questionnaire on the project’s social media platforms to increase reach and 
participation. 

Results 

For the first aspect of the gap analysis, 57 use cases were collected, and the distribution between the 
sectors is the following: 

Table 6. Use Cases distribution. 

Sector/Category  Number of use cases  
Higher Education IInstitutions 7 
Vocational Education and Training  7 
Structural Engineering and Construction   5 
Maritime Professions   11 
Grids and Energy   8 
Remote Collaboration   6 
AR/VR/MR   13 
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After careful analysis, the major gaps and needs for the HEI and VET can be summarized as follows:  
Gaps 

1. The integration of XR technologies into the existing curriculum while aligning with traditional 
teaching methods and standards could pose a challenge.  

2. Bringing XR tools to thousands of programs and institutions requires a big investment in 
hardware, software, and faculty training, which can be very resource-intensive. 

3. A critical gap is that faculty and students possess limited knowledge and experience with XR 
technologies to be able to use them in the process of teaching and learning. 

4. The initial costs for hardware, as well as for software and content development are high, 
which some of the institutions will find hard to fund. 

5. Ensuring XR systems are functioning effectively and continuously requires ongoing technical 
support and system maintenance throughout its lifespan. 

6. Standardized assessment methods to measure the effectiveness of XR-enhanced learning 
experiences and their impact on educational outcomes ought to be developed. 

Requested industry developments 

1. Develop strategies for the seamless addition of XR technologies to traditional curricula in a 
manner that is in alignment with academic standards and then builds on traditional teaching 
methods. 

2. Develop a scalable plan for deploying XR tools into multiple programs that lean on efficient 
resource usage and cost-effective measures. 

3. Provide faculty and students with training programs in XR technologies and learning use 
cases. 

4. Identify low-cost solutions and cost-sharing and funding opportunities to leverage initial 
investment and long-term maintenance of XR technologies. 

5. Provide a robust technical support structure to help manage and maintain our suite of XR 
tools. 

6. Create evaluation frameworks for measuring the effect that XR-enhanced learning has on 
educational outcomes, establishing universal standards for evaluation. 

First, the respondents of the questionnaire and the in-depth interviews seem to be the 
representatives of the target group. Experiences and examples call for direct engagement with XR 
technologies, making their feedback pertinent and comprehensive.  

Moreover, various sector representatives have realized the potential benefits that XR technologies 
can provide. VR training for pilots and AR assisting assembly processes show that XR can improve 
learning outcomes, decrease error rates, and be a more engaging way to learn while just adding up 
efficiencies. These various successful use cases demonstrate the capability of XR to enhance operational 
efficiencies and training outcomes.  

As the technology matures and its accessibility increases, we will probably see wider adoption in 
more industries. Macrotrends, some being AI integration for better content creation and experiences, 
rising accessibility with cheaper yet intuitive systems, more scalability thanks to infrastructure 
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refinements, along with advanced training and simulation in support of real immersive environments, 
as well as remote collaboration work tools, are something that would shape AR/VR usage ahead.  

Based on the outcome of the survey and the in-depth interviews, the main barriers to implementing 
XR technologies include high initial costs for hardware, software, and content development, technical 
complexity in integrating XR with existing systems and ensuring compatibility, user resistance and lack 
of expertise, the need for high-quality and engaging content, infrastructure requirements such as robust 
internet and processing power, health and safety concerns like eye strain and motion sickness, and data 
privacy and security issues in handling sensitive information. 

Future directions and recommendations 

The rise of XR technologies in the future will present transformative opportunities for various sectors. 
Some of the key trends are improved hardware performance, increased accessibility, advancements in 
sensing and tracking technologies, and seamless integration of multimodal interactions. These 
technological advancements will enable more immersive and intuitive XR experiences, driving broader 
adoption (Boel et al., 2023). 

As XR technology becomes more pervasive, it is crucial to prioritize user-centric design and address 
ethical considerations. Providing inclusive and accessible XR experiences, resolving privacy issues, and 
responsible development and deployment of XR technology are needed to limit negative impacts on 
society (Alnagrat et al., 2022). To capitalize on the future potential of XR, various stakeholders, including 
educators, industry leaders, policymakers, and technology providers, should collaborate to drive 
innovation, enhance user experiences, and unlock new opportunities across diverse sectors. 
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Abstract 

Alliance4XR is an Erasmus+ project co-funded by the European Union that aims to create and test 
learning methodologies and materials to empower education institutes, and to address XR digital skills 
in the engineering sector successfully. The project primarily targets the needs of sectors like structural 
engineering and construction, grids and energy, and maritime professions. The main objectives of this 
paper are to describe the current supply of XR-related courses from education institutes, primarily in 
the target engineering sectors, and to point out the gap between the supply and demand of XR skills 
and knowledge. A more detailed analysis of institutions’ available and missing skills, curricula and 
members’ needs has recently been presented by Östman et.al (2014). 

The potential of using XR technologies in education has been highlighted by several authors, for 
instance Fernandez-Ceredo et.al (2024) and PwC (2020). These studies shows a clear potential, both in 
terms of usage as well as economic impact. The demands of education and training in XR technologies, 
having a focus on the target sectors, have been investigated by Tsaknaki et al., 2024. This study contains, 
among other things, an analysis of existing use cases where XR technologies are applied in operational 
practices. To complement that study, this paper instead deals with the supply side. The supply was 
investigated by a desk study of course syllabi and a questionnaire submitted to teachers in XR 
technologies. However, to specify the gap between supply and demand related to education, a common 
model of knowledge, skills, and competencies in XR technologies is needed.  

The European Skills, Competences, Qualifications and Occupations (ESCO) project is a European 
Commission project run by DG Employment. It is the European multilingual classification of Skills, 
Competences and Occupations (ESCO, 2024). According to their website, “ESCO works as a dictionary,, 
describing, identifying and classifying professional occupations and skills relevant for the EU labour 
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market and education and training. Those concepts and the relationships between them can be 
understood by electronic systems, which allows different online platforms to use ESCO for services like 
matching jobseekers to jobs based on on the basis of their skills, suggesting trainings to people who 
want to reskill or upskill etc”. 

The ESCO dictionary is structured around concepts (knowledge, skills and competences) on one 
side, and occupations on the other side. The occupation pillar is structured hierarchically and mapped 
to the International Standard Classification of Occupations (ISCO). The concept pillar is also hierarchical, 
and it is linked to various occupations. 

The ESCO dictionary does not (yet) recognise XR as a concept. However, both Virtual Reality and 
Augmented Reality are recognised and defined. As an example, the concept of Virtual Reality is, 
according to ESCO, an essential knowledge skill for environmental technicians and an optional skill for 
several additional occupations such as real estate agents etc. In a similar way, the concept of Augmented 
Reality is an essential knowledge skill for environmental engineers, 3D modelers and 3D animators. The 
close connections between VR and AR technologies and green occupations such as environmental 
technicians and environmental engineers are clearly specified in the ESCO dictionary. This aligns well 
with the focus of the Alliancce4XR project and its focus on green skills. 

One limitation of the ESCO dictionary is that the concepts are organized hierarchically into broader 
concepts and sub-concepts. A more flexible approach is provided by the EO4GEO project, which has 
developed an ontology for the Earth Observation and Geospatial domains (EO4GEO, 2022). Since this 
Body of Knowledge (BoK) is based on semantic web technologies, an extended set of relationships 
between knowledge concepts has been defined, for instance “is a kind of” and “is a property of”. 

To compare the supply and the demand of education and training in the XR domain, a draft XR 
taxonomy has been created, where the most important XR topics are specified. This draft taxonomy has 
a hierarchical structure and is implementable in the ESCO dictionary. Based on previous experiences, 
the following draft XR taxonomy was elaborated, see Table 1.  

Table 7 Concepts and terms of the draft XR taxonomy 

1sst llevel topics 2nnd llevel topics 3rrd llevel topics 
1.   Fundamentals of XR  1.1 XR definitions 1.1.1 Virtual Reality (VR) 

1.1.2 MR, AR and AV 
1.1.3 XR 

1.2 Concepts and founding 
technologies 

1.2.1 Perceptive and cognitive concepts 
1.2.2 Simulation modelling 
1.2.3 Computer science technologies 

1.3 XR equipment  
2 Tracking technologies    
3. 3D visualization    
4. 3D Audio    
5. Kinematics    
6. Haptic senses     

7. Mixed reality 
7.1 MR equipment  
7.2 MR calibration  
7.3 Image alignment  

8. Multimodal interactions in 
iimmersive environments   

9. Virtual navigations techniques    
10.1 User centered design  
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1sst llevel topics 2nnd llevel topics 3rrd llevel topics 

10. Human factors and ergonomics 
iin XR 

10.2 Dimensions in XR 
applications  

10.3 Criteria on XR 
application ergonomics  

10.4 Ergonomic evaluation  
10.5 Evaluation based on 
questionnaires  

10.6 Evaluation of usability  
10.7 User-centric evaluation 
methods  

11. XR for business development    
12. XR in process and product 
ddevelopment   

13. XR usage    
 
The required XR skills were then classified using this draft XR taxonomy and the use cases as identified 
by Tsaknaki et. al., 2024. This classification of required skills constituted the core demand part of this 
gap analysis. To model the supply side, a desk study of course syllabi was carried out together with a 
survey among tutors based on a LimeSurvey questionnaire. In this questionnaire, tutors were also asked 
to give their opinions on future investments and developments in XR technologies at their institutions. 

Despite these limitations, the results of the supply and demand analysis indicate the following topics 
being of high priority for further development (in order) 

 Basic Principles of XR: Respondents overwhelmingly agree on the necessity of understanding 
the foundational concepts of XR. This indicates a need for comprehensive introductory courses 
that cover the basics of Virtual Reality (VR), Augmented Reality (AR), and Mixed Reality (MR). 

 Advanced Technologies for Mixed Reality: This topic reflects the growing interest in cutting-edge 
XR technologies. Curriculum development may include modules on the latest advancements in 
MR technologies, such as holography and advanced display systems. 

 Usage of XR technologies in various industrial sectors: There is a clear need for additional 
training tools, such as simulators and responses to various scenarios. More efficient 
development tools are also needed to reduce the costs associated with developing applications 
and products for XR usage.    

 Virtual Navigation Techniques: Effective navigation is key to creating immersive and intuitive XR 
experiences. Courses and learning material should cover the principles of spatial awareness, user 
orientation, and wayfinding in virtual environments. Hands-on projects involving navigation 
challenges will build practical skills. 

 Tracking Technologies: The strong support for this topic suggests that understanding how XR 
systems track user movements and interactions is crucial. It may be beneficial to include practical 
workshops or labs that allow students to work with various tracking technologies. 

 3D Visualization and 3D Audio: The emphasis on these areas indicates that immersive 
experiences are essential for XR applications. Educational programs should incorporate projects 
that involve creating and manipulating 3D models and integrating spatial audio to enhance 
realism. 
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 Applying XR technologies in process and product development: Such emphasis suggests that 
XR can streamline workflows and enhance productivity. Training programs should include 
simulations and project-based learning that allow students to apply XR technologies to real-
world process challenges and product developments. 

 The role of XR for business development: The responses to the questionnaires indicate a strong 
belief in the role of XR technologies for business development in various industrial sectors. This 
suggests a need for case studies and real-world applications to be included in the curriculum, 
focusing on how XR can improve processes, training, and customer engagement in various 
industries and provide value to the organization.  

A detailed analysis of the use cases shows that the main usage of XR technologies within the target 
sectors (construction, energy and maritime) are addressing the basic principles of XR and XR usage, for 
instance real-world simulations for practical skills. 

The results of the supply study (desk study of course syllabi and questionnaire for tutors) were both 
mapped against the draft XR taxonomy, providing the possibility to compare supply and demand. 
However, the response rate of the questionnaire, along with its geographical and topical coverage, was 
not comprehensive enough to justify quantifications. In addition, since the result is only a snapshot of 
the existing situation, its validity period is short. 

According to the ESCO dictionary, topics such as VR and AR are essential knowledge skills for green 
occupations such as environmental technicians and environmental engineers. Despite this, the supply 
studies found quite limited content of XR technologies in the courses provided by educational institutes 
addressing these professions. Most XR-related courses are currently provided within computer science 
and education study programs.  

The following general conclusions can also be made  

 The supply studies found quite limited content of XR technologies in the courses provided to 
learners in the target sectors. Most XR-related courses are currently provided within computer 
science and education study programs. This even though there are clear industrial needs for 
skills in basic principles of XR as well as XR usage. Future work aims to address these issues.    

 The findings highlight the growing importance of incorporating XR technologies into 
educational programs to meet the evolving needs of the industry in topics such as "Basic 
Principles of XR", “Advanced Technologies for Mixed Reality”, “Usage of XR Technologies”, "3D 
Visualization" and "Virtual Navigation Techniques".  

 Within the Vocation and Education Training (VET) sector, there is a need for low-cost solutions 
aiming to guide the learner in performing operational tasks and making real-world decisions. 
Simple simulators and gaming applications may be one way forward. 

 As the XR industry continues to expand, the importance of integrating practical applications and 
emerging trends into Higher Education Institute (HEI) programs is likely to grow. 
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Abstract 

This study explores a new method for studying food consumption behaviors using eye-tracking in 
a Mixed Reality (MR) environment. Participants wear video see-through headsets and interact with 
various food scenarios while their gaze patterns are tracked. The study combines these metrics with 
questionnaires and immersive visuals to analyze eating habits. Expected results aim to show that 
carnivorous participants focus more on meat, vegetarians engage more with sustainable food choices, 
and omnivores respond to a broader range of factors. The findings are expected to highlight the 
potential of MR eye-tracking to reveal hidden preferences and inform tailored educational and 
marketing strategies based on dietary habits. 

Introduction  

Traditional methods such as questionnaires and food diaries, while frequently utilized, often face 
issues with biases and are inadequate in capturing the complex motivations behind food choices 
(Sember et al., 2020; Svendsen et al., 2006). Recent advances in Extended Reality (XR) technologies, 
including Virtual Reality (VR), Augmented Reality (AR), and Mixed Reality (MR), have revolutionized the 
study of food choices by enabling controlled experiments in immersive and realistic virtual settings 
(Manoni et al., 2016). These technologies, particularly when combined with eye-tracking metrics, offer 
more objective insights into cognitive and emotional responses to food stimuli (Ruppenthal, 2023). 
However, comprehensive research employing MR to explore sustainable practices remains limited. This 
study aims to fill these gaps by integrating traditional questionnaires with MR eye-tracking, offering a 
more objective and immersive evaluation of food preferences and sustainable choices. The adaptable 
nature of MR allows for rapid shifts between scenarios, delivering deeper, more detailed insights into 
dietary behaviors, and promotes a better understanding of demographic trends and sustainable food 
practices. 

Methodology 

This study employs eye-tracking in Mixed Reality (MR) to evaluate participant engagement by 
analyzing essential metrics such as gaze direction, duration, and fixation frequency. By refining gaze 
duration thresholds, the investigation differentiates between quick glances and more meaningful visual 
engagement. Participants interact with virtual food items in an MR environment, using XR hardware and 
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the OpenXR framework. Their gaze behaviors are tracked, and data on gaze points, duration, and 
fixation locations are visualized through heatmaps. Additionally, quaternion rotation data of gaze 
direction is converted into Euler coordinates, allowing for a more precise analysis of gaze direction. 

Experimental Setup 

The flowchart in Figure 36 outlines the study's approach to exploring the link between visual 
attention and food decision-making. Participants' preferences are evaluated in an MR setting, where a 
variety of food options are presented on a table with immersive 3D visuals. This setup is specifically 
designed for eye-tracking research, capturing detailed interactions with different food items. Eye-
tracking data is gathered using Unity and the Oculus OVR Eye Gaze component, tracking participants' 
gaze as they interact with virtual food items. The system records gaze fixations and processes metrics 
like direction, duration, and fixation points. These metrics are then analyzed alongside questionnaire 
data to better understand food choices. Results are visualized using 3D heatmaps that highlight areas 
of high visual interest and identify food items that capture attention. By combining quantitative eye-
tracking data with qualitative feedback, the study provides a thorough understanding of food habits 
and preferences. 

 

 

Figure 36. Extended Reality-Based Behavioral Analysis Flowchart: Identifying Dietary Choices through Eye-Tracking, 
Heatmaps and Data Analysis. 

Assessment of Participants 

The study surveyed 114 participants, uncovering a range of food preferences and significant 
differences across gender, BMI, and health concerns between carnivores, vegetarians, and vegans. The 
carnivorous group had a higher proportion of males and elevated obesity rates, reflecting gender and 
cultural impacts as well as the potential advantages of plant-based diets. Table 8 shows a higher 
proportion of males in the carnivorous group compared to the vegetarian and vegan groups, 
suggesting gender and cultural influences on dietary choices.  

Table 8. Comparison of Dietary Groups Across Various Categories. 

Category  Vegetarians (incl. Vegans) Omnivorous  Carnivorous   
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Age groups  
18-24 28.57% 6.19% 0% 
25-34 14.29% 23.71% 14.29% 
35-44 28.57% 56.70% 57.14% 
45-54 0% 7.22% 0% 
55-64 0% 3.09% 14.29% 
65+  28.57% 3.09% 14.29% 
Gender Distribution  
Male 28.57% 37.11% 71.43% 
Female 71.43% 60.82% 28.57% 
Non-binary 0% 2.06% 0% 
Prefer not to say 0% 2.08% 0% 
BMI (Body Mass Index)  
Underweight 0% 2.06% 0% 
Normal Weight 57.14% 63.92% 28.57% 
Overweight 42.86% 47.42% 42.86% 
Obese 0% 6.18% 0% 
Environmental Impact Concerns  
Very Low 0% 13.40% 14.29% 
Low 0% 17.53% 28.57% 
Moderate 42.86% 47.42% 42.86% 
High 42.86% 19.59% 14.29% 
Very High 14.29% 2.06% 0% 
Health Concerns  
Very Low 0% 4.12% 0% 
Low 0% 7.22% 42.86% 
Moderate 42.86% 47.42% 42.86% 
High 28.57% 42.27% 14.29% 
Very High 14.29% 8.25% 0% 
Ethical Concerns  
Yes 71.43% 27.08% 0% 
No 28.57% 72.92% 100% 

 
In addition, as illustrated in Figure 37, taste was the most important factor influencing food choices, 

followed by health, cost, convenience, and freshness.  
 

 
Figure 37. a) Key Factors affecting food habits, and b) BMI of participants. 
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Mixed Reality Demonstration 

Immersive Mixed Reality (MR) content was created to examine the relationship between participants' 
eye movements and the factors influencing their food choices, incorporating data storytelling to boost 
engagement (as shown in Figure 38). Nutritional values for the food scenarios were calculated using the 
NRF9.3 method (Sluik et al., 2015), while estimates for CO2 emissions, water, and land use were sourced 
from existing research (Poore & Nemecek, 2018. Participant interactions, including eye tracking, clicks, 
and gaze duration, were carefully monitored within the MR environment. 

 

Figure 38. Mixed Reality Environment Setting with Data Storytelling Visuals. 

Table 9. presents the engagement metrics, such as clicks and gaze duration, for carnivorous, 
vegetarian, and omnivorous participants across different food scenarios. Omnivorous participants 
showed higher levels of engagement, likely due to the variety and complexity of their diet, while 
carnivorous participants focused more on meat-based scenarios. This highlights the MR environment's 
effectiveness in engaging participants with content that matches their specific dietary preferences. 
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Table 9. Results of Number of Gazes, Total, Max, and Average Gaze Duration per Food Scenario at a sampling ratio 
of f = 50 Hz and minimum gaze fixation > 0.15 s 

Group  Scenario  Count Total  Gaze (s)  Avg (s)  Max(s)  
Vegetarian  Carbonara 2 0.42 0.21 0.26 

Lentil Soup 24 9.26 0.39 1.36 
Butter 10 3.72 0.37 0.88 
Beef Stake 13 8.06 0.62 1.44 
Bean Soup 5 1.62 0.32 0.52 
Buratta Salad 31 17.06 0.55 3.48 

Omnivorous  Carbonara 39 26.54 0.68 4.22 
Lentil Soup 17 21.10 1.24 5.28 
Butter 14 8.76 0.63 2.14 
Beef Stake 21 12.68 0.60 1.78 
Bean Soup 17 8.76 0.52 2.24 
Buratta Salad 22 17.94 0.82 3.46 

Carnivorous  Carbonara 29 14.16 0.48 1.80 
Lentil Soup 21 11.24 0.54 2.42 
Butter 24 7.60 0.32 1.02 
Beef Stake 41 19.28 0.47 1.76 
Bean Soup 25 12.24 0.49 1.20 
Buratta Salad 38 17.66 0.46 1.76 

 

Heatmaps produced within the MR environment (Figure 39) for an omnivorous participant 
highlighted areas of intense visual focus, providing insights into how individuals visually engage with 
specific food scenarios.  

Furthermore, the eye-tracking analysis showed that carnivorous participants tended to engage more 
with less healthy and sustainable food options but also demonstrated significant interest in health, GHG, 
and water usage metrics as shown in Table 10. This suggests potential opportunities to educate these 
groups about the environmental consequences of their dietary choices. 
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Figure 39. Visual attention heatmaps generated within the MR environment for omnivorous participant 

Table 10. Number of User clicks, Number of Gazes, Total, Average and Max Gaze duration on several key metrics 
for all food scenarios. 

Group  Factor  Clicks  Count TTotal Gaze (s)  Avg (s)  Max(s)  
Carnivorous  Health 20 30 9.70 0.32 0.68 

Water Use 19 69 26.24 0.38 1.58 
Price 19 65 28.58 0.44 1.16 
Land 12 60 20.78 0.34 1.28 
GHG 20 25 9.46 0.38 1.34 
Convenience 12 47 20.44 0.44 4.58 

Vegetarian  Health 9 7 1.64 0.23 0.36 
Water Use 4 14 3.60 0.26 0.52 
Price 4 7 2.24 0.32 0.80 
Land 3 18 4.46 0.25 0.38 
GHG 5 17 3.88 0.23 0.36 
Convenience 5 25 8.28 0.33 1.00 

Omnivorous  Health 11 69 41.08 0.59 2.88 
Water Use 10 66 35.60 0.54 3.64 
Price 13 69 38.72 0.56 3.46 
Land 10 59 33.86 0.57 2.80 
GHG 10 64 34.16 0.53 3.58 
Convenience 12 29 10.08 0.35 0.68 
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Conclusions and Future Studies 

As expected, the MR environment assessment showed that participants with sustainable dietary 
habits spent more time interacting with sustainable food options, while those with carnivorous diets 
focused more on meat-based scenarios. The true potential of this tool lies in its ability to uncover deeper 
behavioral patterns. Future research will refine the tool by integrating additional metrics, such as 
selection behaviors and physiological responses (e.g., pupil dilation and heart rate), to further enhance 
its capability. The results will be expanded by developing new MR scenarios covering a wider array of 
consumer behaviors, including themes like circular economy and climate resilience. This approach will 
collect valuable data on how specific campaigns can successfully promote sustainable practices, 
ultimately contributing to societal acceptance and the success of sustainability-promoting policies. 

References 

& Jurak, G. (2020). Validity and Reliability of International Physical 
Activity Questionnaires for Adults across EU Countries: Systematic Review and Meta Analysis. Int. J. Environ. 
Res. Publ. Health, 17. https://doi.org/10.3390/  

Svendsen M, & Tonstad S. (2006). Accuracy of food intake reporting in obese subjects with metabolic risk factors. 
Br J Nutr. 95(3):640-9. https://doi.org/10.1079/bjn20051662. PMID: 16512951  

Manzoni, G. M., Cesa, G. L., Bacchetta, M., Castelnuovo, G., Conti, S., Gaggioli, A., & Riva, G. (2016). Virtual Reality-
Enhanced Cognitive-Behavioral Therapy for Morbid Obesity: A Randomized Controlled Study with 1 Year 
FollowUp. Cyberpsychology, Behavior, and Social Networking, 19(2), 134-140. 
https://doi.org/10.1089/cyber.2015.0208    

Ruppenthal, T. (2023). Eye-Tracking Studies on Sustainable Food Consumption: A Systematic Literature Review. 
Sustainability. https://doi.org/10.3390/su152316434  

Sluik, D., Streppel, M.T., van Lee, L., Geelen, A., & Feskens, E.J. (2015). Evaluation of a nutrientrich food index score 
in the Netherlands. J Nutr Sci. 4:e14. https://doi.org/10.1017/jns.2015.4, PMID: 26097700; PMCID: 
PMC4462757.   

Poore, J., & Nemecek T. (2018). Reducing food’s environmental impacts through producers and consumers. 
Science, Vol 360, Issue:6392, pp. 987-992, https://doi.org/10.1126/science.aaq0216  

 

 

  

https://doi.org/10.3390/
https://doi.org/10.1079/bjn20051662
https://doi.org/10.1089/cyber.2015.0208
https://doi.org/10.3390/su152316434
https://doi.org/10.1017/jns.2015.4
https://doi.org/10.1126/science.aaq0216


 

Page 1104 of 3317 

A Mixed Reality Eye-Tracking Study on Visual Influences in Dietary Choices 
Tantaroudas, N.D., koukoudis, K., Katika, T.  

 



 

Page 1105 of 3317 

XR-based Human-Robot Collaboration along a Conveyor Picking Line 
Bolierakis, S.N., Naskou, K., Kokkalis, K., Konstantinidis, F., Katika, T., Tsimiklis, G., Karaseitanidis, I., Amditis, A.  

 

XR-based Human-Robot Collaboration  
along a Conveyor Picking Line 

Spyridon Nektarios Bolierakis, Kostas Naskou, Konstantinos Kokkalis,  
Fotios Konstantinidis, Tina Katika, Georgios Tsimiklis, Ioannis Karaseitanidis,  

and Angelos Amditis 

Institute of Communication and Computer Systems, Athens, Greece 

Corresponding author: kostas.naskou@iccs.gr  

 

Keywords:  Human-Robot Collaboration, Extended Reality, Collaborative Sorting Line, Head-Mounted 
Display. 

 

Introduction 

Efficient management of construction and demolition waste is nowadays mandatory but remains 
challenging. Manual sorting by humans poses health and safety threats related to repetitive handling 
of heavy and potentially hazardous materials. Full automation of the process, despite many successful 
lab tests, in practice under real-world conditions cannot reach the expected quality in terms of material 
separation. Human-robot collaboration (HRC) can improve sorting efficiency, measured by speed and 
accuracy, if human and robot capabilities are combined appropriately (Chen, 2023). 

The Problem 

In order to sort a stream of waste, a conveyor sorting line, equipped with a control unit, a sensing 
station at the beginning and a cobot at the end, will be set up. The sensing station detects and classifies 
waste items moving on the conveyor belt. A task planner decides on the action that needs to be taken 
by the cobot so that the items end up in the correct sorting bin (Konstantinidis, 2023). To achieve 
effective human-robot collaboration towards improving the efficiency of waste sorting, Mixed Reality 
technology can play a vital role. Firstly, to provide the necessary feedback mechanism between the 
conveyor-cobot sorting system and the humans aiding and supervising the process. Secondly, to make 
better decisions during the system design simulations by bringing the human in the loop. The aim of 
the developed prototype at this stage is twofold. On the one hand, to provide an interactive simulation, 
within MR settings, of the collaborative sorting process so that it can be optimised together with the 
user interface before being applied to the actual sorting site. On the other hand, to establish an effective 
mode of communication between the HMD and the cobot. 
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Page 1106 of 3317 

XR-based Human-Robot Collaboration along a Conveyor Picking Line 
Bolierakis, S.N., Naskou, K., Kokkalis, K., Konstantinidis, F., Katika, T., Tsimiklis, G., Karaseitanidis, I., Amditis, A.  

The Prototype 

A prototype for Hololens 2 was developed in Unity. The connection between the head-mounted 
display (HMD) and the control unit of the conveyor sorting line was established via an MQTT messaging 
protocol. The information transmitted via these messages include each object’s location and moving 
speed along with measurements required to generate its 3D shape as it moves on the conveyor. The 
message also contains task descriptions for specific objects to be assigned to the cobot or the human 
operator. 

 

Figure 40. A short conveyor was used for development. It is shown along with a virtual conveyor at an offset so 
that they are both visible during demonstration trials. One of the actual conveyors is also visible at the 

background. 
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Figure 41. An item of interest approaches the workstation of a worker wearing a HMD (top). The worker picks up 
the object (bottom left). The virtual object responds to the interaction with the human operator (bottom right). 

 

Based on this information, virtual objects are displayed on the HMD overlayed on the physical 
objects. As soon as an item, which requires handling by a human operator, passes through the detection 
area of the conveyor the virtual object is highlighted on the HMD accompanied by a label. The operator 
picks up the object and retrieves further information about it, such as which sorting bin it belongs to or 
if a further action is required, e.g. to remove any impurities before sorting it. 

Discussion and Future Work 

The most challenging aspect of establishing a clear communication channel based on HMD for 
human-robot collaboration is understanding the worker’s interactions with the physical objects in order 
to update the virtual environment based on visual information without specialised tactile equipment 
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which may become a hinderance to the worker’s interactions. This may required an additional vision 
sensor overlooking the conveyor area. 

Mirroring the movements of the physical cobot by its virtual counterpart and shadowing its intended 
moves will be the next step in this implementation so that the worker is aware of the cobot’s intent and 
its movements within their common workspace. 
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Application 

Topic of interest: Medicine and Rehabilitation 

VESPA 2.0 (Virtual Environment for a Superior neuro-PsychiAtry, 2nd generation5 is a project founded 
by the PO ERDF programme 2014-2020 (extended to 2024 due to the pandemic of Covid-19) of the 
Sicilian Region (Italy) to foster Research and Innovation in Enterprises. The project focuses on application 
of Virtual Reality (VR) to diagnosis and treatment of neurodevelopmental and acquired neurocognitive 
disorders in adults and minors. Based on the state of the art (Andronico et al., 2009; Cammisuli et al., 
2022; Latella et al., 2024; Merlo et al., 2023; Pappalardo et al., 2020; van den Bergh et al., 2021; Vicario 
& Martino, 2022), recent studies confirmed the effectiveness and efficiency of VR systems in the 
biomedical field. These results predict that the use of VR technologies for clinical practice can be 
compared to modern diagnostic and rehabilitation techniques, representing a response to the growing 
need.  

In this sense, the use of these technologies represents an added value, not only provided in the light 
of the population needing clinical attention, but producing benefits (Merlo et al., 2023). reflecting, e.g., 
the reduction in time taken to apply subjects to experimental and clinical conditions, to reach a 
diagnosis, and the rehabilitation facilities of a temporal and methodological nature, as well as the 
implementation of end-user services. VR applications, whether 3D or 5D, allow the VESPA 2.0 project to 
be at the top of the innovation by promoting the implementation of new clinical methodologies in the 

 

 
5 https://www.progettovespa.it  
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national and international scene, through the provisioning of a set of innovative 
diagnostic/rehabilitation tools. The preliminary results (Latella et al., 2024) allow the Vespa project to 
demonstrate its high level of applicability to particular health contexts and difficult management.  

The tasks for adults apply to Alzheimer’s and Parkinson’s Disease, and to Multiple Sclerosis. They 
are grouped into five batteries: Alzheimer Disease Cubes (ADK), Alzheimer’s Disease (AD), Cognition 
(Cog), Neurocognition (NC), Olfactory Stimulation (OS). The domain of minors, involves the use of 
batteries related to Intellectual Disability and Communication Disorders: Intellectual Disability (ID), 
Linguistic and Communication Disorders (LD and CD). The total number of tasks provided by VESPA 2.0 
is 100. 

Hardware and Deployment of VESPA 2.0 
The VESPA 2.0 project is designed to operate on four platforms: Windows PCs, Tablets, Virtual Reality 

HMDs, and Virtual Rooms (CAVE), each with specific hardware requirements to ensure optimal 
performance for neuropsychiatric diagnostics and rehabilitation. 

The Windows PC application requires a minimum hardware setup based on Unity's specifications. 
The PC should have an Intel Core i5-8400 processor (6 cores, up to 4.0 GHz), an NVIDIA GeForce GTX 
1060 GPU, 16 GB DDR4 RAM, 512 GB SSD, a Full HD monitor. This configuration represents the baseline 
to run VESPA 2.0 effectively, ensuring functionality without compromising performance. 

VESPA 2.0, on mobile platform, is optimized for the Samsung Galaxy Tab S8. The tablet features 
great performances and has been chosen among the others on the market for its reliability. 
Furthermore, the 8000 mAh battery ensures extended operational time in clinical settings. 

The Oculus Quest 2 is the chosen HMD VR platform. It supports complex virtual environments with 
minimal latency, with the dual LCD screens that ensure an immersive and comfortable experience for 
patients. Inside-out tracking with six degrees of freedom (6DoF) allows for intuitive interaction within 
the virtual space. 

The CAVE system uses a Lenovo ThinkStation P5 workstation, that guarantees optimal performances 
in this use case. User interaction is enhanced by the ART Flystick 2+ and Cybershoes, allowing intuitive 
control and natural locomotion. A surround sound system with spatial audio processing adds an 
auditory dimension, while advanced cooling ensures stability during intensive use. 

This comprehensive hardware setup across all platforms enables VESPA 2.0 to deliver a versatile and 
immersive tool for clinical neuropsychiatric applications. 

e-Infrastructure 
In VESPA 2.0, cloud computing e-Infrastructure comprises three key components, each one playing a 
key role in the efficient archiving, management, and processing of patient data. 

The three components are: 

 A Cloud-based Portal Web Application; 
 A database supporting Big Data operations; 
 A flexible and dynamic software repository. 

The VESPA 2.0 Web Portal serves as the primary interface for healthcare professionals, enabling 
them to create, assign, and edit therapies tailored to individual patient needs as well as managing their 
personal information, with respect to the proper access and editing rights for the profile assigned to 
the professional itself. The system is based on a cloud computing infrastructure. The core of the VESPA 
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2.0 System is a Web Portal running a Web 4.0 Application providing all kind of system users with the 
following features: 

 Patient personal data management 
 Definition and activation of Rehabilitation Protocols 
 Assignment of Protocols to Patients 
 Habilitation of devices and status control 
 Scheduling of Rehabilitation Therapies on device  
 Data Visualization (Big Data) 
 Restricted Access to anonymized data for Research Purposes 

Depending on granularity of access rights the different VESPA 2.0 users are able to access specific 
features in the list above. Hospital system administrator can define doctors and research/work groups. 
Doctors can schedule protocols to be assigned to patients and monitor patient’s progresses. Patients 
can only monitor their progresses and see what protocol has been assigned to them. 

The database, described in the following, is designed to archive sensible patient’s data and support 
mining on a European scale, being optimized for Big Data operations and serving multiple purposes:  

 Enabling comparison of individual patient outcomes against expected averages for specific 
conditions, facilitating accurate diagnosis and severity assessment; 

 Accumulating data to enhance the system's reliability and predictive capabilities; 
 Supporting comprehensive statistical analyses and trend identification, allowing for 

performance comparisons across user groups and contributing to the ongoing 
improvement of research and strategies on rehabilitation. 

The implementation of MariaDB in the VESPA project is essential to optimize data management. Its 
robustness, scalability and security make it ideal for managing complex data, ensuring flexibility and 
customization thanks to its open-source nature. MariaDB supports an Entity-Relationship (ER) model to 
structure entities such as "Patient", "Doctor" and "Tasks", maintaining data consistency and optimizing 
queries. The VESPA 2.0 project also restructured the hardware and software architectures to manage 
Big Data, adopting the Open Data paradigm. This approach makes work easier for Sicilian and Italian 
scientists, with the aim of extending the benefits to the entire scientific community. All the data gained 
from the Software execution are managed to comply with all the regulations in term of privacy and data 
security. 

Finally, the software repository is devoted to address the need for rapid system updates and bug 
fixes. This enhancement implements a mechanism for instantaneous deployment of patches and 
updates across the VESPA 2.0 infrastructure and all the devices deployed worldwide. Such as a proactive 
approach to system maintenance will enhance the overall reliability and efficiency of the rehabilitation 
process, ensuring also that all users always have access to the most up-to-date and secure version of 
the VESPA system, reducing downtime. 

VESPA 2.0 is an advanced ICT system for cognitive rehabilitation, adaptable to different platforms 
based on patient needs. On tablets, it uses touch controls and 2.5D graphics for portable rehabilitation, 
ideal for home or outpatient use. With VR headsets like Meta Quest 2, it offers an immersive 3D 
experience, increasing patient engagement. The more immersive version operates in a CAVE 
environment, with up to 5D experiences and olfactory stimuli, as well as navigation via Cybershoes. The 
flexibility of the system allows healthcare providers to customize exercises according to therapeutic 
needs and available resources. 

In conclusion, Virtual Reality (VR) is gaining interest due to its potential benefits in terms of 
effectiveness, efficiency and improvement of patients' quality of life. There is scientific evidence for its 
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use in clinical settings for neurological diseases such as Alzheimer's (AD), Parkinson's (PD), Multiple 
Sclerosis (MS), and neurodevelopmental disorders such as Intellectual Disability (ID) and 
Communication Disorder (CD). The VESPA 2.0 System allows clinicians to collect detailed data on patient 
performance, improving rehabilitation pathways. Semi- and fully- immersive VR environments make 
rehabilitation activities more engaging, with 3D (up to 5D) scenarios enabling direct comparison with 
real reality. This innovative approach accelerates statistical operations, improves the accuracy of clinical 
measurements and increases knowledge deriving from both clinical practice and related research 
through new paradigms.  

  
Figure 42. VESPA 2.0 Software on Virtual Room Figure 43. VESPA 2.0 Software on Android Tablet 
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Introduction 

Transdisciplinarity is considered to be the key to facing societal and environmental challenges of the 
modern world and developing technology for complex sociotechnical systems (Jahn et al., 2012; 
Lawrence et al., 2022). Transdisciplinary research (TDR) is most commonly characterized by the 
involvement of both academic and non-academic actors in co-creative processes (Lawrence et al., 2022; 
Schneidewind et al., 2016), similar to the human-centred design (HCD) methodology (ISO 9241-210, 
2019). HCD is widely established in human-computer interaction (HCI) research and XR application 
development (e. g., Krauß et al., 2021). However, in conventional HCD, the prioritization of requirements 
and the design and selection of solutions commonly remains reserved for the design and engineering 
teams (Nguyen Ngoc et al., 2022). TDR in contrast empowers non-academic actors from society through 
co-design (Lawrence et al., 2022), considering them experts for their domains (Sanders & Stappers, 
2008) and elevating them to eye-level with the design team (Lawrence et al., 2022). While TDR is mainly 
found in education, urban planning, sustainability and environmental sciences (Lawless et al., 2024), it 
is less known in HCI or XR research. Co-design itself is well established in the HCI community under the 
term of participatory design, but does not seem to have gained much attention in XR application 
development. Thus, in this paper, we present a case study for transdisciplinary co-design of XR 
applications.  

In the EU project THEIAXR, XR technologies for the cabin of off-highway vehicles are being explored 
in the use cases of snow grooming, harbour logistics and construction. In these domains, the vehicle 
operators’ working conditions make the use of handheld or head-worn devices impractical, which lead 
us to consider traditionally less-used applications of XR, such as thermal imaging and laser projections 
(Rooker et al., 2023). The transdisciplinary co-design procedure should ensure the co-creation of XR 
applications that are acceptable, easy and safe to use in the operators’ sociotechnical environments. 
The main contributions of this paper are the methodical approach used to identify explicitly operator-
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approved XR application concepts suitable for the three off-highway vehicle use cases focused in the 
project, an overview of the resulting applications and implications of these results for future work. 

Method 

Based on the core principles of HCD, the design-based learning framework for co-creation labs (Real 
& Schmittinger, 2022), the conceptual model of an idealized TDR process (Lawrence et al., 2022) and 
scenario-based design (Rosson & Carroll, 2002), a transdisciplinary co-design approach was devised, 
see Figure 44.  

 

Figure 44. Structure of collaboration and artifacts in the transdisciplinary scenario-based design approach. 

The approach comprises four phases. Phase 1 involved contextual inquiries (Holtzblatt & Beyer, 2017) 
and an adapted variant of the Critical Incident Technique (Flanagan, 1954) to learn about the context of 
use and potential hazards in the operators’ work environment (see Figure 2). The results were 
incorporated into problem scenarios (Rosson & Carroll, 2002) as easily graspable artifacts for further use 
in the co-design process. In phase 2, we used the problem scenarios to collect viable XR technology 
suggestions from consortium partners and incorporated them into vision scenarios to envision future 
alternatives to the current status quo (Real & Schmittinger, 2022). The vision scenarios were discussed, 
expanded and validated with vehicle operators from all use cases in several co-design workshops (see 
Figure 45). Phase 3 and 4, which focus on information and interaction design (Rosson & Carroll, 2002), 
are still pending. 

 
Figure 45: Left: Snow groomer exiting a garage during one of the phase 1 studies; Right: Picture from one of the 

phase 2 co-design workshops with vehicle operators in the snow-grooming use case. 

Results 

While discussing all findings of the context of use and hazard analyses and the qualitative results of 
the co-design workshops is going beyond the scope of this contribution, we present an overview of the 
XR applications identified and approved by vehicle operators over the course of the co-design process 
so far in Table 9. Operators in all use cases prefer to have their eyes on the work area as much as 
possible. This made the use of light bars around the cabin windscreen, conveying information through 
position, movement, size and colour of glowing areas from the corner of the eye, especially promising. 
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Similarly, laser projections can bring information directly to the areas that snow-groomer and excavator 
operators need to focus on and may reduce the need for shifting the attention to various displays. In 
the snow grooming use case, the greatest advantage was seen in visual aids for navigation even during 
heavy fog or snow storms. In the logistics use case, where remote control of reach stackers using a 
VR/MR environment is targeted, visualizations for the position of spreader twist locks in relation to the 
container corners would ease the efficient and precise placement and pick-up of containers. In the 
construction use case, visualizations (of any kind) of the locations and types – or even just the presence 
– of hidden underground structures (power lines, water pipes, etc.) would provide a great relief for 
excavator operators, who often find them accidentally in unexpected places. 

Table 11. Summary of co-designed and operator-approved XR applications in the off-highway vehicle use cases 

Use case  XR application  

Snow grooming 
(snow groomer 
cabin) 

 Ambient light bars around the windscreen with moving, glowing areas of different 
sizes and colours to indicate, e. g., vehicle health or AI-detected objects in vicinity 

 Highlighting target slope area in real time on onboard display based on digital slope 
model, possibly coupled with laser or light projections on the ground 

 Real-time laser projection of auxiliary lines indicating vehicle dimensions (for moving 
in tight spaces) and overlap with previously groomed lanes 

 Three-dimensional real-time visualization of current vehicle position and alignment 
on the slope on onboard screen 

 Display-based and/or laser projection of navigation indicators 
Logistics (reach 
sstacker remote 
control desk)  

 Navigation indicators on top of (VR or monitor-based) camera view 
 Auxiliary projections on top of camera view facilitating container pick-up and 

placement, indicating correct spreader alignment with container and twist lock status 
 Visualization of container dimensions and projected turning areas on ground 

Construction 
(excavator cabin)  

 Recognition of excavation pit markings in the real world and automatic processing 
into the digital terrain model 

 Display-based visualization of the type and position of power lines and AI-detected 
objects in the work area on top of camera view 

 Laser projection of excavation pit boundaries, power lines etc., and optional auxiliary 
visualizations (e. g., minimum distance to excavation pit based on vehicle weight) 

 Ambient light bars around the windscreen with moving, glowing areas of different 
sizes and colours to indicate, e. g., AI-detected objects in the vicinity, distance of the 
bucket corners (left and right) to the target surface of the excavation pit 

Conclusions 

The results so far have shown that the transdisciplinary co-design approach serves to find viable 
and acceptable XR applications for off-highway vehicle work domains from operator perspective. 
Further research, e.g., on the perception of this approach from all involved roles, is needed to shed 
more light on its applicability in engineering-driven research and innovation projects. Regarding XR 
applications for off-highway vehicles, we see major potential in reducing the reliance on display-based 
information via, e. g., the use of ambient lights and audio, light and laser projections, or haptic feedback 
and force feedback. Lastly, we encourage the adoption of co-design in XR application development. 
Safety is a great concern for experienced off-highway vehicle operators – information overload or 
distractions by XR applications in the vehicle cabin may be an equally large safety risk as the lack of 
information itself. 
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Introduction 

Teleoperation and collaboration are among the key pillars of business work, where services and 
demand are spread over a very wide economic market, such as the European Union. What characterizes 
their importance is not only remote exchanges, but also the ability to intervene or assist people without 
having to travel, as in the example of machine maintenance and repair. This is made possible by the 
integration of IoT and artificial intelligence into this vast technological field, which is further accentuated 
by extended reality. 

CORTEX² project6 is in line with this vision to bridge the divide between widespread video-
conferencing tools and state-of-the art XR-based solutions, democratizing the uptake of next-
generation Extended Reality tele-cooperation among many industrial segments and SMEs. 

One of the many promising developments in this space is the integration of AI-based conversational 
agents within XR environments (Reiners et al., 2021). When combined with XR applications, virtual agents 
can facilitate real-time collaboration, information retrieval, and task automation. However, this 
combination presents several challenges. In multi-party dialog contexts, where participants interact 
simultaneously, AI conversational agents must accurately handle real-time speech recognition and 
response generation (Clark et al., 2019). Achieving this at scale requires the use of highly efficient tools 
and models to minimize latency and ensure smooth, uninterrupted conversations, particularly when 
managing multiple users concurrently. 

In the rest of this paper, we will illustrate the contribution of artificial intelligence to extended reality 
through an XR video conferencing application, where an AI virtual assistant plays a critical role in 
business meetings. 

 

 
6 https://developers.openrainbow.com/ 

mailto:alexis.lombard@cea.fr
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The rationale behind virtual reality video conferencing 

Virtual reality videoconferencing facilitates interactive collaboration such as drawing or 
manipulating 3D objects. Compared to traditional videoconferencing, it increases immersion by creating 
a sense of virtual presence. It allows a natural interaction through avatars, as gestures, facial expressions, 
and body language are better represented. Furthermore, virtual reality videoconferencing offers 
customizable environments. Users can customize virtual spaces to suit meeting context and goals or to 
provide a pleasant environment which can be beneficial for training or demonstrations. 

The combination of virtual reality and artificial intelligence offers significant potential for enhancing 
the videoconferencing experience by making interactions more immersive and natural, particularly in 
the field of natural language.  

One of our concerns in this area is to augment the meeting with a virtual assistant who follows the 
meeting like a normal participant, with language faculties that enable it to listen, understand intentions 
and intervene to answer certain questions or provide additional information on a subject in either vocal 
or written form. 

 

Figure 46. Business Meeting session with 2 VR participants and a Rainbow7 User. 

In the CORTEX² project, we are developing a Business meeting (BM) application. It is a Web 
videoconferencing tool with extended reality. It is made so that users without VR devices can also join 
the conference, because a complete transition to XR is not considered useful from a business point of 
view, as it is still costly in terms of hardware, bandwidth and software for end-users. Currently, users can 
join the VR conference from the classic Rainbow video-conferencing solution or from Business meeting 
VR application. This is made possible through the CORTEX² project framework and Rainbow web SDK8.  

In addition to classic video-conferencing features such as audio/video communication, screen 
sharing and chat messaging, BM provides a virtual conferencing environment with Video Compression 
and Alternative Appearance (VCAA) (Alireza J, 2024). People joining in video can choose an alternative 
appearance, while XR users appear as an avatar9 in the environment. In addition, BM supports 

 

 
7 https://cortex2.eu/  
8 https://www.readyplayer.me   
9 https://www.openrainbow.com  

https://cortex2.eu/
https://www.readyplayer.me
https://www.openrainbow.com
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interaction with real-world IoT objects10 to alert the user about an urgent situation or to enable faster 
actions. Our ambition is to enhance the XR conference with automatic generation of meeting summary 
(Virgile et al. 2023) and avatar gestures like speech requests and head movements. 

CoVA, the Cortex² Virtual assistant 

Interactions with CoVA are initiated through speech, where the audio is first processed by the 
Cortex² Mediation Gateway (MGW) service. The MGW preprocesses the audio, performing wake word 
detection to ensure only relevant voice data is transcribed. This prevents unintended interactions, 
allowing users to converse freely without triggering CoVA unnecessarily. Upon detecting the wake 
word11, the MGW transcribes relevant audio chunks using the faster-whisper implementation of 
OpenAI's Whisper model, delivering faster, local, and memory-efficient transcription. 

CoVA then performs semantic similarity recognition to classify the user’s query. In-scope intents will 
immediately trigger the corresponding pre-defined agent response. A dedicated web-based interface 
for intent editing allows users to define and customize the intents they want CoVA to recognize. Users 
can input specific examples along with their associated intents and set the corresponding responses 
that CoVA should issue upon recognizing those intents. The interface also allows users to enable or 
disable wake word activation. 

For out-of-scope intents, CoVA forwards the query to a retrieval-augmented generation (RAG) 
system (Lewis et al., 2020), which retrieves information from user-provided documents and generates 
contextually appropriate responses. CoVA, leveraging the Rainbow web SDK, listens for new documents 
shared with the conversational assistant, forwarding them to the encoder service. This service, in turn, 
pre-processes the received documents and encodes them using an MPNet sentence transformer model 
for semantic search (Song et al., 2020). Pre-encoding the document before a query is received leaves 
only the query to be encoded, thus accelerating retrieval-augmented generation and enabling faster 
response times from the Agent. These embeddings are stored in a local Weaviate vector database12, 
from which semantic search is performed based on the user's query and discussion history.  

When handling out-of-scope queries, the retrieval-augmented generation system computes 
similarity scores between the query embedding and all available document embeddings to retrieve the 
most relevant information. This enables the Agent to understand and respond to queries based on 
context and meaning, rather than relying on exact keyword matches.  

Using CoVA in XR conference 

CoVA can participate in video calls hosted via the Rainbow web platform or within an XR 
environment, facilitating interaction between participants by providing context-sensitive information. 
Participants share documents in a Rainbow Bubble either during the meeting or beforehand, allowing 
CoVA to access and use them to answer queries in real time. For instance, if someone asks, "What are 
the highlights from the latest financial report?" CoVA can instantly retrieve the relevant sections and 
provide a concise answer based on the document's contents. 

 

 
10 https://intracom-telecom.com/en/products/telco_software/IoT/IoT_orchestration_Platform.htm  
11 We are developing CoVA's multi-party capability to remove the need for wake-word detection  
12 https://github.com/weaviate/weaviate  

https://intracom-telecom.com/en/products/telco_software/IoT/IoT_orchestration_Platform.htm
https://github.com/weaviate/weaviate
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Another key feature is the ability to provide predefined responses based on intent recognition, 
configured by the user ahead of the meeting. This feature can, for instance, be valuable in business 
meetings involving new partners, where controlling the flow of information is crucial. If a partner asks 
CoVA about company details or project deadlines, the agent can be configured to provide responses 
that are aligned with what the company is comfortable sharing, ensuring that sensitive information 
remains confidential. 

Conclusions and Future Work 

The integration of CoVA in VR videoconferencing shows promise in improving meeting efficiency 
by handling tasks such as retrieving information from documents, which would otherwise interrupt the 
flow of discussion. The ability to control information flow with customizable intents enhances safety by 
ensuring that the agent first attempts to match a user’s query to predefined intents, reducing the risk 
of sharing unintended information. Future work on CoVA will aim to enable the agent to determine 
when its intervention in multi-party conversations (MPC) is relevant, without relying on wake-words. 
First, the agent should recognize participants’ intents at utterance level while considering the context of 
the dialogue, as well as the management of out-of-scope utterances (Zhang et al., 2024). Then, the 
agent should determine whether its intervention is relevant, as intents in MPCs may be addressed by 
other participants in the course of the dialogue. Thus, our future research will focus on goal-tracking 
and intent recognition in multi-party scenarios. 
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Current Outcomes and Engagement Activities of the XR4Human Project.  

The XXR4Human Project is a three-year EU-funded project focused on exploring the ethical, 
regulatory, and governance issues surrounding Extended Reality (XR) technologies. By guiding 
developers through a comprehensive Interoperability Guidance Document and a EEuropean Code of 
Conduct for responsible XR, the project aims to promote equitable, inclusive, and human-centered 
approaches to XR innovation.  

Key components of the project include:  

 Guidance Document: Assisting companies and policymakers in adopting responsible XR 
practices through ethical standards and guidelines.  

 Educational Material & Rating System: Empowering users with the knowledge to make 
informed decisions regarding XR technologies.  

 Test Cases & Validation: Demonstrating real-world applications of the ethical standards to 
showcase the responsible use of XR.  

Engagement activities:  
The XR4Human Forum fosters collaboration among stakeholders across various sectors is fostered, 

supporting the adoption of best practices. Additionally, the XR4Human Experience Library encourages 
the sharing of XR applications that adhere to the ethical standards set by XR4Human. By targeting 
industries, policymakers, researchers and the public, XR4Human ensures the widespread dissemination 
and application of responsible XR technologies.  
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Figure P. 1.Overview of the XR4Human Project's outcomes and engagement activities, highlighting its ethical 

framework and tools for promoting responsible and inclusive XR technologies. 
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Abstract  

Haptic feedback is a critical factor in enhancing user immersion in Virtual Reality (VR). This research 
presents a novel wearable device designed to simulate the sliding and tactile experiences of users in a 
virtual environment. When users engage in touch interactions with their fingertips in virtual scenarios, 
the device employs a 2-degree-of-freedom (DoF) roller system, adjusting the rolling direction to mimic 
the sensation of sliding across surfaces. Additionally, the device automatically switches between different 
roller materials to accurately simulate the tactile sensation of various surface textures. This approach 
was implemented and integrated into a VR controller capable of interacting with virtual environments. 
The device enables seamless rolling and flexible surface texture switching, thereby facilitating a richer 
haptic exploration for users within virtual environments.  
 

Introduction  

As virtual reality (VR) technology rapidly evolves, the demand for more diverse and realistic 
interaction methods is increasing. Haptic feedback has become crucial for enhancing user immersion, 
drawing attention from developers and researchers. Controllers, the main tools for interacting with 
virtual environments, face challenges in delivering accurate haptic and sliding sensations due to design 
limitations, leaving room for innovation.  

Traditional haptic feedback methods typically rely on simulating sliding and surface textures 
(Whitmire et al., 2018; Lo et al., 2018; Martinez-Hernandez & Al, 2022) to recreate the tactile sensation 
of virtual objects, such as through vibrations (Cai et al., 2024), often provide limited feedback, are 
difficult to reproduce complex dynamic experiences and diverse material types. To address these 
limitations, we propose a novel wearable device, it allows users to slide their fingertips over virtual 
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surfaces infinitely, with real-time material switching for varied sensations. This design enhances 
immersion and intuitive interaction.  

The study aims to assess whether users can naturally perceive sliding and material changes with the 
device. Results show that users clearly perceive changes in sliding direction and material transitions, 
validating the device’s effectiveness. This research offers insights for future VR haptic design and 
highlights the potential for improving user experience through more refined feedback technologies.  

Related Work  

Tactile texture rendering has been explored through various approaches, with some studies opting 
for vibrations to simulate tactile sensations. Ito et al., 2019 combines vibration with electrostatic 
stimulation to alter users' perception of roughness, while ViboPneumo (Cai et al, 2024) uses a pneumatic 
vibration wearable device to adjust sensations of surface roughness, temperature, or stickiness during 
touch. HairTouch (Lee et al., 2021) simulates texture by compressing hair to provide differences in 
stiffness, roughness, and surface height. Haptic Revolver (Whitmire et al., 2018) developed a wearable 
device called the "Haptic Revolver," which uses real physical textures for tactile sensation. When touching 
a virtual surface, the device swiftly moves a selected physical material under the user's finger to render 
the sensation.  

Skin stretch and slip feedback are typically rendered by friction from relative motion between the 
device and the user. Haptic Revolver (Whitmire et al., 2018) simulated 2D sliding by using 1D directional 
displacement with the Revolver. Webster et al., 2005 introduced a device where users hold a small ball 
capable of 2D rolling to experience friction in two dimensions. RollingStone (Lo et al., 2018) simulated 
relative movement on a flat surface using a two-degree-of-freedom roller and explored how varying 
the speed of lateral forces on the fingertips could render texture perception. SpinOcchio (Kim et al., 
2022) is a handheld tactile controller that can render the thickness and sliding of virtual objects held 
between two fingers.  

Despite there are some multimodal haptic interactions, which provide users with a range of tactile 
experiences Huang et al., 2023), challenges remain in unifying both sliding feedback and tactile texture 
rendering. Haptic Revolver ((Whitmire et al., 2018) achieves highly realistic tactile texture by allowing 
users to touch real material surfaces but can only simulate 1D sliding for 2D motion. RollingStoner (Lo 
et al, 2018) can realistically simulate 2D sliding friction but requires variations in lateral force to mimic 
tactile textures. Therefore, our research aims to develop a wearable device that integrates both sliding 
feedback and tactile texture sensations, enhancing user immersion during VR interactions.  

Implementation  

We implemented our system using a variable material sliding display based on a material ring and 
a slidable cylinder, as illustrated in the figure. The material ring is a circular structure with an inner 
diameter of 27 mm and is equipped with a convenient locking mechanism that allows it to be mounted 
onto a base, which can slide along the cylinder. The material ring is either carved from various materials 
or has different materials affixed to a 3D-printed ring-shaped base. The sliding display consists of three 
main components: a stepper motor drives the sliding motion of the material base relative to the cylinder, 
a second stepper motor controls the axial rotation of the cylinder, and a servo motor governs the 
mirrored rotational motion of the cylinder. Communication between the sliding display and the 
computer is achieved through a serial connection at a baud rate of 9600.  
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Mechanical Design  

 

Figure P. 2. (A) Our device uses a two degree of freedom cylinder as the base, with some material rings sliding on it 
to present various tactile sensations. (B) Material rings are interchangeable and can be customized to render any 

texture. (C) The user is using amaterial tactile display. 

Material switching is facilitated by a 2-phase 4-wire stepper motor that can change materials within 
0.3 seconds. The axial rotation of the cylinder (material sliding speed) is powered by a 2-phase 4-wire 
stepper motor with a maximum rotational speed of 93 RPM. A SG90 9G servo motor controls the radial 
rotation of the cylinder (material sliding direction) and can rotate 180 degrees in 0.3 seconds.  

Finally, we utilized a 3D-printed handle and a 15 mm diameter hole was created on the top of the 
housing to allow the user to place their finger on the material ring. The edges of the hole provide 
adequate support to prevent the finger from slipping.  

Software Architecture  
We used the Meta Quest 3 headset and developed a hardware adaptation program within Unity. In 

our example program, various virtual material objects (such as plastic, paper, fabric, etc.) were placed, 
allowing participants to simultaneously interact with different virtual materials in the same scene. We 
established a set of coding rules to analyze the scene, hand trajectories, and wheel configurations to 
determine how to control the device. In each frame, we performed ray-casting beneath the user’s finger 
to detect the closest collision with the haptic surface. When the hand made contact with the virtual 
surface and moved along it in a two-dimensional motion, our hardware device rotated to simulate the 
physical friction experienced in the real world.  

 

Figure P. 3. (A) shows the virtual scene in Unity. (B) the view at the same moment with the participant wearing an 
HMD and holding the LordofChange. 
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Usability Evaluation 

To evaluate the basic haptic functionality of the LordofChange, we conducted a preliminary usability 
study aimed at exploring the realism of the haptic feedback provided by the device and the user 
experience within a virtual reality (VR) environment.  

Two participants (one male and one female), aged between 18 and 48, were invited to participate in 
the experiment. Prior to the formal experiment, the research team provided the participants with a 
detailed explanation of the study’s purpose, procedure, and the basic functions of the LordofChange. 
The participants were then asked to wear a Meta Quest headset and hold the LordofChange in their 
right hand. To maintain the purity of the experimental conditions and avoid external interference, 
participants were also equipped with headphones to block out any noise generated by the device’s 
motor or sounds from the surrounding environment [1]. During the experiment, participants could freely 
touch, slide, and interact with virtual objects to experience the haptic feedback provided by the 
LordofChange.  

After the experiment, we conducted approximately 20 minutes of semi-structured interviews with 
each participant, and the interview content was recorded in writing. The interview questions covered 
various dimensions of haptic feedback, including realism, responsiveness, comfort, control, and overall 
experience.  

Result 

Based on the interview results, users found the haptic feedback of the LordofChange to be highly 
realistic when simulating hard objects, but less effective when simulating soft materials (such as fabric). 
The tactile sensation for soft materials felt too rigid, which may be attributed to the significantly greater 
thickness of fabric compared to other materials, causing the hardware to press too closely against the 
fingers during rotation, resulting in an overly hard tactile response. The device's responsiveness was 
generally rated as good, although one participant occasionally experienced slight delays during fast 
sliding motions. Regarding comfort, participants provided mixed feedback: one reported hand fatigue 
after extended use, while the other felt that the device's weight affected comfort during prolonged use. 
In terms of control, the haptic feedback notably enhanced the precision and fluidity of interactions. 
Overall, the device's performance was satisfactory, though improvements are needed in the simulation 
of soft materials and the ergonomic design.  

Conclusion and Future Work  

In this research, we present the design of LordofChange, a hardware device capable of simulating 
multiple materials simultaneously. Distinct from previous works in this field, our haptic device is not 
limited to simulating the texture of a single material. Instead, it offers a more diverse and customizable 
tactile experience by allowing users to assemble rollers that combine different materials, catering to 
various virtual scene requirements. For example, when users engage with a VR application featuring 
customized haptic experiences, they could also purchase corresponding tactile roller kits to enhance 
the realism of their interaction.  

In future work, we plan to improve the device's casing to suit various grip preferences, customizing 
aspects like the finger hole size and handle length for different hand sizes. Additionally, the roller 
switching rule will be upgraded; currently, the roller adjusts to the material only upon touch. To enhance 
the haptic experience, we aim to develop algorithms that predictively configure the roller based on 
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factors like object distance and neighboring materials, allowing for smoother interactions before 
contact.  
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Introduction 

In January 2017, the EU Parliament passed a draft on robot personhood rights (Hern, 2017), 
indicating a shift in legal personhood from humans to non-living entities. Although AI was not explicitly 
mentioned, the draft's implications are broad due to AI's role in robotics and virtual reality. Nandi (2024) 
highlights the importance of legal personhood for artificial agents in defining their legal capacities. AI 
personhood's cultural and social impact, including issues of responsibility and deception in mixed reality, 
is significant. Our methodology evaluates six personhood types against six criteria. Section 2 outlines 
the definition of personhood used. Section 3 assesses humans, nonhuman animals (NHAs), current AI, 
speculative extraterrestrials, fictional characters and mass groups against these criteria. Section 4 argues 
that AI's mimicry in “embodied” reality platforms differs from true personhood. 

Proposed Personhood Qualifiers 

Personhood lacks a universal definition and is subject to varying ethical considerations. Historically, 
traits observed in NHAs like great apes, cetaceans, corvids, dogs and some parrots have included tool-
making, language, self-awareness, Theory of Mind (ToM), empathy, art, death-awareness and mental 
time travel (Bryson, 2017).  

This article adopts a human-centric, evolutionary-rooted definition of personhood, including: 1) 
being human or 2) possessing high-cognition or specific affective capacities. The six personhood 
qualifiers are: a) being human; b) ToM; c) self-awareness; d) agentic empathy and deception; e) agentic 
attachment; f) symbolic communication with displacement. 

Details on these qualifiers are as follows: a) being a human species member is self-evident;  b) ToM 
means understanding others’ motivations, enabling deception and cooperation, a feature of some social 
animals like apes, birds, dogs, cetaceans and other NHAs (NRP, 2017); c) self-awareness, related to ToM, 
is the notion of being self-reflective: without the self-aware internal mind there arguably can be no 
agency; d) agentic empathy and deception, a.k.a. Machiavellian thinking (Erdal & Whiten, 1996) is the 
capacity to attempt to identify and understand the feelings of others in order to cooperate or to deceive 
(but see Nagel, 1974), dependent on having formed a mental model (whether correctly or not) of the 
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other individual’s motivations; e) agentic attachment refers to forming relationships with others; f) 
symbolic communication with displacement means using symbols (for example written or spoken 
language) to refer to absent entities. Displacement is the ability to refer to an object/person not currently 
present. 

Historically, personhood has been restricted, e.g., enslaved people and women historically 
considered less than whole persons (Finkelman, 2013; Bryson, 2017). In terms of NHAs, activists and 
scientists both have emphasised that different capacities do not necessarily mean reduced rights to 
“personhood”. Similar debates exist regarding AI capabilities (Rose, 2006; Bostrom, 2014; Fox & Shulman, 
2010). When NHAs do fulfil qualifiers, such as tool-making or linguistic abilities, goalposts are frequently 
and speedily moved (e.g., compound multifunctional tool-use; language that must include time 
displacement syntax). The definition of ‘personhood’ is thus often parsed granularly in order to further 
“protect” the human ingroup, a well-evidenced psychological phenomenon known as infrahumanisation 
(Demoulin et al, 2005) that has been argued occurs at even a human-species wide level (Atran, 1998; 
Bryson, 2017, 2020; 2023).  

Bryson (2017) argues that this goalpost-moving in NHAs has a corollary within AI Studies. The so-
called “AI effect” can be observed when robots/AI appear to create art (potentially fulfilling the symbolic 
thought qualifier) (Hertzmann, 2018; Elgammal, 2019) or even possibly – though not yet convincingly – 
exhibit self-aware behaviour (cf. Boddington, 2023), whereupon the goalposts to pass the Turing Test of 
successfully (mimicking) human personhood often are shifted again, just as with NHAs. Evaluating AI 
for personhood involves exploring these qualifiers and addressing whether ascribing personhood to 
non-organic entities on the same level as humans and/or NHAs is ethical or scientific. 

Six Primary ‘Persons’ 

Personhood has been argued for six types (Figure P4): 

Human Personhood: This is a circular definition, as being a member of the human species qualifies 
one for personhood. This includes all humans, whether conscious or not, and even extinct human 
species. Evidence suggests that extinct species like Neanderthals displayed symbolic thought, self-
awareness and empathy. Verdict: Yes 

Some NHAs: Some NHAs such as great apes, some birds and cetaceans exhibit traits like ToM, 
empathy and complex symbolic communication (AAMC, 2003). Verdict: Yes 

Current AI: Consciousness is crucial for Theory of Mind (ToM). Some argue that adaptive AI systems 
show self-awareness with new stimuli (Subagdja et al., 2021; Bubeck et al., 2024). Some researchers 
equate this with human cognitive adaptations to new information (Rescorla, 2015). However, this view 
is countered, as such AI behavior is programmed mimicry, not genuine self-awareness: unlike organisms 
evolved through natural selection, AI's mimicry of emotions and attachment (e.g., dating chatbots) lacks 
true agency or reflexivity. AI can deceive and detect deception (Erdal & Whiten, 1996; Martin et al., 2014), 
but it does not possess consciousness or ToM. AI can recognise emotional nuances; create the illusion 
of attachment (Kahn et al., 2002, 2012a, 2012b), but it is a one-way relationship due to the lack of ToM 
and self-awareness (McQuillan, 2022). Human attachment to machines does not imply AI capacity for 
attachment. AI does demonstrate symbolic communication with displacement, such as in natural 
language processing (Danilevsky, 2020), narrative generation (Thorne, 2020) and symbol-based 
information storage (Ilager et al., 2023). Despite fulfilling this single personhood criterion, AI does not 
meet any of the other necessary criteria for personhood. Verdict: No 
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Speculative Extraterrestrials: The proposal of intelligent extraterrestrial life is based on scientific 
principles of astrobiology and would therefore fall under a rubric of scientific inquiry. Behaviour itself is 
convergent under natural selection terms (e.g., similar environments produce similar body types and 
behaviours even in distantly related animals) and some have argued that complex and cooperative 
social “animals” on other planets would develop similar social behaviours, and then would doubtless be 
assessed for potential personhood (Bryson, 2025). This again is highly speculative, and the only thing 
we can know with near certainty is that – if existing – intelligent extraterrestrials will not be members of 
the human species. Verdict: No (at present) 

Fictional Characters: Fictional entities, including imaginary friends and deities, lack empirical 
evidence and are not falsifiable. Verdict: No 

Mass Groups Acting as Singular Bodies: Mass groups embodying "personhood" overlaps with 
arguments for the legal personhood of corporations and AI. Such mass groups could include concepts 
like "nature" as a person (Smith, 2021), "hive" minds (Beni & Wang, 1993), or collective entities like 
corporations and political groups. Some theorists argue for personhood in collective consciousnesses, 
where decisions are made en masse (Ibid.). Evolutionarily, individual benefits from cooperation drive 
change, not group selection (Dawkins, 2006). Personhood traits evolved for individual survival and 
reproduction, not for group-level benefits (e.g., bees benefit genetically from relatives, Grimaldi & Engel, 
2005). Thus, mass groups as singular entities can be rejected on evolutionary grounds, as group 
selectionist arguments are unconvincing (as altruists acting solely for the “good of the group” could not 
pass on their genes without individual reproductive costs). Because the varying individual motivations 
within a group undermine the idea of unified group personhood (Tajfel, 1986; Demoulin et al., 2005), 
mass groups lack Theory of Mind (ToM), consciousness, self-awareness, empathy, deception, and 
attachment (Masuda, 2012; Shteynberg et al., 2023). Verdict: No 

This paper’s classification supports personhood for humans and some NHAs. Other categories, 
including AI, speculative extraterrestrials, fictional characters and mass groups, do not currently meet 
essential personhood qualifiers like genuine self-awareness or agency. 

Legal Personhood and AI Performed ‘Personhood’: Neutral Acts or Societal 
Implications? 

Baudrillard’s concept of simulacra highlights the challenge in distinguishing between original and 
artificial constructs. Benjamin’s ideas on reproducibility align with Baudrillard’s “hyperreality,” where 
copies can diverge from their originals. In mixed reality and AI, issues of “unfaithful copies” arise, such 
as AI mimicking emotions, which can have psychological impacts on humans. While mimicry can evoke 
meaningful experiences, it does not equate to true personhood. For instance, chatbots that simulate 
empathy lack genuine personhood despite providing emotional support. 

Legal and philosophical arguments for AI personhood mirror those for corporate personhood 
(Sankin, 2013; NPR, 2014). Bestowing personhood upon non-living or nonorganic entities raises the 
ethical dilemma of privileging or equivalising the points of view of a non-living object to be equal in 
status and resonance to a human being (impossible in itself due to lack of self-awareness). Vigilance 
against “personhood exploitation” by corporations and multiverse entities is necessary (Bryson, 2017). 
Corporations have indeed been granted personhood (Marshall, 2023); some have applied the same 
logic to AI avatars (Nandi, 2024; cf. Novelli, 2023). 

That said, those who view corporations as “legal persons” typically understand this as a 
representation rather than true life, a notion that also applies to AI. Platforms like Epic, Unity, and 
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Decentraland use avatars and AI for social interaction, but assessing the quality of these interactions is 
complex, and subjective assessments may lack consistency. Ethical guidelines for virtual characters and 
the realism of virtual representations are debated, intersecting with issues of intellectual property. 
Humans can develop empathy toward machines, leading to potential ethical issues like manipulation or 
emotional dependency; instances of AI mimicking emotions or influencing behavior highlight potential 
risks, such as a person breaking into Buckingham Palace due to an AI chatbot,. AI’s “black box” decision-
making complicates decision traceability and transparency. Responsibility for AI behavior in mixed reality 
is therefore complex and should rest with clear corporate accountability rather than the AI or its 
representations. Specifically, arguments for AI personhood (Mathison, 2023) undermine corporate 
responsibility for potential AI errors. We further argue that the same arguments against the personhood 
of mass groups acting as singular bodies (confer Section 3) directly apply to arguments for AI 
personhood.  

Conclusion 

Over the past century, discussions on personhood have expanded to include nonhuman animals 
(NHAs). The debate has also touched on AI. We define personhood as either being anatomically human 
or possessing the traits detailed in this paper. We accordingly evaluated six entities debated as having 
personhood: humans, NHAs, AI, speculative extraterrestrials, fictional characters and mass groups, 
concluding that only humans and some NHAs currently meet (our) criteria for personhood. Addressing 
issues such as AI mimicry, legal personhood, attachment and responsibility, we have highlighted the 
significant differences between living beings and AI, stating that applying personhood to AI and 
corporations is a false equivalency. Unlike NHAs, which are living and self-aware, AI and robots are non-
living and programmed by humans. 

 

Figure P. 4. A visualization of the six personhood types analysed against personhood qualifiers. 
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The rise of advanced AI and autonomous avatars in mixed reality raises questions about machine 
personhood, particularly regarding responsibility and mimicry. We strongly argue against AI 
personhood, given AI lacks agency, consciousness, ToM and attachment. This stance is not gatekeeping, 
but a recognition of the evolved emotional responses in social animals. We stress the continuing need 
for a human/NHA-centric approach in complex mimicry systems like mixed reality and VR. 
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Introduction  

In the field of psychoacoustics, sound source localization experiments focus on how humans 
perceive the location of sounds in space. Typically, to solve the binaural localisation problem, humans 
use the interaural time differences (ITD) and interaural level differences (ILD) to determine the direction 
of a sound source. In addition, sound is filtered by the pinnae, because their shape affects how sounds 
reach our ears. This helps to identify the elevation and direction of the sound. This filtering process is 
represented by the head-related transfer function (HRTF), which characterizes how an individual's ears, 
head, and torso shape the sound from a particular location in space (Xie, B., 2013). Individualized HRTFs 
are key for high-fidelity 3D audio, capturing how sound interacts with each person's unique 
morphology.   

Virtual Reality (VR) benefits significantly from advancements in binaural 3D audio, which enhances 
immersion by mimicking real-world soundscapes (Bormann, 2005). In recent years, 3D audio in VR 
environments has become an important area of research, leading to the development of various 
approaches and innovative techniques that enable the integration of spatial audio into VR systems. 
These advancements have also got significant attention from major industry players, such as Google 
and Meta, with their respective audio renderers called Resonance Audio, by Google (Gorzel et al., 2019) 
and Meta Quest Oculus spatialiser SDK (Meta, 2024). Another option used to integrate 3D audio in 
Virtual Environments (VE) is Steam Audio (Valve, 2024). More oriented to research in psychoacoustics, 
the 3D Tune-In Toolkit (3DTI) (Cuevas-Rodriguez et al, 2019) and its evolution the Binaural Rendering 
Toolbox (BRT) (Gonzalez-Toledo et al., 2023), which allow full control on the processing mechanisms. 
That makes them appropriate to conduct studies on the impact of different rendering approaches in 
auditory spatial perception. In this study, we use the BRT.  
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VR is an interactive and dynamic environment where users can move and actively perceive sound 
sources. While there is extensive research on static sound sources localization, studies focusing on 
dynamic situations with active listening are still limited (Gaveau et al., 2022; Cuevas-Rodriguez et al., 
2023) In dynamic VR scenarios, the accurate localization of sound sources directly impacts the user's 
sense of presence and immersion. However, common localization errors, such as front-back confusion, 
elevation misjudgements, and inaccuracies in distance perception, often occur. These errors can disrupt 
the immersive experience and highlight the need for improved spatial audio rendering techniques that 
adapt to the dynamic and interactive nature of VR environments.  

Dynamic spectral cues are important for sound localization in environments where the sound source 
or listener is moving, particularly to distinguish between sounds coming from the front and the back 
(Wightman et al., 1999). Head movements enhance localization accuracy by varying the interaural time 
and level differences perceived by the listener, which help refine spatial estimates and resolve directional 
ambiguities. Captured by HRTFs, the spectral changes allow the brain to track moving sound sources 
accurately. However, some studies claim that dynamic spectral cues do not aid localization when the 
movements are very small (McLachlan et al., 2023). Their experiments examined which acoustic cues 
listeners use to localize sounds when making small head movements (less than ±10° from the center) 
revealing that even minor yaw rotations (horizontal movements) significantly reduce the front-back 
confusion rate, while pitch rotations (vertical movements) had little impact.  

This work is the first stage of an ongoing study, in which we are investigating whether larger 
movements and dynamic spectral cues contribute to more accurate localization. This poster presents 
the first results of a pilot experiment where we explore some specific movements with two amplitudes. 
We are using individual HRTFs compared with non-individual HRTFs to study the performance of the 
listener in dynamic situations for vertical and horizontal movements. Results show that the use of 
individual HRTFs reduce the front-back confusions (FBC) which provides a better audio localization.  

Methods  

Ten students from the School of Telecommunication Engineering of the University of Malaga 
participated in the experiment. All were right-handed and reported having normal hearing. All 
procedures were reviewed and approved by the Ethical Committee for Research in Malaga (Comité Ético 
de Experimentación de la Universidad de Málaga).  

Participants used a Meta Quest 3 for visuals and Audio Technica ATH-R70x headphones for binaural 
audio playback with a Focusrite Scarlett 2i2 USB audio interface to deliver the audio stimuli. An 
application, specifically developed for this experiment using Unity rendered the visual scene, collected 
tracker data from the Head Mounted Display (HMD), and configured all visual and audio scenes. The 
virtual auditory scene has been rendered using the Binaural Rendering Tool (BRT) (Gonzalez-Toledo et 
al., 2023). An HRTF convolution-based simulation was used to generate the direct acoustic path, and 
room reverberation was not simulated. The BRT communicates with the experiment application via OSC. 
The sound stimulus was a white noise. Individual HRTFs were measured for all participants using the 
Earfish system (Reijniers et al., 2023).  

The experiment considered an active dynamic listening scenario where participants could move their 
heads to receive dynamic cues from static sound sources. This makes the situation dynamic due to the 
listeners' movements, even though the sound sources remain stationary in the space. Listener’s 
movements were guided to follow two types of trajectories: horizontal rotations (yaw movements, 
around the vertical axis) or vertical rotations (pitch movements, around the interaural axis).  The listener 
range of movements are ±10 and ±30 degrees.   
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Each participant listened to the sound stimuli with synthesized spatiality using their individualized 
HRTF and another HRTF taken from the most different participant. That is, among all the HRTFs 
measured with the Earfish system for all participants in the experiment, the one that differs the most 
from the participant's own measurement was chosen. To study the level of similarity between two HRTFs, 
we have calculated the Logarithmic Spectral Difference (LSD). The LSD quantifies how much the 
frequency response of an HRTF deviates from a reference HRTF (Gutierrez-Parera et al., 2022).  

During the experiment, participants sat in a chair while wearing the HMD and headphones, holding 
one of the Meta Quest controllers in their right hand. The HMD displayed an empty space, with a sphere 
around the participant, where the radius is the distance to the sound sources, 1.5 meters. Virtual sound 
sources were positioned in 17 predetermined positions relative to the listener’s head, resulting from the 
combination of 8 different azimuths (0º, 45º, 90º, 135º, 180º, 225º, 270º and 315º) and 2 different 
elevations (0º and 45º) and one last source placed in the north pole of the sphere (0º azimuth and 90º 
elevation).  

The participants' task was to listen to a sound, while performing a specific one-sided rotation around 
either the yaw or the pitch axis and locate the sound as precisely as possible by pointing to its position 
with the handheld controller. The experiment was structured in one session, each of them composed of 
2 blocks (one for each HRTF) with 68 trials (17 source positions x 4 trajectories), randomly sorted. There 
was a previous training in which the participant had visual feedback, indicating after each trial the 
position of the sound source.  

Results  

To assess the localization performance, errors due to front and back confusions (FBC) have been 
analyzed. The axis connecting both ears, known as the interaural axis, is used as a reference to calculate 
these FBC, which are analyzed as azimuth deviations. We obtained the called mirror source by inverting 
the point selected by the participant (the prediction) with respect to the interaural axis. When the 
azimuth difference between the source and the prediction is greater than the azimuth difference 
between source and mirror source, it can be asserted that a front-back confusion has occurred. Then 
the rate (in %) of FBCs was calculated.  

Results have been analysed as a function of the HRTF (individualized and most different) and head 
movement (pitch and yaw), using a 2-ways ANOVA. The analysis of the front-back confusion rate 
revealed significant differences for the HRTF condition (F (1, 8) = 8.7, p = 0.018) and head movement 
condition (F (1, 8) = 14.6, p = 0.005).  

By observing the charts in Figure P 5, a lower percentage of errors can be seen when using an 
individualized HRTF. Pitch movements show a reduced error rate with individualized HRTFs, which 
indicates that the spectral cues of the individualized HRTF help in the source localization task. Average 
values suggest that horizontal head trajectories (yaw movements) are more effective in reducing front-
back confusions.   
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Figure P. 5. Front-back confusion rate for yaw and pith movements.  

Discussion 

This study is a pilot experiment to examine the impact of head movements and HRTF 
individualization on sound localization accuracy in virtual environments. The performed experiment 
included small movements (10°) where we found that spectral cues have much less influence than 
binaural cues on dynamic localisation, in line with the results of (McLachlan et al., 2023). However, the 
results also show that individualized HRTFs significantly reduce front-back confusion for larger 
movements (30º), for both horizontal (yaw) and vertical (pitch) head movements, highlighting the 
importance of spectral and dynamic cues in enhancing spatial audio perception. Individualized HRTFs 
capture the listener’s unique spectral filtering effects, allowing better perception of the spatial sound 
information and improving the immersive auditory experience in VR settings.  

The study found that yaw rotations significantly reduced FBC rates compared to pitch rotations. This 
is understandable given that yaw movements generate varying ITD and ILD, which are strong perceptual 
cues for resolving front-back ambiguities. But it is interesting to detect that the use of the own HRTF 
(individual spectral cues) introduces a significant improvement also for yaw movements.  

Despite the promising findings, this pilot study has limitations, including a small sample size and the 
absence of fully dynamic scenarios. In addition, future studies should include static localization for 
comparison, as we need to clarify if the advantage we have found when using individual HRTFs is due 
to static perception or there are interactions with the dynamic nature of the test. Finally, we should allow 
more listener head trajectories and explore situations where both the listener and sound sources are in 
motion.  
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Introduction 

The combination of virtual reality (VR) and augmented reality (AR) with additive 
manufacturing technologies opens innovative opportunities for an essential reform of teaching 
in technical and engineering disciplines. The goal of the project is to utilize XR technologies to 
facilitate the transfer of knowledge to heterogeneous groups of people in the technical, STEM, 
and high technology fields. The target groups include students from heterogeneous 
backgrounds, dual students and employees of companies as well as employees of the skilled 
trades in Germany, capital region Berlin/Brandenburg. The aim is to make complex STEM 
theories and practices accessible to these target groups through new, contemporary, 
innovative educational concepts in conjunction with content from additive manufacturing, 
especially metal 3D printing. The principle of clarity is prioritized over abstraction.  

Methodology 

In the period from June to the end of July 2024, a comprehensive survey was conducted 
among students, employees and external experts in the environment of the Wildau University 
of Applied Sciences in order to obtain information related to advertising, approaches or 
perspectives for the "MINT`oVation" project, for example, depending on age, gender and 
education. A total of 146 valid responses were analyzed, which provided information on the 
experiences with additive manufacturing and VR/AR, as well as on the needs and interests of 
the participants and possible advantages and disadvantages of various questions. The project 
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aims to use mainly experience-based methods such as animation-supported VR, AR and 
haptics in combination with additive manufacturing using 3D printing and other microscopic 
processes as well as analytics and image processing, thus benefiting training in general as well 
as the increasing shortage of skilled labor.  

Results 

The results of the survey suggest that the majority of respondents are very interested in 
using VR/AR in combination with the visualization of additive manufacturing technologies in 
teaching. Optical visualization of digital 3D additive manufacturing processing was identified 
as a key benefit by 75% of respondents, followed by improved learning and training 
opportunities (68.1%) and interactive design processes (43.1%). The most important, for 
example, desired functionalities in a VR/AR application include 3D model viewing (71.4%), 
simulation of manufacturing processes (69.5%) and training and tutorials (55.2%). Further 
correlations in the overall context were identified and analyzed (Wildau et al., 2024).  

Challenges 

The biggest challenges to integrating VR/AR into additive manufacturing, according to 
respondents, are the comparatively high costs (58.1%), high technical complexity (52.4%) and 
access to suitable and compatible hardware (48.6%). These and other barriers must be 
overcome in order to ensure successful implementation and broad acceptance.  

The results of the survey can be summarized as follows 

The results of the survey demonstrate the significant potential and interest in the integration 
of VR/AR into additive manufacturing in the higher education sector, especially in a large state 
like Brandenburg in Germany. In order to realize the full potential, further development and 
investment in user-friendly and cost-effective VR/AR technologies and combinatorial 
approaches are required. These technologies could significantly improve the teaching and 
understanding of complex manufacturing processes and thus contribute to the training of 
qualified specialists especially to educate and encourage those targeted groups. In addition, 
regional development in Brandenburg will be supported by the promotion of local labor 
markets and the identification of participants with the region.  

Specific objectives of the entire "MINT`oVation" project 

The specific objectives of the entire “MINT`oVation” project are to promote interactive and 
integrative learning experiences through the use of augmented reality (AR) and virtual reality 
(VR). The visualization of complex concepts, such as 3D metal printing, enables all learners to 
be involved in interactive and integrative learning. The immersive experience made possible by 
VR can promote memory (Schweiger et al., 2022) by ensuring that what has been learnt is 
retained for longer and understood in greater depth than without the use of VR technology, 
systematically shown and known as the “CA-MIL”, cognitive affective model of immersive 
learning model in Figure P 6.  
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Figure P. 6. Graphical representation of the cognitive affective model of immersive learning (CA-MIL) by Eric 
Richter [Virtual Reality in Teacher Education from 2010 to 2020]. (Note: Adapted from the "Fig. 2 Overview of the 

CAMIL" (Makransky and Petersen 2021) 

One example of the use of virtual reality technologies in academic teaching is London South 
Bank University (LSBU), where stereoscopic simulations are used to improve engineering 
students' understanding of aerodynamics13, 14. The approach described here makes the learning 
process worthwhile and the learning content accessible. At the same time, participants are 
given access to complex technical knowledge in a simple and appealing way. The engineering 
company Renishaw offers workshops in which children and young people can transform their 
ideas into physical products using 3D printing15. These experiences motivate young learners to 
take an interest and apply for engineering and other STEM subjects. The LSBU lab is equipped 
with high-end 3D printers, a CAD suite and VR/AR headsets, allowing students to experience 
objects at previously impossible scales and develop a deeper understanding of complex 
engineering principles. The accessibility and interactivity of VR increases student (AR and VR, 
2024) engagement more effectively than traditional teaching methods. The technologies 
mentioned allow a focus on various aspects of engineering, which deepens the understanding 
of this discipline. The concept of "blended learning" (BL) aims to make education more inclusive 
and more equal in terms of opportunities. The combination of online and face-to-face offerings 
in blended learning programs allows for a differentiated design of learning content, learning 
times and teaching methods, especially for people with family obligations from industry and 
trade. The individualized and unconditional approach to learners is a fundamental aspect of 
the didactic concept. A study shows that the use of 3D printing technologies in higher 
education promotes student motivation and engagement. This is exemplified by the "Physics 

 

 
13 https://www.lsbu.ac.uk/about-us/news/lsbu-virtual-engineering, 2024  
14 https://www.imeche.org/news/news-article/into-the-third-dimension-transforming-education-has-never-felt-
so-real, 2024 
15 https://www.renishaw.com/en/renishaws-stem-education-programme-goes-virtual—45661, 2024 
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https://www.imeche.org/news/news-article/into-the-third-dimension-transforming-education-has-never-felt-so-real
https://www.imeche.org/news/news-article/into-the-third-dimension-transforming-education-has-never-felt-so-real
https://www.renishaw.com/en/renishaws-stem-education-programme-goes-virtual%E2%80%9445661
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of Materials" course Fernandes & Simoes, 2019). Conducting demonstrations on various 3D 
printing materials and other examples has proven to be an effective learning aid. Teachers can 
thus encourage student engagement and enrich the learning process. In the discussion of the 
BL concept, the low physical presence of the participants and the need for increased basic 
technical knowledge is considered a disadvantage. Nevertheless, the experience already gained 
with BL can be directly integrated as a basis for the development of new AR and VR learning 
environments. Supplemented learning (SL) with accessible content, such as 3D printing, 
represents innovations in the education sector. The annotation of recordings, for example with 
subtitles and audio descriptions, improves accessibility for people with various learning needs, 
limitations and disabilities. Additive manufacturing promotes competencies and problem-
solving skills through 3D modelling, tactile learning and enables adaptable educational models, 
including for visually or otherwise impaired students. Stone et al., 2020.  

Summary 

In higher education institutions, the use of 3D printed designs as open resources leads to 
easier accessibility to technology and product as well as the possibility of continuous 
improvement through iteration. Additive manufacturing is particularly suitable for the 
implementation of inclusive learning strategies, for example in interdisciplinary service-learning 
courses. It also enables the use of augmented reality (AR) and virtual reality (VR) in educational 
contexts. The concept promotes creativity and inclusion in educational processes and supports 
tactile learning for students with disabilities. It therefore makes a significant contribution to the 
development of skills among teachers and students.  
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Introduction  

As agriculture faces increasing pressures from climate change, there is a growing need for innovative 
technologies to enhance productivity, resilience, and sustainability. In the last few years, the agricultural 
domain has slowly started to adopt modern technologies in its practices, resulting in the emergence of 
more domain-specific research topics such as Agriculture 5.0, referring to a sustainable agricultural 
production system (Fountas et al., 2024), or Smart Farming Verdouw et al., 2021). Immersive 
technologies are emerging as transformative tools in this domain, offering new ways to optimize 
agricultural practices. However, despite their growing popularity, Extended Reality (XR) technologies 
remain relatively nascent in agriculture, livestock farming, and aquaculture. There is a clear need for 
future research that integrates XR with complementary technologies like IoT, robotics, teleoperation, 
and advanced interaction controllers to unlock its full potential Anastasiou et al., 2023). Similarly, Digital 
Twin (DT) technologies mark a new phase in smart farming, where their application as a central 
management tool decouples physical processes from planning and control, thereby enhancing 
operational efficiency and data-driven decision-making Verdouw et al., 2021).   

This research aims to bridge the gap between advanced immersive technologies and practical 
agricultural applications. As immersive devices with enhanced computational power continue to evolve, 
they offer a unique opportunity to transform promising concepts into scalable, real-world solutions for 
the agricultural sector. Despite the abundance of innovative ideas, many remain stuck at the proof-of-
concept stage, without achieving widespread adoption or impact. Combining XR technologies and 
digital twins to create realistic 3D representations of agricultural environments offers farmers an 
immersive experience, allowing them to engage with and manage systems in a more intuitive and 
efficient manner [9]. In this work, we aim to explore transforming theoretical models into practical 
solutions that drive efficiency and innovation in agricultural practices.  
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Related Work  

A growing body of research highlights the potential of technologies such as augmented reality (AR), 
virtual reality (VR), and the Internet of Things (IoT) to enhance decision-making, resource management, 
and operational efficiency in agriculture. The extensive study in (Anastasiu et al., 2023), explores how 
XR can influence key production areas such as decision-making and operational activities in these 
sectors, proving that XR technology offers significant benefits for education, training, and system 
development, enhancing human capabilities and experiences across these domains.   

Practices in Augmented Reality (AR) for agriculture share a common focus on enhancing decision-
making and user guidance in farming activities. These approaches utilize AR to provide real-time visual 
aids and guidance, helping users make informed decisions during tasks such as crop management. 
Whether it's assisting gardeners by overlaying virtual instructions on actual fields (Okayama and 
Miyawaki, 2013) (Figure P 7b), guiding farmers to specific areas for soil sampling (Huuskonen and 
Oksanen, 2018), or offering in-situ visualization of field conditions (Zheng and Campbell, 2019), the goal 
is to streamline complex agricultural processes. Recent studies highlight the use of simulation and 
visualization technologies to provide immersive and realistic experiences. A common practice is 
simulating specific conditions in Virtual Reality (VR) environments to educate farmers about seasonal 
issues or environmental conditions. For example, the authors in Kim et al. (2019 and 2021) simulate 
aerodynamic conditions inside a piglet house to examine the effects of various airflow or ventilation 
settings on livestock Figure P 7a).  

Forecasting and prediction play a crucial role in modern agriculture by enabling proactive 
management and improving decision-making processes. Recent research emphasizes the use of 
visualization techniques to provide farmers with interactive tools that offer insights into future 
conditions. These technologies allow for better monitoring (Xi et al., 2019) and management of 
agricultural environments, enhancing efficiency and responsiveness across various farming operations. 
For instance, the authors in Rahman et al. (2021) use machine learning models to predict key water 
quality parameters like dissolved oxygen, pH, and temperature. These 24-hour forecasts (Figure P. 7) 
help farmers shift from reactive to proactive management, allowing them to anticipate poor conditions 
and take action to prevent issues  

 

  
(a)  (b)  (c)  

Figure P. 7. (a) Aerodynamic condition simulation in VR [4], (b) Plant growth visualization in AR [5], (c) Water 
quality forecast dashboard [7] 
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Discussion  

Considering the challenges highlighted by recent research trends in the field of XR in Agriculture, 
the most prevalent solutions can be organized into seven (7) categories based on their core 
functionalities:  

1. Context-sensitive information visualization provides dynamic insights tailored to specific 
contexts, such as animal identification in a field.  

2. Data visualization is primarily used for presenting animal and environmental data through 
dashboards or contour plots, to monitor, for example, crop health.  

3. In the realm of ddata collection, much of the research has concentrated on supporting in-situ 
data acquisition and real-time monitoring of animal behaviour, including movement and 
feeding patterns.   

4. The fforecasting, prediction visualization, and insights category emphasizes real-time 
visualization of environmental fluctuations, and predictive analytics in agricultural practices.   

5. Offering gguidance and support in tasks such as planting, fertilizing, and field management 
is crucial for enhancing precision and operational efficiency in agriculture.   

6. Simulation plays a vital role in modeling environmental control systems or plant growth, 
delivering an immersive and interactive experience.   

7. Lastly, ddigital twins are instrumental in generating actionable data and insights that can 
optimize agricultural practices, for example in greenhouses or farming processes.  

In response to the growing need for technologically advanced solutions in agriculture and 
addressing the challenges outlined in current research, we initiated the design of an XR tool aimed at 
leveraging emerging XR technologies to support agricultural practices in a user-centered way. By 
following the design process proposed by the authors in Stepanidis et al. (2024), we developed a tool 
focused on enhancing user experience during the monitoring of agricultural environments, specifically 
using AR devices in outdoor settings. Figure P 8 presents an in-progress view of our tool being utilized 
with an AR device in the field. Our approach seeks to improve decision-making precision and assist in 
predicting and preventing undesired situations, thereby offering a more efficient means of managing 
agricultural tasks. 

  
(a)  (b)  

Figure P. 8. View of our XR tool both in an indoor and outdoor setting. (a) Plant monitoring inside a greenhouse, 
(b) Information viewing in an outdoor olive tree field 
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Introduction  

This poster presents a digital twin (DT) framework that will realize a construction Digital Twin 
environment through a visualization and real-time control dashboard using the research results and 
developed technologies from integrating other digital tools in the ongoing  research project. The project 
aims towards Construction 4.0 by automating particularly laborious construction tasks in all phases of 
shotcrete application. The DT and simulation environment will allow lifelong monitoring of the 
constructed/repaired site from start to finish with smart, low-energy internet-of-things (IoT) sensors, 
construction process diagnostics & data visualization through tools such as dashboard, 4D planning, 
shotcrete simulation and robot accessibility.   

Digital Twin Framework  

In the first step to creating a DT, the digital representation of a site to be shotcreted is done through 
building/construction information models (BIM/CIM) and point cloud scans. This is done through an 
adaptive modeling methodology and a robot construction information model (rCIM) data model to 
facilitate interoperability between different systems of the digital twin. “Adaptive model” would 
adequately include all relevant DT representations that can be changed through a modular approach as 
per the desired DT requirements for simulation and visualization of the construction process (shotcreting) 
based on an end-user centered approach.” The IFC based data model includes the necessary classes and 
metadata linked to the geometric BIM model to be used by the IRR (Inspection-Reconnaissance mobile 
manipulator) and SFR (Shotcrete and Finishing mobile manipulator) robots during shotcreting operation 
through the different phases. This geometric and information model integrates into the DT to create an 
accurate geometrical representation and the associated metadata of a construction site.  

The  robotic simulation environment provides the simulations of the robotic systems allowing for the 
interactive 3D simulation of the actors at the construction site, including kinematic, dynamic and sensor 
simulation. Furthermore, the simulation environment simulates the shotcreting process (adhesion, 
cohesion & rebound effects), which is sent to the DT platform through heat maps. In the DT platform, 
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these heat maps are converted to 3D meshes that are overlayed on the existing BIM model to twin the 
actual construction site conditions.   

  

Figure P. 9. DT framework for automated shotcrete planning and operation. 

The  IoT sensors will be implanted during the preparatory phase to allow for the Structural Health 
Monitoring of the construction site. Low energy consumption sensors measuring temperature, humidity, 
corrosion, vibration, etc., are integrated into the DT platform through a Neo4j database to link the 
sensors modeled in the BIM model to their actual physical location on site. The DT platform-IoT data 
integration allows the user to visualize historical and current time series data alongside the alerts based 
on sensed data when the threshold of a particular parameter is surpassed by visually highlighting the 
sensor or concerned area in the digital model.   

The  decision support system (DSS) allows different actors in the domain to analyze data in a holistic 
fashion. An essential element of the DSS is to serve the needs of different types of users based on the 
dynamic analysis of heterogeneous historic and streaming data. The DSS provides data to the DT 
platform through an application programming interface (API) integration to visualize the relevant data 
in the digital replica to support decision making.   

For the hhuman machine interface (HMI), an AR-enabled application will be developed to increase 
the operator´s situation awareness during construction activities. It will provide notification, possible 
annotations on the constructed area, and inferences regarding the next robot-human action. 
Additionally, the DT platform provides data (decisions and BIM model) on the mobile device through 
AR.   

The DDT platform aims to enable visualization, simulation and a real-time control dashboard during 
the planning and operation phases of the shotcrete application through AR integration.   
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AR integration application  

BIM Integration  
AR systems will be integrated with BIM models, allowing real-time access to project data, structural 

models, and tolerances. Workers and engineers can overlay BIM data onto the construction site through 
AR glasses or MR headsets, helping them ensure that the shotcreting follows the intended design 
specifications. Robotic shotcreting could adopt similar AR overlays for precision, where the system 
would guide the robot based on BIM data, ensuring material is applied as designed.  

Digital Twin Bi-directional Control  
For any DT system, bi-directional control/communication between the physical asset and the digital 

replica is essential. AR systems will collect data from sensors, cameras, and the robotic machinery during 
the shotcreting process, providing feedback to the DT for optimization. This data can be used to refine 
future operations and improve shotcreting performance.   

Conclusion and future works  

We present an AR-enabled digital twin framework for automated shotcrete planning and operation. 
Our DT platform provides a visualizable dashboard integrated with 4D planning, 3D shotcrete 
visualization, decision support system, AR collaboration and HMI solutions. The DT framework will be 
tested on diverse demo sites - ground support walls, piles & beams, posttensioned bridge box and 
tunnels - to validate the automated solution in the shotcrete application domain. Furthermore, we will 
explore the applicability of our DT framework in both the construction of new infrastructure and the 
repair of existing infrastructure.   
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Abstract  

Immersive technologies are poised to revolutionize education and professional training, offering 
interactive experiences and accelerated learning opportunities. Despite their potential benefits, 
accessibility remains a critical concern. Research suggests that the use of captions in eXtended Reality 
(XR) environments improves the accessibility and control for users with variety of backgrounds. 
Automated Lip Reading (ALR), integrated into Audio-Visual Speech Recognition (AVSR) systems, 
presents a promising solution to enhance accessibility in XR environments, particularly in demanding 
conditions such as noisy settings.  However, its implementation in XR has not yet been contemplated.  

This work in progress explores the development of an Augmented Reality (AR) architecture 
leveraging a cross-modal AVSR system supported by a Large Language Model (LLM) for real-time 
captioning. A Unity-based prototype integrates Azure AI Speech service with the Visual-HuBERT ALR 
architecture, addressing latency issues inherent in Python-dependent deep learning development. By 
employing a multi-platform approach using Unity and Python with User Datagram Protocol (UDP) 
communication, significant latency reductions have been achieved.  

Preliminary results demonstrate a 75% reduction in processing time compared to Python-only 
implementations, highlighting the feasibility of real-time ALR implementation in XR. Future efforts will 
focus on enhancing noise robustness through LLM-based multimodal fusion and deploying the 
architecture on HoloLens 2 for live captioning and retrospective conversation analysis in noisy 
environments. This research aims to make XR environments more accessible and comprehensible, 
particularly benefiting users with hearing impairments.  

Introduction  

It is believed that immersive technologies will have a significant impact on the education industry in 
coming years (Fact.MR, 2021). Interactive classroom experience with activity-based learning assistance 
is a key attraction of XR in education (Dick, 2021). In professional sectors, many employers have 
employed XR technologies for workplace training and lifelong learning purposes. According to a 2020 
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study conducted by the professional services company PwC, training employees in Virtual Reality is four 
times faster than in the classroom (Eckert and Mower, 2020). As XR technology revolutionizes 
workplaces and schools, limited case studies address the accessibility of XR for individuals with 
disabilities. Approximately 15% of the global population lives with some form of disability (The World 
Bank, 2023). Thus, the increasing influence of XR in education has instigated an urgency to explore 
avenues to make XR environments more accessible for individuals with disabilities.  

Computer Vision researchers have explored Automated Lip Reading (ALR) applications in diverse 
fields, including education, welfare for Deaf and Hard of Hearing (DHH) individuals, security and speech 
recognition enhancement. Cutting-edge ALR algorithms consistently outperform human lip-reading 
performance (Shi et al., 2022; Assell et al, 2016). Therefore, in audio-visual speech recognition (AVSR) 
systems, ALR is used to complement audio-based speech recognition to boost its accuracy, making it 
more reliable in noisy environments (Anwar et al., 2023). Despite AVSR's noise robustness and potential 
in improving XR accessibility through captioning, its implementation in XR has not been contemplated 
yet.  

In this work in progress, we discuss our progress in developing an Augmented Reality (AR) based 
architecture, which will employ a cross-modal AVSR system with Large Language Model support for 
sentence correction to display captions in the user's field of vision. So far, we have developed a Unity-
based prototype that implements Azure AI Speech service along with a state-of-the-art ALR architecture 
titled Visual-HuBERT (Shi et al., 2022) within an AR environment.  

Methodology  

Audio-Visual Hidden Unit BERT (AV-HuBERT) is a state-of-the-art self-supervised framework for 
understanding speech that learns by both seeing and hearing people speak (Shi et al., 2022). Its visual-
only architecture is titled Visual-HuBERT. Generally, an Automated Lip Reading (ALR) system consists of 
three stages: Lip Localization/ROI Extraction, Feature Extraction, and Classification. State-of-the-art deep 
learning ALR and audio-visual speech recognition (AVSR) architectures, such as HuBERT architectures, 
rely heavily on Python tools and libraries to perform these steps. A key challenge in implementing these 
architectures in Augmented Reality (AR) is that most AR development is conducted using frameworks 
like Unity, which do not natively support Python. This limitation contributes to latency issues due to the 
critical dependence of algorithms on various Python libraries, which in some cases lack equivalents in 
languages supported by AR frameworks, such as C# (Ott et al., 2019). Additionally, commonly used 
libraries, such as OpenCVSharp (a C# wrapper for OpenCV), are not supported by Unity, necessitating 
the exploration of Unity-compatible OpenCV solutions. Thus, we opted for a multi-platform solution 
using Unity and Python with User Datagram Protocol (UDP) communication to achieve enhanced 
control over the quality and speed of the system. Significant development effort was put into creating 
custom implementations to migrate the pre-processing steps to Unity.  

To address these issues, firstly, an AR prototype in Unity with integrated speech recognition 
capabilities was developed. Despite AVSR algorithms like AV-HuBERT offering both visual and audio 
functionalities, their dependence on Python libraries necessitated an alternative approach. A cross-
modal solution was implemented, involving the use of Microsoft Azure Speech SDK in parallel with 
Visual-HuBERT architecture. Azure Speech SDK integrates seamlessly with Unity and demonstrates 
reported Word Error Rates as low as 5% at a latency of 500 milliseconds to 1 second. Furthermore, we 
implemented the lip localization steps in live within Unity using OpenCV for Unity1 framework. This 
feature records the region around lips in real time from the camera feed, which is then passed to the 
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base model using UDP sockets for feature extraction and classification, and a final predicted output is 
received within Unity.  

Figure P. 10. Proposed System Architecture.  

Results  

The Python-based prototype, which processes entire frames for landmark detection and lip 
localization, exhibited a lag of 81 seconds for a 10-second video at 30 frames per second (fps). In 
contrast, the Unity-based lip localization approach performs all preprocessing steps in real-time, 
reducing the total processing time to about 20 seconds for the same video length and frame count. 
This represents a substantial improvement of 75% over the first iteration. While the Azure Speech API’s 
accuracy was consistently 100% across all tests, Table P. 1 shows the comparison of Word Error Rates 
(WERs) and latencies of the Python-only version and our multi-platform approach using Unity and 
Python.  

These experiments were conducted on a laptop equipped with an 8GB NVIDIA 3060 RTX Graphics 
Processing Unit (GPU). While a lag of 20 seconds for processing 300 frames is not ideal at this point in 
time, GPUs are advancing rapidly and becoming more affordable. According to the Stanford Artificial 
Intelligence Index Report 2023 (Maslej et al., 2023), since 2021, the median floating-point operations 
per second (FLOP/s) speed has nearly tripled, and since 2003, it has increased roughly 7,000 times. The 
report also states that the median FLOP/s per U.S. dollar of GPUs in 2022 was 1.4 times greater than in 
2021 and 5,600 times greater than in 2003, demonstrating a doubling in performance every 1.5 years. 
Given the rapid advancements and increasing affordability of hardware over the past few years, the 
prototype clearly shows the potential to achieve real-time or near-real-time implementation of 
Automated Lip Reading in the realm of eXtended Reality.  
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Table P. 1 Performance Comparison between Python-Only implementation (V1.0) and Unity+Python 
implementation (V2.0) (Latency calculated in seconds) 

.VVideo Length   V1.0 WER  V1.0 Latency  V2.0 ALR WER  V2.0 ALR Latency  
10 sec   50% 81.46 43.80% 20.13 
3 sec   50% 34.64 0% 9.55 
6 sec   22.20% 51 11.10% 13.03 
9 sec   21.40% 73.22 21.40% 18.12 
12 sec   35.30% 86.43 29.40% 21.27 
15 sec   40% 92.83 40% 23.03 

Future Work  
In the future, this research intends to implement a functionality utilizing a Large Language Model 

(LLM) for multimodal fusion to compare two sentences: one generated by Automatic Speech 
Recognition (ASR) and the other by Automated Lip Reading (ALR). In the presence of noise interference, 
the ALR system is expected to enhance speech recognition; however, its accuracy may vary. This LLM-
based functionality will systematically compare the outputs from both ASR and ALR systems and 
endeavor to predict the most accurate sentence possible.  

Furthermore, we plan to deploy this architecture on the HoloLens 2, providing a live captioning 
system based on audio speech recognition, with the capability to record conversations in noisy 
environments. This will enable users to capture and document conversations in noisy environments. 
Subsequently, by employing Automated Lip Reading (ALR), users will be able to attain a more accurate 
understanding of the spoken content. Due to the limited computational power of the HoloLens 2, an 
edge computing approach will be adopted to perform heavy computational tasks on cloud servers. This 
system allows for retrospective analysis, enabling users to revisit and review conversations for enhanced 
comprehension. In the future, once this system is ready, we plan to conduct user studies to evaluate its 
effectiveness and suitability for real-world applications.  
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Abstract  

Background  
Cybersickness, a specific form of visually induced motion sickness, has emerged as a prevalent issue 

in virtual reality (VR) environments(McCauley and Sharkey et al., 1992; Biswas et al., 2024). As VR 
technology continues to expand across various fields—ranging from entertainment to education, 
healthcare, and professional training—cybersickness can undermine user comfort, acceptance, and the 
overall potential of immersive experiences. Cybersickness symptoms, such as nausea, disorientation, 
dizziness can deter individuals from engaging fully with VR applications Laviola, 2000; Biswas et al., 
2024). To mitigate these effects, reliable tools for assessing susceptibility and severity of cybersickness 
are essential. In this context, three primary tools are widely recognized for their ability to measure 
motion sickness and in many cases cybersickness (Chang et al., 2020): the Simulator Sickness 
Questionnaire (SSQ), the Fast Motion Sickness Scale (FMS), and the Visually Induced Motion Sickness 
Susceptibility Questionnaire (VIMSSQ) – Short Form. The SSQ is extensively validated and widely 
recognized for its ability to capture a broad range of simulator sickness symptoms, making it a 
commonly used tool for post-exposure assessment (Kennedy et al., 1993). The FMS is a quick and 
efficient real-time scale (from 0 to 20) that tracks nausea during VR exposure (Keshavarz and Hecht, 
2011). The short form of the VIMSSQ is specifically designed to measure susceptibility to visually induced 
motion sickness, with a focus on prior experiences with visual stimuli (Golding et al., 2021). Given the 
limited availability of translated and validated tools in Greek for assessing motion sickness—particularly 
cybersickness—this study offers a comprehensive framework for evaluating cybersickness. These tools 
contribute to ongoing efforts to enhance the accessibility and comfort of VR experiences for Greek 
users.  
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Purpose 
The purpose of this study was to translate, adapt, and to evaluate the test-retest reliability and 

validity of the SSQ, FMS, and VIMSSQ questionnaires in the Greek language and culture.  

 Methods  
The translation and cross-cultural adaptation of the questionnaires were conducted following the 

internationally accepted guidelines (Beaton et al., 2021). A total of 64 participants (34 females and 30 
males) were recruited to assess the validity and reliability of these tools. Upon arrival at the laboratory 
in the Department of Physiotherapy, participants first completed a demographic questionnaire and the 
VIMSSQ. This was followed by the SSQ and the Motion Sickness Assessment Questionnaire (MSAQ) to 
provide baseline measurements. The MSAQ had already been validated in Greek (Kousoulis et al., 2016). 
Participants then took part in a 3-minute and 34-second VR roller coaster simulation (EPIC Roller 
Coaster, moderate difficulty) using the Oculus Quest 2. Cybersickness levels were assessed every minute 
using the FMS scale (ranging from 0 to 20). During the simulation, all participants were seated (Figure 
P. 11). After the VR session, participants reported their peak sickness rating on the FMS and completed 
the SSQ and MSAQ again. To assess test-retest reliability, 40 participants repeated the procedure one 
week later, completing the SSQ and FMS again, while 45 participants completed the VIMSSQ for a 
second time. Data were tested for normality using the Kolmogorov–Smirnov test. Test-retest reliability 
was evaluated using the Spearman's Rank-Order Correlation (non-parametric data). For concurrent 
validity, the results from all tools were correlated with the MSAQ (Spearman's Correlation). Statistical 
analyses were conducted using IBM SPSS Statistics Software (version 29.0). The study received approval 
from the ethics committee (approval number 11909/24/ - 12/06/24).  

Results  

There were no notable differences between the original and translated versions, apart from one 
item, which was resolved by the four translators. The results demonstrated a strong correlation 
(Spearman's Rank-Order Correlation) between the two administrations of each questionnaire, indicating 
very good test-retest reliability. Specifically, there was a very strong correlation between SSQ(1) and 
SSQ(2) (r = 0.782, p < 0.001), VIMSSQ(1) and VIMSSQ(2) (rr = 0.764, p < 0.001), and FMS(1) and FMS(2) 
(r = 0.717, p < 0.001), reflecting consistent responses across the two time points.  

A Spearman’s correlation revealed significant positive correlations between the VIMSSQ Total, SSQ 
Total, FMS Peak, and the validated MSAQ. VIMSSQ Total was moderately correlated with MSAQ Total 
(r= 0.593, p < 0.001), and strongly correlated with SSQ Total (rr= 0.654, p < 0.001). SSQ Total showed a 
very strong correlation with MSAQ Total (r= 0.841, p < 0.001), and both SSQ Total and FMS Peak were 
strongly correlated (r= 0.631, p < 0.001). FMS Peak also showed a strong correlation with MSAQ (rr= 
0.620, p < 0.001) and moderate correlation with VIMSSQ (r=00.456, p < 0.001). These results indicate a 
strong correlation among all tools, supporting the reliability and validity of VIMSSQ, SSQ, and FMS.   
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Figure P. 11. Participants during the roller coaster simulation 

Conclusion  

The VIMSSQ, SSQ, and FMS demonstrate very good test-retest reliability and show statistically 
significant positive correlations with the MSAQ, ranging from moderate to very strong. Therefore, these 
tools are considered reliable and valid for assessing cybersickness, particularly in VR environments, for 
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the Greek population. However, further research with larger sample sizes and more diverse VR 
conditions is recommended to strengthen these findings and explore the broader applicability of these 
tools in different contexts.  
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Introduction   

Human motion tracking technologies, e.g. eye, face, hand, and body tracking, play an 
important role in the eXtended Reality (XR) ecosystem of technologies, as they establish new spatial 
relations between the user and the device. However, these technologies are mostly accessible to content 
creators through commercial XR headsets, which are not always practical for supporting all aspects of 
the creative process, such as freedom of movement, facial expressiveness, self-observation, and intuitive 
interactions. Furthermore, their dedicated SDKs impose certain restrictions, such as limited access to 
raw camera data or proprietary tracking algorithms, which may prevent from exploring customized 
forms of content. On the other hand, advancements in computer vision and machine learning 
technologies have made tracking functionalities even more accessible and cost-effective. They are now 
possible using low-cost web cameras and smartphone cameras, through on-device inferencing. 
Personal devices, particularly smartphones, are integral to daily life, enabling creators to use them as 
observation and capturing tools. With their growing computational capabilities, integrated sensors, and 
advanced camera systems, smartphones are now capable of handling complex content, thus 
establishing a significant role in the XR creative ecosystem. Considering the above, an experimental 
platform is presented based on Google’s MediaPipe and Unity. It enables to prototype different forms 
of XR content by leveraging spatial relationships between the user, the device and the physical space, 
as defined through face-tracking functionalities and smartphone sensors. As the possibilities within this 
creative framework are limitless, this study presents a case of a spherical content prototype.  

mailto:s.zoi@aegean.gr
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The XRiScope v1.0 experimental platform  

The XRiScope v1.0 experimental platform is implemented with Google’s MediaPipe (Lugaresi, 2019) 
and Unity16. MediaPipe is an open-source and cross platform solution that supports real-time, on-
device machine learning pipelines, including face and iris tracking, without relying on external hardware 
or cloud-based computing. The integration of MediaPipe to Unity 6 was based on the implementation 
found in (GitHub, 2024). As MediaPipe is a data-centric, cross platform solution, it allows deployment 
across different platforms leveraging options available through Unity. Inference Mode (CPU or GPU) can 
be selected; GPU option is available when deploying to smartphone devices.  

Among available perception pipelines, this study focuses on face and iris tracking using the 478 
canonical landmark model employed by MediaPipe. It includes 468 landmarks across the human face, 
and 10 landmarks for the irises. (Google, n.d.). Landmarks are normalized to [0.0, 1.0] by the image width 
and height respectively. However, they can be represented as a point with x, y, z coordinates within 
MediaPipe’s 3D metric space. It is a right-handed orthonormal 3D coordinate space, assuming a virtual 
perspective camera located at the space origin and pointed in the negative direction of the Z-axis. 
(Google Developers, 2020)   

 

Figure P. 12. Landmark Identification as instantiated game objects and real-time hollow mask creation. 
Face and Iris tracking pipeline is available within Unity 3D editing space through scenes: Iris Tracking, 

Face Landmark Detection, and Face Mesh. Face and irises landmarks are provided to Unity Hierarchy, in 
real-time, as instantiated game objects, only when the whole face is properly tracked (otherwise they 
appear deactivated). They are properly named through a dedicated script, corresponding to the 
numbered canonical face map. In this way, it is possible to trace their position, according to subject 
expressions and create a hollow mask mesh (Figure P. 12.  

Physical and Virtual Space are conceptualized using different coordinate systems (2D and 3D) that 
need to be aligned, requiring transformations between these metric spaces to manage different content 
structures.Figure P. 13 illustrates associated concepts, while Table P. 2 summarizes the implemented 
modules for parameter configuration and for supporting related real-time functionalities.   

Experimentations and preliminary results  

Experimentation and prototyping possibilities are endless, in this creative framework. One case is 
the definition of a Spherical Content Prototype that unfolds around the user leveraging smartphone 

 

 
16 https://unity.com/  

https://unity.com/
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gyroscope sensor. Facial reference enables the definition of perspective and distance-based 
functionalities (e.g. content zones, zoom) and touchless interactions defined based on parameters of 
Table P. 2, or relations between landmarks (e.g. identified expressions).  

 

Figure P 13. Physical, Virtual & MediaPipe Metric Spaces 

Table P. 2. Modules for parameter configuration and implementation of related real-time functionalities. 

Module   Parameter Configurations    Real--Time Functionalities   
Physical Camera 
Config    

Front / Back Enabled  
Video Stream Visible / Invisible   

Switch Front / Back (to be defined)  

Landmark 
IIdentification    

Landmark Numbered IDs (consistent 
with Canonical Face Map)  

Landmark IDs Update (based on MediaPipe Live Data 
Stream)  
Landmark Relations (e.g. gaze point)  

Face Landmark 
Screen View   

Image Size in Pixels (Width, Height)  
Invisible / Visible in Virtual Space & Scale  
Face Landmarks / Face Mesh View  
Overlay (Fullscreen / Fixed Window) / 
Virtual World Placed  
Flipped based on Physical Camera (Front 
/ Back) / Virtual Camera View  

MediaPipe to Unity Metric Space Transformations  
Distance (d2) & Angle ( 2) from Virtual Camera 
Calculation  
Distance (d1) from Physical Camera Calculation (Vakunov, 
2020)  

Physical Spatial 
MManager  

Distance (d1) & Angle ( 1)  
Gyroscope Sensor for 360° View  
360° Content Zones Definition based on 
d1   

d1 & 1 Visualization  
360° Content Zone Transitions based on d1  
Facial Reference Spatial Interactions   

Unity Virtual 
Camera 
Manager   

d2, 2  
Field of View (FoV)   
Position, Orientation based   

d2 = f(d1), 2=g( 1)  
Zoom In / Zoom Out based on d1 (FoV / Camera 
Movement Zoom)  
3D Screen Effect based on d1, 1  
Touchless Actions Trigger based on d1, 1, d2, 2 and 
Raycasting  
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Figure P. 14 illustrates a structural visualization of this prototype. It is based on a 3D sphere model 
with flipped normals that defines the inside of a fully spherical environment. The Virtual Camera is 
positioned at the center of this spherical space and it can be rotated based on gyroscope input, allowing 
the user to fully inspect the environment. Given a distance-based spherical content zone, game objects 
are positioned or instantiated (e.g. on mesh vertices, as illustrated through the wireframe shader of 
Figure 3, or at certain spherical coordinates). Their properties can be affected based on current View 
Area, and actions can be triggered based on Angle of View. Angle of View is visualized through the 
yellow line (sight vector) connecting gaze point and Virtual Camera center point.   

 

Figure P. 14.Spherical Content Prototype Visualization.  

Future work  

The Spherical Content Prototype will be expanded, and new ones will be explored, including 
additional perception pipelines (e.g. cartesian cubic prototype using object detection to identify 
physical space references), in order to study more complex spatial relationships between user, 
device, physical space and content. The goal is to lead to reusable content templates. In 
addition to on-device solutions, the proposed platform serves as a tool for studying data centric 
approaches, contributing to cross-platform XR content standardization.  
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Figure P 15. Process diagram showing the digital twin (DT) creation, update, simulation, city planning, city tourism 
use cases and underlying technologies in each step of the DT. 

Introduction  

Digital Twins (DTs) are evolving digital counterparts of physical objects, continuously updated with 
real-time data. Unlike static 3D models, DTs dynamically reflect real-world changes and are particularly 
valuable in scenarios where physical replicas are not feasible. In the EU-funded “DIDYMOS-XR” project 
(Didymos-XR, 2024), we have been developing city-scale DTs for Extended Reality (XR) applications, with 
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a focus on DT creation, city planning, and city tourism. These systems are designed to enhance urban 
planning through integrated data and advanced simulations, leveraging dynamic, highly accurate digital 
representations of urban areas. Our approach incorporates cutting-edge technologies for 3D 
reconstruction, sensor alignment, localization and mapping, and rendering to address various 
challenges in creating, storing, streaming, and manipulating DTs in XR.   

The process of creating city-scale DTs begins with collecting 3D data using LIDAR sensors or 
cameras, which is then merged with geospatial information from GIS databases. Initial point clouds are 
refined into high-fidelity 3D assets, including textures, vegetation, and infrastructure like roads. Methods 
like 3D Gaussian splatting (Kerbl, 2023) and Neural Radiance Field (NeRF) (Mildenhall, 2021) are 
employed for model generation, with further refinements done using tools such as Blender (Blender, 
2024). To ensure the fidelity and relevance of the DT, periodic updates are required using data from 
vehicles/drones equipped with cameras, GPS, and odometry sensors. These updates leverage 
techniques like sensor fusion and alignment, object detection, and compression algorithms to ensure 
smooth model transmission.   

Once the 3D model is created, it is integrated into simulation environments like Unity3D (Unity3D, 
2024) and Carla (Dosovitskiy, 2017) to analyze urban dynamics. This enables a wide range of simulations, 
including weather conditions, smart infrastructure, and traffic patterns. City planners can explore “what 
if” scenarios-adjusting traffic flow, introducing new structures, or simulating autonomous vehicles. 
Furthermore, city tourism applications can also use XR environments to offer location-based 
experiences. Remote experience, via VR, lets users explore the city, checking real-time data on traffic, 
crowd levels, and environmental conditions, while also accessing shop and museum hours. A tourist 
planner tool could help organize groups and optimize tours to avoid traffic and mobility issues. The 
process diagram in Figure P 15shows the technologies and processes used in this work.   

The underlying technologies that enable the immersive exploration, navigation, simulation, and 
rendering of the DT in XR are described in the following section.  

Descriptions of the technologies developed for city-scale digital twins  

A range of technologies plays a key role in the development of DTs, city planning, and city 
tourism applications, including 3D scene reconstruction, sensor alignment, fusion, localization, 
scene understanding, rendering, and XR. In the following sections, we outline the technologies 
developed in this work.  

3D reconstruction  
Creating a city’s digital twin starts with 3D data acquisition, such as point clouds from the target 

location. The point cloud is then pre-processed, involving tasks like splitting and mesh reduction, to 
accelerate the development of a detailed 3D model featuring enhanced assets (e.g., buildings, traffic 
lights, smart city elements). Following this, 3D model generation, which includes buildings, road 
networks, and vegetation with textures and geometry, can be done using two methods: automated AI 
techniques like 3D Gaussian splatting and NeRF, or manual methods using tools such as Blender. Our 
approach combines both, where the initial model is created using 3D Gaussian splatting and NeRF, with 
further refinements made in Blender. This streamlines the model development and ensures accurate 
integration of the processed point clouds into the overall pipeline.  
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Sensor alignment, fusion, and localization  
Here, we analyzed and processed non-visual sensor data such as GPU and Odometry for integration 

into the DT model to improve the overall semantics and accuracy of the map. For the sensor data 
alignment, after converting the GPS and Odometry data into a single coordinate space (cartesian space), 
we applied outlier removals and then developed an adaptive Monte Carlo Localization (MCL) (Dellaert, 
1999) by leveraging unsupervised machine learning method for dynamic adjustment of the particles, 
reduced computational overhead and improved localization accuracy. Here, future GPS locations of 
vehicles inside a scene/model are predicted based on the GPS and Odometry data. Our low-variance 
re-sampling method and improved motion and pose models helped achieve better computational 
efficiency and better estimation of particle motion and pose.  

In addition to the non-visual sensor-based localization, we also developed a hybrid self-localization 
approach by leveraging visual sensors’ data where we introduce Image-based localization (IBL) to the 
SLAM pipeline (particularly with H-SLAM (Georges Younes, 2024)) for addressing the global localization 
issues found in SLAMs. We are working with two approaches - IBL and NeRF-based localization, which 
takes geo-referenced images as input. We developed a Unity-based virtual camera setup to supply geo-
reference images to F-SLAM to test the overall localization accuracy.  

The localization outputs from the SLAM-based approach and non-visual sensors are fused to 
improve the overall localization in the city planning and city tourism use cases.     

2.3 Rendering for XR environments  
We worked towards creating adaptive and scalable XR rendering for different content, integrating 

data based on point cloud geometry and the user’s navigation area. These implementations are 
intended to meet users’ needs in a personalized manner (Arvanitis, 2023). We are working on catering 
the 3D model’s contents inside the DT, for XR environments, to diverse user profiles, including their 
capabilities, preferences, and experience levels, while also being compatible with a range of devices 
such as heads-up displays, smartphones, and tablets, across various environments, featuring different 
lighting and weather conditions. We are looking into key areas such as saliency maps corresponding to 
point cloud geometry, user distance, and user’s viewpoint. Additionally, we are addressing technical 
aspects such as accurate shadow casting and occlusion handling to enhance navigation within the DT 
in XR setups.  

Conclusion and future works  

In this work, we present our efforts in developing, updating, and visualizing dynamic city-scale 
digital twins for DT creation, interaction, city planning, and tourism, aimed at enabling large-scale XR 
applications. Additionally, we highlight the enabling technologies employed in creating these digital 
twins, such as 3D scene reconstruction, sensor alignment and fusion, localization, and rendering, with a 
particular focus on those crucial to the discussed use cases. Looking ahead, we aim to further enhance 
and integrate these technologies to ensure seamless creation, manipulation, and immersive exploration 
of city-scale DTs in XR.  

Acknowledgements  

This work has received funding from the European Union under Grant Agreement No. 101092875.  



 

 

Page 1170 of 3317 

Dynamic City-Scale Digital Twins for Extended Reality  
Islam, T., Pudota, J., Tomar, R. 

References  

Arvanitis, G., & Moustakas, K. (2023). Digital Twins and the City of the Future: Sensing, Reconstruction and 
Rendering for Advanced Mobility.. ITS2023: Intelligent Systems and Consciousness Society.   

Blender. (25. Sep. 2024). Blender - a 3D modelling and rendering package. Retrieved: http://www.blender.org .  

Didymos-XR. (25. Sep. 2024). Didymos-XR. Retrieved from Didymos-XR: https://didymos-xr.eu/  .  

Dosovitskiy, A., Ros, G., Codevilla, F., Lopez, A., & Koltun, V. (2017, October). CARLA: An open urban driving 
simulator. In Conference on robot learning (pp. 1-16). PMLR. https://doi.org/10.48550/arXiv.1711.03938  

Younes, G., Khalil, D., Zelek, J., & Asmar, D. (2024). H-SLAM: Hybrid direct-indirect visual SLAM. Robotics and 
Autonomous Systems, 104729. https://doi.org/10.48550/arXiv.2306.07363   

Kerbl, B., Kopanas, G., Leimkühler, T., & Drettakis, G. (2023). 3D Gaussian Splatting for Real-Time Radiance Field 
Rendering. ACM Trans. Graph., 42(4), 139-1. https://doi.org/10.48550/arXiv.2308.04079  

Mildenhall, B., Srinivasan, P. P., Tancik, M., Barron, J. T., Ramamoorthi, R., & Ng, R. (2021). Nerf: Representing scenes 
as neural radiance fields for view synthesis. Communications of the ACM, 65(1), 99-106.  

Dellaert, F., Fox, D., Burgard, W., & Thrun, S. (1999, May). Monte carlo localization for mobile robots. In Proceedings 
1999 IEEE international conference on robotics and automation (Cat. No. 99CH36288C) (Vol. 2, pp. 1322-
1328). IEEE. 

Unity3D. (25. Sep. 2024). Retrieved from https://unity.com .  

 

http://www.blender.org
https://didymos-xr.eu/
https://doi.org/10.48550/arXiv.1711.03938
https://doi.org/10.48550/arXiv.2306.07363
https://doi.org/10.48550/arXiv.2308.04079
https://unity.com


 

 

Page 1171 of 3317 

Voice-based Interactions in Immersive Applications – Cognitive and Affective Dimensions of User Experience  
Chatzifoti, O., Roussou, M. 

 

Voice-based Interactions in Immersive Applications – 
Cognitive and Affective Dimensions of User Experience  

Olga Chatzifoti, and Maria Roussou  

National and Kapodistrian University of Athens, Greece 

Corresponding author: olchatz@di.uoa.gr   

  
Keywords:  Natural Input Modalities, Voice-Based Interactions, User Experience, Immersive 

Technologies, Human-Computer Interaction  

Introduction  

This research explores the cognitive and affective impact of voice as a natural input modality in 
immersive experiences and examines if and how voice-based interactions influence the users' critical 
and emotional engagement with the content. This work advances current UX research by moving 
beyond usability to explore more nuanced and complex user experience constructs. The research is 
based on design, development, and evaluation in user studies of three artifacts ranging from reading 
linear narratives to engaging in scripted and unscripted dialogues with AI-driven NPCs. AI models for 
speech transcription, text matching, and natural language generation are employed. Research is 
contextualized in the medium of interactive narratives because of the importance that text (and its 
verbalization) holds on the user experience.  

Motivation  

Voice in HCI is of high interest due to its perceived value from a user perspective (Seaborn et al., 
2022), its contemporaneity as a technological achievement (Alharbi et al., 2021), and its complexity as a 
neurophysiological process. Advances in automated speech transcription (ASR) and natural language 
understanding and generation (NLU/NLG) have increased research on usability, satisfaction, and 
performance (Aslam & Zhao, 2024; Monteiro et al., 2021; WeiB et al., 2018). However, there is limited 
work on emotion and engagement. These constructs, despite their importance, present a 
methodological challenge in HCI. Yet, they are integral to the user experience in immersive spaces, 
because of correlations with presence (Riva et al., 2007) and embodiment (Kilteni et al., 2012). This work 
aims to help bridge these gaps.  

Related Work  

Research on voice interactions in video games has noted interaction patterns (Zargham, Friehs, et 
al., 2024) and highlighted the influence of social context in both single and multiplayer settings 
(Zargham, Dratzidis, et al., 2024). In immersive environments, studies have shown that voice interactions 
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can amplify emotional effects on user experience within immersive narratives (Osking & Doucette, 2019). 
However, further validation is needed due to the limited scale and design of this initial experiment. 
Additionally, the experience of voice interactions appears to correlate with the level of immersion: users 
found speech interfaces awkward in non-immersive settings (Carter et al., 2015), less preferable in AR 
(Pourmemar & Poullis, 2019), but highly preferable in fully immersive VR (Osking & Doucette, 2019; WeiB 
et al., 2018, p. 2).  

Research Approach and Methodology  

Core research questions (RQs) are: “Is using voice as an input modality in immersive experiences 
influencing…”  

 RQ1 “…the user’s sense of place and/or plausibility illusion?”  
 RQ2 “…the user’s emotional response to the content?”  
 RQ3 “…the user’s critical engagement with the content?”   

The study employs a cascading and iterative approach. Three experiments with increasingly complex 
interactions will be performed: from voice to speech to conversation, framed in corresponding 
interactive narrative schemas respectively: from linear to branching to emerging narrative, as illustrated 
in Figure P 16.   

 

Figure P 16. Incremental experiment design 

Experiment #1 is a single-user experience of reading out loud a text story with a linear flow in an 
immersive environment. Following Allison’s et al. work on design patterns (Allison et al., 2018) this design 
falls under the “Speak as a character” pattern in the “Diegetic framing” category.   

Experiment #2 will expand to a branching narrative using dialogue interactions with NPC(s). The 
design falls under the “Scripted conversation” pattern in the “Dialogue structure” category (Allison et 
al., 2018). The user will be presented with their options in a multiple-choice format and will need to read 
their choice out loud.   

Experiment #3 will investigate free-form input implementing the design pattern “Unscripted 
Conversation” in the “Dialogue structure” category This will require the design and development of an 
AI conversation agent (CA). The investigation is focused on the user experience of free-form speech, 
and not on the emergent properties of the narrative or the qualities of the agent.  

Current State & Next Steps  

The first research artifact, developed in Unity using OpenXR, incorporates an open-source ML model 
for transcription combined with text matching for improved accuracy and latency1. Experiment #1 is 
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planned for late autumn 2024 with results expected by February 2025 and experiment #2 is scheduled 
for summer 2025.  

Expected Contributions  

Expected outcomes include design guidelines for voice-based interactions in immersive experiences, 
accounting for synergetic and/or conflicting patterns, technological dependencies, and future research 
recommendations.  

Challenges & Limitations  

Adopting a design and development approach for the research artifact, compared to using an 
existing work, allows for better scoping of features but requires addressing the artistic dimensions of 
the medium. Evaluating user experience in narratives (Roth & Koenitz, 2016) and voice interactions from 
an HCI perspective (Seaborn & Urakami, 2021) present methodological complexities. Self-reporting 
presents challenges due to its subjectivity, particularly for nuanced constructs like presence (Slater, 1999), 
but exploring biometric tracking (e.g., eye tracking, EEG) also offers complexities. Variability in affective 
responses and sensitivity to environmental factors have been noted by previous research (Riva et al., 
2007).   

Conclusion  

 Transitioning to voice interactions as an interaction paradigm in immersive experiences involves 
more than usability considerations; it requires an understanding of the interplay between cognition, 
affect, and user experience. The complexity of voice-based interactions, coupled with the subtle nuances 
of these constructs, suggests a step-by-step approach for this research. The findings could inform 
design guidelines for integrating voice-based interactions into immersive media, as well as highlight 
future research directions.  
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Overview  

Virtual Reality (VR) is a developing technology for computer-mediated communication (CMC). 
Nevertheless, challenges remain that are impeding the adoption of VR for social interactions. One of 
them is cybersickness, characterized by symptoms like motion sickness, such as nausea, dizziness, and 
eyestrain. Around 60% of users report symptoms of cybersickness when they first immerse themselves 
in virtual reality (Stanney et al., 2020).   

According to the postural instability hypothesis (Riccio & Stoffregen, 1991), cybersickness could result 
from postural instability due to alterations of postural control. Therefore, greater postural instability 
increases the likelihood and severity of motion sickness. Interestingly, postural stability is often studied 
in single participants, even though an important part of our social life is composed of interactions, 
involving two or more individuals. Yet, only a few studies have investigated the impact of social 
interactions on postural stability. Varlet et al. (2011) demonstrated that visual interaction alone was 
sufficient to synchronize participants' postural dynamics and Gueugnon et al. (2016) found that when 
participants were explicitly instructed to synchronize their arm movements, their postural coordination 
stability increased. Overall, these studies indicate that intentional social synchronization leads to greater 
postural stability compared to spontaneous synchronization or the absence of social interactions. 
Consequently, group synchrony, characterized by the temporal coordination of movement between 
individuals, could increase postural stability and, therefore, reduce cybersickness.  

The present study investigated this hypothesis by conducting a study in VR setting exploring the 
role of intentional group synchronization on postural stability and cybersickness symptoms. Groups of 
participants (7 triads) completed oscillatory movements with their right arm in SOLO, TTOGETHER and 
SYNCHRO conditions, manipulating visual coupling and synchronization instructions.   

Methods  

A virtual environment was developed using Unreal Engine and the MetaXR plugin. Participants (N 
= 21) provided their informed consent and choose a gender-matched avatar before entering the 
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environment. Participants' upper body movements (i.e., finger and head motion) were tracked and 
mapped onto virtual avatars. For the SOLO and  TOGETHER conditions, participants were instructed to 
perform the motion at their “natural” frequency. However, they were seeing each other in the TOGETHER 
condition. For the SYNCHRO condition, participants were instructed to achieve group synchronization. 
The order of conditions was counterbalanced between groups and each condition consisted of 5 trials 
lasting 1 min, for a total duration of 5 min per condition.   

  
Figure P 17. Illustration of the virtual environment and avatar representations 

 Group synchrony and individual contributions to synchrony were extracted using the 
Kuramoto model of coupled oscillators (Alderisio et al., 2017; Bardy et al., 2020).   

 Postural stability was computed from the normalized length of head motion on the 
anteroposterior and mediolateral directions, capturing the interpersonal influences on 
individual body sway (Laroche et al., 2022; Tallon et al., 2013).   

 Cybersickness symptoms were evaluated before and after each VR immersion. Participants 
completed the Simulator Sickness Questionnaire (SSQ, Bouchard et al., 2007).  

 Sense of agency (SoA), the feeling of being in control of one’s actions, was measured after 
each VR immersion using the Sense of Agency Scale (SoA, Hurault et al., 2020)  

Mixed models were performed to assess the role of the experimental conditions on (i) group 
synchrony scores, (ii) postural stability, (iii) cybersickness symptoms and sense of agency. Spearman’s 
correlations explored the associations between individual synchrony scores, postural stability, 
cybersickness symptoms and sense of agency.  
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Results  

  

Figure P 18. Graphical representations of the impact of the experimental conditions SOLO (top), TOGETHER 
(middle) and SYNCHRO (bottom) on group synchrony scores and body sway.   

The experimental conditions influenced group synchrony scores (F (2, 96) = 107.36, p < .001) and 
postural stability (F (2, 310) = 3.28, p = .039). When participants could see each other and were instructed 
to synchronize (SYNCHRO condition), group synchrony scores increased (adjusted p < .001). In contrast, 
body sway tended to decrease (adjusted p = .055). However, there was no effect of the experimental 
manipulation on cybersickness symptoms (F (2, 58) = 0.17, p = .847) and sense of agency (F (2, 58) = 
0.71, p = .494).  

Spearman’s correlations showed that individual synchrony scores tended to display negative 
associations with body sway (p = .212). However, there were no significant associations of cybersickness 
symptoms with body sway (p = .911) or individual synchrony scores (p = .937), but a tendency for a 
negative association with the sense of agency (p = .093).   

Table P. 3. Spearman’s correlations between synchrony, body sway and cybersickness 

  Synchrony   Body sway   Cybersickness   Sense of Agency   
Synchrony   -        
Body sway   -..16  -      
Cybersickness   .01  .01  -    
Sense of agency   <.01  -..01  -..21  -  
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Discussion  

This study replicated previous findings showing the impact of visual coupling and instructions to 
synchronize on group synchrony (Alderisio et al., 2017; Bardy et al., 2020). Furthermore, this study 
expanded previous findings observed in dyads, showing (ii) an impact of group synchrony on postural 
stability (Gueugnon et al., 2016; Varlet et al., 2011). However, there was no impact of synchrony nor body 
sway on cybersickness symptoms.   

Importantly, there was an overall low report of cybersickness symptoms in this experiment and the 
length of body sway did not capture the dynamic fluctuations of postural coordination. Nevertheless, 
the association between the sense of agency and cybersickness suggests that the successful binding of 
actions and their consequences could prevent the occurrence of cybersickness symptoms. This finding 
paves the way for exploring the impact of collective movement on the temporal binding between 
actions and their consequences.   

To conclude, this exploratory study did not confirm the postural stability hypothesis but suggested 
that synchronized social interactions in a VR environment do not generate cybersickness symptoms. 
Instead, synchrony could stabilize postural coordination through interpersonal influences, paving the 
way for social interventions in clinical populations.   
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Introduction 

The new xR (extended reality) technologies are advancing every year and are being used in more 
and more fields of application. The use of the technology has great potential in the teaching sector, 
especially in connection with online learning, which has been used more and more since the coronavirus. 
“MINT'oVation” is a project to present the processes of additive manufacturing by using xR for 
education. The integration of modern technologies in the classroom helps to convey and consolidate 
knowledge in an understandable way and brings with it a wide range of applications that appeal equally 
to different groups of students (Wehrmann and Zender, 2023). The whole project is structured in a short-
term and a long-term part. 

An overview of the short-term part is given below. This part is designed to train participants with 
haptic and visual xR processes to learn the physical principles of additive manufacturing in an immersive 
way. The results will be used as a preparation for the long-term part. 

Methodology 

The short-term measure of the project is divided into a total of five blocks. The individual teaching 
units serve to impart knowledge and familiarize students with the general AR and VR environment as 
well as the basics of metal technology in connection with additive manufacturing processes. The short-
term measure will initially introduce a new, supportive learning method in the STEM subjects in the 
university TH Wildau (Germany). Based on a survey conducted from June to the end of July 2024 among 
staff, students and external collaborators of TH Wildau, the most wanted Aspects are (1) visualize various 
3D models with interaction (71.4 %), (2) the use of xR technologies for learning advanced subjects (68.1 
%), and (3) use as a preparatory training for a long-term program in this area (55.2 %) (Wildau et al., 
2024).  
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The first teaching unit will consist of a coherent introductory presentation that introduces xR 
technologies, additive manufacturing using metal 3D printing and, in this context, different crystal lattice 
structures as the physical basis of metal printing. 

The second block of the short-term activity is designed tto introduce students and interested parties 
to xR technologies in a playful way. Using AR glasses or AR applications for mobile devices for a larger 
number of participants, the aim is to assemble a jigsaw puzzle that is haptically available as a real 3D 
print. A "devil's knot" puzzle is used as an introductory object. Participants should first try to solve the 
puzzle on their own before using the xR technologies to help them. Within the application, the parts of 
the devil's knot are highlighted in different colors in the form of instructions and the assembly of the 
knot is illustrated step by step. The combination of a simple puzzle with simple xR technologies is an 
optimal, interactive learning method to ensure a successful start in the subject area. 

 

 

Figure P. 19. Numbered components of a 3D devil's knot 

The third lesson focuses on illustrating metal lattice structures and their displacement, visualized 
using a combination of xR technology and magnetic spheres. The magnetic spheres show the structure 
of the atoms. The elastic and plastic deformation of metals and the effects on their internal structure 
are shown on film and can then be experienced haptically on the magnets. Step-by-step instructions 
on how to construct different shapes and the internal motion sequences when an external force is 
applied, combined with the actual sensory impression, are intended to improve understanding of the 
physical effects. 

The fourth unit also deals with metal grid structures. The physical object is a specially designed cube 
structure with pins on half of the adjacent sides and guide grooves on the other sides (Figure P 20). Due 
to the special nature of the cube, a wide range of surface displacements are possible. Printed QR codes 
are used to implement an xR video that visualizes the relationship between the atomic lattice and the 
corresponding lattice structure. The basic knowledge about the physical processes during deformation 
is not only expanded and made visible, but also linked to reality. 
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Figure P 20. Specially designed cube to illustrate the 3D grid structure with guides for moving entire levels. 

The final part of the short-term measure aims to evaluate the participants' learning and interaction 
experiences. To do this, they fill out a digital form in the xR context, which is used to evaluate the 
measure. 

The focus is then placed on preparing participants for a more advanced long-term program. This is 
intended to provide an in-depth introduction to metal physics, additive manufacturing and 3D metal 
printing. The aim is to consolidate the knowledge acquired and develop practical skills that are 
important in the STEM subjects and in industry. 

Results 

The introduction of the short-term measure aims to familiarize students and other interested parties 
with both additive manufacturing and xR technologies, given the increasing development of these 
technologies. The teaching unit will lay the foundations for the use of Extended Reality in teaching at 
the university and promote the expansion of the technology into other teaching areas. Furthermore, 
interactive courses will make studying STEM subjects more attractive and facilitate access to knowledge. 
The project aims to promote inclusion at the university and make the content of STEM subjects 
accessible to everyone17. 

Within the overall project, a long-term method is also being developed to demonstrate the 
processes of design, production and quality control of metal 3D printing in extended reality. The short-
term measures are also intended to motivate interested parties to participate in further learning units 
in order to promote the further integration of extended reality in production, research and, above all, 
teaching. 

Challenges 

The main challenges in creating appropriate learning content for xR technologies in additive 
manufacturing are the high technical complexity and access to suitable hardware for teaching. The use 
of xR glasses is also always associated with high costs. The learning content needs to be precise and 
easy for students to understand, while still providing a complete and physically correct representation 
of the complex content and metal structures. The content of each phase must be designed and 

 

 
17 https://integranxt.com/blog/extended-reality-xr-in-stem-learning/ 
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programmed as a unified learning experience to maximize student learning. These and other hurdles 
must be overcome for the successful implementation and acceptance of xR technologies in the teaching 
environment (Obeidallah et al., 2023). 

Summary 

The MINT'oVation project focuses on the use of Extended Reality (xR) for teaching the relatively new 
technology of additive manufacturing, especially for metal, to future-proof STEM subjects through 
innovative and practical teaching methods. In a five-part course, participants are progressively 
introduced to xR technologies and 3D metal printing. This methodology effectively combines theory 
and practice: Interactive learning units promote a deep understanding of physics and make complex 
content clear and tangible. The short-term course prepares the participants for an in-depth long-term 
course that provides advanced knowledge of metal physics, 3D printing and its industrial applications. 
The aim of the project is to make STEM education more attractive and sustainable, especially for groups 
of people who find it difficult to access these subjects, through the use of variable modern technologies 
(Stone et al., 2020).  
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Introduction 

Amid escalating health consciousness, hiking has emerged as a prevalent pastime. Despite this, 
hikers encounter challenges such as equipment portability, extended treks, and dynamic environmental 
conditions. To tackle these, we've investigated incorporating Augmented Reality (AR) into outdoor 
expeditions, devising a multimodal AR system aligned with outdoor AR design principles. This system 
leverages both AR glasses and custom hiking poles for an enhanced interactive experience via diverse 
interaction modes and intuitive information display. 

For an engaging AR experience, managing and rendering information is key to virtual element 
depiction. Trigger-based AR technologies include marker-, location-, and object-based systems, along 
with their hybrids (Edwards-Stewart et al., 2016). Studies have shown that outdoor AR interface visibility 
can be markedly improved through color blending (Ang, S. Y et al., 2020) and correction techniques 
(Gabbard et al., 2020). Moreover, multimodal interactions, integrating diverse inputs like voice and 
physical gestures with environmental awareness and gaze tracking (Zhao et al., 2023), are instrumental 
for complex AR tasks, enhancing virtual environment engagement. 

Nevertheless, the domain of hiking, characterized by prolonged and extensive natural environment 
exposure, has remained underserved in terms of tailored research and interaction design for AR 
applications. Therefore, this paper proposes an AR-based optimization system for outdoor hiking 
experiences, introduces its implementation and evaluation results, and provides reference content for 
the design of AR systems in outdoor sports scenarios. 

Method 

The cardinal research goal is to explore the application of AR technology in outdoor hiking scenarios. 
Unlike the application of two-dimensional user interfaces in ergonomics, layout, and user experience, 
AR user interface design must take into account more factors such as the environment, space, and 
interaction entities (Krauß  et al., 2021). At the same time, the unique scene characteristics of outdoor 
sports, such as dynamically changing background textures, lighting conditions, and environmental 
colors, pose challenges to the application of AR technology. Against this backdrop, the project has 
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formulated the following methods to achieve rational research, design, and development of outdoor 
AR systems. 

 User research to define system functions. 
 Develop AR-UI strategies for environmental adaptability. 
 Establish Multimodal interaction standards for natural user experiences. 
 Prototype development in Unity. 
 Pilot testing and usability assessments. 
 Iterative refinement based on feedback.  

Implementation 

We have constructed an AR hiking enhancement system prototype, leveraging Unity 2022 and the 
Oculus Quest Pro. The system is primarily designed to operate on AR glasses (Figure P 21), 
supplemented by a modified interactive hiking trekking pole (replaced by the right-hand controller in 
this project). The AR glasses are equipped with eye-tracking sensors that allow users to interact with 
virtual objects through gaze, as depicted in Figure P 22, reducing the reliance on physical movements. 
To enhance interaction, gesture controls have been integrated for additional engagement with objects 
initially selected via gaze (Figure P 23). Acknowledging the common use of trekking poles among hikers, 
an alternative to gesture control has been devised: a pole controller featuring physical buttons and a 
scroll wheel for command input through radio frequency signals. 

 

 

Figure P 21. System testing in natural environments 
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Figure P 22. Interact with virtual objects by gazing 

 

Figure P 23. Gesture recognition evokes flat maps 

Test and Evaluation 

User testing and focus group discussions were conducted to assess the system's usability and user-
friendliness in outdoor settings. The findings revealed a preference for trekking pole interaction, which 
is more suited to the outdoor context. While gesture interaction was appreciated for its intuitiveness, it 
was found to be limiting in complex terrains and could cause fatigue. Gaze interaction was universally 
accepted. The system exhibited high user-friendliness in outdoor adaptability, operational naturalness, 
information recognizability, layout rationality, and natural integration, aligning with the design strategies 
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and development principles. However, some participants noted challenges with distance perception, 
indicating a need for improvement in future iterations. Overall, the system design met the expectations 
and needs of the participants.  

Discussion and Conclusion 

This study developed an outdoor AR hiking experience optimization system using Unity and the 
Oculus Quest Pro, aiming to enhance users' perception and experience in natural environments through 
on-site navigation, environmental perception, and health monitoring. User testing confirmed the 
rationality and usability of the system design, revealing the usability challenges and user preferences for 
various modalities of interaction in outdoor scenarios. Despite hardware limitations, the research 
provides valuable insights into the application of AR-UI in outdoor hiking contexts. With advancements 
in technology and hardware, the system is anticipated to expand to more complex outdoor hiking or 
other sports scenarios in the future.  
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Abstract 

The new framework of "immersive cocooning" of consumers in virtual worlds shows the tension 
between self-determined and externally determined cocooning. We point out the threat of mental 
prisons through virtual platforms, which may jeopardize the self-determination of consumers. This 
research is the response to a call by the EU Commission, where it has already been successfully 
presented as a draft. The presentation as a poster at EuroXR 2024 should further support this ongoing 
research and develop it into a publication. 

Introduction 

In consumer research, the metaphor of the nomad (Bardhi and Eckhardt 2017; Bardhi, Eckhardt and 
Arnould 2012) is a central research topic to examine consumption in the context of the dynamic and 
complex world of our liquid modernity (Bauman 2000). Current research on digital nomadism explores 
consumers' desire for security, which has emerged from experiences of loss, such as pandemics 
(Atanasova, Eckhardt and Husemann 2024). In this study, digital nomadism is defined as “individuals 
leverage remote and digital working to serially migrate between different locations, seeking […] a better 
quality of life» (2024, 1244). 

This contribution, however, proposes a new conceptual framework that combines digital nomadism 
and the search for security - immersive cocooning. The framework locates consumers within the sphere 
of influence of virtual reality platforms to illustrate the influence of such platforms on them as well as 
consumers’ search for safety, security, and separation from the world outside virtual reality.  

Our research has been motivated by the observation that viewers of the movie "Avatar" found that 
computer-generated worlds to be so beautiful that they became depressed when returning to their 
usual physical world (Spurr 2022). This observation is like the phenomenon of cocooning (Slaughter and 
Grigore 2015; Zalega 2018). Cocooning is the act of withdrawing into a private space and thus excluding 
oneself from the rest of the world – a form of escapism.  
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The novelty of this framework is that consumers can withdraw into computer-generated worlds as 
if into an immersive cocoon - a cocoon in which they can still move around like digital nomads. 
Moreover, we also recognize that due to the high density of recordable data points in virtual worlds, 
the platforms that run them have complex databases that allow for the "Manufacturing [of] Customers" 
(Zwick and Denegri Knott 2009). We have concerns that, on the basis of such data, this phenomenon 
previously initiated by consumers can gradually be actively pursued by platforms and their client 
corporations, e.g. by creating products based on customer behaviour recorded in virtual reality (Gao 
and Liu 2023; Haleem et al. 2022; Khan et al. 2022).  

Moreover, the use of AI in virtual worlds, e.g. AI-based avatars, may lead consumers to develop 
trusting relationships with such representations of AI (Huang, Kim and Lennon 2022). Such stimulation 
by AI in virtual worlds can lead to a loss of autonomy for consumers (Gonçalves et al. 2024; Kim 2022), 
which we understand as externally determined cocooning in the sense of the mental prison mentioned 
above. The protection of this autonomy is not only central to the protection of consumers as 
representatives of democratic societies (Bjørlo, Moen and Pasquine 2021), but, in our view, 
fundamentally challenges competition in virtual worlds under the influence of generative AI. 

 

 

Figure P 24. Immersive Cocooning Cube 
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Three axes - entities, activities and control - define the dimensional space of this framework. From 
the point of view of practice theory (Reckwitz 2002; Røpke 2009), the activities of the actors involved 
are to be placed in relation to their power and control from the point of view of power theory (Foucault 
1995; Schwan and Shapiro 2011). In short, the aim is to show which actors can exercise or are subject to 
power and control in this structure. In addition to consumers, the actors involved are companies and 
the State as a legislative and controlling entity, with companies referring to platforms, media, 
(advertising) companies and other organisations. The framework also addresses key issues such as 
barriers to entry, standards, and the influence of generative AI that can be used to customize entire 
worlds and operate robotic avatars. 

1st axis: Entities.  In this framework, consumers consume virtual worlds as experiences. Consumers 
are characterized by the consumption of products and services, whereby this consumption can be an 
experience for them, as well as social integration or classification (Holt 1995). Those virtual worlds are 
operated by companies as platforms on which other companies offer products and services to 
consumers and influence them with advertising content. And finally, we see the State as an entity that 
can control commercial competition in virtual worlds with the legal resources at its disposal. 

2nd axis: Activities.  We describe a consumer activity we could observed as 'cocooning', in which 
consumers surround themselves in a virtual world with both self-selected and commercially provided 
experiences, protecting themselves from the uncertainties of a physical lifeworld (Blackshaw 2010, 147). 
This activity can involve the formation of close social groups that stabilise the virtual consumer identity 
(Belk 2014; Nechvatal 2001) through shared social values and consumption practices (Habuchi 2005). By 
convenience, we mean activities that are brought to consumers in virtual worlds by corporations, 
facilitate consumption through the use of AI technologies (Ameen et al. 2021; He and Zhang 2023; 
Thakur, Bandyopadhyay and Datta 2023) and can therefore also influence cocooning from the outside. 
Competition in turn comprises activities between corporations, e.g. a platform, companies advertising 
on the platform or companies that have yet to access a platform, and the virtual worlds available there 
(Rietveld and Schilling 2021; Weiss and Schiele 2013). 

3rd axis: Control. The control exercised by technologies over consumers (Beckett 2012) as well as by 
consumers over technologies (Pizzi, Scarpi and Pantano 2021) is an area of tension that has been 
analysed in detail yet. Consumer self-control can be understood as a mental prison in the Foucauldian 
sense, as in virtual worlds the collection of data can holistically encompass all consumer activities 
without the need to consciously identify a guardian. This mental prison, in turn, can be controlled by 
platforms, and the use of AI, e.g. for the customised design of entire virtual worlds (“Canopy” 2023) or 
the control of avatars (“Convai” 2024), can intensify such control.  

The tension that can arise between the consumer's externality and self-determination in immersive 
cocooning is a broad research agenda that demands further exploration using new research methods 
such as immersive netnography (Kozinets 2023). Hence, future research will collect and analyse empirical 
data to further refine this framework. In addition to expert interviews, this will include interviews with 
users of metaverse platforms, netnographic observations in the sense of a netnography (Kozinets 2019, 
2024), and empirical reports on the use of metaverse platforms. As we anticipate that immersive 
experiences and worlds will increasingly define our lives, we hope to make a useful contribution with 
this framework. The aim is to publish the results in an academic journal. 
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Abstract 

This research fosters collaboration in developing VR training simulations for construction 
procedures using semantic web technology. It introduces SWRP, an intuitive, web-based graphic editor 
for QHSE rule editing, addressing the difficulties that construction experts face with SWRL. The main 
contribution is the VROPTS architecture, which integrates BIM, VR, and QHSE rules, as detailed in the 
results section, offering the potential to revolutionize collaborative construction and training practices 
through VR. 

Introduction 

In recent advancements within the construction industry, the integration of Building Information 
Modeling (BIM) with augmented and virtual reality (AR/VR) technologies has been a focal point of 
innovation (Hadavi & Alizadehsalehi, 2024). (Schiavi et al., 2022b) propose a comprehensive review that 
shows a significant gap in the literature regarding worksite operations and risk prevention and safety 
training using VR tools. Addressing this, (Schiavi et al., 2021a) developed a semi-automatic system for 
generating operational procedure scenarios in VR, leveraging 4D BIM and procedural knowledge. This 
system, underpinned by a UML model, facilitates the creation of realistic VR simulations for construction 
site training, allowing for the easy customization of procedural scenarios.  

A key enhancement of this system is the incorporation of Quality, Health, Safety, and Environment 
(QHSE) considerations into the ifcBuildingElement, fostering the automatic generation of these aspects 
in new scenarios. (Schiavi et al., 2022a) presented an innovative no-code tool, the Virtual Reality Training 
Scenario Editor (VRTSE), that empowers experts to intuitively add, modify, or remove tasks within these 
scenarios, bridging the gap between BIM data and VR training with a focus on QHSE rules. 

To further this endeavor, (Schiavi et al., 2021b) introduced an architecture that ensures 
interoperability between BIM operational procedures and VR simulations, anchored by the Safety BIM 
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Ontology (SBO). This ontology-based system maps BIM components to safety concepts and employs 
SWRL rules for conducting safety inspections. The efficacy of the SBO was validated through the 
development of an automatic safety risk identification and prevention mechanism, with its effectiveness 
confirmed via three distinct use cases. 

Recognizing the necessity for a more accessible approach to rule management within ontologies, 
this research paper introduces a web-based graphical editor designed to simplify the creation and 
modification of SWRL rules for those not well-versed in semantic web technologies, named SWRP 
(Semantic Web Rules Platform). The fundamental works that influenced its user-friendly interface and 
the extensive system for modifying QHSE rules has been explored. SWRP serves as a bridge, connecting 
the ontology—rich with QHSE knowledge expressed through semantic web technology—with various 
users, including QHSE experts and design engineers. This connection could foster, collaborative, and 
real-time interaction within the VR training simulation environment. 

The main contribution based on these findings is a final architecture that integrates BIM, VR and 
QHSE rules, enabling seamless data exchange for creating VR training simulations. This system, called 
VROPTS - Virtual Reality Operating Procedure Training System, is presented in the result section of this 
paper. 

Related works 

In the literature, various papers have studied the integration of web semantic technologies with VR, 
such as advanced visualization of molecular data in immersive environments (Trellet et al., 2018), VR 
modeling for Assisted Living, and VR training and simulations (Spoladore et al., 2017). Ontologies can 
serve as knowledge bases for creating VR training procedures in manufacturing (Havard et al., 2017). A 

2017), and a study developed a VR training application using an IFC ontology to prevent hazards by 
creating random experiences (Dris et al., 2019). 

However, rule editing with a graphics tool is necessary. Therefore, different methods of visualizing 
SWRL rules graphically have been reviewed, to enhance the understanding of the language through 
graphical representation. Also, the creation of graphical editors for making, modifying and removing 
SWRL rules has been studied. 

A comparison for each of the papers reveals: the different approaches examined, what kind of data 
architecture is used, which technologies are employed, and whether the solutions offered are usable or 
reproducible with the information given. A focus was made on four research papers that enable 
graphical editing of SWRL rules: (Orlando et al., 2012) have created a Web-Protected plugin for 
visualizing, creating and editing SWRL rules; (Bak et al., 2013) suggested a graphical visualization of an 
ontology and SWRL rules before and after reasoning as well as a graphical tool for SWRL rules creation; 
(Fill et al., 2017; Pittl & Fill, 2020)  have developed a visual modeling language for SWRL; (Bolock et al., 
2020) have designed a system of connecting boxes containing SWRL concepts for creating SWRL rules. 

In this regard, one of the crucial features of a graphical editor of SWRL rules is the validation of links 
between entities (directions and types), the cardinality check and the consistency check. A vital feature 
that is missing in all the graphical editors studied in this work is the ability to edit a rule that has been 
previously created in the ontology or created via the editor interface. The functionality provided by (Fill 
et al., 2017; Pittl & Fill, 2020) for exporting SWRL rules to other platforms such as Protégé is noteworthy, 
but it has been used only for checking ontology and SWRL rules outside the graphical editor as their 
editor does not allow this. The ability to add atoms to rules in SWRL notation is a useful feature for 
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representing properties with more than two parameters, for example. However, it cannot be used by 
anyone not familiar with SWRL. Thus, the scientific challenge is to propose a graphic editor for QHSE 
rule editing, on BIM ontology, to be used in VR training simulations. The outcomes of this platform are 
discussed in the following section. 

The web-based platform 

 

Figure P 25. SWRP interface, with a QHSE rule, indicating as an antecedent that if “A single person carrying an 
object weighing 25 kg or more” therefore “A person risks handling heavy loads”. 

Managing complex formal systems in industrial and construction settings requires applications that 
non-expert users of the semantic web can use. The developed graphical SWRL rule editor, named SWRP 
(Semantic Web Rule Platform) and shown in Figure P 25, follows the state of the art and has these 
features: See all entities with their hierarchy; Create rules graphically; Edit rules from the ontology or the 
interface; Delete rules; Show rules from the ontology; Rename entities; Check links between entities 
(directions and types); Check cardinality and consistency. 

To clarify, the numbers displayed on the SWRP interface in Figure P 25 correspond to these 
functionalities: the concept blocks (1) are in the menus and can be dragged and dropped into the rule's 
antecedent (2) or consequence (3). After filling in the blocks and naming the rule, a check button (4) 
shows the rule in SWRL (5) and send it to the ontology server. The SWRL rule lets language experts 
verify that the GUI-edited rule matches the intended SWRL rule. Previous rules (6) are in the right panel 
and can be edited or deleted.  

Results 

The graphical editor SWRP has been integrated in a final system architecture, called VROPTS (Virtual 
Reality Operating Procedure Training System), enabling interoperability between BIM, VR and QHSE 
rules and presented in Figure P 26. A use case has been studied and validated based on the QHSE rule 
shown in the Figure P 25. 
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The different areas of expertise are represented in the VROPTS. These knowledge bases feed and 
manage the simulation structure. They are supported by two editors, one for editing procedure 
scenarios (VRTSE) and one for graphically editing QHSE rules (SWRP). This system architecture makes it 
easy to add, modify or delete knowledge bases as required. Indeed, the ontology (SBO) can be gradually 
adjusted to match the learner's improvement. This allows the training to be tailored to each user’s 
individual requirements.  

Future iterations of the system could independently assess the trainee's level, allowing for automatic 
updates to the ontology requirement. Moreover, the VR simulation could be adapted to other 
ontologies, for example for off-site assembly operations from industrial prefabrications, DfMi, etc. (Li et 
al., 2015).  

 

Figure P 26. Proposed architecture of an interoperable system between BIM - VR and QHSE rules 
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Abstract 

This paper presents the use of XR and haptic feedback for electrician training at Ferrexpo, a mining 
factory in Ukraine. In this training module, trainees interact with a simulated environment to practice oil 
switch operations. A haptic feedback suit simulates electric shock when users make critical errors, such 
as operating in a live compartment or causing a short circuit, providing real-time consequences for 
mistakes in exam mode. In addition to the training module, an instructor app allows for user 
management and performance tracking, ensuring thorough evaluation and skill development. This 
approach highlights the practical benefits of immersive technologies for safety-critical environments in 
the energy sector. 

Recent studies in the energy sector have shown that XR and haptic feedback significantly improve 
trainee engagement, safety, and retention of complex technical skills.  Bairaktarova et al. (2023) note 
that "the integration of VR, AR, and wearable and haptic devices into learning environments creates 
immersive user experiences, thus enhancing user engagement." Alqallaf and Ghannam (2023) found 
that virtual reality "effectively enhances experiential learning, fostering deeper engagement and 
improved knowledge retention through hands-on simulations" in photovoltaic energy education. These 
findings support the implementation of XR and haptic technologies for safety-critical tasks, such as 
those demonstrated in the Ferrexpo case. 
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Figure P 27. 3D visualisation of a room with switchgear compartments. 

 

Figure P 28. The relay cabinet with control bus circuit breakers and power bus circuit breakers.
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Extended Abstract 

The reconstruction of large-scale real outdoor environments is crucial for promoting the adoption 
of Extended Reality (XR) in industrial and entertainment sectors. This task often requires significant 
resources such as depth cameras, LiDAR sensors, drones, and others, alongside traditional data 
processing pipelines like Structure-from-Motion (SfM), which demand extensive computational 
resources, thus preventing real-time processing. Additional constraints arise from the limited 
accessibility to the aforementioned resources. While 3D laser scanners (e.g., LiDAR) are precise and fast, 
they are expensive, often bulky  especially the high-quality models  and their effectiveness is 
contingent on the type of environment being scanned. Depth sensors offer a more affordable and 
compact alternative; however, due to their limited range, they are ideal only for indoor settings. 
Photogrammetry, while capable of producing high-quality results at a lower cost, can be time-
consuming and computationally intensive. It also suffers from limited accuracy, strong dependence on 
lighting conditions, and the need for numerous photos from various angles that can be not always easily 
accessible. 

To address these limitations, we initially proposed a Spatio-Temporal Diffusion neural architecture 
(Federico et al., 2024), a generative architecture based on diffusion models. This solution integrates 
simple and cost-effective temporal information (a brief temporally ordered sequence of photographs) 
with spatial information (a rough approximation of the environment to be reconstructed) to rapidly 
reconstruct complex 3D environments, filling in missing or noisy information. The use of a neural 
architecture stems from the need to achieve real-time processing, while the application of generative 
artificial intelligence serves to compensate for the lack of information, arising from the absence of access 
to costly resources or situations where certain data are unattainable (e.g., an unreachable viewpoint). 
We also introduced a novel 3D representation termed the Most Informative Part (SDF_MIP), a 
modification of the well-known Signed Distance Field (SDF) that aims to symmetrically distribute positive 
and negative voxels — a requirement we identified as essential during network training, particularly for 
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outdoor environments. Our model comprises a two-stage network: the first stage fuses temporal and 
spatial information to generate the missing data Figure P 29, left), while the second stage converts the 
SDF_MIP representation back to SDF (Figure P 29, right). An optimal trade-off between reconstruction 
quality and execution speed was achieved using the DDIM scheduler. 

 

 

 
 
         
 

 
 

Figure P 29. Stage 1 (left) and Stage 2 (right) of our Spatio-Temporal Diffusion Neural Architecture. 

 
Despite encouraging results, the reconstruction of complex environments required prohibitively 

long training times and high computational costs, failing to overcome the aforementioned limitations. 
Furthermore, the proposed solution does not scale well with the resolution and complexity of the target 
environment. We are currently developing a generative network architecture called Neural-Clipmap and 
an associated algorithm that alleviates training burdens, enables scalability, and minimizes 
computational and memory requirements. Specifically, the algorithm hallucinates and build a high 
quality version of a complex environment with a divide and conquer strategy by enhancing the structure 
of the underlying supporting octree, where each leaf is an atomic unit of computation (Figure P 30). 
Supported by the generative network (the diffusion one) (Ho et al., 2020), it determines whether a leaf 
node requires a coarsening operation (i.e., the input leaf is overly detailed and should be removed, 
refinement (i.e., the leaf requires further detailing), or no operation at all. The algorithm operates in two 
iterative phases (Figure P 30). In the first phase, for each leaf of the coarse octree, the generative network 
uses contextual information to modify it: a series of frames of color images of an hypothetical actor 
driving around a path, and the spatial neighbors of the leaf. The latter are taken at multiple levels. In 
particular, given a leaf, its spatial neighbors correspond to the nodes around it and, going up a level, 
those around the leaf's parent and so on up to the root. These two phases dynamically allow the octree 
levels to be pruned or increased. The generative network leverages the contextual information from our 
initial work (Federico et al., 2024), but it now employs a video vision encoder Arnab et al., 2021) to create 
a compact representation of the RGB frames. In this phase, we encountered challenges with training 
when using SDF or SDF_MIP, as the network struggled to appropriately correlate the contextual 
information. Consequently, we adopted the Triplane representation Chan et al, 2022), inspired by recent 
successes in neural representations, yielding more promising preliminary results. 
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Figure P 30. The Neural-Clipmap algorithm progressively converts a coarse octree into a detailed octree. 

 

However, generating the Triplane representation for every leaf of the octree and for each model in 
our dataset results in a frustrating delay. Additionally, increasing the model resolution exponentially 
raises the number of leaves, thereby contradicting our goal of easy scalability with resolution. 
Concurrently, we are exploring the use of 2D diffusion models (Ho et al., 2020) as priors for 
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reconstructing complex 3D environments. In this new attempt we minimize the input data by using only 
sequences of RGB images. Through a monocular depth estimator (Yang et al., 2024), we generate an 
initial point cloud of the environment, serving as the initialization for a 3D Gaussian Splatting 
representation (Kerbl et al., 2023). However, these points represent partial information, as the RGB image 
sequence covers only a portion of the environment. Thus, we employ 2D diffusion models as priors, 
utilizing a recent technique known as Score Distillation Sampling (SDS) (Poole et al., 2022) to reconstruct 
the missing information by moving the camera to points of interest. Unlike other works based on this 
technique (Lin et al., 2023; Tang et al., 2024; Liu et al., 2023) our challenge lies in starting from images 
rather than text and ensuring the consistency of the generated missing information with the existing 
data (termed "anchors"). SDS has been employed to generate simple 3D models and, despite this, 
suffers from various issues such as the Janus problem (Armandpour et al., 2023) difficulty in determining 
the appropriate guidance value, and overly saturated or blurred colors. To compensate for the lack of 
text guidance for the SDS, we used an image prompt adapter Ye et al., 2023). To tackle the issues of 
overly saturated or blurred colors, we devised a two-phase approach. The first phase uses the SDS (with 
an inpainting diffusion model) for initializing the missing parts, which may exhibit the aforementioned 
problems. The subsequent phase involves inpainting over the areas initialized by the SDS. For inpainting 
to work effectively, the missing parts require some initialization coherent with the real information 
available. Classical approaches include initializing the missing region with the average color of the real 
data, Perlin Noise, or, though slower, using an algorithm known as Patch Match (Connelly et al., 2009). 
We propose using SDS (Figure P 31, top) as a new method for initializing the missing areas and 
employing inpainting in the next phase (Figure P 31, below) to mitigate issues with saturated and blurred 
colors. Stage 1 is crucial not only for initializing the missing regions but also for performing multi-view 
inpainting in a manner consistent with other views, which would be unfeasible if starting directly from 
Stage 2. Furthermore, we could introduce a third Refine phase, where we add some noise to the 
rendered views and subsequently employ a standard diffusion model to denoise them, thereby 
eliminating any residual noise that may persist after Stage 2. For better quality results, the diffusion 
model for the refinement phase will likely be fine-tuned using the anchor images with the prior 
preservation technique (Ruiz et al., 2023) 
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Figure P 31. Starting from a sequence of images (the anchors), a monocular depth estimator is used to initialize the 
point cloud and then gaussian splatting is used to render the views and optimize its parameters via Score 

Distillation Sampling (Stage 1, above). The inpainting model is then used to realistically fill the parts filled but 
blurred by Stage 1 (Stage 2, below) 
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Introduction 

Augmented Reality (AR) has increasingly become a powerful tool for enhancing real-world 
interactions, particularly in fields requiring on-site visualization. In this context, web-based AR offers a 
flexible and accessible approach, eliminating the need for dedicated applications and providing cross-
platform capabilities. Motivated by the demands of a project requiring on-site AR visualization of a 
newly constructed school building, this poster explores various web-based AR frameworks to identify 
the most suitable options for real-world implementation. This poster presents an exploratory 
comparison of several AR frameworks, with a focus on providing practical insights for developers and 
researchers. A small prototype was developed for each framework, allowing for an initial evaluation and 
comparison. Based on this overview, we conducted in-depth tests of three key frameworks: Adobe Aero, 
AR.js, and MindAR, and decided to create an example application with MindAR. 

Related Work 

Web-based Augmented Reality (WebAR) has gained significant attention due to its potential to 
deliver immersive experiences directly in the browser, without the need for additional software. Several 
studies have explored different aspects of AR frameworks and their application in mobile and web 
environments. (Cao et al., 2023) provide an extensive survey on Mobile Augmented Reality, highlighting 
various user interfaces, frameworks, and the role of artificial intelligence in enhancing mobile AR 
experiences. Their work emphasizes the importance of intuitive user interfaces and the increasing 
intelligence behind AR systems, which also holds relevance in the context of WebAR. Their study 
primarily focuses on mobile AR apps, with limited attention to web-based solutions. (Júnior and 
Cuperschmid, 2019) focus specifically on WebAR, evaluating the 8th Wall framework for building 
visualization. Their work demonstrates the practical application of WebAR in the construction industry, 
showcasing how browser-based AR can be effectively used for architectural visualizations, a use case 
we consider in this paper as well. This study underlines the real-world potential of WebAR but does not 
provide a comparison between multiple frameworks, as this paper does. (Nitika et al., 2021) investigate 
the performance of WebAR across different web browsers, providing a technical evaluation of browser 
compatibility and rendering performance. Their findings are crucial for understanding the limitations of 
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WebAR, particularly in terms of hardware and software dependencies, which align with this paper's 
exploration of compatibility issues and performance across various frameworks. Despite these 
contributions, no comprehensive comparison of WebAR frameworks has been made to date. As web 
technologies evolve rapidly (Cao et al., 2023), the results from framework comparisons like this one risk 
becoming quickly outdated. Additionally, because many frameworks are built on foundational web 
technologies like three.js or A-Frame, there is a critical need for consistent maintenance to ensure 
ongoing performance and compatibility with evolving web standards. This paper aims to fill the gap by 
providing a detailed comparison of key WebAR frameworks, contributing to the body of knowledge on 
web-based AR solutions. 

Framework comparison 

The exploration of web-based AR frameworks reveals an interconnected ecosystem, where many 
solutions are built on technologies like three.js and A-Frame. This modularity offers flexibility but 
complicates direct comparisons, as shown in Figure P 32, which illustrates how AR frameworks layer 
over foundational engines. Our comparison began with a review of current WebAR solutions, assessing 
them based on infrastructure, tracking, and development features (summarized in Table P. 4). From this 
review, we selected three frameworks for in-depth testing: Adobe Aero, AR.js, and MindAR. Adobe Aero 
offers a no-code, visually rich experience but is limited by its proprietary nature and higher system 
requirements. AR.js, an open-source solution built on three.js and A-Frame, is lightweight and cost-
effective but lacks some advanced features. MindAR, focused on marker-based AR, is ideal for high-
performance tracking but is less versatile for complex AR applications. We evaluated these frameworks 
based on development ease, customization, tracking accuracy, and compatibility. While detailed 
tracking comparisons could be insightful, many frameworks rely on similar underlying engines, so 
tracking differences were not a primary factor. Though cost wasn't part of the comparison table due to 
varying licensing models, it is a key consideration. Open-source tools like AR.js and MindAR offer budget 
flexibility, while proprietary tools like Adobe Aero may justify their higher costs with additional features 
and support. Ultimately, we chose MindAR for its balanced performance, ease of use, and cost-
effectiveness, aligning with the project's on-site AR visualization needs. 

 

 

Figure P 32. Technology stack for WebAR applications. 
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Table P. 4. Comparison of different WebAR frameworks 

 
 

Example application: Digital Construction Fence 

A practical example of WebAR is the digital construction fence, which provides immersive 
visualizations for stakeholders in construction and urban development using MindAR and A-Frame (cf. 
Figure P 33). This application offers three distinct types of visualizations. First, a small AR experience can 
be triggered from a business card, allowing users to view a 3D model of the future construction, making 
it ideal for quick presentations and networking. Second, on-site visualization allows users to scan a 
designated area with their mobile devices to see a real-time AR overlay of the planned construction in 
its actual environment. Finally, a purely virtual version enables remote stakeholders to explore the 
construction site in detail via a web browser, offering flexibility for those who cannot visit the site in 
person. 

         

Figure P 33. Example application: Digital Construction Fence (f.l.t.r.: on business card, on-site, virtual) 

Discussion 

WebAR offers several key advantages that make it an appealing choice for developers and users 
alike. One of the most significant benefits is device compatibility. Unlike native applications, WebAR runs 
directly in a browser, which makes it accessible across a wide range of devices without the need for app 
downloads or installations. This ensures broader participation, as users can access AR experiences on 
smartphones, tablets, and even emerging devices like the Apple Vision Pro. As WebAR evolves, 
compatibility with such cutting-edge devices promises to deliver even more immersive and 
sophisticated AR experiences across platforms. Another advantage of WebAR is the ease of 
participation. Users can engage with AR content through simple links or QR codes, eliminating many of 
the traditional barriers to entry associated with app-based AR. This lower friction makes WebAR 
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particularly useful for short-term projects, marketing campaigns, or educational initiatives, where quick 
access to content is critical. However, WebAR is not without its limitations. One notable challenge is 
access rights management, particularly when it comes to handling permissions for camera access. 
WebAR applications require permission to use the camera, and inconsistent permission handling across 
browsers and operating systems can lead to user confusion or reluctance to grant necessary access, 
potentially limiting participation. Furthermore, hardware requirements can pose limitations on WebAR’s 
reach. While the technology works across many devices, it struggles to offer the same level of experience 
on older or low performance phones. This hardware may lack the processing power or browser 
capabilities needed to deliver smooth and high-quality AR interactions, which creates a gap in user 
experience, with more advanced and newer devices capable of richer, more immersive AR, while older 
or weaker ones may experience delays or diminished functionality. In conclusion, while WebAR presents 
an accessible and widely compatible option for delivering AR experiences, considerations around device 
capabilities and access permissions must be managed carefully to ensure a seamless user experience 
across different devices and platforms. 

Conclusion and Future Work 

This exploration of WebAR frameworks highlights their versatility and accessibility for delivering 
immersive experiences across various devices. Our comparison of frameworks like Adobe Aero, AR.js, 
and MindAR revealed key trade-offs in ease of use, technical performance, and compatibility, leading 
to the selection of the most suitable solution for our project. WebAR’s broad device compatibility and 
ease of access make it ideal for wide-reaching projects, but issues like access rights management and 
hardware constraints must be addressed to ensure a consistent user experience. Future research could 
focus on optimizing performance for older devices, refining permission management, and improving 
tracking technologies across varied environments. Additionally, as advanced devices like the Apple 
Vision Pro emerge, exploring WebAR’s potential for even more immersive experiences is crucial. By 
tackling these areas, WebAR frameworks can evolve, remaining powerful tools for developers and users 
in the fast-changing AR landscape. 
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Motivation 

The THEIAXR project (TheiaXR, 2024) is concerned with integrating novel human-machine interaction 
(HMI) technologies in off-highway vehicles, in order to improve operation safety, efficiency and 
operators’ quality of work. In the off-highway vehicle domain, many vehicles move using tracks rather 
than wheels, as this allows better stability and traction on soft and loose ground such as e.g., sand, mud 
or snow (Wong, 1997). Such tracked vehicles are operated using a pair of levers which allow the operator 
to independently set the velocity setpoint for each track, allowing agile maneuvering on complex terrain 
(see Figure P 34). Existing track controls exclusively act as input devices for the operator, and provide 
no form of assistance to the user or feedback on the current status of the operated machine.  

The provision of haptic feedback has been extensively studied in wheeled road vehicles (Gaffary and 
Lécuyer, 2018) and their simulators (Petermeijer et al., 2015). Force feedback through the steering wheel 
has been shown to be effective for e.g., steering assistance and vehicle targeting (Dennerlein et al., 
2000, lane-keeping (Prinoth, 2024), and the safe maneuvering of vehicles with attached trailers (Morales 
et al., 2013). Tactile feedback on the other hand has been shown to effectively assist vehicle navigation 
(Hwang and Ryu, 2010), obstacle avoidance [1] and speed control (Birrell et al., 2013). Force feedback 
has also been explored for teleoperated tracked robots and vehicles [5], but has never been applied 
within a tracked vehicle cabin in a drive-by-wire context.  

In this work, we therefore seek to investigate potential benefits that could be obtained by turning 
track controls into haptic feedback devices capable of delivering dual force and tactile feedback to an 
operator located directly inside the vehicle cabin. 
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Figure P 34. Examples of tracked off-highway vehicles studied within the THEIAXR project (left) with examples of 
associated track control levers (circled in red, right) 

Device prototype 

We designed a prototype (see Figure P 35) substitute for a pair of track control levers of a Prinoth 
Leitwolf snowgroomer [9].  

 

Figure P 35. (Left) CAD design of the first prototype, showing the vibrotactile actuators integrated into the handles 
and the DC motors providing independent torque feedback to each lever. (Right) Assembled prototype. 

The prototype features a pair of symmetrically arranged levers rotating a shaft whose angular 
position is measured using a Maxon MR 1000 point relative encoder, while torque feedback can be 
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independently provided on each shaft through an attached Maxon RE25 DC motor coupled with a 
HFUC-2A Harmonic Drive strain wave gear reductor with a ratio of 50. We integrated Titan Haptics 
TacHammer Carlton linear magnetic ram actuators capable of delivering intense high-fidelity vibrotactile 
feedback cues within the tip of each lever. The vibrotactile actuators are driven using custom-built 
electronics based on an Arduino Micro and a pair of Texas Instruments DRV2605 haptic drivers, 
connected to the main embedded controller via SPI. Force feedback control is achieved using a 
proprietary embedded controller designed by Haption, communicating with a host software on a PC 
via EtherCAT. This host software is e.g. capable of interfacing the haptic track controls with a simulated 
snowgroomer and environment in Unity3D. 

Envisioned haptic assistance functions and future work 

In upcoming evaluation work, we will integrate the designed prototype into a realistic 
snowgrooming simulator environment in order to test the acceptability and effectiveness of the haptic 
assistance functions detailed below. 

We will investigate the impact of tactile feedback on improving lane-keeping during snowgrooming, 
e.g., to ensure consistent overlap and parallelism between passes on groomed ski slopes (see Figure P 
36 left). Velocity has a significant impact on resulting snow quality, we will also investigate the use of 
tactile warnings in case of excessive velocity. Also, significant discrepancies between the commanded 
track velocities and the vehicle ground velocity measured e.g., using GPS, may be an indicator of the 
vehicle treading in place, digging itself into a pit and damaging the groomed snow slope. We will 
therefore investigate tactile warnings relating to excessive or insufficient vehicle velocity (see Figure P 
36 center). Finally, we plan to assess whether tactile warnings of impending collisions can assist the 
operator in quickly reacting to avoid them (see Figure P 36 right). 

 

Figure P 36. Concepts for tactile feedback assistance for navigation (left), speed control (center) and obstacle 
avoidance (right) 

Vehicle deviation 
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Regarding the use of force-feedback capabilities, we will investigate the idea of guiding the user 
towards a lower velocity as a complementary form of feedback to the tactile velocity warnings 
mentioned above. Furthermore, we are in the process of implementing a navigation assistance 
controller, which gently guides the operator towards the ideal track control lever pose required to reach 
a defined vehicle orientation and velocity (see Figure P 37). 

 

Figure P 37. Concept for torque feedback navigation assistance 
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Introduction 

As part of regulating artificial intelligence (AI) in Europe great efforts have been put towards defining 
and understanding the ethical principles for AI. As extended reality (XR) is facilitated by AI there is 
significant overlap in the applicability of the principles for also assessing the ethical impact of XR. Existing 
research has made great efforts into understanding the accessibility and inclusivity requirements for 
users who are e.g. visually impaired or hard of hearing (Fox & Thornton, 2022). The field of XR is still 
relatively new and therefore a limited number of standards are available for enabling interoperability. 
The sustainable development of XR applications is dependent on accounting for social, economic and 
environmental impacts e.g. by meeting requirements for cost-effective delivery of the underlying system 
and updates as well as limiting the energy consumption of the tools (Carvalho & da Silva, 2021). To 
understand the role of AI in impacting the sustainable development of XR applications an ethical impact 
assessment was carried out.  

This paper presents the ethical impact assessment of XR applications and the tools that enable them 
using a collaborative approach between developers, social scientists and external stakeholders / 
potential end-users. The primary findings are around trust, health and safety, technical robustness, 
human agency and oversight, autonomy and beneficence. The risks are presented alongside suggested 
actionable mitigation measures for considering the potential ethical impacts as part of the technology 
design. 

Approach for ethical impact assessment of AI in XR  

To carry out the ethical impact assessment a framework of various ethical, legal and societal 
guidelines, standards, and regulations was defined. These provide the basis for identifying and assessing 
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the potential impacts of AI in XR. The frameworks identified as most relevant to the assessment are 
detailed in the below table18.  

Table P. 5. Frameworks for ethical impact assessment of AI in XR applications 

Framework  Applicability  

Ethics Guidelines and 
Assessment List for 
Trustworthy AI (High-Level 
Expert Group on Artificial 
Intelligence (HLEG), 2019)  

For the sustainable development of XR and adoption of the technology in a 
wide variety of use cases the solutions need to be trustworthy. The AI High 
Level Expert Group  (AI HLEG) have identified key requirements for AI systems 
to meet in order to be considered trustworthy.  

Data ethics ((Tranberg et al., 
2018) 

As using AI for XR processes large amounts of data, considering data ethics is 
necessary for the sustainable development of XR, by adhering to best practice 
standards such as data minimisation.  

Recommendation of the 
Council on AI ((OECD, 2024) 

The OECD principles for responsible stewardship of trustworthy AI are a series 
of values-based practical recommendations.  

Privacy--by--design (Social 
Impact Assessment, 
n.d.)(Cavoukian, 2009) 

To propose actionable mitigation measures to the ethical risks identified the 
foundational principles of privacy by design were followed so that ethics may 
be embedded into the applications. 

EU Charter of Fundamental 
Human Rights (CFREU)  

Ethical values are codified and given expression in the form of human rights. 
Though multiple instruments of human rights exist also at the national level, 
the CFREU has a strong normative influence on national human rights laws. 

General Data Protection 
RRegulation (GDPR) 
(Regulation (EU) 2016/679)  

On top of potentially processing personal data for creating XR applications, 
GDPR will also be applicable for any third party devices that collect or process 
the data from the user.  

EU AI Act ((European 
Parliament, 2023) 

A first of its kind, the EU AI Act will regulate AI systems put on the market on 
the EU using a risk-based approach. Similarly to the GDPR the regulation is 
applicable not just in the EU but extraterritorially as well and is expected to 
impact future AI regulation. 

UN Sustainable 
DDevelopment Goals (SDGs) 
(United Nations, 2015) 

The AI HLEG has suggested that AI can help achieve the UN SDGs and was 
hence chosen to help assess the social impact and sustainability of AI in XR 
and how the technology may support positive societal impacts.  

 
Following the definition of the framework to be used for assessing the ethical impacts in AI used for 

creating XR applications, a pre-identification of potential risks was carried out by the ethics advisors. 
These risks were taken to the developers and discussed in dialogue sessions to be sure there was a 
shared understanding of the process and the implications between the technical experts, ethicists and 
the social scientists. The outcomes of these dialogue sessions were then taken to a validation workshop 
with stakeholders to be sure any assumptions made about potential concerns were valid and that any 
risks that were missed by the development team could be considered as part of the co-design process.   

 

 
18 A limitation of this study is that the frameworks identified for this particular assessment are Western-centric as 
this is where the regulation on AI is currently most advanced. However, future iterations could be adapted to be 
inclusive of non-Western ethics and regulatory frameworks for more globally applicable findings. 
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Ethical risks and potential impacts   

The ethics of AI in XR can be highly context specific: depending on the application and use case 
area the approach for addressing trustworthy AI principles, such as fairness and explainability, may need 
to vary. The impact of the ethical implications of AI in XR is of course also affected by the user and the 
level of prior exposure or experience they have had in using XR devices, especially headsets. Below are 
some of the risks associated with the use of AI for creating XR applications.  

Equality and non-discrimination. Bias or discrimination can creep in to the design of an XR 
application through overlooking diversity and inclusion metrics when collating requirements, insufficient 
stakeholder engagement in the design process resulting in the development of a technological solution 
that is not useful for its target audience, or omitting just a certain type of stakeholder resulting in the 
reinforcement of pre-existing biases from the developers.  

Technical robustness and safety. In instances where XR applications are connected to the internet a 
lack of technical robustness will also have inherent cybersecurity risk. These threats may be directly from 
targeted attacks by malicious actors or through poor data management and cybersecurity protocols 
leading to unintentional leaks. A lack of technical robustness will lead to an unreliable application which 
can cause safety concerns, e.g. in a high pressure working environment.  

Trust and human agency. As technology gets smarter and virtual realities become more realistic 
humans may become overreliant or too trusting of the system, believing it is capable of more than what 
it was designed to do. Or on the opposite end of the spectrum a system can be too opaque, 
miscommunicated and its functions or capabilities hidden, creating distrust in users and the public. The 
aim of new technology in the workplace should not be to replace established practices skills and 
knowledge but to enhance current roles through providing insights and creating new responsibilities by 
supporting the completion of more tedious roles.  

Privacy. End-users’ privacy could be at risk through not establishing a legal basis for the sharing and 
processing of personal data, non-consensual collection of personal data, e.g. through third-party 
devices, such as Hololens requesting biometric data, excessive processing collection and further 
(re)processing of data.   

Health and safety. A key risk to consider is that many XR applications will be headset-based and it 
is well documented that some users may experiences physical side effects (Saredakis et al., 2020). The 
side effects are exacerbated as it is not always clear which preconditions in a user may cause the side 
effects. Though it is known that age or pre-existing eye conditions may be contributing factors users 
are not always aware of such ailments before using XR devices. Additionally, using headsets for longer 
period of time, for example in a work environment, can lead to disorientation when adjusting back to 
the real world.  

Beneficence and do-no-harm. Sustainability and health and safety may be impacted through over-
collecting irrelevant data, leading to a requirement of greater amounts of processing power and storage 
spaces, and greater threats to privacy. A lack of consideration for sustainability can also have an adverse 
environmental impact, for example using excessive amounts of computing power could lead to 
preventable environmental harm. Working alongside machines may reduce employees value in their 
work, impacting their autonomy and ultimately leading to job loss. There is also a risk of low uptake or 
engagement which could render the social value of the XR applications limited. 

In summary, with XR having found most uptake in the gaming sector at the moment it’s impact on 
society has been limited, however it is expected the XR industry will grow 33% by 2032 (Fortune Business 
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Insights, 2024) as more ideas for exploiting the technology become apparent. As such more sector and 
use case specific ethical risks will occur. This account of ethical concerns is by no means exhaustive as 
highly context specific principles of responsible AI such as bias, explainability and privacy will need to 
be considered in more specific detail to truly implement an ethics-by-design approach.  
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Abstract 

Autonomous vehicles (AVs) face greater challenges navigating urban areas compared to highways, 
particularly in communicating with pedestrians to ensure road safety and traffic flow. Previous research 
has explored various communication methods, including implicit and explicit ones, with virtual reality 
(VR) emerging as a cost-effective evaluation tool. However, many of studies are limited by single testing 
scenarios, overlooking some important factors that may influence pedestrian decision-making. To 
address these gaps, we identified four key factors from a prior survey on pedestrian behavior with both 
classical and autonomous vehicles. We then propose a VR-based evaluation testbed that allows 
experimenters to configure diverse urban scenarios. This ongoing work aims to provide a 
comprehensive assessment of autonomous vehicle communication systems. 

Introduction and Rational 

With advancements in technology, more and more autonomous functions are being integrated into 
vehicles. The transition to autonomous systems poses challenges for pedestrians in interpreting AVs' 
intentions. The absence of human drivers impairs traditional communication methods, such as eye 
contact, facial expressions, and hand gestures, in AV interactions (Sucha et al., 2017; Schmidt et al 2009). 
To address this issue, previous research has investigated both implicit and explicit communication 
methods for external human-machine Interface (eHMI) in AVs. While implicit cues, like vehicle behaviors 
allow pedestrians to deduce the vehicle's intentions (Risto et. al., 2017; Zimmermann et al., 2017), explicit 
signals directly convey AVs' intentions and provide guidelines to pedestrians through visual (De et al., 
2019; Weber et al., 2019; Rettenmaier et al., 2019; Hensch et al., 2019; Palmeiro et al., 2018) and audio 
cues (Matthews et al., 2017; Florentine et al., 2016). To assess pedestrians' comprehension of these 
designs and evaluate their effectiveness, various methods, such as images (Fridman et al., 2017; Fuest et 
al., 2020), videos (De et al., 2019; Song et al., 2018; Eisma et al., 2019), Wizard of Oz (WoZ) (Hensch et 
al., 2019; Fuest et al., 2018; Joisten et al., 2020; Currano et al., 2018; Rothenbucher et al., 2016) and virtual 
reality (Schmidt et al., 2019; Dietrich et al., 2020; De et al., 2019; Chang et al., 2017; Weber et al., 2019; 
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Bernhard et al., 2008) are employed. Each method has its own strengths and limitations, making them 
suitable for different stages of evaluation of AVs communication. 

Image- and video-based methods are effective for early-stage evaluations, enabling quick collection 
of user feedback to guide further studies. For example, participants can rate images of approaching AVs 
based on their understanding (Fridman et al., 2019) or willingness to cross (Fuest et al., 2020). Video 
studies can assess participants' crossing behavior in response to various vehicle driving behaviors and 
automation states at unmarked roads (Dey et al., 2019). However, both images and videos fall short in 
providing an immersive experience and interactive evaluation. Since AV functions are still under 
development, the WoZ technique, where a hidden driver mimics an AV (Fraser et al., 1991), is often 
employed. A study using WoZ technique has shown that a visible driver doesn't always enhance 
pedestrians' perceived safety, and pedestrians tend to prioritize vehicle behavior over eHMI features in 
safety assessments (Hensch et al., 2019). While WoZ technique offers realistic evaluations, it usually 
poses safety risks and is costly due to the complexity of the setup and data collection (Fuest et al., 2020). 

With advancements in technology, virtual reality has emerged as a valuable tool for providing a 
cost-effective and immersive experience in evaluating pedestrian-vehicle interactions.  For example, 
virtual reality is used to assess pedestrians' reactions and trust by simulating different trajectories, driving 
behaviors and strategies (Fuest et al., 2020; Schmidt et al., 2019; Dietrich et al., 2020). Additionally, it 
allows for the simulation of more interactive eHMI concepts, such as an "eye" that appears to look 
towards pedestrians (Chang et al., 2017). Its straightforward setup also facilitates the replication across 
different cultural contexts.  

Understanding pedestrian behavior is complex and influenced by various factors, such as road 
conditions, traffic characteristics, and social dynamics, all of which significantly impact decision-making 
when interacting with AVs. However, certain important factors, such as group size and road design, have 
been underexplored in existing research, limiting the potential to fully validate designs for real-world 
applications (Rasouli et al., 2019). Therefore, a comprehensive testbed that integrates these diverse 
factors is essential for ensuring the effectiveness and practicality of AV communication systems in the 
industry. Therefore, in this paper, we propose a VR-based testbed for evaluating eHMI. VR technology 
is particularly well-suited for this purpose, as it offers immersive, cost-effective, and easily set-up 
simulations that can be tailored to meet various evaluation needs (Fuest et al. 2020). 

Testbed design 

Our testbed uses PProuVR, aa Unity based multi-user platform (developed by IRT b<>com)  that 
enables ergonomists to customize virtual environments (VE) according to experimental needs and 
gather in-depth feedback from end users (Devreux et al., 2023). When setting up the VE for experiments, 
ergonomists can configure it by adding objects from an existing library or removing them from virtual 
scene, as well as replacing and rescaling them from both the PC and VR sides. This flexibility allows for 
precise control over the experimental setup, ensuring that it meets the specific requirements of each 
study.  

Based on a survey of factors influencing pedestrian decision-making in both classical pedestrian–
driver interaction studies and modern AV-related research (Rasouli et al., 2019), we identified key 
elements that can be configured using VR methods. These factors were then categorized into four 
distinct classes and integrated into our testbed for comprehensive eHMI evaluation: AV profile, road 
design, pedestrian characteristics, and wweather and lighting conditions. 
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AV profile 
In our testbed, ergonomists can cchoose from a diverse range of virtual vehicle models in the library, 

including both aggressive and friendly designs (Dey et al., 2017) in various colors. The system allows for 
detailed configuration of vehicle parameters, including the AV's starting position, initial velocity, braking 
point, and deceleration rate. Such precise control over vehicle speed and distance from pedestrians 
allows the ergonomist to measure gap acceptance in time which pedestrians consider safe for crossing. 
Furthermore, it enables simulations of different driving strategies to evaluate how pedestrians interpret 
the AV's behavior and intention. For instance, it is possible to configure a more defensive driving strategy 
that involves early deceleration when yielding, or a more aggressive approach that simulates sharp 
braking just before the pedestrian. As spatial audio has been shown to enhance task performance 
compared to unimodal sound (Bernhard et al., 2008), our system includes the option to incorporate 
spatial sounds, such as engine or braking noises of the AV.  

To address the debate on whether pedestrians disregard the driver's state (Dey and Terken 2017) or 
rely on eye contact to assess the driver’s intentions (Rasouli et al., 2017a; Walker et al., 2007; Guéguen 
et al., 2015), our system provides the option to include or exclude the driver’s presence. Additionally, 
the integrated eye-tracking system in the VR headset tracks participants' gaze patterns, offering insights 
into where they focus during interactions. The size of the vehicle can be adjusted once the model has 
been added to the virtual scene. Vehicle size is a crucial factor in the pedestrian decision-making 
process. Pedestrians generally exhibit greater caution when facing larger vehicles (Das et al., 2005), and 
a larger vehicle may also increase the likelihood that pedestrians underestimate its arrival time (Caird et 
al., 1994). Multiple vehicles can be added to the scene to simulate varying traffic volumes as higher 
traffic volumes generally make pedestrians less likely to cross the street (Ishaque et al., 2008). 

Road design 
Different modular road structures are provided in the library, including straight roads, curved roads, 

crossroads, roundabouts, T-junctions, and Y-junctions. Ergonomists can combine different structures to 
customize the road layout as needed. The road width can be modified by adjusting the size of the road 
structure, as some previous research indicates that road width has impact on pedestrian crossing 
behavior. For instance, pedestrians tend to exercise more caution on wider roads, while they are more 
likely to accept smaller traffic gaps on narrower roads (Schmidt et al., 2009; Rasouli et al., 2017b). 
Moreover, our testbed offers a variety of street markings, including traffic signals and zebra crossings, 
allowing ergonomists to customize their road designs. These features have been shown to significantly 
influence pedestrian behavior and their level of compliance with traffic laws (Moore et al., 1953; 
Mortimer et al., 1973). 

Once the road layout is established, ergonomists can ddefine the vehicle's trajectory within the VE by 
specifying various control points. The simulation of the vehicle's movement is driven by predefined AV 
parameters and follows a path generated by a Bezier curve based on these control points, utilizing the 
Unity engine. This setup also allows ergonomists to explore specific scenarios, such as simulating a 
vehicle's behavior under law violations and different right-of-way situations. 

Pedestrians' characteristics 
The state of pedestrians, particularly their speed and direction of movement, influences their 

crossing decisions. Previous studies have shown that while walking, pedestrians receive better optical 
flow information, enhancing their ability to estimate the speed and distance of approaching vehicles. As 
a result, walking pedestrians are generally less conservative in their crossing behavior compared to 
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those who are standing still (Oudejans et al., 1996). To address this question, our testbed enables 
ergonomists to select whether participants stand still at the beginning of the experiment or start with a 
predefined walking speed. In the latter scenario, the pedestrian avatar can navigate the VE at the 
specified velocity using joystick controls. 

Whether pedestrians walk alone or in a group also influences their crossing behavior. Group size 
impacts pedestrian flow, which affects crossing speed. Generally, pedestrians tend to walk slower in 
denser groups (Wiedemann et al., 1974). Some social factors, such as imitation, also play a role in 
shaping pedestrian behavior. Studies suggest that individuals in a group are more likely to follow 
someone, whether they are adhering to or violating traffic laws (Rosenbloom et al., 2009). As group size 
increases, the likelihood of pedestrians imitating others decreases (Dolphin et al., 1970). To evaluate 
pedestrian behavior in group contexts, our testbed provides a variety of animated humanoid walking 
agents in the library. These agents can be preconfigured by setting their start and end points, as well 
as their walking speed. Ergonomists can position the agents within the VE to create pedestrian groups 
of varying sizes. Additionally, the movement of these agents can be triggered in real time using the 
WoZ technique to simulate extreme scenarios, such as crossing at a red light, allowing for the study of 
pedestrian imitation behavior. 

Weather and light conditions 
Pedestrian behavior is also influenced by weather and lighting conditions (Harrell et al., 1991). For 

instance, pedestrians typically have poorer speed estimation in bad weather conditions (Sun et al., 2015). 
Similarly, lower illumination levels impair pedestrians' visual function, making them more likely to take 
riskier decisions (Rasouli et al., 2019). To enable ergonomists to analyze AV communication forms under 
various weather and lighting conditions, our testbed includes options for simulating adverse weather, 
such as rainfall using Unity’s particle system and wet pavement effects with diffuse light reflections. 
Additionally, ergonomists can adjust illumination levels to simulate different lighting environments. 

Conclusion and future work 

Ensuring pedestrians understand AVs’ intentions is crucial. However, many eHMI evaluation studies 
overlook key factors that influence pedestrian decision-making. In this ongoing work, we identify four 
key factors: AV profile, road design, pedestrian characteristics, and weather & lighting conditions. 
Besides, we propose a VR-based testbed that integrates these elements, allowing ergonomists to 
configure test environments for a comprehensive assessment of AV communication systems. Future 
work will focus on further developing testbed functions and conducting user tests to validate its 
effectiveness. 
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Abstract 

Recent research on co-located collaboration using Augmented Reality (AR) technologies 
demonstrates that physical workspace partitioning is essential to meet the privacy needs of 
collaborators. However, there is still a lack of research on how to display workspace partitioning in AR. 
This work aims to help users become aware of their personal and public workspaces in the physical 
space to perform collaborative tasks more effectively. In this paper, we propose and investigate the 
effects of different AR workspace boundary visualization methods, including Line, Opaque, and Semi-
transparent. 

Introduction 

Many research works highlight the advantages of Augmented Reality (AR) in immersive 
collaboration. One key application of AR is workspace partitioning. For instance, Lee et al. 2022 explored 
virtual separators to reduce visual distractions in open-plan workspaces, demonstrating that virtual 
partitions can reduce distractions and allow users to personalize their space, leading to improved 
experiences in co-located shared environments. Similarly, Jackson et al. 2024 introduced the Workspace 
Guardian system to promote awareness of personal workspace boundaries among AR users. Their study 
found that automatically defined boundaries significantly reduced workspace encroachments and 
enhanced user comfort compared to user-defined ones. Although spatial partitioning in AR has been 
shown to improve workflow in co-located collaboration, few studies have examined its effects in 
industrial assembly settings where collaborative model assembly is required. 

In this context, our study aims to investigate the effect of different types of virtual boundaries 
superimposed on the floor for workspaces partitioning.  We performed a user study to compare three 
basic visual boundary cues, namely: Line, Opaque, and Semi-transparent boundary, in terms of 
performance, usability, and cognitive load. 
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Workspace Partitioning 

We have implemented the space partitioning algorithm proposed in Ouedraogo et al. 2024, 
following several steps to generate the different types of workspace boundaries for the experimental 
study: 

 Step 1: Scan the physical space to understand the scene, obtain the environment mesh data, 
and remove the ceiling and walls from the mesh. 

 Step 2: Partition the space into n + 1 spaces using k-means clustering, where n is the number 
of collaborators. 

 Step 3: Compute new meshes to define the boundaries of different workspaces. 

 Step 4: Assign each user a private workspace and indicate the public workspace.  

For the experimental study, we proposed three visualization modes to mark the boundary using 
varying opacity levels: Line, Opaque, and Semi-transparent mesh texture. In the case of Opaque (Figure 
P 39C) and Semi-transparent boundaries Figure P 39D), the Delaunay triangulation algorithm is applied 
to each cluster from the k-means output to identify the triangles forming the new mesh during step 3. 
These meshes are rendered with appropriate materials: Unity’s default opaque materials for Opaque 
boundary, and MRTK materials with near-fading for Semi-transparent boundary, allowing areas near the 
user to appear transparent and gradually transition to opacity. For Line boundary (Figure P 39B), the 
border vertices of each subspace’s mesh are identified and connected to form line meshes. 

 

Figure P 38. A) A room’s mesh is obtained by scanning using Microsoft HoloLens 2. Then, the space can be 
partitioned using three types of boundary visualisation generated on the floor to indicate the different workspaces 

(green is public area, red and white are pri 

Hypotheses and Experimental Design 

We conducted a user study to evaluate the effectiveness of three visualization modes for virtual 
boundaries in collaborative AR. The experiment followed a within-subjects design with one factor 
(Technique), which included three conditions (Figure P 39): Line boundary, Opaque boundary, and Semi-
transparent boundary. The order of these techniques was counterbalanced across participants using a 
balanced Latin square. We formulated the following hypotheses: 

 H0: The time required to complete tasks will be similar across all conditions (Line, Opaque, 
and Semi-transparent boundary). 

 H1: Line boundary technique will be more usable, require less cognitive load, and be 
preferred by participants compared to the other techniques. 

Six pairs of participants, aged between 18 and 32 (nine men and three women), were recruited from 
our Department and University to take part in the experiment. 
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Experiment Setup and Tasks 

The system, developed in Unity3D 2021.3.15f1, includes two client hosts using Microsoft HoloLens 2 
and a server running on a Windows PC with an Intel Xeon W-2135 processor, 32GB RAM, and an RTX 
4000, connected through 5-GHz Wi-Fi. The experiment was conducted in an office space measuring 5m 
× 3.5 m. The collaborative task involved decorating an apartment, with each participant responsible for 
different parts of the interior. After discussing the design plan based on a 2D image (Figure P 40B), they 
agreed on their individual tasks. Three 3D apartment models were randomly assigned to the boundary 
visualization conditions, and participants had to collect six specific objects from their workspaces for 
each model. One participant handled decorative items (e.g., flowers, plants, lamps) (Figure P 40A), while 
the other managed furniture and appliances (e.g., chairs, tables, fridge) (Figure P 40C). Roles were 
randomly assigned at the start of each condition. 

 

Figure P 39. Example of a task in experiment 1: A) User A's shelf contains decorative items such as lamps, flowers, 
plants, a TV, and a laptop. B) 3D apartment model and 2D image highlighting missing objects with red circles to 

indicate where they should be placed 

Procedure 

The 40-minute experiment began with participants receiving instructions, signing consent forms, 
and completing a demographic questionnaire. They were then equipped with Microsoft HoloLens 2 
headsets and underwent a training session to familiarize themselves with the device and interactions. 
At the start of each task, they read instructions and start the task by pressing a start button. After each 
task, they completed the NASA-TLX and SUS questionnaires. Once the experiment ended, they ranked 
the three techniques based on their preferences. 

Data Collection 

We registered 24 trials: 3 techniques × 12 participants. We collected the following measures: 
 Quantitative data: Task Completion Time (TCT) refers to the duration required to finish the 

task under various conditions. 
 Subjective data: Technique usability was evaluated using the System Usability Scale (SUS), 

cognitive load was measured with the NASA-TLX, and preferences were ranked from best 
(1) to worst (3) using an Overall Ranking questionnaire. 

Results and Conclusion 

This study evaluated the effects of three boundary visualization techniques (Line, Opaque, and Semi-
transparent) on Task Completion Time (TCT), cognitive load, and usability in collaborative AR. A one-
way repeated-measures ANOVA test was used for the TCT data, which revealed no significant 
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differences between the techniques (F2,22 = 0.36, p = 0.7). This indicates that the boundary type does not 
significantly affect task efficiency, thus supporting the null hypothesis H0.  

For cognitive load, the Friedman test was applied to the NASA-TLX scores, which showed no 
significant effect across conditions ( 2(2) = 3.5, p = 0.17). This suggests that the cognitive load was 
similarly low for all techniques. The usability scores, calculated using the SUS method, were also 
analyzed using the Friedman test, which again indicated no significant effect between techniques ( 2(2) 
= 0.12, p = 0.94). However, Line boundary achieved a slightly higher mean SUS score above the usability 
threshold of 68 ( whereas Opaque and Semi-transparent conditions scored below 
this threshold.  

 

The overall ranking of the techniques was analyzed 
using the Friedman test, which revealed a 
significant difference in participant preferences 

2(2) = 8.66, p = 0.013) (Figure P 41). Post-hoc 
analysis using the Wilcoxon Signed Rank test with 
Bonferroni correction showed a significant 
difference between Line and Semi-transparent 
conditions (p =0.014), while no significant 
differences were found between Line and Opaque 
(p = 0.27) or Opaque and Semi-transparent (p = 1). 
Participant feedback further supported the 
preference for Line boundary. Several participants 
(e.g., P4 and P7) appreciated its minimal 
interference, while others found Opaque and Semi-
transparent conditions visually overwhelming or 
uncomfortable (e.g., P9 and P8). 

Figure P 40. Mean of overall user ranking of the 
three boundary visualisation techniques (1 indicating 
the best, 3 the worst), with error bars showing 95% 

confidence intervals (CI). 

Overall, the study suggests that while task efficiency is unaffected by the type of boundary 
visualization, Line technique was subjectively preferred for its simplicity and reduced cognitive load, 
providing partial support for hypothesis H1.  
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Introduction 

Parkinson’s disease (PD) affects an estimated 1 million Americans, with approximately 1.6% of 
individuals over the age of 65 receiving treatment annually (Bamford and Henderson, 2021). 
Characterized by tremors, a shuffling gait, bradykinesia, muscle rigidity, and postural instability, PD leads 
to significant physical impairment and increased mortality risk. Its management is further complicated 
by autonomic dysfunction, depression, dementia, and psychosis Schwalbe et al., 2023). As the older 
population grows, innovative rehabilitative approaches are needed. Integrating mixed reality (MR) and 
artificial intelligence (AI) offers a promising solution, providing personalized interventions and predictive 
analytics to enhance hand dexterity in PD patients. 

Methodology 

Comparative Evaluation of Existing Therapeutic Modalities 
Current therapeutic interventions for tremor disorders in older populations are typically divided 

between mechanical assistive devices and virtual rehabilitation strategies. Mechanical solutions, such as 
functional gloves and utensil grips, address the physical effects of tremors by compensating for reduced 
strength and dexterity. In contrast, virtual rehabilitation approaches, particularly those leveraging mixed 
reality (MR) technologies, focus on improving motor function and sensory feedback through immersive, 
real-world simulations that offer structured rehabilitation exercises (Pereira et al., 2020). While 
mechanical devices provide immediate support, MR-based platforms promote long-term motor skill 
development through personalized exercises (Mois et al., 2019); Kolsanov et al., 2020). However, a 
significant gap in the research is the lack of integration between these two approaches, missing the 
potential benefits of combining physical assistance with immersive digital rehabilitation (Dineshkumar 
et al., 2022; Gu et al., 2022). This paper introduces a novel MR system that bridges this gap by integrating 
ergonomic hand support with MR-based rehabilitation exercises. Developed iteratively with feedback 
from users and professionals, the system offers both immediate physical assistance and sustained 
functional improvements, ensuring accessibility and effectiveness. 
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Integrated Mixed Reality Solution 
This study presents an innovative mixed-reality framework that integrates ergonomic hand motion 

support with MR rehabilitation, combining physical tremor stabilization and motor skill enhancement 
exercises (Gonsher and Lei, 2022). The system features an ergonomically adaptable hand motion 
assistance device, while the MR component uses AI algorithms to adjust exercise difficulty in real-time 
based on user progress, promoting motor skill development through interactive, gamified tasks. 
Telehealth capabilities enable remote monitoring and consultations, improving accessibility (li and Lei, 
2024). The system personalizes rehabilitation using real-time data, while voice-activated controls, 
powered by Natural Language Processing (NLP), enhance usability. Extensive validation and iterative 
refinements ensure the system's functionality and comfort, advancing personalized geriatric 
rehabilitation. (Figure P 42)  

 
Figure P 41. Functional diagram 

Prototype Design Process 

Physical Prototype Design 
In developing our prototype to enhance hand dexterity rehabilitation through mixed reality (MR) 

interventions augmented by AI, we created a 3D-printed model to examine how the gripping 
mechanism aligns with the natural curvature of the human palm. By integrating biomechanical precision 
with advanced technology, we enhanced grip stability and precision, resulting in an asymmetrical 
ergonomic design that facilitates smooth hand movements and active grip support. The prototype 
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features a dual-component system connected by a hinge, simulating the natural opposition between 
the thumb and fingers necessary for gripping. A servo motor embedded in the thumb component 
functions as both an actuator and stabilizer, enabling real-time responsiveness to hand movements. The 
system is powered by an Arduino Nano board with low-energy Bluetooth, and a battery housed in one 
of the handles powers both the motor and controller. This anatomical design ensures smooth transitions 
between open and closed hand positions, closely replicating natural hand movements. 

In practical use, such as picking up a book, the process is divided into two cycles: grabbing and 
releasing. During the grabbing cycle, the device remains idle, allowing the user to intuitively grasp the 
object, while the hinge mechanism stabilizes hand movements, reducing tremors. A button on the user's 
phone switches the device to grip mode, locking the position of the handles to maintain a firm hold on 
the book, thus minimizing muscular strain and tremors. In the releasing cycle, the user switches the 
device back to idle mode, allowing the handles to follow natural hand movements and facilitating the 
release of the book with ease and without resistance. (Figure P 43) 

 

Figure P 42.  Physical prototype on a human hand 

MR System Development 
In developing our prototype to improve hand dexterity rehabilitation for geriatric patients with 

movement disorders, we designed a mixed reality (MR) system powered by the Unity engine and 
accessible through a smartphone application. This system utilizes the device’s camera to provide MR-
based assistive guidance, allowing users to point the camera at objects, such as books, and receive 
interactive instructions that facilitate effective handling. The system's core functionality is driven by AI 
algorithms based on machine learning that analyze objects in real time, evaluating their dimensions, 
shape, and optimal orientation for grasping. The system’s gyroscope integration ensures synchronized 
motion feedback, enabling smooth user-object interactions as users follow the MR-guided 
recommendations. The decision to use a mobile device was informed by its accessibility, portability, and 
cost-efficiency, making it suitable for broad adoption in geriatric care. While we acknowledged 
challenges, such as the need to operate the device with one hand, these were mitigated through an 
ergonomic design and intuitive interface that reduces physical strain. Early formative studies confirmed 
the usability of this platform, demonstrating its ability to support flexible rehabilitation sessions and 
enhance patient engagement with therapeutic exercises. (Figure P 44) 
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Figure P 43. Smartphone MR interface 

Result 

The initial evaluation of our AI-enhanced mixed reality (MR) hand motion assistance device for older 
patients with essential tremors or Parkinson’s disease highlighted the successful integration of 
ergonomic stabilization with MR-based rehabilitation exercises. Through structured interviews and 
observations, participants reported improved daily task performance and reduced tremor-related 
disruptions. The ergonomic design was well-received for its comfort and user-centered approach, 
showing promise as an assistive tool. The MR component promoted sustained engagement through 
interactive exercises, while telehealth enabled remote monitoring and guidance. However, further 
quantitative analysis is needed to assess the device’s effectiveness fully. 

Conclusion 

The development and initial evaluation of our AI-augmented mixed reality (MR) hand motion 
assistance device represent significant progress in geriatric care, neurorehabilitation, and assistive 
technologies. By combining MR and AI, the system introduces a novel approach that surpasses 
traditional rehabilitation methods. While early results are promising, future research will focus on 
quantitative analysis to validate efficacy and refine the design. This ongoing work aims to maximize the 
potential of MR and AI in rehabilitation, setting new standards for personalized, technology-driven 
interventions and improving outcomes for aging populations with movement disorders. 
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Introduction 

The Pedagogical Alliance for XR Technology in (Teacher) Education (PAX) is a collaborative Erasmus+ 
project addressing the challenges and opportunities of integrating Extended Reality (XR) technologies 
in primary, secondary, and vocational education. In response to the European guidelines for the "Digital 
Decade" (European Commission, 2021) and the acceleration of digital transformation due to the COVID-
19 pandemic, PAX aims to bridge the gap between educators and XR developers to foster immersive 
and effective learning environments. 

Key initiatives of PAX include: 

1. PAX Research for Open Access Collection: Building a comprehensive database of the latest 
research on XR technologies, providing an open reference source for educators, developers, and 
other stakeholders. 

2. PAX Framework for Teachers: Developing a digital skills framework for teachers, with 
competence descriptors for the pedagogical and subject-specific integration of XR technologies 
into classroom practice. This framework will be integrated into the curricula of partner 
universities and beyond. 

3. PAX Design Guidelines XR Developers: Creating a research-based framework to help XR 
designers understand the didactic affordances and challenges of implementing XR in 
educational settings. This will include practical guidelines for the effective design and use of XR 
technologies. 

4. PAX Training Space: Providing VR training environments for both teachers and developers to 
facilitate hands-on engagement with XR technologies. These spaces aim to merge the digital 
and physical aspects of teaching and learning. 
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5. PAX Refinement Hubs: Establishing hubs where teachers and XR developers can pilot and 
provide feedback on XR applications to ensure continuous improvement and refinement of the 
technologies. 

PAX promotes digital literacy and inclusion by equipping educators with the necessary XR skills and 
fostering cross-institutional synergies. PAX envisions a future where XR technologies significantly 
enhance learning outcomes and educational equity. 

This project underscores the importance of a sustainable and evidence-based approach to 
integrating XR in education, ultimately aiming to revolutionize learning dynamics and prepare educators 
and students for the digital future. 

 

 

Figure P 44. PAX Methodology 
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Interactive and Multisensory Olfactory Map  

The integration of Augmented Reality (AR) and multisensory design in urban exploration offers 
transformative potential for enhancing user engagement. This paper explores how the "More Than One 
Milan" project applied AR technology to create a richer, multisensory experience that augments 
traditional navigation methods with olfactory cues, presenting a novel way of interacting with urban 
environments. By combining AR and olfactory stimuli, users experience the city not just as a static map 
but as an interactive, multisensory landscape that fosters immersion and memory retention.  

In recent times, designers have increasingly acknowledged the importance of smell across various 
design domains, especially within the context of Human-Computer Interaction (HCI). Traditionally, urban 
navigation tools have prioritized visual and auditory elements, often overlooking the role of smell, which 
is deeply connected to memory and emotion. "More Than One Milan" addresses this gap by 
incorporating smell into the design process as a core component of the user experience. This approach 
emphasizes the significance of adding smells to visual and auditory interactions, creating a more 
emotionally engaging multisensory experience.  

The project seeks to enhance users' sensory perceptions through the use of AR, which guides them 
to specific locations where olfactory stimuli such as grapefruit, myrrh, cedarwood, spearmint, vanilla, 
and lavender are emitted via a portable Olfactory Display (OD).  The OD is based on the “liquid atomizer 
technology”. This odor generation technology used is based on piezoelectric atomizers that allow the 
scent to be delivered through direct injection, meaning the release of scented particles close to the 
user’s nose. The water atomizer system was carefully designed to ensure a controlled and consistent 
scent release. Specifically, the device includes a liquid atomizer module that consists of an ultrasonic 
transducer and a circuit board powered with 5V direct current. By utilizing this technology, users can 
experience a reliable and synchronized delivery of fragrances associated with specific locations on the 
olfactory map. The atomizer mechanism is designed to disperse the scent in a fine mist, providing users 
with a pleasant and immersive olfactory experience. Each location is paired with a specific fragrance 
that deepens users' emotional connections with their surroundings. The Olfactory Display uses NFC 
(Near Field Communication) technology to trigger the release of scents when users tap NFC-enabled 
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cards collected from various locations in the city. Once triggered, the device disperses the selected scent 
and communicates the interaction to the app via Bluetooth.   

This Bluetooth connection allows the app to sync the olfactory data with real-time AR overlays, 
providing users with visual and auditory cues in alignment with the scent experience. This seamless 
integration of NFC-triggered olfactory displays and Bluetooth communication enhances the overall 
multisensory journey, creating a cohesive interaction between the physical and digital worlds.   

AR serves as a crucial tool in this multisensory framework by providing real-time visual overlays and 
audio cues that align with the olfactory experience. This interaction allows users to engage with the 
urban landscape in a more intuitive and immersive way. Six city landmarks act as key stops in the 
exploration, where users tap NFC-enabled cards to activate the OD, releasing corresponding fragrances. 
These olfactory cues enhance memory formation and create lasting emotional connections with the 
places visited.  

By shifting the focus from a purely visual and auditory experience to one that incorporates smell, 
"More Than One Milan" showcases the potential of AR to reshape urban exploration. This multisensory 
approach makes the experience of navigating urban spaces more immersive and personalized, fostering 
stronger emotional and cognitive connections with the environment.  

As AR technology evolves, it offers more possibilities for creating personalized, sensory-rich 
experiences in urban environments. Beyond urban exploration, the combination of AR and multisensory 
design holds vast potential across sectors such as tourism, education, and cultural heritage preservation, 
where AR could enhance the interaction with environments in a more engaging, memorable way.  

In conclusion, the "More Than One Milan" project demonstrates the potential of AR to transform 
urban exploration through the integration of multisensory design, particularly olfactory experiences. 
This combination not only enhances the user experience but also paves the way for innovative, 
immersive interactions with cities. The project serves as a foundation for future applications in tourism, 
education, and cultural heritage, highlighting the broader impact of multisensory AR design.  

          

Figure P 45. The “More Than One Milan” olfactory display prototype. 
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Figure P 46. User is testing the “More Than One Milan” olfactory display. 

           

Figure P 47. More Than One Milan” app leveraging Augmented Reality. 
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Abstract 

This study examines the integration of Extended Reality (XR) technologies—including Virtual, 
Augmented, and Mixed Reality—into sustainability education in STEM, Humanities, and Language 
subjects at the secondary education level. Using the theoretical frameworks of adaptive expertise, 
expansive learning, and constructionism, the research employs qualitative methods, such as a narrative 
literature review and focus groups with 20 student teachers from two teacher education programmes 
at a university in Ireland. The study investigates how XR promotes experiential learning, critical thinking, 
and collaborative problem-solving in sustainability education. The focus is on understanding how XR 
can improve teaching practices and identifying the challenges and opportunities of using XR to teach 
sustainability across various subjects. The findings show that student teachers are generally positive 
about XR’s effectiveness in enhancing sustainability education, although experiences vary by discipline. 
Key barriers to XR integration include limited access, affordability, and usability, particularly in resource-
constrained placement schools. Recommendations from the study suggest integrating specific XR 
training modules into teacher education programmes to equip future teachers with practical skills, as 
well as developing clear guidelines to support XR’s integration into sustainability lessons. These 
guidelines should encourage expansive learning and real-world application across different subjects. 
The study provides valuable insights into the collaborative creation of learning artefacts, aiming to 
extend XR’s use throughout the education continuum. Additionally, it offers practical advice for 
educators and policymakers looking to enhance sustainability education with XR technologies. 
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Introduction 

Sustainability education is increasingly critical in preparing students to address global environmental 
and societal challenges (UNESCO, 2021). Extended Reality (XR)—encompassing Virtual Reality (VR), 
Augmented Reality (AR), and Mixed Reality (MR)—offered immersive and interactive learning 
experiences that deepened understanding of complex sustainability concepts (Radianti, Majchrzak, 
Fromm, & Wohlgenannt, 2020). Integrating XR into education has the potential to transform teaching 
methodologies, promoting experiential learning and critical thinking across various disciplines (Jisc, 
2024). 

Theoretical Framework 

This study is grounded in the theories of adaptive expertise, expansive learning, and 
constructionism. Adaptive expertise refers to the ability to apply knowledge flexibly and innovatively in 
new situations (Hatano & Inagaki, 1986; Timperley, Ell, & Le Fevre, 2017). Expansive learning emphasizes 
collaborative problem-solving that transforms activity systems, supporting the collective integration of 
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XR technologies in teaching sustainability (Engeström, 1987, 2016). Constructionism focuses on learning 
through creating, emphasizing the importance of students constructing their own knowledge (Papert 
& Harel, 1991). XR provides student teachers with a platform to actively engage in sustainability concepts 
by collaboratively designing immersive learning experiences tailored to their subject areas and linked 
to relevant sustainability issues. 

This study is grounded in the theories of adaptive expertise, expansive learning, and constructivism. 

Literature Review Summary 

 Biology: Simulating Ecosystems and Biodiversity 
o VR enables students to explore ecosystems and understand biodiversity impacts 

from unsustainable practices (Merchant et al., 2014). 

 Physics: Renewable Energy and Climate Simulations 
o XR-based simulations engage students with renewable energy technologies, 

providing practical insights e.g. manipulation of wind energy variables (Dunleavy & 
Dede, 2014). 

 Mathematics: Visualizing Environmental Challenges 
o AR helps students analyse sustainability data like energy consumption and carbon 

emissions (Arici et al., 2019). 
o VR enables the application of mathematical models to design sustainable 

infrastructure (Guo et al., 2021). 

 History: Exploring Environmental Histories 
o VR reconstructions illustrate how human actions, such as deforestation, have shaped 

the environment and enhance the understanding of long-term environmental 
impacts (Gates-Stuart & Hagan, 2020). 

 Geography: Simulating Climate Change and Urban Planning 
o XR visualises landscape changes and models climate impacts, aiding urban planning 

(Guo et al., 2021). 
o AR facilitates real-time environmental analysis, improving the understanding of 

sustainability across regions (Arici et al., 2019). 

 Language Education: Exploring Global Sustainability 
o XR immerses language learners in sustainability issues, fostering global discussions 

on environmental challenges (Yilmaz & Arici, 2019). 
o AR links language learning to indigenous sustainability practices, enriching cultural 

understanding (Krajovi et al., 2021). 

Methodology 
In order to answer the research question “How do student teachers perceive and utilise Extended 

Reality (XR) technologies in teaching sustainability across STEM, Humanities, and Language subjects in 
post-primary education?”, a qualitative research design is employed, utilising a narrative literature review 
and semi-structured focus groups to gather in-depth insights (Creswell & Poth, 2018). A purposive 
sample of 20 student teachers from the BEd Languages and Professional Master of Education 
programmes were identified, representing three disciplines: STEM: Focusing on applying XR to teach 
sustainability concepts in science and mathematics; Humanities: Emphasising social, ethical, and cultural 
aspects of sustainability and Languages: Incorporating sustainability themes into language education.  
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Thematic analysis identified patterns and themes across the data (Braun & Clarke, 2020). NVivo software 
enabled efficient coding and organisation of qualitative data (Zamawe, 2015). 

Summary of Findings 

Student teachers generally view XR as an effective tool for enhancing sustainability education, 
though experiences vary across disciplines. XR fosters adaptive expertise and promotes immersive, 
collaborative learning. However, key challenges include limited access, affordability, and usability, 
particularly in resource-constrained schools. For successful integration, XR must align with curriculum 
objectives and complement traditional teaching methods. Additionally, institutional support, training, 
and ongoing professional development are essential for embedding XR in sustainability education. 

Recommendations 

Teacher education programmes should include XR training modules to equip student teachers with 
practical skills in using VR, AR, and MR technologies. These modules should emphasise fostering 
adaptive expertise and applying constructivist learning principles to create interactive, student-centred 
experiences. Schools should also adopt clear guidelines for integrating XR into sustainability lessons 
across STEM, Humanities, and Languages, with specific examples promoting expansive learning through 
collaboration, problem-solving, and critical thinking, such as virtual labs or real-time data analysis for 
environmental studies. 
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Abstract 

This paper introduces an augmented reality (AR) application for the Microsoft Hololens 2, designed 
to visualize the new architectural design for the Eupener Straße campus of FH Aachen. The app 
combines a digital twin with a 1:1 AR representation of the new buildings, allowing for interactive 
exploration of 3D models, lighting simulation, and mobility concepts. Unlike traditional Virtual Reality 
(VR) solutions, which require large datasets and complex setups, this AR application enables effective 
visualization with minimal data, making it particularly useful in early project phases. 

Introduction 

Architectural designs not only shape the site but also impact the surrounding community. Traditional 
methods like haptic 3D models and 2D planning documents often require a high level of spatial 
imagination, which can lead to misunderstandings and reduced project acceptance. Moreover, 
transporting fragile models poses logistical challenges (Rankohi & Waugh, 2013). 

To address these limitations, we developed an augmented reality (AR) application for the Microsoft 
Hololens 2 that offers an immersive, intuitive way to visualize the new building concept for the Eupener 
Straße campus of our University of Applied Sciences FH Aachen. The winning design, 
“Landschaftsterassen.  submitted by kadawittfeldarchitektur, was selected from a competition. 

Our AR solution combines a digital twin of the campus with a 1:1 representation of the new buildings 
on-site, creating an interactive and informative presentation (Böhm et al., 2023). This approach aims to 
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facilitate communication among residents and project stakeholders, enhancing understanding and 
support for the project. 19 

Similar applications for architectural visualization, either for mobile phones20 or AR devices21, 
commonly use real world markers (e.g. QR-Codes) as a base for positioning the 3D Models in the real 
world. Marker-based solutions, while common, are limited by the need for fixed starting points and can 
be cumbersome to implement on a larger scale.  

Our solution deploys a markerless approach, by incorporating the Hololens 2’s internal spatial 
mapping, as well as receiving external GPS-Data. This allows the user a dynamic indoor positioning of 
the digital twin, as well as experiencing the AR enhanced campus plan on site or from any onsite 
location. 

Application 

The AR application developed for the Microsoft Hololens 2 was built with Unity using the MRTK and 
incorporates a 3D Model of the campus grounds, based on site, floor and section plans. 

In order to fully exploit the advantages of augmented reality design visualization, a hybrid approach 
was chosen, offering both a digital twin of the entire campus and a 1:1 AR representation of the new 
buildings on-site.22 Due to the different requirements within the Unity project, this hybrid approach is 
divided into two different scenes within the Unity project: Table model and GPS model. 

This section outlines the core structure, functionality and use cases of the different scenes within the 
application. 

Main Menu 
Upon starting the app, the user is placed in the Main Menu (Figure P 49). 
Overview of functionalities: It corresponds to a hub for the user where information about the 

contents of the two main scenes is provided, as well as a tutorial area, giving the user the opportunity 
to get acquainted with the interaction with virtual objects. 

Scene selection: Through the use of buttons, the user can choose between the two visualization 
methods: the Table model and the GPS model. 

 

 
19 https://medium.com/@dani.schenker/augmented-reality-in-der-architektur-so-sieht-die-zukunft-aus-
c4769da0b116  
20 https://www.darfdesign.com/arki.html  
21 https://www.lakeflato.com/content/mixed-reality-lakeflato-%E2%80%93-full-scale-holograms-microsoft-
hololens-2  
22 https://www.autodesk.com/de/design-make/articles/was-ist-augmented-reality  

https://medium.com/@dani.schenker/augmented-reality-in-der-architektur-so-sieht-die-zukunft-aus-c4769da0b11620
https://medium.com/@dani.schenker/augmented-reality-in-der-architektur-so-sieht-die-zukunft-aus-c4769da0b11620
https://medium.com/@dani.schenker/augmented-reality-in-der-architektur-so-sieht-die-zukunft-aus-c4769da0b11620
https://www.darfdesign.com/arki.html
https://www.lakeflato.com/content/mixed-reality-lakeflato-%E2%80%93-full-scale-holograms-microsoft-hololens-2
https://www.lakeflato.com/content/mixed-reality-lakeflato-%E2%80%93-full-scale-holograms-microsoft-hololens-2
https://www.lakeflato.com/content/mixed-reality-lakeflato-%E2%80%93-full-scale-holograms-microsoft-hololens-2
https://www.autodesk.com/de/design-make/articles/was-ist-augmented-reality
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Figure P 48. Main Menu including scene selection and tutorial area. 

Table model 
The Table model presents the user with a scaled 3D model of the campus and its immediate 

surrounding area (Figure P 50 Left). This scene focuses on exploring and manipulating the 3D model 
through hand tracking (move, rotate, scale), as well as four integrated functions: 

Lighting Simulation: A lighting function allows the user to rotate a sun object around the 3D model 
in order to visualize the changes in lighting caused by construction of new buildings. 

Scene element toggle: This feature enables users to turn different elements of the 3D model on or 
off, such as construction phases, landscaping, roads or trees. This allows the user to highlight specific 
aspects of the design or follow the construction process over time. 

Building selection: The user can choose certain buildings from the 3D model to manipulate 
individually and examine in more detail. When a building is selected, additional information like floor 
plans, usage concepts and technical details are provided in a pop-up window (Figure P 50 Right). 

Mobility concept: The construction plan also includes changes to the way people enter and traverse 
the campus area via different transport options. Cars, buses and bicycles are enabled as animated 3D 
models to visualize different means of arrival and to provide an easy-to-understand overview of the 
campus accessibility. Further information regarding the mobility concept can be accessed via a pop-up 
window. 
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Figure P 49. Left: Table model with lighting adjustment, Right: Hololens 2 screen sharing, building selection. 

GPS model 
This scene is designed to offer a 1:1 scale, immersive visualization of the new structures within their 

actual surroundings (Figure P 51). The main features include: 
On site positioning: The user can choose between two types of positioning in order to line up the 

3D models with the real-world environment: GPS (smartphone or internet connection) and a manual 
marker placement. Due to the large scale of the campus area, markerless placement options were 
chosen to not bind the user to a starting location. 

Augmented site walk: The on-site visualization gives users, such as university officials, architects, or 
even potential investors, the opportunity to experience the project as if it were already built. 

 

 

Figure P 50. GPS model spectating new Buildings on site. 

Use Cases 

The application is designed for a range of use cases, offering value to different stakeholders: 
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Architectural presentation: Architects can use the application to present the new campus design to 
clients, university administrators, or the public, providing a more engaging and realistic visualization 
compared to traditional models or drawings. 

Public engagement: The 1:1 AR visualization on-site allows local residents to better understand how 
the new buildings will fit into their community, addressing concerns about the project’s impact on the 
local environment. 

Project collaboration: The interactive nature of the application fosters better communication 
between project participants, from planners and engineers to decision-makers. It provides a platform 
for discussing design changes, resolving issues, and aligning on project goals. 

Evaluation 

To evaluate its effectiveness and stability, the application was presented during an open house event 
at the university campus to students and campus personnel, as well as an office presentation at the 
architectural firm kadawittfeldarchitektur. A group of 30 Participants were introduced to augmented 
reality, guided through the controls and rules of hand tracking as well as the functions of the application 
and asked to fill out a survey after the test. The questionnaire evaluated users' opinions on the 
implementation of the actual application, the intuitiveness of the controls and the general effectiveness 
of AR in communicating architectural concepts. A total of 11 participants engaged in the survey. 

One of the key findings from the written and vocal feedback was that participants initially needed 
time to adjust to manipulating holograms using hand gestures. Augmented Reality hardware like the 
Microsoft Hololens 2 is a completely new concept for a lot of people and can be overwhelming initially. 
To facilitate this learning curve, streaming the AR view to a monitor allows external observers to provide 
real time assistance and guidance in navigating through the application. 

Despite the initial adaptation period, the overall reception of the application was overwhelmingly 
positive. The immersive nature of the AR experience allowed participants to engage with the project in 
ways that traditional models and drawings could not achieve. In particular, the ability to visualize the 
design at both a scaled level and in its real-world context was seen as a valuable tool for conveying 
complex architectural ideas. 

Conclusion 

The AR application developed for the Hololens 2 has proven to be an effective and innovative tool 
for visualizing complex architectural designs. Through the combination of a digital twin and on-site 1:1 
AR representations, the application successfully bridges the gap between abstract planning documents 
and real-world understanding. The immersive and interactive nature of the application allowed 
participants, ranging from students to professional architects, to gain deeper insights into the new 
building concept for the Eupener Straße campus. 

The added value of AR lies in the possibility to visualize architectural design at a very early stage 
and with minimal data required. In conclusion, the application enhances architectural presentations and 
fosters better communication, making complex designs more accessible and engaging for a wide range 
of stakeholders. 

Due to the fact that the Hololens 2 was developed for usage in a closed environment, using the 
application under direct sunlight can be overwhelming for the devices display capabilities.  
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Future works on this application will focus on testing a different AR capable device like the Oculus 
Quest 3 for improved outside capabilities and implementing a multiplayer feature to allow multiple 
users to engage with the architectural design in a shared virtual environment. 
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Appendix 

A demonstration of the application can be found on Youtube under the following Link 23. The video 
contains screen recordings of the Hololens 2 showcasing the GPS and table model from a user 
perspective.  

 
 

 

 
23 (https://www.youtube.com/watch?v=YTs9gSy4y20)  

https://doi.org/10.1186/2213-7459-1-9
https://doi.org/10.3390/jcp1030026
https://www.youtube.com/watch?v=YTs9gSy4y20
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Abstract 

This paper describes the functionality – environment, avatar, navigation, and interaction - of a 
collaborative VR application for product engineering whose objective is to reduce the negative effects 
of using VR, such as cognitive load, through UX and environment design.  

Introduction 

The ability to work in distributed teams, resource savings and the shortening of development 
processes are drivers for the use of virtual reality (VR) in product development (Chow et al., 2019). There 
are already VR applications that focus only on individual aspects of the design review or on the creative 
design of virtual worlds (CAD2VR, Softspace, Tilt Brush). However, the use of VR can be associated with 
negative effects such as cybersickness and cognitive overload (Kazemi et al., 2023). Thereby, cognitive 
load describes the relative demand of a task in relation to the required mental resources (Souchet et al., 
2023). If the load is too high or too low, this can lead to errors, longer processing times and lower user 
experience (UX). Based on the Cognitive Load Theory (Paas, 2010), the extraneous cognitive load, i.e. 
the choice and design of the teaching material and the additional use of multimedia objects, is of 
particular interest to us. With the help of usability principles (Hassenzahl, 2006) and user-centered 
design (ISO 9241-220:2019), it is possible to avoid negative experiences and problems during use. The 
challenge of establishing VR technologies in the work process therefore lies in the design process and 
the design of the UX. Thereby, a special feature in the creation of VR applications is the design of the 
VR environment as a virtual environment and, above all, its influence on the UX.  

mailto:philipp.stiens@mb.tu-chemnitz.de
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Development of the application  

The demonstrator presented here is the result of the third iteration of a user-centered design process 
with special focus on a comfortable and load-reduced UX. The application supports the collaborative 
configuration of a product, using the example of a robot (see Figure D. 1). Thereby, the application can 
be used by up to eight users at the same time. The design was based in particular on the UX and 
cognitive load requirements and was evaluated and adapted several times over the course of the two-
year development period.  

 

Figure D. 1. Top left: Basic structure of the environment with Creation Space and Launch Room; top right: 
Configuration table with robot model on top; bottom left: Customized avatars during the configuration of the 

robot; bottom right: Inventory of the user with th  

Software Development 
The technical implementation utilized Unity version 2021.3.1f1. Therefore, the application employs 

the Normcore framework for network integration, which provides tailored solutions for mobile and VR 
applications and facilitates integrated voice chat. Moreover, it exhibits the scalability to accommodate a 
large client base. Performance enhancement strategies included simplifying geometries, utilizing the 
glTF file format with texture compression, and optimizing the use of textures and materials.  

The development focus of the VR application was on current VR hardware, such as the XR head-
mounted display Meta Quest 3. Beyond existing hardware compatibility, the software provides 
developers the flexibility to port the application to various platforms and customize it for future 
hardware requirements through open interfaces and adaptive architecture. Additionally, the software is 
engineered to support the Physically-Based Rendering model, which enables lifelike visual 
representations that mirror surface properties accurately. Consequently, a consistent frame rate 
exceeding 60 fps was achieved for the Meta Quest 3 HMD.  
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Features 

Environment 
The environment consists of a Launch Room for arriving in the virtual world and a Creation Space 

where users can interact and configure the product together. The Creation Space functions as the 
primary hub for collaborative efforts and engagement with products. Users first enter the application 
via the Launch Room, which acts as a secure environment for customizing avatars and interactive 
tutorials. The central element in this room is an interactive mirror. The overall design combines 
skeuomorphism and contemporary design to focus on an organic, accessible and natural aesthetic that 
is intuitive and emotionally appealing. In order to provide a harmonic and positive environment, the 
Launch Room and Creation Space offer a futuristic symbiosis of natural elements, organic shapes and 
clear structures.  

Configuration 
The main element in the Creation Space is an interactive table with a model of the product – a robot 

by default – on it to create a central basis for discussion and to examine and configure the product. For 
this purpose, interactive stations are located around the table. Users can select different parts, like color, 
wheels, engine, etc., to inspect and compare basic information. The selected objects can be activated, 
and their appearance and function can be applied directly to the miniature product on the table. When 
the user teleports onto the table, the avatar shrinks for a 1:1 miniature view.  

Avatars 
The application combines reduced avatars from Ready Player Me, consisting of head, neck and 

upper body, with the controllers of the VR system and an abstract arm representation. The hand gestures 
are based on the direct representation of the VR controllers to ensure intuitive operation and mutual 
demonstration, as well as assistance for the users. Abstract, colored lines are used to visually link 
controllers and avatars. These move synchronously with the hand movements of the VR controllers and 
thus ensure a clear and comprehensible representation of the gestures.  

Locomotion 
Using the joystick of the controller, the user can navigate through the VR environment. They aim at 

the desired position by tilting the joystick forward and holding it. Virtual feet visualize the target 
position. Additionally, they can use the controller's stick to determine the landing orientation. To trigger 
the movement, the user must release the joystick. Furthermore, there is the option of using a snap-turn 
mechanic to change the viewing direction while standing still.  

Inventory and Tools 
Each user has a personal inventory of tools, such as a camera, microphone, pen and notepad, with 

which they can interact in a natural and intuitive way. These tools make it possible to create photos and 
audio recordings, draw 3D sketches and markers, and leave text comments. For entering text, a virtual 
keyboard with virtual mallets is available to the user. In addition, a cutting-edge feature has been 
integrated in the form of a head-space menu, which becomes visible upon upward gaze, providing 
access to meta-information and functionalities akin to those found in a video conferencing interface.  
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User Feedback 

As mentioned earlier, the application was evaluated several times by dozens of users. It showed that 
the environment was the most exciting and, significantly, most pleasant environment compared to all 
its iteration levels. In addition, it had the strongest effect of encouraging collaboration while being 
accessible and having the lowest extraneous load. Finally, with regard to usability, the application was 
rated overwhelmingly positive, especially in terms of hedonic quality, i.e., aspects of stimulation and 
novelty.  

Conclusion 

In this paper, a prototype for an interactive, collaborative visualization tool is presented. It allows 
users to engage live as well as asynchronously to exchange ideas, discuss and go through an entire 
product development process. With this, the prototype lays the foundation for the design of future 
platforms.  
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Introduction 

The advancement of technology in education has opened new avenues for interactive learning. 
Augmented Reality (AR) has become a prominent tool in enhancing the learning experience, offering 
immersive and intuitive ways to understand complex concepts (Kuts et al., 2018). The Pneumatics-Case 
system is a headset-based AR application, designed specifically for the educational sector to facilitate 
the teaching and learning of pneumatic circuit behavior. 

Traditional approaches to teaching pneumatic systems frequently rely on static diagrams and 
theoretical explanations (Shevtshenko et al., 2017), which are often abstract and difficult for beginners 
to grasp. Furthermore, physical pneumatic components can be unreliable or worn out, posing additional 
challenges to practical learning. Pneumatics-Case seeks to overcome these limitations by offering a 
cloud-based digital twin that facilitates real-time simulation and monitoring of pneumatic circuits. This 
paper outlines the design and methodology of the Pneumatics-Case system, aimed at enhancing both 
the learning curve and practical understanding of pneumatic systems. 

Learning Workflow & Interaction Mechanics 

Designed with a user-friendly interface (Figure D. 2), the Pneumatics-Case system accommodates 
both students and educators. Teachers can set up lessons and experiments that students can explore in 
real time. Key features of the system are the cloud-based digital twin that ensures for any modifications 
made to the simulated pneumatic circuit are immediately reflected in the AR environment. The system 
synchronizes the state of each component on the server, enabling collaborative learning among 
multiple users. 

The tubes within the AR environment are designed to snap into place when components are 
connected, enhancing the user experience by simplifying the construction of pneumatic circuits. This 
feature reduces the learning curve for new users and allows for a more intuitive assembly process. 

mailto:rostyslav.boychuk@taltech.ee
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The workflow is designed to provide students with exercises, which can include pneumatic circuit 
diagrams, circuit description or desired outcome. The task for the student is to configure respective 
mechanism with the given components. Upon finalizing the circuit, the student should see changes to 
the circuit, like movement of the spring retractable cylinder upon push of a button valve. The system is 
enhanced with symbolic representations for each component individually, which makes it easier for 
beginners to comprehend the logic behind the circuit. 

 

Figure D. 2. User interface of the Pneumatics-Case system showcasing the AR environment. 

System Architecture 

The Pneumatics-Case system is built as a web application using the Next.js24 framework with 
TypeScript (Next.js, n.d.). It utilizes the react-three/fiber library25 (Poimandres, n.d.), a React renderer for 
Three.js26, 27 (React, n.d.; Three.js, n.d.), which facilitates the rendering of 3D graphics and provides access 

 

 
24 https://nextjs.org/docs  
25 https://r3f.docs.pmnd.rs/  
26 https://threejs.org/docs/index.html#manual/en/introduction/Installation  
27 https://react.dev/  

https://nextjs.org/docs
https://r3f.docs.pmnd.rs/
https://threejs.org/docs/index.html#manual/en/introduction/Installation
https://react.dev/
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to the device's native WebXR Device API28 (Mozilla Developer Network, n.d.). This technological stack 
was selected for its cross-platform capabilities, allowing the application to run on any headset or mobile 
device that supports WebXR. 

The system maintains a list of predefined pneumatic components, each characterized by a JSON-
based description, a corresponding behavior function, and a Graphics Library Transmission Format 
(GLTF) 3D model. The initial set of components includes: 

 Pressure Source 
 T-Shaped Splitter 
 Spring-Retractable Single-Acting Cylinder 
 Button Valve 

This modular architecture allows for easy extension of the component library by adding custom 
descriptions and models, facilitating scalability to various educational needs. 

Methodology 

Simulator Design 
The simulator within the Pneumatics-Case application is inspired by the Simulation Program with 

Integrated Circuit Emphasis (SPICE) electrical simulator (Nagel, 1975) and adapted for pneumatic 
systems, focusing on pressures and air masses instead of voltages and charges. On each iteration, the 
simulator loops over each component and invokes its behavior function. This function takes the 
pressures at the component's terminals and the current state of the component, then returns the mass 
of air to be added or subtracted from the mass residual of the connected tube and updates the 
component's state. 

Mathematically, the behavior function is defined as: 

… , = … ,  

Where   represents the pressure at terminal ,  represents the change in mass at terminal ,  
is the current state of the component, and +1 is the updated state. 

Pressure Calculation 
To calculate the pressure within the tubes, the simulator employs the ideal gas law, utilizing the 

relationship , = , where ,  is the gauge pressure at point i, and  is the mass residual. By 
iteratively performing these calculations at a high rate, the simulator achieves and maintains dynamic 
pressure equilibrium with a specified level of precision. 

 

 
28 https://developer.mozilla.org/en-US/docs/Web/API/WebXR_Device_API  

https://developer.mozilla.org/en-US/docs/Web/API/WebXR_Device_API
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Figure D. 3. Block diagram of system architecture for the Pneumatics-Case. 

 

Conclusion & Future works 

The Pneumatics-Case system represents a significant advancement in the pedagogical tools 
available for teaching pneumatic systems. By integrating Augmented Reality with a cloud-based digital 
twin, the system offers an interactive and immersive learning environment that enhances students' 
understanding of pneumatic circuits. Preliminary evaluations indicate that students using the 
Pneumatics-Case system exhibit improved comprehension of pneumatic concepts and enhanced 
problem-solving abilities. 

This work underscores the potential of AR technology in educational settings, particularly within 
mechanical and industrial engineering disciplines. Future research will focus on expanding the system's 
capabilities to simulate more complex mechanical systems and exploring its application across other 
technical fields.  
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Introduction 

Remote control of off-highway machinery systems can bring many benefits to companies and 
operators. Managers don’t need to handle personnel relocations, and operations time is optimized as 
an operator doesn’t have to move from one machine to another, as they can seamlessly switch to control 
another machine from the same workstation. Operators could also benefit from better ergonomics, less 
noisy environments, and the risk for injuries would also be significantly reduced. Remote control would 
also allow to delegate some easier tasks, such as driving towards a specified location, to an automated 
system, and operators can intervene only for more delicate processes. 

That said, remote control does not come without some caveats. An operator’s situational awareness 
risks being considerably reduced, especially when they can only rely on traditional camera feeds with a 
limited field of view and that can only capture bidimensional information. It is also hard to perceive 
other important environmental things such as wind strength and direction and outdoor temperature 
(to know, for example if the ground might be slippery). 

The proposed simulator allows for a user-centric approach (Helin et al., 2024) to the interaction and 
system design, and it was used to reach an acceptable usability level in terms of features and 
functionality before starting the implementation of the real remote-control prototype (see Figure D. 4). 
This abstract describes the final simulator and features, and it outlies the key results that were taken and 
considered for the actual prototype. 

mailto:andrea.alesani@vtt.fi
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Figure D. 4. The simulator application running on VTT’s Powerwall. 

Remote reach stacker simulator for User-Centric Design 

To simulate a realistic scenario and obtain usability results from the users, they were asked to use 
the simulator to (i) pick up a container on the harbor’s ground by aligning the reach stacker’s spreader 
to it and then locking the twist locks into the container’s corner castings; (ii) release the container on a 
truck’s flatbed. They had no time limits, and they didn’t have to use all the functionalities but only the 
ones that were deemed useful (an initial tutorial would still showcase all the possibilities offered by the 
simulator). 

Hardware description 
The application was developed to run on VTT’s wall-sized Powerwall display, as well as on a 

traditional FullHD monitor. The UI was adapted for these two cases, but apart from that the application 
was the same one. Unity 2022.3 LTS was chosen as for the game engine, while a Logitech Extreme 3D 
joystick and an Ultraleap IR 170 hand-tracking sensors were used as input devices (together with mouse 
and keyboard). The application was tested on Windows 11 operating system. 

Visualization 
The application is based on four 360° camera streams. The cameras are placed in key locations that 

were determined in previous studies (Alesani, 2023), namely one front camera placed in what is now 
the operator cabin in real reach stackers; a second camera is placed on top of the spreader, to allow for 
visibility behind a grabbed container and to have a “top view” when trying to align the spreader’s twist 
locks to a container’s corner castings; a third camera is placed in the back of the reach stacker, mostly 
for safety reasons; the fourth camera shows a “drone view” that allows for a third-person perspective 
on the reach stacker and its surroundings (see Figure D. 5). Camera views are highly customizable: users 
can dock them to the bottom of the screen, choose which one to have as main camera, and place them 
around the Powerwall display as “picture-in-picture” views that can be resized and customized with, for 
example, different fields of view. 
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Figure D. 5. Camera system's preview images and their docking positions. 

Even with multiple views, it might still be hard to have a precise sense of perspective when trying to 
lock a container or releasing it on a truck’s flatbed. UI indicators and AR hints were developed to 
enhance the user’s situational awareness and performance for this type of task. 

 

Figure D. 6. AR guidance system elements: (a), (b) - vehicle path and pick up/placement locations; (c), (d) - twist 
lock/corner casting positions, center line, and tipping axis; (e) - counterweight safety area and obstacle tracking; (f) 

- load chart, centre of mass 

While many of the AR visuals are always available (like the ones seen above), some others are 
context-dependent and are only visible during a specific part of the task the user is performing, for 
example when locking the container (see Figure D. 7). 
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Figure D. 7. When the user has to lock a container, color-coded AR lines appear to indicate the proper alignment 
between twist locks and corner castings (on the left). Another experimental feature is a real-time LiDAR scan of the 

container that shows a 3D rotatable 

Interactions 

The Logitech Extreme 3D joystick was used to simulate a real reach stacker joystick, and the mapping 
of the controls was kept as close as possible to the one in the real vehicles (see Figure 5). Tilting the stick 
forward and backward makes the reach stacker’s boom rotate respectively downward and upward, while 
tilting it left and right would makes the telescopic part of the boom respectively retract and extend. 
Buttons on top of the joystick are used to control the reach stacker’s spreader, which can rotate clockwise 
or counterclockwise parallel to the ground, or shift left and right along the turntable the connects it to 
the boom (a real spreader has some additional controls that were not considered for the simulator). 

 

Figure D. 8. The user aligns the spreader’s twist locks to the container’s corner castings by controlling the joystick. 

Ultraleap’s IR 170 hand-tracking sensor is used to track a few gestures that were made available to 
the user. Hand gestures only affect visualization aspects of the application, and have no effect in the 
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simulated real-world, remote-controlled environment. They are only tracked for the left hand, as the 
right one is supposed to handle the joystick and might produce undesired gestures when controlling 
the reach stacker. There are two types of gestures. When a hand swipe is recognized, the main view 
switches camera feed either to the next one (if swiping from right to left) or to the previous one (if 
swiping from left to right). When the user performs a pinch with their thumb and index finger, the swipe 
gesture recognition is disabled, and they become able to “pan” the view on the screen around the 360° 
camera footage by moving the hand up, down, left or right (see Figure D. 9). 

    

Figure D. 9. The user can “pan” through the 360° view by pinching the fingers and moving the hand up, down, left 
or right. An AR hint is shown on the bottom of the screen which visualizes the current tracking status (orange for 

no hands tracked, yellow for hand recognized but out of bounds, green hand available for gestures). Vertical 
arrows appear when the pinch gesture is active, and horizontal arrows show when the user can activate the swipe 

gesture. 
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Appendix 

Video of the final prototype: https://youtu.be/gfgrw0SgZeM?si=H-YwZ16ZCszbddXC  
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Introduction 

In recent years, the market for mixed-reality glasses has steadily been growing, with many VR 
capable headsets gaining AR functionality as new models are developed. Together with this progress, 
standardization of common features is being worked on with APIs such as OpenXR and WebXR, making 
it more feasible to develop applications compatible with a wide variety of devices. In addition, there 
have been many initiatives in remote work opportunities, connecting people in different places.  

Our demonstrator aims to combine these fields in the context of industrial remote cooperation. This 
cooperation takes the form of an augmented video call. In our scenario, a technician working in an 
industrial setting, like a factory, might not yet be familiar with a specific machine or needs to do some 
uncommon maintenance work.  

They then call a remote expert familiar with the topic. This expert can communicate like in a normal 
video call but also sees a virtual view of the machine and the technician’s pose. They can now augment 
the technician’s view by placing annotations inside of the virtual scene to supplement any explanations. 
One goal of our demonstrator is that different devices can communicate with each other, such as 
desktop PCs and headset devices.  

Architecture description 

Our demonstrator is developed using Unity29 and makes use of the Rainbow™ platform30 created 
by the French company Alcatel-Lucent Enterprise. The platform provides common communication 
features such as video and audio as well as an experimental low-level data channel. The data channel 
is used to exchange information between clients in a call via a messaging layer. Using these messages, 
all clients maintain a consistent view of the system’s state. This includes data such as the current pose 

 

 
29 https://unity.com  
30 https://developers.openrainbow.com/home  
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of the technician in 3D space, roles of the participants and created annotations. This communication 
layer is independent of the execution platform and allows for cross-platform interoperability. 

Desktop PC version 

The desktop application is available for any Windows computer and contains two different modes. 
One mode is for the technician role. This mode will be used on-site, and its main tasks are determining 
the technician’s camera’s position and orientation with regards to the machine to be worked on and 
displaying external 3D data, such as annotations in the camera’s view. As most laptop or PC systems are 
or can be easily equipped with a webcam, we use a model-based tracking by Rambach et al. (2017) to 
robustly determine the camera pose from just the camera image. The available 3D model is also used 
to project it into the camera image, making it possible to simulate effects such as occlusion and 
shadowing when adding virtual objects, thus aiding the user in 3D perception. 

The other mode is for the expert role. In this mode, the expert sees a purely virtual representation 
of the scene in which they can freely move around. The model as well as a representation of the 
technician’s pose is visible to aid the expert in knowing where the technician’s attention is. A list of 
annotations for several common shapes is available. They can be created in different colors and placed 
in the scene, where they can be moved, rotated and scaled to match what the expert is explaining. The 
annotations and their movements are synchronized with the technician. Figure D. 10 shows such a 
shared scene across different clients and roles. 

   

a) b) c) 

Figure D.  10. Different views of the scene. a) Shows the technician on a desktop. Annotations are displayed in the 
camera view. The same scene is shown on a desktop expert in b) and a VR headset in c). In both, the technician’s 

camera stream is shown in addition to 

XR headset version 

The XR headset application utilizes OpenXR31 via the Unity OpenXR plugin. This makes it possible 
to reuse code across various headsets. Interaction with virtual objects is implemented using the XR 
interaction toolkit, which provides necessary building blocks. Like the desktop version, the headset 
application has two modes, for the technician and expert. In contrast to the desktop client, which uses 
a common mouse and keyboard interaction scheme, the XR headset version utilizes controllers and 
hands, between which the user can dynamically switch. This speeds up positioning the annotations 
considerably, as these controls directly map to the 3D poses. 

 

 
31 https://www.khronos.org/openxr  
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While the desktop technician uses a camera, this is generally not possible in XR headsets due to 
privacy concerns. To cope with this limitation, the technician starts by choosing the model of the 
machine they are working with and places it on the real object. Placement is done by intuitively moving, 
rotating and scaling the virtual object either with the user’s hands or controllers. Afterwards, the object 
is made invisible, just providing depth information, such that occlusion can still occur on the camera 
pass-through. Annotations are always defined relative to the model and will be displayed accordingly, 
thus anchoring them in the world. Figure D. 11 shows this process. 

The expert similarly sees a virtual representation of the machine.  They can move around and scale 
the model as they wish. Additionally, available annotations are placed on an adjustable ring from which 
they can be grabbed. When this happens, the annotation gets added to the scene and will be visible to 
the technician. 

 

 

a) b) 

Figure D. 11. Example of the XR technician view. In a) the technician places the virtual object on top of the real 
object. In b) the virtual object is hidden, and annotations are placed in the 3D scene by the expert, who is also 

sharing a webcam video. 
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Introduction 

The European EdTech sector is pivotal in driving digital transformation across education and training, 
seeing a 15% increase in investments in 2021. However, the sector remains fragmented with few globally 
prominent companies. Meanwhile, Europe's XR industry is a leader in software and content production, 
with XR technologies providing immersive, skills-based learning opportunities. Developing XR 
applications requires specialized skills, time, and financial resources.  

FiorMarkets predicts that between the period 2018-2025 the global VR market is expected to reach 
USD 56.25 Billion by 2025 at a CAGR of 34.2%32. However, VR technology is still not ready for 
representing ultra-realistic virtual avatars that perfectly mimic a person’s movements and expressions. 
Getting these avatars into production, though, will require further breakthroughs in graphics, computer 
vision, machine learning, and audio processing (Gent 2020).  

Existing AR systems that make use of video conferencing are fragmented and provide limited 
capabilities. A typical example is ZugSTAR33 which is a video conferencing system like Skype, Teams, etc. 
but with the added functionality of being able to see one another’s “augmented” experience in real-
time. The ideal AR conferencing system should offer features like 2D/3D recording, voice calls, 
collaboration tools, and the ability to modify virtual objects and information34.  

XR4ED (Liarokapis et al, 2024) is an Innovation Action EU project aiming at the design, deployment, 
piloting, and market entry for a novel product along with its value-added services. In this direction, the 
overall methodology of the XR4ED project implementation is targeted towards achieving the 
commercialisation of the XR4ED platform. The XR4ED project aims to unify the EdTech and XR 
communities, overcome fragmentation, and accelerate innovation in personalized, inclusive learning 

 

 
32 https://www.fiormarkets.com/report/vr-market-by-technology-nonimmersive-technology-semi-immersive-
fully-386072.html)  
33http://zugara.com/augmented-reality-and-virtual-reality-technology/augmented-reality-video-conferencing   
34 https://www.devteam.space/blog/how-to-build-an-augmented-reality-conferencing-app/  
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through XR. Key initiatives include creating a central marketplace for XR education applications, 
facilitating knowledge sharing, and enabling startups and SMEs to develop market-ready XR solutions.  

XR4ED Components 

XR4ED is based on open standards (OpenXR/WebXR), providing a single access point for XR 
content, tools, and solutions. It promotes a sustainable ecosystem, supporting SMEs, start-ups, and 
developers, while ensuring alignment with European values of privacy, ethics, and inclusiveness. XR4ED 
involves several technical components aimed at enhancing XR for educational purposes: 

 XR DevOps Platform: A web-based DevOps platform integrates third-party tools via REST APIs, 
with PHP backend and cloud services for scalability. Users can log in with GitHub for seamless 
onboarding and collaboration. The platform will offer pedagogical add-ons and DevOps 
services, integrating various third-party tools.  

 XR Avatars: The project focuses on developing avatars that improve interaction and non-verbal 
communication in collaborative VR education settings. Different avatar styles (cartoonish or fully 
animated) will be developed depending on the lesson's goals, with attention to scalability, 
accessibility, and gender representation. 

 Marketplace: A web application where users can browse XR4ED services, preview public 
offerings, and test APIs after authentication. The Marketplace will evolve with open calls for new 
components, and users can filter results based on categories like content triggers, input/output 
devices, and third-party plugin requirements. Different user groups (developers, educators, 
students) will have tailored access to ensure privacy and appropriate interaction. 

 XR Authoring Tool: This tool uses XR to enhance real-world teaching environments by 
superimposing digital information that can be manipulated through tangible interfaces. It 
supports collaborative learning and allows students to experiment with virtual teaching material 
in real-time, offering an intuitive learning experience. The focus will be on resolving perceptual 
discontinuities in learning and ensuring that the system is usable across diverse educational 
settings. 

 XR UI/UX components design: Different devices (Meta, Apple, Vuzix) have varying screen and 
input methods (gestures, head movements, system triggers). UI elements must be tailored for 
each device while ensuring intuitive interaction. Designers need to account for diverse user 
groups and maintain consistency across platforms. XR4ED aims to create accessible, user-
friendly XR interfaces suitable for all ages and backgrounds. 

These components aim to create a comprehensive, user-friendly ecosystem for XR-driven education, 
ensuring scalability, collaboration, and privacy. 

XR Avatar Methodology 

The creation of human digital twins for VR has many practical applications today and consists of 
three interrelated parts: capturing, modeling, and simulation. However, for human digital twins in AR 
there are several differences. An interesting application is the case of real-time AR teleportation which 
is currently under development in XR4ED. A simplified model of the process of real-time AR 
teleportation of a human digital twin into another environment consists of five steps which are listed 
below: 
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 Capturing: Motion capturing of humans including skeleton representation and avatar 
reconstruction. The skeleton will be used to determine the body of the avatar. In addition, the 
skeleton is going to be the basis for the animations that will be performed later.  

 XR Tool: It is important to register (in terms of position and orientation) the realistic 
representation of the virtual human into the desired position. Having an effective interaction 
with the superimposed information is also a crucial part of the user experience. The XR 
application can be used in portrait and landscape modes, and both consist of showcase and 
learning modes.   

 Eye Gaze and Head Motion: A model for generating head and eye movements during gaze 
shifts of virtual characters, including eyelid and eyebrow motion (Krejsa2018). The goal is for the 
model to match the communicative accuracy of the real human gaze as closely as possible, and 
for its generated movements to be subjectively perceived as nearly natural. The proposed model 
consists of two fully independent components: (a) the gaze controller and (b) the face controller.  

 Lip Synchronization: Lip-sync animation is also important to increase realism when speech is 
involved. In this work, we propose to replace each viseme shape with a set of constraints on 
certain parameters of the face which define a wide range of allowed poses (Krejsa2021). 

 Animation and Rendering: The final step concerns the realistic rendering of the avatars into the 
AR environment (i.e., calculating light, shadows, etc.) in such a way that is fully blended in the 
environment. Multi-layer rendering will be performed allowing for different forms of audio-
visual information to be presented to the participants. Real-time animation will require the 
individual to be adapted to the movements of the host user. However, pre-recorded animation 
will be also included in this stage to account for intelligent agents. 

AR teleportation will allow the teachers to deliver their courses in physical classrooms while being 
at a remote location. However, there are several issues that need to be solved and one of them is the 
communication between non-player-characters (NPCs). In the following section, the initial results of an 
XR tutor that communicates between non-player characters and learners are presented. Furthermore, 
the methodology will be also extended to VR, offering shared spaces for collaborative and blended 
learning. This raises challenges in terms of non-verbal communication in shared VR spaces and 
preliminary results are provided. 

Intelligent XR Tutor 

While AR technology has proven to be an engaging and effective tool, it lacked intelligent avatar 
communication, which is essential for creating immersive social XR experiences. To address this, XR4ED 
leverages intelligent AR avatars to help students explore environments and access information. These 
avatars, supported by Azure Cognitive Services for speech interaction and ChatGPT for real-time 
question answering, offer a more interactive and engaging learning experience. The avatars are 
superimposed into real environments using QR codes or SLAM algorithms and can be customized with 
gender-specific avatars. 
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Figure D. 12. Overview of the XR4ED Intelligent XR Tutor 

The implementation, built using Vuforia and Unity, integrates gaze and face controllers for realistic 
head, eye, and lip-syncing movements, enhancing avatar realism. The AR system also supports 
multimedia formats like videos, panoramic images, presentations, and text, sourced from teachers or 
the marketplace. Users can search and insert web-based images and metadata into the AR environment 
using text prompts. Initial tests with Erasmus students demonstrated that the intelligent AR tutor was 
well-received, with students impressed by its real-time responsiveness and potential to enhance learning 
outside traditional classrooms. 
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Introduction 

Haptic feedback is an essential component of the human sensory system, constituting an important 
channel that can provide extensive complementary information without significant cognitive 
interference with other senses (Prewett et al., 2006). As such, haptic technology holds immense potential 
for virtual reality (VR), which currently mainly combines audiovisual information with limited tactile or 
haptic information. Advanced haptic feedback can improve immersion and interaction by giving users 
a sense of touch or offering meaningful information without further cluttering the visual and auditory 
sensory channels (Monica and Aleotti, 2023; Wang et al., 2024). To explore how users can be provided 
additional directional information concerning their environment through real-time sensory 
augmentation and replacement, we devised a VR study employing a wearable vibrotactile vest with 
minimal tracking effort. The vest's haptic feedback assists users in solving a set of location tasks with 
varying directional semantics, guiding users toward specific targets or warning of imminent hazards in 
a virtual environment that otherwise would be difficult to complete due to a lack of salience or visibility. 

Study Design 

Hardware. The VR hardware employed in this study included an HTC Vive Pro headset and 
controllers selected for the precise outside-in motion tracking with a set of base stations. We further 
opted for the bHaptics X40 TactSuit, a commercially available wearable haptic vest with 40 vibrotactile 
motors (20 on the front and 20 on the back). Each motor can be precisely controlled, enabling the 
creation of specific tactile sensations on the wearer’s upper body. 

Environment. We designed a dedicated environment with different zones, as shown in Figure D. 13. 
One of the environment’s central characteristics is its minimalist appearance, with little to no task-related 
salience, i.e., visual cues. Participants begin in the first zone (X) at the bottom center, where they go 
through a brief tutorial to familiarize themselves with the controls, general locomotion approach, and 
the vest’s vibrotactile sensation. Following this tutorial, they are asked to complete a series of challenges 
involving different tasks in subsequent zones A (Floating Orbs), B (Fog Labyrinth), and C (Trapdoor 
Floor). 

mailto:jean.botev@uni.lu
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 In the Floating Orbs zone (A), participants enter a room full of randomly distributed, identical 
spheres (cf. Figure D. 14a). Participants have no way of visually identifying the two target spheres 
they are tasked to find, and –in the worst case– would have to try and return each sphere to the 
designated placers. 

 In the Fog Labyrinth zone (B), participants navigate a maze to locate a target object and return 
it to its placer at the entrance. The environment is filled with dense smoke (cf. Figure D. 14b), 
severely obstructing visibility and further increasing disorientation. 

 The Trapdoor Floor zone (C) confronts participants with an empty room where they must reach 
the opposite side without stepping on collapsing floor elements. If they approach one of these 
trapdoor elements, participants receive a warning to move in a different direction. If they still 
enter this area, the floor collapses underneath (cf. Figure D. 14c), with participants falling and 
respawning back where they entered the zone. 

 
Figure D.  13. Top-down view of the entire virtual environment and different task zones: Start/Tutorial (X), Floating 

Orbs (A), Fog Labyrinth (B), Trapdoor Floor (C). 
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       (a) Floating Orbs.                                      (b) Fog Labyrinth.                                    (c) Trapdoor Floor. 

Figure D. 14. First-person perspective screenshots of each challenge. 

Haptic output. As illustrated in Figure D. 15, participants receive haptic feedback on the vest about 
a target location in relation to their position in the virtual environment. The motors to engage are 
determined by the intersection of the line connecting the participant’s face with the target and a 4×5 
matrix of spherical phantom objects placed in front of and behind the user in the virtual world, mapping 
the vest’s motors. A small pilot study indicated that gaze deviating from overall body posture has no 
perceptible effect on the relative direction information, and the haptic information does not need to be 
transformed to account for this difference. However, we found that body size is a significant factor in 
resolving directional information from the motor arrays on the front and back of the vest. Therefore, the 
user’s height is factored into the vibrotactile output, as shown in Figure D. 16. The shorter a person, the 
more punctual the haptic feedback; the taller a person, the more support motors are used to enlarge 
the feedback area. 

 

Figure D. 15. Target location mapping on motor array related to virtual position. 

 
      (a) <160cm.                   (b) 160-170cm.                    (c) 170-180cm.                   (d) 180-190cm.                    (e) >190cm. 

Figure D. 16. Example haptic feedback intensities and ranges relative to user height. 
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Data collection. Various performance-related data were collected for objective evaluation, such as 
task completion times or the user’s distance to the targets during each motor activation. Further 
quantitative data stem from the continuous tracking of the users’ pose, orientation, and movement. In 
addition to quantitative data, qualitative data were collected before and after the experiment using pre- 
and post-trial questionnaires, which mainly collect information related to user experience and haptic 
feedback, including confidence, usability, immersion and presence. The data collected before the 
experiment included demographic information as well as previous experience with VR, games, controller 
use, and haptics. 

Results 

All participants (2 female, 10 male, mean age = 26.7) successfully completed the different challenges. 
Figure D. 17 shows the completion times also by proficiency levels regarding VR and haptics. 
Interestingly, VR expert , on average, exhibit slightly higher completion times than VR novices. This may 
be because users familiar with VR want to explore the virtual environment more, while novice-level users 
focus more on the task at hand. However, we see only a slight but insignificant advantage for 
participants familiar with haptics compared to novice-level participants. There were also only minor 
differences between participants with different gaming or controller use expertise. This similarity in 
performance indicates that haptic feedback can effectively supply directional cues to users independent 
of background or expertise. 

 
                     (a) Aggregate.                                           (b) VR expertise.                                       (c) Haptic expertise. 

Figure D. 17. Mean completion times per challenge. 

The questionnaire revealed that participants were confident in completing the tasks. The VR 
environment was reported to be immersive, and the navigation controls were easy to master. Most 
participants also subjectively assessed the haptic feedback as clear, intuitive, and useful. 

Summary and Outlook 

This work presents a novel approach to haptic directional awareness in VR, demonstrating how it 
can be achieved with minimal tracking effort using a wearable vibrotactile vest. While preliminary due 
to the limited group size, the results of this study demonstrate the effectiveness and potential of haptic 
directional feedback to guide users in difficult or otherwise impossible-to-navigate spaces through 
sensory augmentation or replacement. 

The current study opens up many interesting paths to explore. For instance, while our motor 
activation algorithm works well, different intensities and activation ranges might be even more effective. 
Physiological measurements might help further assess the user response and explore the parameter 
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space comprehensively to fully understand and validate the generalizability of haptic directional 
awareness approaches beyond VR applications. 
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Introduction 

Augmented Reality (AR) technology has revolutionized the way we interact with our surroundings, 
offering immersive experiences that blend the physical and digital worlds seamlessly. In the cultural 
heritage and scientific mediation domain, the ability to create AR applications may significantly enhance 
visitor engagement with historical sites and artifacts. However, the technical complexities of AR app 
development often pose a barrier for curators and museum managers who lack coding knowledge. We 
present an open-source solution that is set to democratize AR application authoring by eliminating the 
need for coding expertise. Our tool is specifically designed to empower museum managers to 
effortlessly design and deploy AR experiences. By open-sourcing this solution, we hope to pave the way 
for widespread diffusion and adoption. 

Here are the key features of our framework: 

 Compatible with a wide range of Android devices. 

 Web-based and therefore easily deployable on any smartphone without installation. 

 No need for any coding abilities, users may freely create scenes with 3D meshes, 
annotations, images, and sounds. 

 Open-source: the code is available for anyone to access, modify, and contribute to. 

This paper is organized as follows: following this introduction, we will overview related work on 
augmented reality authoring frameworks in section 2. Section 3 will be dedicated to presenting the 
design and architecture of our framework. Section 4 will focus on the practical applications and case 
studies demonstrating the effectiveness of our framework. Finally, section 5 will debrief and conclude 
with suggestions on potential enhancements. 
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Figure D. 18. Our augmented reality framework: viewer (left) and editor (right). 

 

Related work 

Many augmented reality (AR) frameworks currently exist in the market (Adams 2024(Adams, 2024)), 
each offering different features and capabilities to address various needs and challenges in AR 
application development. As presented in (Hampshire et al., 2006), AR authoring frameworks mainly 
divide into two categories: those focused on advanced coding capabilities for experienced developers, 
and those which aim to simplify the authoring process for users with limited technical knowledge. Our 
contribution belongs to this second category. An extensive exposition of all augmented reality authoring 
frameworks would exceed the scope of this paper. The closest of our contribution are ARIS (Holden et 
al., 2014), authAR (Whitlock et al., 2020), ARComposer (Shekhar et al., 2019) or TrainAR (Blattgerste et 
al., 2023) but none of them entirely matches the objectives of our solution. 

Therefore, to our knowledge, our framework is the only one which combines no-code authoring 
tools (for user-friendly application creation) with open-source architecture and code (for customizing 
and enhancing to specific needs). 

Framework architecture 

As seen on Figure D. 19, the architecture is segmented into three levels - Applications, Services and 
Data, each of these having different access privileges. 

1. The DData level holds multimedia content: 3D models, annotations, and any other resources 
that creators may want to integrate into their AR experiences. It is implemented with a SSQLite 
database. For security concerns, this level is private and is only accessible via the API 
(detailed below). 

2. The SService level is a restricted level containing services needed to access data and deploy 
the applications. It may only be accessed by the technical administrator of the system. It 
contains a Web Server and an access API: 

 A Web Server is needed to deploy the two user applications (detailed below). The server 
needs to be able to handle node.js. We chose AApache in our own implementation. 
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 The API acts as a bridge that allows the applications to access, add or remove elements 
in the database. It has been implemented using Express.js. 

3. The AApplications level is public and offers access to the two user applications: 

 The Visualization Web Site is the interface through which users can experience the AR 
applications created using the framework. It has been implemented using Vue.js, TThree.js 
and WebXR. 

 The Authoring Web Site offers a friendly interface that allows users to add assets, create 
interactive elements, design scenes, and deploy their AR applications. It has been 
implemented using Vue.js and TThree.js. 

 
Figure D. 19. Architecture of the framework 

All technologies used in our framework are proven, robust, stable and well-known among web 
developers. 

Framework usage 

Using the framework is done through two web applications: authoring and viewing. The authoring 
application allows creators to organize digital assets into scenes, while the viewing application enables 
consumers to access and interact with the augmented reality experiences created by the authors. 

Authoring application: running on desktop or mobile, it allows to create projects composed of an 
ordered collection of scenes. A scene itself is a localized collection of assets: it is created by placing 
assets (3D meshes and sounds) and annotations (textual or pictural) into the environment with 
integrated 3D editor in the application. Each scene can be customized with specific triggers for 
information display. With this scripting capability, one may develop personalized animations to exhibit 
specific features of the exposed artifacts. Figure D. 18 shows a screen capture of the authoring 
application.  
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Viewing application: visualizing the project is done through the web mobile viewing application 
(Android only at present time). After selecting the desired project, a target appears to place the virtual 
elements into the environment. The viewing application relies on ARCore and therefore does not need 
any physical marker for registration, but additional instructions may be given to the user if a specific 
placement is needed to align the virtual elements with the environment. Navigating through the scenes 
is done with the buttons at the bottom of the main screen, as shown on Figure D. 18. 

Two example projects are shown in the accompanying video: the evolution over time of the 
architectural heritage of the Soieries Bonnet in Jujurieux, France, and a short presentation of the Khotyn 
Fortress in Ukraine. 

Conclusion and perspectives 

Our framework is an intuitive open-source solution for designing augmented reality experiences. It 
offers accessible tools for designing immersive and engaging AR experiences, particularly suited for 
cultural heritage. It is user-friendly and does not require any coding abilities, making it accessible to 
curators, museum managers and educators, and is open-source, promoting collaboration, 
customization, and innovation within the AR development community. A practical case usage has been 
demonstrated. The source code and a test implementation are available at hera.univ-lyon1.fr. 

Future Extensions are numerous and in the hands of the developers and creators. We may mention, 
among many others, iOS compatibility (to this date, iOS does not support WebXR), integration of 
machine learning algorithms to enhance object recognition and interaction capabilities, as well as 
enhanced interactivity, gamification, social integration, real-time collaboration, and VR compatibility. We 
hope that these advancements will further enhance the way we experience and interact with cultural 
heritage artifacts. 
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Abstract 

Purpose: This study will contribute to existing knowledge by providing insight into how marketers 
can harness the potential of extended reality technologies, by creating experiences that may lead to 
modified behaviour regarding sustainability issues. Design/methodology/approach: This is an 
exploratory research study, which will adopt a mixed methodology research design. Research 
implications: The research will contribute to original literature on the following aspects; the 
incorporation of fun/games in the context of experiential marketing and extended reality technology 
campaigns, the impact of utilising extended reality technology in promoting/ encouraging sustainability 
through experiential marketing campaigns, and the influence of combining experiential marketing and 
extended reality technology on promoting customer learning of sustainability principles. Practical/ 
Social implications: The results of the research will contribute to the global efforts to change attitudes 
while prompting people towards adopting a more sustainable and environmentally friendly lifestyle 
through the use of impactful sustainable messaging (through effective integration of XR technology in 
experiential marketing.) Originality/value: The research addresses several fundamental gaps found in 
the existing literature including the incorporation of fun in the context of experiential marketing 
combined with extended reality technology campaigns, the outcome of utilising extended reality 
technology in promoting sustainability through experiential marketing campaigns, and the influence of 
combining experiential marketing and extended reality technology in promoting customer learning of 
sustainability principles. 
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Recyclage VR application 

      

                         

Figure D. 20. Images showing the Recyclage VR application 
 

Introduction and Contribution of the proposed research 

Sustainability concerns are increasingly significant as consumers demand greater environmental 
responsibility and authenticity from brands. Dettori (2019) suggests that employing experiential tactics 
can effectively educate customers about sustainability in an engaging manner. Extended Reality (XR) 
technologies, such as Virtual Reality (VR), offer multi-sensory experiences that allow marketers to 
simulate real-life scenarios, thereby influencing customer perceptions, judgments, and behaviours 
(Laukkanen et al., 2021). 

This study aims to promote a shift towards more sustainable waste management practices, aligning 
with the United Nations Sustainable Development Goal 12, which advocates for sustainable 
consumption and production. Ineffective household waste management poses serious public health 
risks, including physical injuries, non-communicable diseases from prolonged exposure, and rodent 
infestations (Fadhullah et al., 2022). These issues also extend to environmental degradation, contributing 
to air, land, and water pollution, which adversely impacts biodiversity and local ecosystems. 

Globally, nations are grappling with the adverse effects of the triple planetary crisis, encompassing 
climate change, biodiversity loss, and pollution. This situation has amplified the demand for sustainable 
lifestyles and a shift in public mindset. Effective customer education is pivotal in this transition, as studies 
reveal that informed individuals are more likely to engage in waste separation, whereas uninformed 
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individuals tend to mix waste, leading to contamination and unsustainable landfill disposal (Hasan, 2004; 
Amasuomo & Baird, 2016). Hasan emphasizes that public and private sector organizations can mitigate 
these issues through ongoing awareness and education campaigns. Evison and Read (2001) further 
suggest that these campaigns should be free, simple to use, and easily comprehensible. 

Given that marketing managers can reach broad audiences, they have the potential to educate 
consumers on responsible consumption and production practices. The goal of the proposed research 
is to develop a framework that enables marketing practitioners to enhance their educational campaigns 
by leveraging impactful technologies such as Extended Reality (XR). These campaigns could be executed 
through experiential activations or pop-up booths at high-traffic events like festivals, conferences, and 
trade shows, thereby boosting brand authenticity, value, customer engagement, and image. 

The Environmental Protection Agency (2022) has emphasized the need for enhanced support for 
households in waste sorting, recommending targeted awareness campaigns as a solution. Public 
policymakers could utilize the proposed framework to educate communities about waste management 
at popular events, such as the Cork on a Fork Fest and Cork Carnival of Science. The innovative nature 
of XR technologies, coupled with strategic social media promotion, is expected to generate significant 
interest and participation through word-of-mouth, enhancing the campaign’s effectiveness. 

Research Methodology 

The research will adopt the research philosophy of Pragmatism which is the paradigm that supports 
use of mixed methods and is used by researchers who want to produce knowledge that is socially useful. 
In keeping with the theme of sustainability, this research will focus on the Waste Management Industry 
and how marketing practitioners can potentially use experiential marketing and extended reality 
technology to transform people’s waste management culture into a more sustainable one. This is in line 
with SDG 12 which focuses on ensuring sustainable consumption and production patterns. For the 
purposes of this study the RecyclageVR application will be used (See Figure D. 20. This application was 
developed by VRAI Studios (France), and has been licensed for the purposes of the study. To use this 
application, participants will wear a VR headset and engage in a virtual process of sorting waste.   

The researcher will use purposive sampling where participants for the study are selected based on 
certain characteristics (for example; over 18 and with self-reported partial knowledge of waste 
characterisation). Participants who fit this description will be provided with a baseline test to determine 
their knowledge levels and a further selection of participants will be done.  The participants will be split 
into 2 groups by random assignment (control and experimental). The control group will be asked to 
watch on a computer/tablet screen, an animated 2D explainer and demonstration video in the 
RecyclageVR application with instructions on how waste characterisation works. They will take a test in 
the same application at the end to test their applied knowledge. The experimental group on the other 
hand will take part in the lesson via a Head Mounted Device using the VR application RecyclageVR35. 
After the lesson demonstration exercise, the participants will also take a test to check their levels of 
applied knowledge. See Figure D. 21 below for a summary outline of methodological plan.   

 

 
35 https://recyclagevr.com/  

https://recyclagevr.com/
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Figure D. 21. Summary of proposed methodology 
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Evidence referred to the efficacy of Virtual Reality interventions on diagnosis and treatment of 
cognitive deficits linked to developmental disorders and diseases, psychiatric conditions and 
neurocognitive disorders is growing attention (Cammisuli et al., 2022; Fernández Montenegro et al., 
2020; Goharinejad et al., 2022; Hundert et al., 2022; Magrini et al., 2022; Pappalardo et al., 2020; van 
den Bergh et al., 2021; Vicario & Martino, 2022).   

VESPA 2.0 (Virtual Environment for a Superior neuro-PsychiAtry, 2nd generation36 is a project funded 
and supported by the 2014-2020 PO FESR program (extended to 2024 due to CoVID-19 issues) of the 
Sicilian Region for Research and Innovation in Enterprises and is structured through the development, 
research and validation of applications based on Virtual Reality (VR) for the diagnosis and treatment of 
neurocognitive conditions.   

Its characteristics will be presented depending on the first (2013-2015) and second (2021-ongoing) 
generation of VESPA, with particular reference to the first mentioned literature on the application and 
development of VR technology, VR treatment of neurocognitive conditions and previous versions of this 
intervention (Latella et al., 2024; Merlo & Pappalardo, 2022).  

The reference is linked to a set of technologies directed to the interaction of people with computer 
applications in 3D Virtual Reality (5D) highly immersive space, involving in real-time the senses, 
cognition and human skills. Virtual Reality can in fact provide credible/realistic experiences in a specific 
virtual environment, through interactions involving subjects and objects properly related to the built 

 

 
36 https://www.progettovespa.it  
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environment leading to neuronal re-organization in people suffering for neurological diseases fostering 
training of fundamental cognitive functions (e.g. visuo-spatial memory, eye-hand coordination, etc.). 
The VESPA 2.0 project is also a network that shares diagnostic and performance data in an 
internationally distributed environment whose services allow access to the data produced by clinical 
practices according to the laws on archiving and managing sensible/personal data.  

Validation is on-going and must be continued in accordance with the cross-validation definition, 
thus in line with the accepted test methods considering the compliant objectives of the included tools. 
This process involves previously validated methods and tools, along with innovative solutions. In these 
terms VESPA is subjected to experimentation and validation together with classically used (and 
validated) solutions, in order to compare the results and consider the significance represented by an 
acceptable error threshold.  

The first generation of VESPA started in 2013 (ended in December 2015), financed by the 2007-2014 
PO FESR funds of the Sicilian Region for Research and Development in Enterprises. In particular, since 
the first generation, VESPA was referred to both the domain of development and adult. The diagnostic 
fields involved were related to Alzheimer’s disease for adults, Intellectual Disability and Language 
Disorders for developmental domains respectively. The second-generation implementation level 
concerns the treatment of Multiple Sclerosis (Relapsing-Remitting Multiple Sclerosis - RRMS), 
Parkinson’s Disease, consider in clinical terms and consequently in terms of evaluation and treatment.  

With reference to the structure of the project tools to organize rehabilitation paths through batteries 
of tasks, to be organized in series. The specific tasks include parameters and metrics closely related to 
patient performance. Considering the parameters, they are established in terms of inputs/settings useful 
for the performance of tasks. The metrics are related to the performance of functions, with direct 
reference to cognitive functions.  

The course of each task has been structured with direct reference to deficient functions, detected 
through psycho-diagnostic tools.   

The rehabilitation activity runs through a set of standardized protocols whose instances are bound 
to a specific patient and highly customizable. The protocols, both for adults and for developing age 
groups and for clinically acceptable (inclusion criteria), are structured as follows:  

 Administration of neuropsychological tests (A - baseline, ex ante evaluation);  
 Administration of VESPA tasks (B treatment, organised in sessions)  
 Administration of neuropsychological tests (ex post evaluation)  

Adult batteries have been set up to provide tasks involving patients in interactions with objects, then 
subject to a series of repetitions.  

The rehabilitation tasks of the VESPA 2.0 (2nd Generation) project consist of a set of serious games, 
in line with VESPA (1st Generation) (Merlo et al., 2023).   

The level of implementation concerns a revision of the 1st Generation task, with porting, adaptation, 
adaptation and reassuming referred to the latest technological adaptations, with in addition new 
implementations of batteries of new generation. The division into specific age domains has to do, in 
continuity, with Adults and Minors. The level of technological expression continues to involve 3D Virtual 
Reality for totally immersive 3D Virtual Reality system "CAVE" (which reaches up to 5D for the adult 
domain) and simultaneously, in the 2.5D version, for Tablet PC running Android/iOS and Windows PC 
as well as Meta VR Head Mounted Display (3D). The diagnostic domains treated (see adult and minor 
distinctions and related state of the art) are Alzheimer’s disease, Multiple Sclerosis, and Parkinson’s 
disease for adults, Intellectual disability and Communication disorders in children.   
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In Europe, National Health Services promote an innovative approach to cognitive disabilities aimed 
at building a support network that makes cognitive rehabilitation easier and produces social integration, 
seeking a more effective deployment of resources. The adoption of this pioneering approach moves 
through the implementation of diagnostic and rehabilitation services available not only in hospitals, but 
also in schools (e.g. ID and CD), specialist structures and healthcare facilities (AD, PD, MS).   

Ideally, to reduce costs, cognitive-motor rehabilitation provided by hospitals should be done by 
video conferencing or tele-supervision. A fully immersive Virtual Reality computerized system such as 
VESPA, remotely tele-supervised by clinical personnel located in control centers, fully respects the 
approach described above. This system provides a quantitative and qualitative evaluation of motor-
cognitive functions, allowing a quick and easy diagnosis or treatment (Latella et al., 2024).  

VESPA 1st and 2nd Gen have developed a highly integrated ICT system that includes:  

 A cognitive software (The VESPA Cognitive Training Software), developed in different formats 
(VR 3D/5D, VR 2.5D, etc.), that combines specific Tasks/Exercises and Cognitive and Executive 
functions for training; rehabilitation paths (Protocols) are expressed in terms of training 
sessions that combine several tasks in a time slot on a specific device.  

 An electronic infrastructure built on a cloud computing solution and hosting the necessary 
services for the operation of the system such as:  
o A management Web Application where clinicians and healthcare professionals can 

define treatment paths and monitor patient performance (the VESPA Portal);  
o A clinical database that stores the metrics related to the cognitive training activities of 

the patient;  
o Other web services necessary for the -real-time management of the information 

produced by the system and the training activities.  
o Support of Big Data Analysis and automatic progression of rehabilitation paths 

depending on patient’s performance. Designed for AI integration (on-going).  

 A set of dedicated display devices such as:  
o CAVE Virtual Environment, a VR environment where projectors are directed to the walls 

of 2 to 5 cubes the size of a room  
o Touch devices such as Touch Tables, TVs and Tablet PCs;  
o Display Meta (Oculus) Rift, Quest e Quest2;  
o Personal computer microsoft Windows 10+ VESPA systems combine these elements in 

order to provide:  

 A fully immersive 3D VR cognitive rehabilitation software that harnesses the power of CAVE 
Virtual Environment;  

 A Meta (Oculus) 3D VR rehabilitation app;  

 VR 2.5 mobile app for cognitive rehabilitation for Tablet, Touch table and TV for iOS and 
AndroidOS;  

 VR 2.5 mobile AndroidOS native app for cognitive rehabilitation for Tablet and 
Smartphones;  

 A MicroSoft Windows rehabilitation app for personal computers;  

 A multi-user web portal for the management of rehabilitation pathways (for doctors) and 
performance monitoring (also for healthcare professionals and patients/caregivers).  
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A demonstrator of the VESPA 2.0 system and its e-infrastructure is easily set-up everywhere 
necessary. The VESPA web portal is available 24 h a day through the Internet. A person willing to test 
the rehabilitation features can easily register as a patient in the example Clinical Organisation, where a 
clinical environment is simulated. The patient/caregiver/doctor’s operation on the Web Portal and 
consequences on the planning for devices and rehabilitation can be shown. In the meanwhile, the 
Clinical App can be demonstrated as simple as one-two-three through the several devices already 
integrated in the VESPA 2.0 platform. We propose to demonstrate the Clinical Software by mobile 
devices as Tablet and Meta VR HMD. A video recording or pictures of the operation in a CAVE virtual 
environment can also be simply shown and commented. HMI devices used in a CAVE are easily 
transportable so that Tracking system cameras or Flystick for object manipulation could be presented 
as well.  

Pictures 

 

Figure D. 22. Menu screen 
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Figure D. 23. CD2 Task performance 
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Introduction 

Molecular modeling consists of a battery of theoretical and computational methods to model the 
behavior of molecules. With the growth of computing power, molecular modeling has become a 
cornerstone of material, pharmaceutical and biomedical research. Among the computational methods, 
molecular dynamics simulations have shown tremendous predicting power and have become a perfect 
complement to experimental methods. Interactive Molecular Dynamics (IMD) is an advanced simulation 
technique that provides real-time interaction with the molecules, through picking and pulling of 
individual pieces (e.g. atoms, residues). However, this interface mode makes the technique slow and 
imprecise. As such, IMD has become a great tool for educational and dissemination purposes, but not 
for advanced research (Lanzerac, Férey et al., 2022). 

On the other hand, the usage of extended reality (XR) technologies in molecular modeling have 
shown great  promise, because it provides a framework for natural 3D-visualization and intuitive 

zation and IMD in XR include (Deeks et al., 
2020) and (Lindow et al., 2019). Finally, XR collaboration frameworks improve the exchange of ideas and 
discussion, so ever present in research. 

In this work, we use state-of-the-art technologies to create a collaborative experience of an 
interactive molecular dynamics simulation (Figure D. 24). We propose an efficient interaction technique 
based on the concept of a tangible interface, which could greatly improve IMD capabilities. Finally, we 
present a cross-platform solution improving ease of use and dissemination.  

mailto:mariano.spivak@universite-paris-saclay.fr
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UnityMol-Lite 

UnityMol-Lite is an optimized version of the molecular visualization application UnityMol, (Laureanti 
et al., 2020) that was built to support new XR technologies and hardware. In particular, the application 
offers support for both PC-based and standalone HMDs, with a focus on cross-platform functionality, 
collaborative sessions and advanced interactive methods. In order to target standalone HMDs (e.g. Meta 
Quest 2 and 3) and their new technologies (video see through and hand tracking), a complete rework 
of the XR/interaction components (using OpenXR, XR Interaction Toolkit) was done, compared to the 
original UnityMol application. In contrast, many of the advanced visualization features of UnityMol, e.g. 
raytracing, were removed to support compatibility and performance.  

Figure D. 24. Snapshot of an IMD experience on UnityMol-Lite (left). The user can interact with a virtual twin of a 
small molecule (on the front in black, red and white), defining a target conformation for the running simulation. 

Multiplayer session showing player avatar and tangipble interface (right) 

In addition to the traditional banner user interface (UI), (Figure D. 25, center) we designed a new XR 
UI with accessibility at its core, providing an intuitive and immersive experience for users. This UI is 
integrated directly into the XR environment, by being anchored to the controller (Figure 2, left) or hand 
(Figure 2, right), allowing for natural interactions. It can be toggled and it ensures that frequent controls 
are always within reach, reducing the need for users to break their immersion and possible sight issues. 
This design allows users of all skill levels, including those new to XR, to engage with the interface in a 
more organic and user-friendly manner. 

Collaborative sessions are supported through Photon Unity Networking. Avatars are used to display 
players' positions. The UI allows for alternate control of the scene elements. 

The interactive molecular dynamics (IMD) method is achieved by the MDDriver library (Lanzerac, 
Laurent et al., 2022). Next section presents the complementary development done on the MDDriver 
library to support the new interface for IMD. 
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New Interface for Interactive Molecular Dynamics 

The novel interface method is inspired by the concept of the tangible interface, whereby a physical 
object is used to model and interact with its virtual twin. This is particularly useful in molecular modeling 
because many drug discovery studies involve a molecular system characterized by a small component 
(e.g. ligand) embedded in a large one (e.g. protein).   

 
Figure D. 25. Composite of the user interfaces (UI) for UnityMol-Lite. A traditional banner UI, center, provides full 

functionality and information of the system. The new XR UI allows easy access to frequently used controls, and it is 
anchored to the controller (left) or the hands (right) 

Therefore, in addition to the traditional interface method of pushing and pulling the individual 
components, we define a virtual “tangible” interface of the small component in the scene, as a way to 
interact with the simulation.  

Figure D. 24 (left) shows a snapshot of the IMD experience where the user manipulates the virtual 
interface, by changing the position, orientation and local conformation (e.g. angles, dihedrals) in real 
time. MDDriver compares the virtual interface coordinates with the simulation twin, and utilizes the 
collective variables library (COLVARS, Fiorin et al., 2013) to compute the forces required by the running 
simulation. Thus, the virtual interface is used as the target for the running molecular dynamics 
simulation, resulting in a smooth and simple experience. This combination of COLVARS and MDDriver 
can also be used to interact with larger components: by defining appropriate collective variables the 
user can impose large conformational changes to a protein, akin to those obtained using other biasing 
methodologies (e.g. Steered MD, Targeted MD).  

Finally, this development sets the algorithmic foundations for the usage of real physical objects as 
tangible interfaces for interactive molecular dynamics. Next section discusses the current progress on 
supporting a tangible molecular interface.  

Support for Tangible Molecular Interface 

Our group is currently developing a physical, modular and articulated interface to use in molecular 
modeling. (Vincke et al., 2020) The latest prototype features sensors to monitor adding, deleting and 
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connecting objects (atoms). In addition, the interface tracks rotation along connections, e.g. defining 
bond angles and dihedrals of the molecular model. 

UnityMol-Lite supports these features, making the physical interface work as a molecular builder. In 
addition, the physical model can be used together with the interactive molecular dynamics method to 
define the target conformations. Figure D. 24 (right) shows a snapshot of the combined user experience 
with the physical interface and the AR mode (video see through). Support for tracking of absolute 
position and orientation will be revisited on the next prototype of the physical interface. 

Conclusion and Outlook  
A novel interface method for interactive molecular dynamics (IMD) based on the tangible interface 

concept was developed. To support the use of a physical model in extended reality, we redesigned the 
molecular visualization application UnityMol to support standalone HMD and video see through. 
UnityMol-Lite is optimized for accessible android devices (e.g. Meta Quest 2 and 3) and cross-platform 
collaboration using Photon Unity Networking. Next, we plan to integrate our work with tutorial and 
demo examples from Molplay (Baaden 2024) and distribute the application through our public 
repository. In addition, we will continue adding support for the tangible interface model. 
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