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Abstract
With a rise in the use of Virtual Reality (VR) applications in museums and exhibition displays, digital heritage has shown limitations in what a visitor can experience from the intersection of technology and history. Traditionally, historical content has been communicated through text panels which limit access to the broader context of artefacts. These modes of disseminating contextual information remain in place throughout many cultural institutions, and although they have been complimented by the installation of digital media to facilitate visitor interaction, there are very few examples which engage multisensory immersion.
Through practice-based research, this paper aims to explore haptic-enabling technologies to disseminate a greater understanding of historical objects through multi-faceted modes of interpretation. It examines new methods of communicating historical information, to provide innovative solutions to increase visitor engagement with ceramic objects. 
This research digitally reconstructs selected objects from a collection of East-Asian ceramics bequeathed by Ernest Thornhill in 1944 to North Staffordshire Technical College (now Staffordshire University) to create an immersive virtual museum space that provides interactive content to acquire contextual information on a selection of Thornhill ceramics. 
This VR experience has been developed to engage the viewer beyond the traditional viewing formats and utilises object analysis frameworks adapted to enhance the foundations of interpretation within a museum context. This research aims to develop an application that increases visitors’ interest with museum collections which are often neglected by a contemporary audience. Through an amalgamation of sensory experiences, it deconstructs cultural information into a range of related narratives and aims to enhance a visitor learning experience through an alternative digital exhibition that integrates haptic technology. From an evaluation of visitor satisfaction using quantitative surveys, evidence revealed a significant positive response to this application in a museum setting. Responses revealed these methods of interaction assisted in learning about ceramics and demonstrated how such methods could encourage a high likelihood of future visits.
This research contributes with a developed and tested concept to expand on existing digital heritage methodologies, with regards to introducing a consistent workflow and playable application to view artefacts virtually. This concept explores integrated methods that permit novel interactions to allow for the visual acquisition of information.
This research has revealed a gap in knowledge related to haptic-enabling devices offering sophisticated virtual interactions with ceramics to enable alternative methods of combining interaction with concealed displays. These novel interactions remain absent in many cultural institutions. This research demonstrates how Virtual Reality and haptic-enabling technologies can communicate information visually and interactively to enhance the museum visitors’ experience beyond the traditional text panel.
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Contents of Terminology
Virtual Reality (VR)
Virtual Reality is used as a technological technical term for a simulated experience, the word virtual in this context meaning “not physically existing but made to appear by software”. ‘VR' typically has a full headset display to fully immerse the player within a 360-degree scene. 
Two-Dimensional (2D)
Two-dimensional, in a mathematical context, means a geometrical shape that can be defined as a flat plane figure or a shape that has exactly two dimensions: length and width.
Three-Dimensional (3D)
Three-dimensional, in a mathematical context, is the addition of depth to a two-dimensional geometric shape. 
Digitisation 
Digitisation refers to a technique that converts an object from a physical form into a digital form. 
Photogrammetry
Photogrammetry refers to the scientific technique of obtaining measurements of a 3D object with photographs that are processed within a digitising software to create a 3D virtual replica. The result provides a digitised version of the physical object.
Digital Heritage
Digital Heritage is a concept made up of computer-based materials that stem from physical forms to create a digital archive that supplies a preserved replicas for accessible future access. 
Software Development Kit (SDK)
A Software Development Kit is a technical term used within programming to refer to a pre-made package that can be installed into an engine software and used instantly without the need for additional coding.
Human-Computer Interaction (HCI)
The study of how people interact with computers. This can relate to the technology (hardware) and UI application (software).
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[bookmark: _Toc154856510][bookmark: _Toc173940561]Chapter 1: Introduction
1.1 [bookmark: _Toc154856511][bookmark: _Toc173940562]Background and Rationale
The sense of touch has been the natural instinct used by humans to develop a physical understanding of the world around them. This desire is present in numerous opportunities for interaction, such as walking past an item of clothing and feeling the fabric. Touch is the first sense to develop in the human sensory system (Spence & Gallace, 2011) and explores the desire to acquire sensory information. Despite this, museums are limited in the ways visitors can interact with artefacts and history and in most scenarios showcase artefacts behind glass cabinet displays. 
The Thornhill Collection poses an example of what complications arise with a collection of artefacts that show significant value. The ceramics are currently in confined storage with limited accessibility to ensure safety. However, this current setup creates barriers that go against Ernest Thornhill’s wishes for these pieces to benefit the education of ceramics at Staffordshire Technical College - now Staffordshire University. With a re-occurring issue to disallow handling situations to preserve the collection, alternative modes of interaction will dictate the future of fulfilling Thornhill’s bequest.
Virtual Reality (VR) comprises computer-rendered visuals in a fully immersive environment, to create an alternate, artificial reality to real life. Commonly, VR is experienced through two of the five senses: sight and sound. However, this research pushes the boundaries of adding a sense of touch to the experience to create an innovative alternative to how users can interact with a virtual scene.
The use of Virtual Reality has significantly increased in popularity, showing a steady growth in demand against other leading gaming platforms (Alsop, 2022). Whilst the preliminary stages of Virtual Reality began primarily for entertainment purposes, VR is now being explored to offer alternative educational applications, supporting the ever-growing demand to teach immersive digital content (Evans, 2017). However, the use of technological advancements is underdeveloped within museums and tourism with evidence from existing research that this could add to a visitor’s overall satisfaction and enhance their experience in order to learn about history (Trunfio, 2021). 
Recent events in the form of the COVID-19 pandemic forced museums to close for over a year This showed limitations in how cultural assets and information can be accessed, and the limited scenarios by which museums implemented technology to encourage more visitors upon re-opening. Through the forced closures of the COVID-19 pandemic, virtual museums and tours hit an all-time high at providing digital walk-throughs and tours, sparking an interest in how digital heritage could be utilised to document and disseminate cultural content through an interactive virtual scene. 
A blog article by Vision Direct featured eight virtual museum tours they recommended during the self-isolation period at the start of the COVID-19 pandemic in 2020 (Direct, 2020) and Deutsche Welle, an international broadcaster in media outlets posted an article on ‘Six Museum to explore virtually during lockdown’ which was also released in 2020 (Braun, 2020). These examples displayed a desire to still access museum content during a time when in-person visits were prohibited. These articles boast the accessibility of these museums being ‘one click away’, yet showed limitations in what methods could display information, due to most visuals consisting of an image of the museum room and text to accompany the displays seen.
Hassan Taher published a thesis study on the various effects of digital technology on museums and how Malmö Museum can develop new interactions for their visitors (Taher, 2020). Taher highlighted the effects of COVID-19 and the importance for museums to reach their visitors through multimedia and creating a digital presence. Through testing a Norwegian method (Tingens Metod-Method of Things) with the Malmö Museum, Taher showed that collaborative digital workshops with participating groups have led to evidence showing a new-found appreciation for historical content and participants would like to use digital tools and interactions in their exploration of museum displays (Taher, 2020). 
The method works through setting up objects with interactive devices for participants to experiment and then write thoughts and observations. The participants were allowed to familiarise themselves with the different objects for between twenty to thirty minutes, followed by an open discussion to address which objects they felt were most interesting and why. This method aimed to highlight the similarities and differences in participants’ viewpoints and how they interpreted the visual characteristics. Another part of the method involved an open discussion phase where participants collectively talked through their ideas and thoughts as a stream of consciousness to see how they influenced other participants’ views. 
During the COVID-19 pandemic, the Iziko Museum in South Africa partnered with the Zamani Project, a non-profit heritage documentation organisation based at the University of Cape Town (Browning, 2020), that enabled a wide range of visitors’ greater accessibility to connect with the museum, via a virtual environment. Claire Browning, a curator at Iziko Museum highlighted the usefulness of 3D scanning technologies in the preservation of history. It discussed the concerns of when exhibitions no longer reflect our current understanding of how life and Earth evolved, however, old displays can be preserved by technology to transform them into a digital version (Browning, 2020). This article highlighted the usefulness of 3D scanning technologies in the preservation of history, and this project offered valuable accessibility to connect with a wide range of visitors in a virtual environment during the COVID-19 pandemic.
By building upon the success of existing VR applications, this research aims to use VR technology within museums to provide visitors with an additional motivation, increase audience appeal and learn about history. Through direct interactive content using haptic glove technology, museums can provide information with a unique addition to pre-existing displays.
Curatorial and security protocols within museums, galleries and exhibitions have traditionally limited the visitor’s sensory experiences showing outdated displays featuring text panels and audio sources. Leeds Museums and Galleries have guidelines for text displays to offer the easiest and most comfortable reading experience. Their intention is to provide text panels that are accessible and welcoming for as many types of visitors as possible (Galleries, 2017).  This text information is an effective way to explain about an artefact clearly to a visitor. However, this still limits the visitor to the interpretation of text alone. 
This approach is unlikely to suit every style of learner and limits visitors to reading and contextualising imaginatively. Exploring other methods of contextualising information via the implementation of a multisensory source could be of a major benefit, helping to engage a visitor visually and enabling the retention of information more effectively (Barron, 2017). 
A secondary issue involves international visitors. Text panels generally feature one language with the occasional second translation, meaning visitors outside these languages would not be able to understand the written text. Audio devices are useful in these circumstances as the technology can be set up with a multi-lingual system. However, audio relies on the visitor consistently keeping up with the recording, with a high probability of being disturbed by surrounding distractions or technological complications. An example includes the Amsterdam Museum, which introduced a solution using a QR code for multilingual visitors to access information in ten different languages (Ward, 2019). This solution still finds limitations in visitors who speak a language outside of the ten languages used in this application. Physical interaction is universal, most human beings can interact visually or physically within an interactive scene and therefore, would not find any limitations in keeping up with audio or reading text to obtain information.
Recent innovations in Virtual Reality demonstrate how immersive digital content can increase engagement and create a lasting impact. Mariapina Trunfio & Salvatore Campana (2021) found considerable evidence from testing a virtual experience in The Ara Pacis Museum in Rome. This project called “The Ara as it was” project, examined the impact of AR and VR experiences on museum service aspects and analysed the visitors’ experience and satisfaction. The experience was developed by ETT, an international digital and creative company that specialise in supplying engaging experiences using advanced technologies and innovative storytelling. Virtual reconstruction is becoming a frequently used technique to be able to see a full 360-degree view of an artefact and how it originally looked in its primary form. 
The quantitative survey used in their methodology focused on four divided sections. The first collected the visitor’s socio-demographic information such as age, gender, and country. The second and third sections measured the level of expectation the visitor had for the experience, and the overall performance. The closing section focused on the visitor’s intention to revisit or recommend this experience to others to evaluate the various levels of satisfaction. These results showed a medium to high level of satisfaction from visitors. The analysis confirmed an increasingly positive impact that technological innovations have on a visitor’s cultural heritage museum experience, noting that the immersive approach of VR is highly valued by visitors (Trunfio, 2021). This evidence confirms the effectiveness and innovation of a Virtual Reality experience and how much this technology improved the overall museum experience for a visitor.
Ramy Hammady (2019) found that a Mixed Reality guide could fulfil the needs of getting knowledge and guidance in a museum. This guide called the ‘MuseumEye’ was designed and developed for the Egyptian Museum in Cairo, to overcome challenges that were uncovered from their research. These challenges included a lack of guiding methods, limited information signposting and a lack of visitor engagement resulting in less time spent in the museum compared to other museums with similar capacity and significance. This research introduced a set of guidelines when designing an immersive guide using techniques such as multimedia displays and user interface design to create interactions for exploratory purposes. Results from this research showed significant correlations between measured constructs of perceived usefulness, ease of use, enjoyment, and interactivity. Visitors preferred this designed system compared to traditional methods and concluded positively that ‘MuseumEye’ could enhance and reshape the museum experience, through a mixed reality guide of engaging interactions with a range of digital artefacts. 
This project introduces an application within Virtual Reality, combined with haptic enabling technologies, which permits visitors to use their sense of touch to handle ceramic artefacts and obtain information through visual contextualisation. Introducing haptics opens new possibilities in the way museums can interoperate a ceramic’s historical context, through digital reconstruction. History can now be presented in an intimate one-to-one experience and provide unique opportunities for interactivity to educate museum visitors. 
This project demonstrates innovative ways of incorporating technology to engage young and contemporary audiences, while attracting the attention of technology enthusiasts to come and experience history with an alternative incentive. According to the DCMS Taking Part Survey (Rosales, 2018), the percentage of younger visitors (5 to 15 years old) who visited a museum in the previous twelve months had declined from 63.3% in 2016/17 to 58.1% in 2017/18, showing a drop of 5% from the previous year. These figures were mainly attributed to the decline in family visits which is a first within a decade of data (Rosales, 2018). Multiple defining factors could lead to a decline in interest from younger people, such as accessibility relating to:
· Costs for museum entry and extra fees for additional displays.
· Lack of parental influence- affecting the child’s view of relevance to history.
· Poor collaboration- between local communities, schools and museums to increase relevance. (Whitaker, 2016). 
These constraints make it more difficult for younger audiences to access museums and understand the benefits of gaining historical knowledge and the significance of how that influences their perception of the world in which they live. This evidence provides a strong rationale to explore how advanced technologies can attract and encourage younger audiences to pursue attending museums in the future and enhancing their experience.
A defining factor for a lack of young adults (18–30-year olds) visiting can be a lack of interpretation. Heritage sites generally do not cater to younger demographics. A survey with 2000 18–30-year olds by OnePoll in 2018 found that 19% of those surveyed had never visited a museum and 36% had never visited a gallery. However, 52% of 18-30 years olds stated that a heritage sites online presence would encourage them to visit in person (Rowland, 2018).
Every museum visitor cannot be expected to be a history enthusiast, so may need additional attractions to encourage them to visit. Additional interpretations regarding artefacts on display and their role in history and implications to the present/future, may be required. Technology offers an insightful perspective, with visual stimulation of 3D reconstructions and engaging multisensory interaction with history, to gain information visually. This concept will explore new ways museums can curate their displays to further enhance the visitor experience and increase visitor satisfaction when learning about history.

1.2 [bookmark: _Toc154856512][bookmark: _Toc173940563]The Thornhill Collection
Although this study is underpinned by examining the broad use of advanced technology in museums and their use in enhancing visitor engagement, this research focuses on a university collection which is not currently attributed to a museum and therefore not accessible in any form. This constraint has identified an importance of developing other methods of accessing artefacts and providing a solution to installing a version of the ceramics while the originals are temporarily hidden in storage. However, once the ceramics are put on display, an experience such as this application can be used as a complimentary source of information when the ceramics are visited.
The focus of this research centres upon the Thornhill Collection currently held by Staffordshire University, which is comprised of 270 pieces of East Asian Ceramics. The collection consists of mainly Chinese wares from the Shang (c.1700 – 1028 BCE) /Zhou (1027 -221 BCE) to the late Qing dynasty (1644-1912 AD), which reveal a broad cross-section of historical styles and techniques. 
Mr. Ernest Thornhill lived in Clapham, London and worked as a chemist registered with the Royal Pharmaceutical Society from 1890 until his death in 1944 at the age of seventy-six. Bluett and Son Ltd, a London dealer who helped Thornhill acquire more than thirty pieces from 1928-1936. This list suggests Thornhill paid approximately £10 per item with £42.10 being the largest sum paid for a single piece. Thornhill used accessible collections at the British Museum and Victoria and Albert Museum as his models and guidance from experts and scholars of East-Asian ceramics to become an avid collector with foresight. He bequeathed his collection to the North Staffordshire Technical College in 1944, as a handling collection with the intention of benefitting ceramic education within Stoke-on-Trent (the centre of British ceramic manufacture). Thornhill’s bequest states:  
‘The undertakings that the governors are required to give are two: 1) but they will retain the collection 2) that at all reasonable times the colleges students and at the option of the governors any other person will be able and allowed to Study the pottery and porcelain pieces by handling them. I have in mind the procedure followed in the libraries with books’ 
The Thornhill Collection was largely forgotten until it was discovered in 1984 by Professor Flavia Swann, Head of Art and Design History at North Staffordshire Polytechnic the late 1970s. The collection was fully catalogued thanks to the funding from the Spode Trust, resulting in a scholarly paper by Shuning Sun-Bailey describing the collection published in the Transactions of the Oriental Ceramics Society (Sun-Bailey, 1983-1984).
“Wares from the last two dynasties, the Ming (AD1368-1644) and Qing (AD 1644-1912), constitute almost half of the collection as they do many collections formed in the early part of this century 40. The wares are more or less equally divided among porcelains with underglaze blue decoration, blue-and-white ware, ware with overglaze enamelled decoration and wares covered in monochrome glazes, mainly from Jingdezhen in Jiangxi province.
The earliest example of blue-and-white ware is a small stem-cup (P1 16) decorated with a pair of dragons on the outside wall and foamy waves on the stem. The base unglazed showing a very fine ivory white porcelain body. A two column six-character mark of Xuande (AD 1426-35) in a double ring is written in underglaze blue on the inside centre. It’s fine potting, delicate and confident painting in the deep blue, compact composition and minute bubble in the clear glaze showing a slight tinge of blue are qualities tending to confirm its 15th century imperial mark. It is indeed one of the gems in this collection.” (Sun-Bailey, 1983-1984)
In 1988 one public exhibition ‘Out of the Orient’ displayed 152 works at the City Museum and Art Gallery, Stoke-on-Trent (now the Potteries Museum) from which a catalogue was produced. A further five pieces were loaned for the exhibition Ceramic Cities: Dialogues in Design, again at the Potteries Museum in 2011. Since then, there has been no further public exposure of the collection.
Aware of the rarity and significance of specific items within the collection, Staffordshire University has subsequently arranged for the collection to be valued numerous times, leading to its removal from campus to offsite professionally insured storage in the 1990s. Ceramic experts Steven Moore and Anna Westin of Lyon & Turnbull advised that the Collection ‘is a rare and rich resource for students, academic researchers and professional practitioners’. It also has significance in relation to historical ceramic production in North Staffordshire and offers a narrative that complements most regional collections (e.g., Spode Museum) in terms of trade and stylistic influence. In 2016, following approval by Staffordshire University’s Board of Governors, one of its most valuable assets a Ming Xuande porcelain stem cup (1426-35) was sold for £3.6 million at auction (Turnbull, 2016). 
Proceeds from the sale were intended to create a permanent home for the remainder of the Thornhill Collection on the Stoke-on-Trent campus, thereby fulfilling the wishes of Ernest Thornhill. The Deputy Vice-Chancellor at the time, Rosy Crehan stated: 
‘We envisage that proceeds from the sale of the Stem Cup will enable us to comply with the original bequest and give our students full and proper access to this historically significant collection of oriental ceramics’
[image: Ming Cup Discovered at Staffordshire University Fetches £3m - Artwire Press  Release from ArtfixDaily.com]
[bookmark: _Ref101275665][bookmark: _Toc101274214][bookmark: _Toc154829321][bookmark: _Toc177664882]Fig. 1. The Xuande Ming Cup.
With its increased value, and geographic distribution of the collection within secure storage, Thornhills’s intention for this collection to be handled for educational purposes is no longer viable. The core rationale for this project is to develop an interactive digital application that offers alternative solutions to partially fulfil Thornhill’s bequest, by handling 3D replicas of a selection of ceramics from this collection.
Through the use of Virtual Reality and Haptic Technology, limitless interaction becomes possible and a novel context through sensory engagement is gained. Museums can now make the desired changes to traditional methods of displaying information and invite technology as a tool to communicate visually and interactively.
Museum conservation protocols can often prevent visitors from fully accessing artefacts contained in glass vitrines. Limiting understanding solely to the visual senses and factual information contained within conventional museum interpretation panels, can often disengage the visitor, with the average time being spent in the museum being around 3-4 hours according to the British Museum visiting guide (Headout, 2023) and the average time interacting with a museum piece estimated between 15 seconds and 30 seconds (Kaplan, 2017). With the exception of controlled handling sessions which can often involve a lengthy bureaucratic process to gain access, there is no other way of handling an artefact. James O. Pawelski, the director of education for the Positive Psychology Centre at the University of Pennsylvania states:
“When you go to a library, you don’t walk along the shelves looking at the spines of the books and on your way-out tweet to your friends, ‘I read 100 books today!’ Yet that’s essentially how many people experience a museum, you can’t really see a painting as you’re walking by it” (Rosenbloom, 2014)
The opportunity to hold an artefact can offer a sensory understanding of form that can communicate its material, texture, and former use. This research explores how the use of Virtual Reality and haptic glove technology can provide multisensory experiences that offer new methods of communicating the history of an artefact which could increase interest and understanding. It also considers how such an application could be a valuable tool to attract engagement from younger audiences and provide innovative methods of utilising digital heritage for public use. Virtual Reality (VR) comprises of computer-rendered visuals in a fully immersive environment, to create an alternate, artificial reality. Commonly VR is experienced through two of the five senses: sight and sound. However, this research pushes the boundaries of this experience to create an innovative alternative to how participants can interact with a virtual scene by integrating the freedom of touch through haptic glove technology. 
This research explores how haptic gloves can provide multisensory experiences that offer new methods of communicating the history of an artefact and prolong the time spent understanding an artefact. These innovations may also increase the interest of attending a display with technological enhancements. The points in this chapter demonstrate the innovation of this research and the value of this tool to attract engagement of younger audiences and provide innovative methods of utilising digital heritage for public use. 

1.3 [bookmark: _Toc154856513][bookmark: _Toc173940564]Research Questions
Research questions have been developed and honed out of a preliminary review of literature associated with papers that have examined a similar use of technology in museums and tourism. Alexandra Bec (2021) introduces an alternative motive for a range of audiences to engage with history through 3D visuals. Through introducing Mixed Reality as a preservation method, Bec claims that there is a deterioration of tourism sites due to difficulties of cost expenses managing preservation and fostering meaningful visitor engagement. Technology offers vital alternatives to re-invent the way history is documented and preserved while achieving an enriching and engaging experience for visitors. 
George E. Raptis (2018) used mixed reality to analyse a player’s behaviour and immersion in a cultural tourism game, as well as Daniel A. Guttentag (2010), who explored how VR can be used in tourism as a substitute for real visitation and questioned the authenticity of the experience.
The reviewed research papers have identified gaps in a demand to combine history with technology, while exploring how technology could benefit the way history is preserved, interpreted, and presented. The benefits of enriching a visitor’s experience and offering visual methods to communicate history could encourage greater visitor numbers. This research aims to increase visitor engagement with ceramic displays that often receive little attention and to increase the chances of retaining information about that ceramic through interactive experiences.
From the literature review, this research has developed a theoretical approach for how museums can benefit from interactive technologies to further enhance the visitor experience. These questions will address this theory in part through a Questionnaire User Interface Software (QUIS) to gather data based on the visitor’s response to the project created for this research. A combination of these research methods to answer the proposed questions will produce qualitative data and research outcomes.
In addition to the reviewed literature, practical developments have also helped to hone research questions through an iterative process of experimentation and reflection.
Question One: How can the visual and tactile characteristics of historical ceramic artefacts from the Thornhill Collection be recorded, displayed and experienced through innovative modes of virtual interaction?
Question Two: How can the historical context of ceramic artefacts be experienced through immersive Virtual Reality, to engage, educate and inform museum audiences?  
Question Three: What innovations can the use of haptic glove technology bring to modes of interpretation of ceramics selected from the Thornhill Collection?
Question Four: How could this application be applied to a museum environment to provide opportunities for enhancement in learning for the future benefit of educating the history of collection artefacts?
Question Five: How can the design and development of this application be extended to provide opportunities for enhancement in engagement at multiple levels of complexity? 

1.4 [bookmark: _Toc154856514][bookmark: _Toc173940565]Aims and Objectives
1.4.1 [bookmark: _Toc154856515][bookmark: _Toc173940566]Aims
This research aims to explore the potential of combining Virtual Reality with haptic technology to facilitate innovative forms of interaction, and potentially enrich and enhance the museum experience.
It aims to explore innovative methods of reshaping and communicating historical content, which can contribute to new ways in which collection narrative and context can be disseminated and inform more diverse audiences.
It offers an alternative to traditional museums displays using a text panel format, through its combination of virtual and haptic technologies. This research aims to attract a wider audience to a collection of historical ceramics whose contemporary relevance can often be overlooked.

1.4.2 [bookmark: _Toc154856516][bookmark: _Toc173940567]Objectives
Objective 1: To evaluate the most effective methods to create digital surrogates of a ceramic artefact, whilst maintaining a sense of authenticity in visuals within the digital scene.
Objective 2:  To create a fully developed Virtual Reality application that can be situated inside a museum or exhibition environment and provide various modes of digital interaction with history.
Objective 3: To explore systems of object analysis that deconstruct the Thornhill ceramics narrative into its social, cultural, historical, and geographical context thus widening the scope for contemporary analogy and interpretation. 
Objective 4: To implement haptic glove technology into the Virtual Reality application, exploring design applications that could be suitable for museum environments to disseminate historical content interactively. 
Objective 5: To undertake a testing phase within an exhibition and museum setting to analyse the reactions and behaviour patterns of visitors to question the practicality of implementing Virtual Reality setups into mainstream museum displays.

1.5 [bookmark: _Toc154856517][bookmark: _Toc173940568]Research Contribution 
This research contributes new knowledge to the fields of digital heritage and Human-Computer Interaction through its application of interactive technologies to engage museum collection content, and how this could potentially reshape or enhance traditional displays. Digital heritage is made up of computer-based materials that represent a physical original to be preserved for the near future (UNESCO, 2021). Therefore, this research explores the most efficient workflows to effectively create digital surrogates of physical artefacts to provide permanent replicas within digital archives. This can be seen within the researcher’s online library in ‘Appendix 6: Online Library of Thornhill Ceramics Via Sketchfab.’.
Human-Computer Interaction (HCI) refers to the study and design of how humans interact with computers and other technological systems. This encompasses understanding users’ behaviour, needs and preferences, while designing interfaces and interactions that are intuitive, efficient, and enjoyable experiences (avcontentteam, 2023). This research contributes to the field by designing an application suitable for visitors within museum settings to acquire information through interactive, engaging visuals. It focuses on how displays can be more engaging and help visitors retain information on artefacts beyond the one-dimensional traditions of museum text panels.
Through the design, development and evaluation, this research offers new intersections between Virtual Reality and haptic technology to engage a broader range of sensory interactions that go beyond a traditional visual experience of artefacts contained within the museum. This research offers an application design which can facilitate the dissemination of an artefact’s historical context to enhance learning via novel modes of multi-sensory engagements that give deeper contextual meanings that would be difficult to interpret within text alone.
Below describes the separate phases of this research journey.

Phase 1
Desk research was conducted for part of the literature review to survey what technology already exists within the cultural heritage sector and how these provide access to related content to artefacts held in museum displays. This research examines how collection interpretation can benefit from a greater implementation of innovative technology to enhance display content and concludes the desire for more technology to be used within mainstream museum and exhibition settings.
Changes of approach from AR to VR due to issues with the haptic gloves obstructing view in a real world, VR offered the ability to replace the exoskeleton design with a simple 3D hand.
Technology review to determine the most appropriate methods to digitise the ceramics. This involved researching which 3D digitising technique would be most suitable and what methods of object analysis will be used to contextualise the artefact’s information into visual interactions.
Digitisation to create 3D replicas of the Thornhill ceramics. This process involved photogrammetry techniques to capture the artefacts visual information through a series of photographs. The photographic data was processed using Meshroom, a 3D reconstruction software to link visual points together to create a digital surrogate. 
Phase 2
This phase examines the various stages of the ‘Thornhill Experience’s development and elucidates the creative decision-making involved regarding the construction of its virtual environments and objects. This phase explores the narrative and planning how digital surrogates will be experienced, considering interaction, visual information and gamified application.
This interaction included the action of dropping the ceramic on to the floor. This action links to the contemporary artist Ai Weiwei who created a series of photographs showing a Han dynasty pot being smashed. This action was irreversible and shocking, which therefore acted as a political statement about the way we value history. This action was implemented into the ‘Thornhill Experience’ as a way of safely letting a player experience dropping a valuable artefact, to build a significance through uncovering information and context. 
The development comprises five key stages to develop the narrative.
Stage 1: 3D reconstruction of historical artefacts to facilitate virtual interaction.
The creation of a digital surrogate was intended to provide greater accessibility for participants to hold, observe and engage with historical artefacts that would otherwise not have access to.
Stage 2: Interactive Context
The addition of interactive objects creates a layer of interpretation and understanding, as their historical/cultural significance, purpose may be obscured. It also offers an opportunity to add content that engages a range of senses, such as sound.
Stage 3: Environments and visual surroundings
To create a visual representation of a museum to familiarise the player to their surroundings, with the ability to transport them around the world and into a whole different period in time, in order to display where the ceramics were found and their potential former use.
Stage 4: Inclusion of text information
Some information is better integrated through the use of text to communicate historical data, such as the specific periods of history that the ceram8ics originate from.
Stage 5: Puzzles and quizzes
This stage was developed to allow the user to test their understanding and retainment of the information experienced via their interactions with the virtual application, performed through a simple quiz at the end to gather responsive data.
Phase 3
For seven days, the first version of this application was tested at the 2021 British Ceramics Biennial festival. Once feedback was gathered and acted upon, the final version of the application was tested for three days within the public realm in a museum context to evaluate its success and levels of user engagement.
A questionnaire was developed to offer a qualitative method of gathering data in relation to user feedback, alongside the researcher recording observations. This questionnaire was used to gauge the significance of the use of this technology during an average museum visit. It was also devised to examine how the ‘Thornhill Experience’ enhanced a visitor’s experience through the understanding they gained of the digital artefacts. Quantitative questions, such as age and gender, have been included to compare the patterns of the participants and how they responded to the experience. 
Behavioural observations involved the researcher viewing the respondent’s reactions to the experience and asked additional questions relating to how the visitor felt and if they enjoyed participating in the research.
Phase 4 
As technology advances, it has been important to constantly reflect upon, and acknowledge, any changes regarding any interactive digital applications museums are using, and how haptic technology is evolving in relation to this in the literature review. Due to limitations of time, the higher levels of the application have not been physically developed but are visually and conceptually mapped out for further development. This demonstrates how more complex information in relation to historical context, and greater detailed object analysis could be disseminated to inform more knowledgeable/advanced users. 
Develop further versions of the application to involve more advanced levels of interaction. This would benefit the player by adding more layers of interactive content to understand the artefacts historical and societal context.
Following a final account of these phases, this thesis concludes with an overall evaluation of how the research questions have been answered by this research.

[bookmark: _Toc154856518][bookmark: _Toc173940569]1.6 Significance of this Research
This research contributes to the growing knowledge of introducing virtual haptic technologies into public environments and discovering how these can be utilised to advance education and entertainment in museums. The purpose of this research is to better engage visitors through the use of multiple modes of interpretation to translate text panel information into visual and interactive digital content. These applications will test the ways visitors can learn about ceramics while enriching the museum experience. 

The importance of the research is to expand learning content and make it appeal to a wider audience: to help visitors better retain information about the historical context of artefacts, whilst incorporating innovative technology that engages sensory interaction into traditional ceramic displays. The acquisition and expansion of knowledge is a common motivation for the average museum visitor. This research expands on this motivation, through the use of entertaining digital applications that relay information in novel ways to engage a range of museum visitors. Interaction and sense of touch is an instinct for most humans. By introducing haptic interaction into a virtual museum collection context, conventional boundaries that prevent access to traditional ceramic displays can be playfully overturned, to expand a more holistic understanding.

Ernest Thornhill expressed in this bequest that his collection donated to the university should be handled to benefit the education of ceramic history, however due to unforeseen circumstances including age, value and the ceramics condition, this bequest has not yet been fulfilled. This research offers an alternative solution that facilitate interactions with a selection of Thornhill ceramics currently secured in storage. In addition, the application allows access to the collection’s prime ceramic, the Xuande porcelain, blue and white stem cup, through the digitisation of a modern replica.

[bookmark: _Toc154856519][bookmark: _Toc173940570]1.7 Thesis Outline
Chapter 2:
This chapter reviews current literature on existing technology in museums and how they are being utilised, to gain an insight into what is already available and what limitations are present to the visitor experience. It explores how Virtual Reality is being used, and what its primary use consists of in the museum/cultural heritage sectors. Case studies survey what is prominent in present-day museum displays to gain insights into what technology is available for the usual visitor. It examines how Virtual Reality is being used in the cultural heritage sector, alongside its use in other fields to examine how it is increasingly becoming a novel interactive tool for knowledge dissemination and learning.
Chapter two also examines current literature in the field that compares the various methods to determine the most effective processes of digitisation in relation to 3D model acquisition. Analysis of other research projects and examples in the field relating to this project have also been reviewed to reinforce this decision. It also identifies various prototypes of haptic devices used within museums and what alternative devices are available and how they compare to deliver an accurate sense of touch. A review of haptic devices is presented, detailing which are most suitable for this research and their pros and cons, in order to inform which haptic device would be best suited for this research and why it was chosen.
Chapter 3:
This chapter focuses on the methodology used to implement this research, highlighting theories and methods employed in the design, analysis, and evaluation of the ‘Thornhill Experience’. This includes methods from existing frameworks including Paul Greenhalgh’s model (2001) of ceramic analysis that has been adopted and adapted to provide a framework which interrogates the cultural and social significance of an artefact, for more advanced levels of interpretation. The research scopes out these possibilities with regard to the digital application and builds an object analysis framework for each ceramic artefact, to influence the delivery of multisensory information and interactive content.
Chapter 4:
This chapter presents the design and development of the ‘Thornhill Experience’ and reflections on the process employed to achieve the finished results. It elucidates each stage in the creation process from the initial storyboard ideas, photographing the ceramics, digitising the ceramics, content creation for the experience, adding in the gaming elements and integrating the SenseGlove playable controllers. It further illuminates the decision-making processes which have led to the development of the ‘Thornhill Experience’.
Chapter 5:
This chapter presents the testing phases and what methods were utilised during the data collecting phase, followed by a critical analysis derived from the qualitative data collected. This chapter draws conclusions from the analysis of the data gathered and discusses outcomes in relation to the initial research questions.
Chapter 6:
The chapter summarises the thesis and discusses the findings from the investigation of existing research and the results concluded from the analysis of the data collection phase. It revisits the research questions and evaluates these results in relation to the aims of this research.
Chapter 7: 
The concluding chapter draws together conclusions from this thesis through a discussion of existing research findings to build on the significance this research has had within the digital heritage field. This chapter breaks down the contributions this research has made practically and within related research fields.
Final discussions include thesis implications to address issues and possible factors to consider when investigating research in a similar field or creating applications for similar audiences. Finally, a consideration is given to future work and how this research could be advanced further, both practically and theoretically, with surrounding developments that may impact this research including innovations in haptic technology and additional interest in creating content designed for the ‘metaverse’.


[bookmark: _Toc154856520][bookmark: _Toc173940571]Chapter 2: Literature Review
This research impacts on many facets of interdisciplinary research which include Museum Studies, Digital Heritage, object analysis, and the technological evolution of VR and 3D reconstruction into ceramic digital replicas, it is important to review the relevant literature within these research areas. This aims to reveal the broad context underpinning this study alongside identifying the gaps in knowledge that this thesis aims to address. This chapter examines the decision-making that has influenced choices of technology, appropriate modes of object analysis, the layers of virtual, interactive content and methods employed to execute the digital reconstruction process central to the design and development of the ‘Thornhill Experience’.
[bookmark: _Toc154856521][bookmark: _Toc173940572]2.1 Introduction
“A museum is a not-for-profit, permanent institution in the service of society that researches, collects, conserves, interprets and exhibits tangible and intangible heritage. Open to the public, accessible and inclusive, museums foster diversity and sustainability. They operate and communicate ethically, professionally and with the participation of communities, offering varied experiences for education, enjoyment, reflection, and knowledge sharing.” (ICOM, 2022).
As part of this role, museums have been exploring the opportunities to combine digital content with displays that can enrich, engage, entertain, and educate a visitor. Digital media has been employed in museums but restricts the visitor’s ability to interact. Displays can include digital content that consists of short texts, short films, audio guides, recorded interviews, podcasts, and web pages (White, 2008) but this limits the visitor to a flat, tablet screen for a source of interaction.
Analysts at Arts Professional confirmed in 2018 that the Tate Modern Museum received the most visits to any museum and art gallery in the United Kingdom, likely due to the building’s new extension and popular collaborative exhibitions (Romer, 2019), confirming a demand for innovative solutions and implementing digital heritage into public displays to increase visitor attendance.
This chapter derives research that explores what technology can be found in traditional museum settings and what research projects have been pursued to contribute to existing knowledge in the field. The following research reviews how museums typically communicate information to discuss the limitations found with contextualization of a ceramic artefact.

[bookmark: _Ref154273261][bookmark: _Toc154856522][bookmark: _Toc173940573]2.2 Review of Selected Museums for Current Immersive Displays
Museums have displayed an interest in implementing technology into their displays and workshops, with the desired aim to engage visitors and enrich their experience learning about history. Some 
technologies are intended for enhancing a visitor experience at the museum, whereas others are intended to increase accessibility by permitting access to displays and information through numerous platforms. Museums are shaping new methods of how a visitor can engage, interact and learn about artefacts and history using advanced technologies that are familiar to a contemporary audience. 
Recent developments over the last three years have shown The British Museum is interested in expanding on a digital learning platform via virtual visits on a tablet screen. The Samsung Digital Discovery Centre (SDDC) has launched a virtual visits programme that provides accessibility to 35,000 school children who are unable to physically attend the museum (Rogers, 2019). This experience includes digital interaction between a student and museum staff, as well as interacting with 3-Dimensional (3D) digital assets on a screen (Rogers, 2019). The concept of broadcasting the museum exhibit to students provides a widely accessible option for attending contextual walk-through sessions, however, the user is still reliant on a flat screen to interact with 3D content.
A case study conducted by the researcher in November 2019 was made to gain insight into what popular museums currently have regarding technology installations. These museums were selected due to their prominent ceramic displays to see first-hand how the museums display their information and highlights an artefacts significance to ceramic history. 
This research aimed to show the limitations of technological advances in their standard display setups. The British Museum in the United Kingdom showed interactive tablets (See Fig. 2) that were used to source further context about an artefact using a unique code placed adjacent to their display cabinet. This proved an efficient way to gather further context that would be difficult to fit on a single text panel due to the tablet having scrolling features, but this still limits the user to reading text as a source of information. One benefit of this technology was the ability to show ceramics at multiple angles that cannot be seen in a common display setup, such as the bottom of an object seen in Fig. 2. Although this technology offers further insights, this still limits the users to a 2D image display and hinders the ability to interact with an object. Overall 2D images are less engaging than 3D visuals or gamified setups as they do not offer any additional entertainment value. 
[image: ]
[bookmark: _Ref101275809][bookmark: _Toc101274215][bookmark: _Ref108214932][bookmark: _Toc154829322][bookmark: _Toc177664883]Fig. 2. British Museum, interactable tablet in the ceramic department.
The Victoria and Albert Museum (V&A) in the United Kingdom was voted the third best place to visit in the UK for ceramics and pottery collections due to its reputation of having the most comprehensive ceramic collections in the world (McNab, 2017). An exhibit was found with the ability to physically touch selected artefacts on display as shown in Fig. 3 and Fig. 4, raising the question of how valuable the pieces were and their authenticity, presenting the possibility of replicas designed for handling due to the sustainability of the experience and risk factors.
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[bookmark: _Ref101275918][bookmark: _Toc101274216][bookmark: _Toc154829323][bookmark: _Toc177664884]Fig. 3. V&A, Ming dynasty vase.
 [image: ]
[bookmark: _Ref101275928][bookmark: _Toc101274217][bookmark: _Toc154829324][bookmark: _Toc177664885]Fig. 4. V&A, Tang Dynasty sculpture.
More advanced interpretation technologies at the V&A demonstrate recent developments to educate users via greater interactivity with 3D models using a touch screen. Fig. 5 shows The Mazarin Chest from Japan (1640-43 AD) where you can access its accompanying information to explain its historical background, iconography/design features and manufacturing techniques. 
Additional features included opening and closing the trunk for interesting visuals, along with the ability to zoom in on its details to view the complexities of both the crafting of the object and its visual composition (See Fig. 6). 
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[bookmark: _Ref101275950][bookmark: _Toc101274218][bookmark: _Toc154829325][bookmark: _Toc177664886]Fig. 5. Mazarin Chest reconstructed as a 3D model, V&A, Lacquer for Europe department.
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[bookmark: _Ref101276054][bookmark: _Toc101274219][bookmark: _Toc154829326][bookmark: _Toc177664887]Fig. 6. The Mazarin Chest digitally demonstrating techniques and material analysis, V&A, Lacquer for Europe department.
It was clear that the V&A had started implementing some forms of technical displays, but this still limited the user to textual sources. This demonstrated the importance of this project to show innovative methods of communicating history using multisensory interactions that can add further contextualisation to the interpretation of an artefact. These included incorporating oral testimony or narratives which illuminate the artefacts context and method of creation processes, all whilst interacting within a virtual scene. 
A follow-up visit was made to the V&A in June 2022 to assess any further technological advancements had been implemented into its ceramic displays. Upon requesting information at the museum’s reception desk regarding technological displays, Fig. 7.  shows the display the researcher was directed to, showing a miscommunication on what is defined technological or confirming a potential lack of modern technology. Additionally, since the COVID-19 global pandemic, the museum decided to remove interactive tablets from displays to remove risks of spreading the virus. This means there is now no technology within these displays. 
COVID-19 played a key role in the rising interest in how technology can successfully leverage digital content to stay relevant and maintain the attention of the public at a time when the pandemic forced 90% of museums and galleries to close worldwide in March 2020 (King, 2021). This will lead to a focus on providing digital resources remotely so museum content can be accessible, flexible, and engaging (MuseumBooster, 2021). An additional motive for exploring these technologies links to the museums’ source of income. The COVID-19 pandemic led to the immediate loss of up to 80% of heritage institutions’ incomes due to closures, creating a fear of long-term economic disruption (King, 2021). However, museums and galleries around the globe saw their position as community leaders to bring people together during a difficult time, this meant getting creative with the ways people can still interact and engage with history, such as accessing displays and interacting with museums through online applications and live streams (Cuseum, 2018). This shift in society has addressed the usefulness of technology, offering an ability to facilitate an online presence and provide for the increased consumption of cultural content online since the COVID-19 pandemic caused a global quarantine (Finnis & Kennedy, 2020). 
With the situation improving and humanity finding a new normal in society, this project provides the ideal opportunity for museums to re-evaluate what technology they are funding. Furthermore, museums should consider whether more advanced setups could be more beneficial than basic technology like tablets to enhance the visitor experience and enrich the information communicated.
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[bookmark: _Ref105622250][bookmark: _Toc154829327][bookmark: _Toc177664888]Fig. 7. Recommended technological display in the V&A
The Royal Delft Museum in the Netherlands displays the famous Delft Blue pottery. Delft Blue has been produced at the Royal Delft since 1653 and it is still being produced today using the same traditional techniques. This process consists of using plaster moulds to shape the liquid clay, followed by a tin glaze before firing. Delftware was then painted on to the glazed clay using crushed cobalt oxides, the second firing would then follow to give the pottery its famous Delft Blue colour (Solanki, 2017). See Fig. 8 for reference to this process.
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[bookmark: _Ref101276794][bookmark: _Toc154829328][bookmark: _Toc177664889]Fig. 8. The Royal Delft Museum, displaying a start to finish to finish process of creating a Delftware vase.
The museum featured a range of interactions to better engage a visitor to learn about pottery. Types of context interpretation included an audio guide (see Fig. 9) with various bases around the museum that would trigger an audio script describing what could be seen in that vicinity, such as a painter at work and informing the listener on the techniques involved in that role. A short visual display showed the start-to-end process of how Delftware products are made. They used LED screens to show people performing roles within the factory and quirky additions such as a kiln door opening to reveal a ceramic before and after firing. These visuals made explaining the process interesting and immersive due to the suspense involved with the manufacturing process. A clear aim for this project to achieve effective methods of visually contextualising information and creating an immersive experience.
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[bookmark: _Ref101276820][bookmark: _Toc154829329][bookmark: _Toc177664890]Fig. 9. An audio guide in The Royal Delft Museum.
Many studies have focused on how digital technology could provide many benefits to museums and cultural tourism, claiming this could be a ‘second chance’ for museums and introduce new conceptual frameworks for digital preservation and immersive museum experiences (Bec, 2021). It was clear from these case studies that technology is still limited in museum environments and relies heavily on text panels and auditory guides. 
This research explores the novelty to intersect Virtual Reality with the traditional museum experience, to enhance the visitor experience through interactive content and visual context. The ability to engage a visitor’s sense, through a unique, immersive experience.
Recent trends have seen a rising popularity in ‘immersive’ installations. These installations have been defined by their ability to engage senses beyond a singular glance of an artefact or artwork piece, claiming you can experience the art through extended visuals, motion and/or sound.
An example of this comes from the Van Gogh London Exhibit: The Immersive Experience (2021), this exhibition uses two-storey projections of Van Gogh’s most famous artwork, with accompanying motion and sound scaping to offer a unique experience which the exhibit claims ‘brings his art to life’. This installation offers a Virtual Reality component to take the visitor on a journey with Van Gogh to show further visual narrative on the inspirations behind his most iconic works.
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[bookmark: _Toc177664891]Fig. 10. Van Gogh The Immersive Experience, The Immersive room, photo taken by the reseearcher.
As of writing this in Septmber 2024, the exhibit is still successfully running and continues the use of Virtual Reality in its experience. The VR component to the Van Gogh London Exhibit has also been isolated as an additional cost, therefore demonstrating a demand in visitors for this part of the experience and highlighting the value of this technology in museum spaces. 
Upon visiting this exhibition, it was clear the curators desired a ‘high-tech’ feel to the VR installation, this was done through low lighting and blue hues flooding the room. Assistance was provided to help don the headset, but a problem with a missing head strap did cause discomfort due to the headset falling down the face during the experience. However, this problem was only found on certain headsets, possibly highlighting a difficulty in maintaining the technology physically.
[image: ]
[bookmark: _Toc177664892]Fig. 11. The VR suite in the Van Gogh Immersive Experience, Photo taken by the researcher.
The experience moved the visitor around the scene, while the visitor stayed physically stationary. This led to minor disorientation of the physical body not matching with the surrounding visuals. Audio was used to mimic Van Goghs voice to discuss his paintings in more detail, this helped the visitor feel a more personal experience by the painter himself communicating directly.
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[bookmark: _Toc177664893]Fig. 12. Van Gogh: The Immersive Experience, The VR setup, Photo taken by the researcher.
No controllers were used during the experience, causing a disconnection of sensory engagement beyond sight and sound. Overall, this experience offered a unique insight into Van Goghs life and career, but still limited the visitor in the capabilities of interaction, therefore limiting the extent of immersion created. 

[bookmark: _Toc154856523][bookmark: _Toc173940574]2.3 Virtual Reality in Museums
[bookmark: _Toc154856524][bookmark: _Toc173940575]2.3.1 Definition of Virtual Reality 
Virtual Reality (VR) refers to the complete, 3-Dimensional (3D) environment in which a player can freely look around and explore. These computer-generated visuals can represent a virtual world which can take the player on a journey of playable scenes and interactions. To experience Virtual Reality, the player will use a VR headset such as the HTC Vive, Oculus Rift or Samsung Gear VR (Farshid, 2018). These devices need to connect to a PC or Console that will provide the VR generating application which is best viewed through the headset. VR can be used for gaming, simulations, guided tours or 3D videos.
However, discussions revolve around how close this ‘reality’ can be to the real world. The definition of virtual meaning ‘near’, while reality is what human beings experience, therefore Virtual Reality relates to emulating a ‘near-reality’ experience (Society, 2017) . To bring this reality as close as possible to the real word it can implement a multisensory extension from interactive content, such as talking to computer-generated humans or picking up objects and using them for a purpose.

[bookmark: _Toc154856525][bookmark: _Toc173940576]2.3.2 The History of Virtual Reality
The use of Virtual Reality has significantly increased in popularity and has steadily shown a growth in becoming a top recognised gaming platform with an expanding market worldwide (Alsop, 2022). Virtual Reality is popular for entertainment purposes within the present-day. However, VR has had a significant journey to how it is seen today. NASA had developments with VR in the 1980s-1990s. Displaying a similar headset design that is recognised in the modern-day (See Fig. 10), NASA used this technology to create training simulations for astronaut training. It was through these developments that this company created real-time binaural 3D audio processing (Barnard, 2019). Binaural audio technically refers to audio captured in a way that a person would hear the sound exactly if the person had been placed in the same position at that the time of the recording (Fidelity, 2021). 
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[bookmark: _Ref151069467][bookmark: _Toc154829330][bookmark: _Toc177664894]Fig. 13. VR headset by NASA for training simulations in the 1980's-1990's
In 1991 The Virtuality Group launched Virtuality; these were VR arcade machines where gamers could play in a 3D world. This was the first mass-produced VR gaming system in the public domain and could even network together for multiplayer opportunities. One example of the games used for this device was Pac-Man, which released a special VR version so the player could explore the maze in 3D (Society, 2017). 
[image: ]
[bookmark: _Toc154829331][bookmark: _Toc177664895]Fig. 14. The sit-down virtuality 1000 system.
SEGA announced they were developing a SEGA VR headset which would be available for the public to purchase in 1991, however, despite four games being created it was terminated due to SEGA’s concerns of people getting injured. In a statement, they expressed that the VR effect was too realistic, although this was an unlikely reason due to the limitations of processing power at that time (Barnard, 2019).
It was not until 2012 that a VR company developed a fully functioning VR headset, Oculus Rift started a Kickstarter campaign for the headset raising $2.4 million. Facebook then bought the Oculus Rift company in 2014 for $2 billion. This defining moment then gained the momentum needed to get Games companies such as Sony to develop specialised VR games that can be used with the Oculus Rift (Barnard, 2019). 
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[bookmark: _Toc154829332][bookmark: _Toc177664896]Fig. 15. The Oculus Rift Kickstarter Campaign.
Since then, VR has soared in popularity with multiple VR companies across the world developing headsets, apps and games (Help, 2022). With evidence from an article from MuseumNext (2021), it is clear there is a rise in the use of Virtual Reality and experimentation with the ways it can be utilised in museum displays. This article covers what VR applications have launched in the past four years, while expressing a rising interest to explore VR in future museum displays and incorporate more permanent versions, compared to the limited-time exhibitions that are most common. 
A second article by MuseumNext (2020) covers the meaningfulness of museum interpretations using Virtual Reality. This article discusses how VR can be used as a tool to reflect and reimagine history to create new and exciting installations. In this article, the author expresses the endless potential of what VR can offer, such as breaking down the methods of painting the Mona Lisa or touring through Modigliani’s studio. This immersive experience can show visitors a whole new perspective in addition to observing the original artefact in question. Virtual Reality is evidentially versatile for many forms of applications with consistent recognition to implement into the educational settings, with more demand to teach immersive digital content to appeal to a range of learners (Evans, 2017). Therefore, this supports the decision to implement VR into a museum to add an entirely new dimension in how we can communicate history. Additionally, this will act as an attraction to any visitors who are interested in advanced technologies or intrigued by the entertainment value of learning in VR. 
This fresh interest in combining VR with museum displays will also likely attract younger audiences that may alternatively not attend a museum. This sparks a new interest in what museums can offer and whether it can increase engagement with contemporary audiences.

[bookmark: _Toc154856526][bookmark: _Toc173940577]2.3.3 Examples of Existing Research in Digital Heritage 
Digital Heritage is becoming a more widely discussed topic within the research world, with an increased interest in exploring how digital technologies and media can enhance the visitor experience in museums and heritage sites. This chapter will show the existing research this thesis links to and detail what existing technology has been developed to transform the visitor experience and defend a modern agenda within a landscape of transformative display designs and museum experiences. 
Hammady (2019) focuses on similar aims and objectives to this project to reinvent the way Egyptian culture is taught within museum environments. Hammady uses the Microsoft HoloLens to transport the user into a virtual world that represents an ancient temple along with a human interactive tour guide to give audio context of selected digitised artefacts and aid throughout the experience. In the discussion on usefulness, Hammady highlighted that the museum’s pre-visit agenda includes the desire for entertainment and gaining knowledge which is what both projects aim to achieve with modern technology. This project extends these concerns via exploring haptic force-feedback gloves to add another dimension to the virtual experience. 
Dr. Karina Rodriguez Echavarria (2023) has demonstrated extensive use of 3D technologies for cultural heritage projects including the 3D-COFORM integrating project that occurred 2008-2012. This was established to advance 3D-digitisation and make 3D documentation available as a practical outcome for digital documentation campaigns in the cultural heritage sectors (CSIUS, 2020). This research takes place at the Centre for Secure, Intelligent and Usable Systems, with research areas surrounding the development of software systems that are secure, intelligent and usable to digitise artefacts within the cultural heritage sector. 
Echavarria (2021) has also published research surrounding interactive 3D artefact puzzles to support engagement beyond the museum environment. This paper investigates the development and testing of an online 3D interactive activity to resemble a physical environment surrounding the archaeological gallery of the Brighton Museum and Art Gallery (UK). It aimed to understand what the impact of such online offerings are to better contextualise heritage collections, while enhancing cultural heritage learning and appreciation. The analysis of audiences' opinions about these interactions offered valuable insight. As such, applications have the potential to enable limitless access to cultural heritage resources regardless of the physical location of its users and transform heritage experiences in the long-term. 
“while the physical experience might offer advantages as far as it concerns the familiarity with the tactile nature of the interaction, the digital counterpart has potential to allow for the experience of assembling the puzzle to achieve a wider reach of audiences” (Echavarria, 2021). 
3D reconstruction offers its users an alternative experience that can enhance engagement value. For example, methods of creation can become tricky to accurately represent or explain due to the complex processes involved. However, through a 3D digital animation, the abstract language of where craft, science and technology intersect, can be communicated to impart complex knowledge in a succinct manner, the end user can gain a holistic understanding of an artefact’s conception and realisation. 
A good example of this is ‘An Art of Attraction: The Electrotyping Process’, developed by The Metropolitan Museum of Art (2011) that reveals a breakdown of each stage of creation of the replication of the Bryant vase made in 1872, within a 3.06-minute digital animation. High-definition imagery and a succinct narrative structure in this example provide in-depth information on the sophistications of electrotype technology, in a creative and engaging way and educating viewers on complex aspects of cultural heritage. 
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[bookmark: _Toc154829333][bookmark: _Toc177664897]Fig. 16 An Art of Attraction: The Electrotyping Process. The digitised Object. By The Met. 2011.
One advantage of digitising artefacts into 3D models is that it can create assets that can be represented within digital collections that can be accessed freely online. Various universities, museums and researchers have created these digital archives as an effortless way to provide access to viewing artefacts, rather than requiring the viewer to visit them in person. This also supplies an additional benefit of using VR to reconstruct artefacts that may have succumb to damage or to re-build an historical scene. 
The Digital Pilgrim Project at the University of Cambridge (Jeffs, 2016) aims to enhance the accessibility of medieval pilgrim souvenirs and secular badges through the creation of a digital database. For a small sample of the collection, they have used Sketchfab, a platform to display these 3D models but claim full digitalisation is underway with over 680 medieval badges. Interactable dots placed on focus points of the badge disseminate a range of contextual information including reference to their pilgrimage. The project has definite similarities to the research objectives undertaken in this research, through the ability to access additional information via digital interactions. However, their user experience has limitations to visual context on a flat screen, giving restricted content to interact with and enforcing the need to implement a multisensory element to create an engaging experience for its viewers. 
Digital heritage has been found as an efficient alternative to access history, even when existing factors present themselves. Archaeologists from Staffordshire University (2021) have adopted a 3D scanning method for the artefacts recovered from the site of Shakespeare’s home and displayed them in Virtual Reality. The purpose was to allow people to enjoy and learn about Shakespeare’s history at a time when people could not access museums, as this was made available during the COVID-19 pandemic through an online source. This project offers itself as a source of information using technology, eliminating the limitation of accessibility. 
Other variations of digital archives are available online, which retain a broad range of data to suit their desired objective, such as documentation or education purposes. The Centre for Fine Print Research Electronic Archives (2014) at the University of West England, displays multiple archives on their website, featuring an enamel jewellery collection and an international contemporary vitreous enamel archive. However, the digital element is considerably basic and only consists of a collection of images with no 3D elements. Alternatively, this project will be offering a modern advanced digital archive showing each item as a full 3D model that can be viewed in 360 degrees. This example demonstrates the framework of how an artefact could be presented in a digital form. Whilst also showing the benefit of 3D model replicas that can be easily preserved, accessed and contextualised with associated information.
VR has become more prominent in the research of digital preservation, with more VR user experience designs developed within the digital heritage sector. Gillian Arrighi (2021) developed a VR experience based on a research study focusing on the preservation of heritage buildings through digital reconstruction. Arrighi created a usability study pilot to recognise the challenges VR faces to some users and how the experience could be adapted. Results showed their participants found the VR generally easy to navigate but desired fewer restrictions with wires to allow more free movement. Some mentioned the implementation of touch would create more immersion and realism to the application.
Users noted they would have preferred a broader range of information to create multiple scenarios to receive history about the building. This ensured that the player stayed engaged throughout with extended usability and increased interoperability.
After a critical review of existing digital heritage projects. The research above highlights potential benefits to using technology to display history inside and outside a museum environment. While 3D reconstruction offers an efficient method of accessibility to existing artefacts, this also offers an alternative solution to reconstructing original artefacts that may have succumb to damage or decomposition. Therefore, forever preserving the artefact in a 3D form.
Projects above highlight the usefulness of similar technologies. To offer visual representation of complex manufacturing methods, which may be difficult to visualise from descriptive text alone. These capabilities demonstrate an engaging alternative to receiving information about history and enriching the user experience.

[bookmark: _Toc154856527][bookmark: _Toc173940578]2.3.4 Existing Virtual Reality in Museums
Virtual tours within museums are not an unknown concept and these are utilised as a valuable tool to show potential visitors 3D museums and collections to entice them to visit physically. Virtual screen tours are frequently used to offer viewers an alternative to 2D images and text. This has been demonstrated by the British Museum with ‘The Museum of the World’ (BritishMuseum, 2020), which combined a digital archive of artefacts with an interactive scene, allowing the user to click on the timeline to find out about artefacts in the museum.
However, in most cases, these tours are limited to the user staring at a flat screen monitor and using a mouse to navigate around the environment, which does not offer the immersive potential of Virtual Reality. Some sources such as Sketchfab do offer VR platforms to view 3D models, but the user would not be able to interact with objects freely as it would require a controller instead of a haptic device that would mimic hands-on interaction.
A virtual tour can be found of The National Museum of Natural History (2021) located in Washington DC, USA. On their interactive website designed by Loren Ybarrondo, a self-guided navigation experience to explore different areas and rooms of the museum can be found. With the feature of high-definition panoramas on compatible devices, navigation is performed by clicking on available arrows that point in the direction the visitor may go. 
The Natural History Museum (2021) claims that some of the virtual tours feature previously unseen archives and holdings which gives them a unique attraction to use this with the addition of visiting in real-life. The high-quality content makes this experience useful for viewers to see what exactly is on display and have the ability to zoom in without losing detail. However, content on signs for the intended displays can be difficult to read making it not suitable for viewers who want a reliable source of information for the object that they are viewing. With no option to access external context whilst using the virtual tour this makes its uses limited to navigation and examining the visuals of the object alone. 
There has been a rise in Virtual Reality experiences within museums, usually only featuring for a limited period to encourage visitors with new attractions. The Victoria & Albert Museum (2021) in the United Kingdom featured a VR experience in 2021 called ‘Curious Alice: the VR experience’. This experience was in collaboration with the V&A and HTC Vive Arts, produced by the game’s studio PRELOADED. 
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[bookmark: _Toc154829334][bookmark: _Toc177664898]Fig. 17. A screenshot from ‘Curious Alice’, a VR experience created by the V&A and HTC Vive Arts, 2020.
The advertising boasts a fully immersive and interactive re-creation of Wonderland, with visually beautiful landscapes and effective storytelling. This exhibition is a prime example of what museums are aiming for in future exhibitions to explore the ways context can be communicated and installing more entertainment-like experiences. This experience does provide the ability to interact with the scene however this was using the HTC Vive controllers. This still limits the player to the freedom of using their hands freely, creating a potential for new knowledge to introduce full haptic glove interaction to touch objects with each fingertip. 
The Louvre Museum in France launched “Mona Lisa: Beyond the Glass” in October 2019, this VR experience explores Renaissance painting as part of the Leonardo Da Vinci exhibition show in 2020. This VR experience uses design, sound and animated images to uncover details about the painting in an immersive and alternative way. Details include the wood panels texture and how the passage of time has changed the way the painting looks. This experience was available for four months at the Louvre Museum and is available to download on the VR app store on multiple platforms now that the exhibit has finished. This versatility shows how VR technology can be used outside of displays to provide accessibility to anyone who is interested in trying the experience themselves (Louvre, 2021).
[image: The Mona Lisa in virtual reality in your own home]
[bookmark: _Toc154829335][bookmark: _Toc177664899]Fig. 18. Mona Lisa: Beyond the Glass, VR Experience.
An example of Mixed Reality involves the Peterson Automotive Museum in Los Angeles which worked with Microsoft HoloLens in 2017 to create an MR exhibition experience. Visitors were able to interact with a classic American sports car, the Ford GT40, a racing car well known for winning several LeMans races in the 1960s, and now available to view close up with the HoloLens headset. The main aim of this experience was storytelling, to take the visitor through the history of racing. When showing historical context in Mixed Reality, it is important to consider the foundations of relating senses that can fully immerse a player in the past. In this example, the player can hear the engine noises and sounds of tyres around the racetrack to mimic what the races would have sounded like. This exhibit is a good example of how MR can be used as a tool for effective storytelling as they can visually deconstruct components in the vehicle and show a breakdown of what makes a winning race car, followed by visual explanations of how the car performs during a race.
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[bookmark: _Toc154829336][bookmark: _Toc177664900]Fig. 19. Petersen Automotive Museum: HoloLens Experience.
When VR is used as a tool to communicate history, one key factor is considering if the experience offers a unique insight that pushes the limits faced in real life. The National Museum of Finland in Helsinki opened a VR exhibit in 2018, which allowed visitors to be transported back to the year 1863 to explore the painting ‘The Opening of the Diet 1863 by Alexander II’ by Robert Wilhelm Ekman, a Finnish painter in the 1800s (Hills-Duty, 2018). 
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[bookmark: _Toc154829337][bookmark: _Toc177664901]Fig. 20. National Museum of Finland VR experience of R. W. Ekman painting.
Players can speak with the emperor and various representatives of the different social classes seen in the original painting. This VR experience brings a unique twist on bringing a painting to life by visually recreating a full 3D reconstruction of how it would have looked in 1863 and fully immerses the player by playing the role of one of the attendees (Hills-Duty, 2018). This clever technique of inclusion makes the player interested in understanding their role further, therefore learning about what the painting represents.
When understanding a painting or artefact, it’s also important to understand the artist and historical and social contexts behind what has influenced the final piece. These contexts can be communicated with text and 2D images but there this would take a lot of research to build a thorough understanding. However, the Tate Modern Museum (2017) in the United Kingdom, created a VR exhibit in 2017 which takes the player through the surroundings of where Amedeo Modigliani created his artwork. The experience includes a 3D reconstruction of the artist’s studio from 1919 to get a feel for how the artist lived and implements a lot of essential historical details to see visually, and to understand fully, aspects such as how the paints looked on the painters’ palettes during the creation process.
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[bookmark: _Toc154829338][bookmark: _Toc177664902]Fig. 21. Modigliani VR Experience, Modern Tate Museum.
Museum guides are a common sight to help guide a visitor around displays but often consist of audio voices. The Natural History Museum challenged this in 2018 when they partnered up with broadcaster Sky to develop a VR experience called ‘Hold the World’ (Pavid, 2018). This experience combines a 3D reconstruction of Sir David Attenborough to guide you through 3D visuals and provide information while putting the player in reach of rare specimens found in the real-life collection. VR provides the ability to bring these specimens to life to understand the way they moved visually, whilst David Attenborough acts as a guide to discuss other aspects like living conditions, diet and other interesting facts (Pavid, 2018). 
Players can interact with these specimens using the HoloLens controllers to pick up, hold and enlarge with ease. This form of interaction plays on the ability to grab any object and play with it, even something that would usually be huge can be reduced and looked at from every angle with ease (Pavid, 2018). 
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[bookmark: _Toc154829339][bookmark: _Toc177664903]Fig. 22. When Sir David met Sir David in the VR experience at the Tate Modern Museum.

[bookmark: _Toc154856528][bookmark: _Toc173940579]2.3.5 Summary
The Thornhill Collection will benefit from a virtual exhibition to view the items that are currently in storage and unavailable for viewing without controlled meeting situations. An interactive experience in VR will increase the accessibility via a digital archive and could in future be utilised as an informative attraction alongside the displayed collection. The core part of this research that addresses new knowledge lies within the haptic glove interactions. All examples have displayed limited ways a visitor can interact with displays, if at all, therefore haptic gloves offer a new dynamic in the accessibility of exploring freely and interacting with artefacts without limitation. 

[bookmark: _Toc154856529][bookmark: _Toc173940580]2.3.6 Haptic Technology in Museums  
Related research has explored the possibilities of combining haptic technologies in a museum or exhibition environment, however, each piece of research has shown a slightly different dynamic of what the visitor will experience.
Different technologies have been introduced to this field of research to experiment with how a visitor can interact with ceramic artefacts and what type of haptics can be achieved. Stephan Brewster (2008) researched the impact of haptic touching technology on cultural applications. The main haptic device used was the PHANToM device from SensABLE Technologies (see Fig. 23). This device acts as a stylus pen that can be held and moved freely around the area connected to the device, when the device encounters an object, it will apply force to resist the user’s movement and mimic contact with an object. This device has interesting opportunities to interact and feel where a surface and edge would be but still limits the user to holding a stylus pen-type shape where the pen can only travel as far as the base will allow by its handle. A device like the PHANToM back in 2008 would have set a museum back by approximately £20,000 making it impractical to be used in any large-scale setting. 
Similar to the previous research, Mariza Dima (2014) proposed two methods of interaction to go hand in hand to create the closest experience to touching the original artefact. The first method consisted of a 3D laser scan of the artefact and 3D printing to create a plastic replica. This would give visitors an insight into the positive and negative space but is not able to replicate the material properties or roughness of the original, however, this does provide an alternative to handling a precious artefact. The second method involved using a haptic device called the Omni instead of the user’s hands. This is placed next to the replica print to act as a guide for where to direct the haptic device as the object will be invisible to the user. This method uses a stylus pen for haptic feedback making it limited in what the user can feel. Despite this paper being sixteen years more current than Brewster’s, it has still implemented a similar style of haptic device.
Radu Comes (2016) produced a research paper covering the range of haptic devices found within museums. This research confirmed the use of a similar haptic device called the Geo Magic Touch System (see Fig. 20). This system involves the use of a stylus pen-like device that can mimic force-feedback responses; however, evidence did show it was not possible to show mass properties and can only travel around the stationary object. This system shows major restrictions when compared to the SenseGlove haptic gloves which can offer the freedom to pick up and handle an object with each fingertip. 
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[bookmark: _Ref153893412][bookmark: _Ref153893405][bookmark: _Toc154829340][bookmark: _Toc177664904]Fig. 23. Geomagic Touch haptic device.
It is clear from the time these papers were published that their options in technology were limited the older the research was, however, even the more recent papers still show similarities in the way the technology functions and how it is used. These limitations come from the way the device is designed, limiting the user to a pen-like handle meaning the user cannot handle the ceramic and interact with an object freely, therefore this assures a new contribution to knowledge in this research through the use of force-feedback haptic gloves.
Research conducted by Manchester Museum (2013) actively pursued a philosophy of making more of its collections available for visitors to handle through object handling sessions and tactile displays. This included an adaptation of sensory engagement via a ball shaped stylus between the fingers. The ball then mimics an on screen presence that causes a resistance when the ball virtually comes into contact with an artefact. This device aims to aid context of an artefacts forms and bring up additional information about the material qualities for a deeper understanding of its creation. 
The experience also incorporated vocal instructions and sensory cues to indicate the objects material properties. For example, a broken ceramic gives a dull sound, whilst a high-fired ceramic can give a musical ring. 
This experience pushed the levels of context achievable through multisensory components and haptic feedback. However, the haptic device posed great limitations in the extent of haptic feedback achieved. The stylus pen device created a sensory barrier between accessing the artefact directly, therefore impacting the extent of interaction.
[image: Peter describing what he is sensing in the first incarnation of the interface]
[bookmark: _Toc177664905]Fig. 24. Manchester Museum test with the haptic interface.
Recent research from Manchester Museum (2022) proposed a project that introduces digital touch by laser scanning artefacts to create a digital replica. This research creates a physical application and integrates novel touch sensors, allowing information to be strategically placed on to the object. When a sensor is touched, information is delivered as images, audio or video on a screen to communicate associating information. This concept helps create a more engaging experience for visitors as the small interaction and mixed use of media are more entertaining and easier to maintain focus than a text panel display. However, this application still limits the user to a flat screen for information and does not provide enough context as to what extent you can interact with the 3D digital replicas.

[bookmark: _Toc154856530][bookmark: _Toc173940581]2.3.7 Summary
After a review of existing haptics used within museum displays, a pattern of interest can be seen with the types of devices used. Stylus pen designs were mostly used as a form of force-feedback response to understand the dexterity of an artefact. However, the device reveals restrictive interaction with an object. The pen-like design removes the opportunity for a free sense of touch that could offer a museum visitor a more comfortable interactive experience. Limitations are also presented in terms of interactive context. If the visitor if navigating around the stationary object, then actions such as, picking up the object to demonstrate its former use is not an option.

[bookmark: _Toc154856531][bookmark: _Toc173940582]2.4 3D Digitisation of an Artefact  
3D digitisation has become a popularised technique within Digital Heritage as a way of creating digital archives of artefact surrogates. This technique involves scanning real-life artefacts through photographs or a laser scanning device and processing that information within a digitising software to produce a 3D model version. More projects have surfaced in recent years to explore 3D digitisation including from the University of Nottingham Museum which created a Photogrammetry Project in 2020 to collaborate with the Digital Transformations Hub to work with students and enhance their digital presence (Davies, 2021). This article describes the workflows adapted to digitise the selected Roman Face pot (Seen in Fig. 22), including photogrammetry setups, the 3D modelling stage and cleaning up for display.
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[bookmark: _Ref173939422][bookmark: _Toc177664906]Fig. 25. Roman Face Pot. Viewed in SketchFab.
[bookmark: _Toc154856532][bookmark: _Toc173940583]2.4.1 Photogrammetry Vs Laser Scanning
Traditional 3D model reconstruction is associated with two main methods: photogrammetry or laser scanning. Photogrammetry is defined as capturing an object’s three-dimensional coordinate, to obtain information on various surface points through high-quality photographs taken from different angles. A 3D reconstruction software then processes these points and matches them together to create a full 3D model. Laser scanning estimates the surface points of an object through a reflectorless laser line over the objects surface to measure the data and generate a 3D mesh.
Another notable method includes structured light scanning, a device that projects a striped pattern onto an object and the surface causes the pattern to distort, allowing the device to calculate the objects shape and produce a 3D digital scan (Hexagon, 2021). This device was not considered at the time this project was created due to accessibility issues and companies limiting commercial sales.
[bookmark: _Toc154856533][bookmark: _Toc173940584]2.4.2 Existing workflows
3D digitisation is a well-studied area of research in computer graphics and archaeological studies to benefit the education, preservation, and restoration of historical artefacts. The Cultural Informatics Research Group (2010) have researched the potential of 3D digitisation and how it could benefit the future of cultural heritage. Ann Coulié, a preservation expert and curator at the Louvre Museum mentions that documentation relies on written reports and publications that usually contain few illustrations. However, with a 3D version, there is photographic coverage giving detailed viewing access, reinforcing an additional benefit of this project recreating Thornhill ceramics as a form of digital documentation.
Barry Molloy (2016) compared laser scanning and Structure From Motion (SFM) photogrammetry data acquisition methods on prehistoric metal tools and weapons to discuss whether this could be an appropriate media for the documentation, representation, and interpretation of an artefact. Molloy examined two methods of capturing 3D data that included laser scanning with a line of laser light and SFM photogrammetry sourced from 2D-dimensional images captured in a sequence of angles. Molloy’s (2016) first point was accessibility, laser scanning has some physical limitations and he found it was less feasible to move the scanner around the object when the SFM technique requires a stationary camera with a rotating object making it easier to capture the data in more restricted spaces, whilst laser scanning required a much bigger space to work with. Having a stationary camera would be more suitable to photograph the Thornhill Collection because of the unpredictable environment. With two separate locations for storage, the ability to arrange a suitable photogrammetry setup in a small space is essential to reduce any risk of environmental issues. 
The SFM technique was the most demanding out of the two for system requirements to generate the models smoothly. It also had an unreliable time frame when processing the images as it had a range of two to twelve hours dependent on certain factors, including image quality and object complexity. The image demonstrating Molloy’s SFM model captured the details effectively and accurately represented the edges and use-wear on the sword (2016), it was concluded from this that the suitable technique for this research would be photogrammetry due to its ability to accurately recreate the colour data and surface texture.
3D Laser Scanning uses a line of laser light to measure multiple points in each scan to collect data rapidly on a physical object and to produce a 3D reconstruction. The scanner takes many snapshots of an object to generate a 3D scan made of polygons, similar to the process of 2D images that are made up of pixels (Kivolya, 2019). 3D scanners can rapidly produce the forms of a model in 3D but does not provide the coloured textures that would be required if placing these models inside a visual environment to view and study.
Photogrammetry is a technical measuring technique that utilises two-dimensional photographs to process a physical object coordinate, digitise its information and produce a three-dimensional reconstruction. Close-Range Photogrammetry is a process of obtaining reliable imagery to retain information on a physical object’s form and running it through a process of measuring data to produce a 3D digital replica (Murphy, 2014). This is sometimes referred to as Image-Based Modelling and is a commonly used technique to measure and model buildings, engineering structures, forensic and accident scenes, mines, earthworks, stockpiles, archaeological artefacts, film sets and more. (Walford, 2017). With similar projects and research, this review demonstrates that photogrammetry is a suitable technique for digitising the Thornhill artefacts.
[bookmark: _Toc154856534][bookmark: _Toc173940585]2.4.3 Summary: Chosen Workflow
[bookmark: _Toc154856535][bookmark: _Toc173940586]Photogrammetry is the chosen 3D reconstruction technique as this would be the easiest setup to adapt to certain surroundings in restricted areas due to a static camera requiring a small setup. Photogrammetry can perform best with close-range scanning as it focuses on one object rotating on a turntable, as opposed to laser scanning which will require additional editing to remove any scanned background information. Laser scanning does not generate colour textures on the scanned model, however photogrammetry produces everything needed in one scan. Additional research also revealed the setup costs between the two methods. Photogrammetry required a simple camera, tripod and light source to get started, all of which were already owned by the researcher. Laser scanning devices come at a costly price and will typically range in the thousands, such as the Leica BLK360 laser scanner starter kit listed for £25,489.20 (SunBelt, 2024). 

2.5 Review of existing Haptics
Haptics refers to technology that enables players to have various forms of interaction in a virtual environment. The most common devices are in the form of game controllers, joysticks, and steering wheels. Haptic sensations can occur when a mobile phone vibrates or when a driving simulation applies resistance to the pedals or steering. These haptic experiences make games and walk-throughs more immersive by engaging senses beyond visual and auditory means.
Various forms of physical interaction can indicate a haptic experience and some studies have involved delivering physical sensations through what is known as ‘passive haptics’. This technique involves virtual visuals with a corresponding set of physical objects. This technique creates a simple, user-friendly design for users to touch objects in Virtual Reality (Insko, 2001), (Hoffman, 1998), (Tennent, et al., 2020). These objects would require a stationary position to correspond with the virtual objects accurately as there was no tracking built into the objects to provide free interaction. A secondary issue lies with the quality of the object and how realistic the texture of the material would be. However, both studies focus on the potential to use haptics as a form of freedom of senses and converging evidence reinforced the value of adding touch to a virtual object to improve a user’s sense of presence and understanding of spatial knowledge.
[bookmark: _Toc154856536][bookmark: _Toc173940587]2.5.1 Existing Haptic Devices
Haptic technology has been an important form of communication within various parts of modern society; however, developments are shifting to mimic more natural interactions to the commonly found interactive tablet in modern museums. Haptic systems can be grouped in to three core categories: graspable, touchable, and wearable. Graspable haptics include the Phantom Omni (Seen in Fig. 24.) (Silva, 2009), designed as a tool to enhance simulation and training, along with other interactive scenarios. This device provides full force-feedback to mimic the realistic sense of touch, however, the user is still limited to holding the stylus for a sensory response. 
[image: ]
[bookmark: _Ref104552792][bookmark: _Toc154829342][bookmark: _Toc177664907]Fig. 26. Phantom Omni Device.
Another example of a haptic device is SkinHaptics (Seen in Fig. 25.) (Ackerman, 2016), a device using ultrasound vibrations to generate tactile feedback to touch objects in midair. This creates a hands-free experience. Albeit one this is limited due to the device attaching to the palm of the hand, making it the only section active for feedback. Missing out the fingertips makes it impossible to achieve a grabbing motion on an object, therefore making the player unable to pick up objects freely. 
[image: ]
[bookmark: _Ref104552825][bookmark: _Toc154829343][bookmark: _Toc177664908]Fig. 27. SkinHaptics device illustration.
Wearable haptic gloves featuring tactile feedback are an upcoming development in the technology industry and now making their way into the mainstream market. Whilst the technology is more accessible, many companies have created their own version of the gloves focusing on diverse ways the gloves behave, a study was created to compare a selection of existing devices (See Appendix 1). Haptic gloves offer novel solutions to common problems faced with Virtual Reality and let the player use their hands to operate the user interface and interact with the scene around them naturally. 
Haptic technology could be used to benefit the cultural heritage sector to educate its users on methods of creation through firsthand tactile experience. Muhammad Jamil (2018) attempts to combine haptic technologies with heritage and archaeology to compare the real object with its digital representation. One focus is to address issues with value degradation and comparing that to the potential to add value through the implementation of haptic technology while exploring an archaeological object. These points consider whether recreating historical ceramics as a digital replica could realistically compare to the original, however, could potentially increase the value of experiencing an artefact without interactive restriction, opening opportunities for contextualizing historical content in an engaging, visual alternative.
There have been previous attempts to implement haptic interactive technology into existing museums. Museum and Heritage (2013) reproduces an article about The Manchester Museum pursuing a philosophy of making more of its collection available through object handling sessions and tactile displays. They wanted to develop an experience offering visually impaired users the opportunity to interact with objects through the sense of touch. They laser-scanned their items and placed them into virtual environments. The haptic device employed was a ball shaped stylus between the fingers which mimicked the ball’s movements in the virtual scene so the user would feel resistance when the ball came into contact with the virtual object. 
This shows potential in opening opportunities for various individuals who may rely primarily on their sense of touch. This project could contribute to innovative experiences that offer visitors a unique insight into how ceramics feel and how the information is displayed to develop a deeper understanding than text or audio could achieve. 

[bookmark: _Toc154856537][bookmark: _Toc173940588]2.5.2 Other Haptic Gloves
Developments in technology have shown multiple versions of the devices that resemble a haptic glove-like design, with the intention to mimic a realistic sense and freedom of touch. Appendix 1: Haptic glove Breakdown compares existing haptic gloves to decide on which glove would be most suitable and used within this research project.
Another glove-like design reviewed was the Haptx Gloves that delivers a full force-feedback experience for its users. This was essential for this project to allow visitors to feel like the interaction with artefacts is realistic, however, this glove was not available to purchase at the time this research was conducted. Haptx has since launched their haptic gloves, with intentions to continue developing the technology (Carlton, 2021).
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[bookmark: _Toc154829344][bookmark: _Toc177664909]Fig. 28. Haptx haptic glove devices.
Another Haptic glove to allow full force-feedback in their technology is the Dexmo haptic gloves by Dexta Robotics. With an exoskeleton design, the Dexmo gloves offer a mixture of vibration and motors within each finger to stop motion that gives the sensation of grabbing an object (Lang, 2019) These gloves have not yet been released to consumers but offer a contactable email for business enquires to acquire for a developer or enterprise edition of the glove. This glove was not yet publicised for sale during the selection of which haptic glove would be suitable for this research, therefore, it was not a consideration.
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[bookmark: _Toc154829345][bookmark: _Toc177664910]Fig. 29. Dexmo developments from original drawing (Middle) in 2013 to the original Dexmo design (Right) to the Dexmo DK1 (Left).
[bookmark: _Toc154856538][bookmark: _Toc173940589]2.5.3 SenseGlove
Results from Appendix 1: Haptic glove Breakdown showed that a limited number of devices offered a full force-feedback in their design, and all eight devices found used motion tracking to let the player use their hands as controllers within VR and be able to see them in the scene. Most devices did not offer anything additionally with motion tracking and relied solely on the visuals of the hands for the player to use them, two devices used vibrations to alert the player they were interacting with an object and two devices offered a full force-feedback experience. This project had a strong focus on incorporating full force-feedback as that was a unique aspect of the museum experience to be able to interact with artefacts freely without limitations.
Many of the haptic devices found had a lot of information withheld when requesting to order making them difficult to access commercially at the time the research was conducted, information such as their availability, costs and delivery charges.

[bookmark: _Toc154856539][bookmark: _Toc173940590]2.5.4 Summary
The final part of this research showed that only one device (the SenseGlove) offered VR and AR compatibility which offered the option to experiment with both instead of being limited to one platform. 
The device chosen from this research was the SenseGlove haptic gloves. This was selected based on several factors: their ability to adjust to different-sized hands so being suitable for their use within the public domain, the device was available at the time of the technology evaluation phase, and it offers VR and AR compatibility with a pre-made software development kit (SDK), which makes the device simple to set up and get started with within a game engine.
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[bookmark: _Ref101277009][bookmark: _Toc154829346][bookmark: _Toc177664911]Fig. 30. Set up of the SenseGlove haptic gloves with the HTC Vive headset.
The device utilised in this study fits the forms of interaction due to the exoskeleton design (See Fig. 28) to provide full force-feedback to each fingertip. This system is designed to provide the freedom of touch to interact with visuals naturally and enhance the visitors experience through a deeper context that Virtual Reality allows compared to the physical world. 
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[bookmark: _Ref154746405][bookmark: _Toc154829347][bookmark: _Toc177664912]Fig. 31. The Nova Glove.
SenseGlove originates from an undergraduate graduation project by its two founders Johannes Luijten and Gijs Den Butter, at the Delft University of Technology. Within these projects the core technology of SenseGlove was developed. The company SenseGlove was founded in 2015 following the development of the first prototype glove in 2017 which was the first collaboration of haptics and Virtual Reality (SenseGlove, 2022). Since then, they have introduced a second device called the Nova Glove in 2021 which features a force-feedback glove that boasts a simplistic and easily donned design (See Fig. 29).

[bookmark: _Toc173940591]2.6 Methology Structures
As there exists no prescriptive procedure to conduct practice-related research in Digital Heritage, the methodological framework applied in this project has developed an individually tailored approach through trial-and-error practices. The practice-based research guide focused on in this study is by Dr Linda Candy (2006), a professor at the University of Technology in Sydney, who defines two types of practice related research: practice-based and practice-led. 
Practice-based Research is defined as an original investigation undertaken in order to gain new knowledge partly by means of practice and the outcomes of that practice. In a doctoral thesis, claims of originality and contribution to knowledge may be demonstrated through creative outcomes in the form of designs, music, digital media, performances, and exhibitions. Whilst the significance and context of the claims are described in words, a full understanding can only be obtained with direct reference to the outcomes (Candy, 2006).
Practice-led Research is concerned with the nature of practice and leads to new knowledge that has operational significance for that practice. In a doctoral thesis, the results of practice-led research may be fully described in text form without the inclusion of a creative work. The primary focus of the research is to advance knowledge about practice, or to advance knowledge within practice. Such research includes practice as an integral part of its method and often falls within the general area of action research (Candy, 2006). 
This research will be implementing a practice-based research method to design a practical outcome that can lead to advancements in knowledge in how the visitor’s experience can be enhanced and improve the retention of information provided. 
This research has reviewed existing examples of practice-based research to inform and develop the structure and its underpinning research questions. Ramy Hammady ‘Virtual Guidance using Mixed Reality in Historical Places and Museums’ (2019) created a virtual guidance system using Mixed Reality for a museum environment to increase levels of engagement and the length of time a visitor spends in a museum. Influences come from how Hammady approaches the testing phase on the Museum Eye, including using museum participants to assess their behaviour patterns and how that data was collected and analysed. This research expands this approach by offering a virtual, interactive experience with history through incorporating haptic sensory qualities. While Museum Eyes key aim was to be used as a guide around the museum, the ‘Thornhill Experience’ will focus on what sensory interactions can be experienced to further educated visitors using advancing technologies. This will help visitors learn about ceramics in an engaging environment and increase the chance of information being retained.
Marco Mason (2021) presents a conceptual framework that features three perspectives- activity, tool mediation, and knowledge production, in order to analyse digital cultural heritage design practice. As his research supports this has not been analysed in museums, in terms of an activity system where a team of staff and partners engage in the co-creation of knowledge about how to design an experience appropriate for the museum and its audience. This research has a design in practice approach to reveal new understandings on how diverse museum teams come together in digital cultural heritage design practice.
Mason’s research was formulated from conceptual frameworks resulting from two research projects that were developed between 2012 and 2018. The first project studied American museums engaging in the production of digital technologies and media to enhance the visitor experience. This involved interviews with museum staff and external partners who were involved in the design process, as well as analysis of related project archives and documentation. These sources of data were compared to develop a shared understanding of visitor needs to translate into new digital media designs.
The second project was conceptualised as an experiment in instigating the emergence of a digital cultural heritage design practice. This involved Mason (2021) working for a period of six months as a Human-Centred Designer-in-residence at the Fitzwillian Museum in Cambridge, UK, alongside a team of educators, curators, digital specialists, visitor services staff and graphic designers, to develop a digital family guide service for a mobile device.
Mason’s (2021) project highlights the everchanging dynamic and mediating relationship with technology. Results showed that practice depends as much on their historical as on their evolving contemporary contexts, therefore analysing the systems designed it can reveal its historical evolution as it happens, while adopting new tools and have the freedom to modify the design to suit future developments. This created an awareness for this project to have the potential to be further developed, so it can be updated to maintain its relevance in the tech world. 
Mason (2021) concluded their thoughts to highlight the new research agenda that refocuses attention from design outcomes to design processes. This is accomplished by gathering data to measure the impact this digital cultural heritage design made on the team involved in the creation and the network it creates with a museum audience.
Theory-research relates to the qualitative data collected by exploring a research question and pursuing the theory for the research to formulate an answer (Clark, 2021). This theoretical technique was found suitable for this research as this will drive the collection and analysis of data from a social environment to effectively analyse how technology can change the way visitors experience museums.
This research will create an interactive VR application that would serve as a suitable addition to ceramic displays to disseminate historical content deriving from the Thornhill Collection visually via 3D digital replicas and environments. The ‘Thornhill Experience’ will involve methods of creation to show 3D replicas of existing ceramics to represent themselves as a surrogate version that can be interacted with. 
The experience will experiment with how implementing multisensory technology could enhance a museum visitors experience by involving methods of interaction to acquire information. Through the methods used by Hammady (2019) to collect data from participants, the testing phases in this research would highlight if the experience increased the engagement of the visitor with a ceramic and if they retained information provided in the experience. This data is gained through observing behavioural patterns of participants during the experience and will provide evidence on the museum visitors response to usability of the application, efficiency of educating information and desirability on similar installations in future museum displays.

[bookmark: _Toc173940592]2.7 Digitising Methods 
From the research conducted within the literature review it was decided that photogrammetry would be the most suitable process of digitisation for this project. Photogrammetry is a technique used to take a physical object or environment and deconstruct it into a 3D digital model through the use of high-quality photographs (Aber, 2010). These photographs hold the essential data that record the coordinates in a 3D-reconstruction software to find links and further process these to form a 3D replica model. This method is commonly used amongst the digital heritage sector (Foundation, 2016), (Walbridge, 2018), (DigVentures, 2016), with multiple benefits to the preservation, representation, and accessibility of artefacts around the world (Knodell, 2017). 
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[bookmark: _Toc177664913]Fig. 32. Photogrammetry setup example for a Cultural Heritage project
This method was chosen over 3D laser scanning due to its adaptable setups, more suitable within the Thornhill’s storage units. 3D laser scanning involves a handheld laser device (See Fig. 31) that is guided around an object with a line of laser light to link points together and instantly create a 3D model outcome without any additional processing. Laser scanning offers precise accuracy with delicate details in a small amount of time (Parnell, 2018).
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[bookmark: _Ref173939500][bookmark: _Toc177664914]Fig. 33 Example of a handheld 3D laser scanner.
Photogrammetry was found to be more suited for close range data compared to 3D laser scanning which is commonly used for gathering substantial amounts of data, such as a surrounding environment. To use 3D laser scanning with small objects there would be an extended process to remove any of the unwanted background.
Photogrammetry was chosen as the more suitable form of gathering digital data, due to the versatility of photogrammetry. Laser scanning, however, requires a trained handler to use the technology due to the complicated nature and value of the device. Photogrammetry can therefore be achieved with little previous experience to achieve the desired results. Also, laser scanning does not create the material texture automatically when creating the 3D model, which means photogrammetry would need to be used additionally for this purpose. Given these factors, it made more sense to use photogrammetry solely.
Other research in digital heritage does support using Photogrammetry as the most suitable method to digitise artefacts. This included the VR experience for the Tate Modern Museum which worked with Factory 42, using photogrammetry to recreate the museum and hologram of Sir David Attenborough, as well as the individual artefacts (Eylott, 2018).Digitisation is the process of taking analogue information, such as documents, sounds or photographs and converting them into a digital format that can be stored and accessed on computers, mobile phones, and other digital devices (NextService, 2020). This project is specifically using photographs to reconstruct artefacts into a digital 3D version that can be accessed on the prototype experience. This is a commonly used technique by museum and heritage sites for storing history in a digital database to preserve and provide accessibility to collections (Martenstyn, 2013). Digital archives provide many internal, as well as external benefits, such as easing the workload for curator staff in museums. An article from The Guardian interviewed Richard McDonough, a sound  curator at the Imperial War Museum (IWM) in England, who noted that due to the archives providing easier documentation and cataloguing: “Rather than having to dig out a cassette or draw an archive from an open reel, archives are now easier to transfer into a user-friendly format”, through a digital archive (Martenstyn, 2013). Another benefit the IWM noted was the possibility of exclusive online exhibitions for objects considered too delicate to handle, stating that some documents and objects that are invaluable culturally and monetarily cannot be in a typical display due to the materials degrading over time (Martenstyn, 2013).
This technique to digitise an object provides the ability to reconstruct the artefact and make it accessible in the ‘Thornhill Experience’, exploring ways visitors can interact with the object, while making a safe solution to artefacts that may degrade over time if left in a typical display case.

[bookmark: _Toc154856540][bookmark: _Toc173940593]Chapter 3: Methodology  
[bookmark: _Toc154856542][bookmark: _Toc173940594]3.1 Object Analysis 
As there exists no prescriptive procedure to conduct practice-based research the methodological framework applied in this project has developed via an individually tailored approach. This has derived partly from an analysis of other examples including Paul Greenhalgh (2001) who developed an object analysis framework to breakdown a ceramic’s historiography. This structure implies the pattern or form of history of a ceramic, not just the individual facts. 
Object analysis is a process of breaking down the contextual information of an object’s physical properties. There are three primary areas of analysis to conduct to understand the substance of an artefact, these include the material, aesthetic, and interactive qualities, followed by sourcing information on their social and cultural contexts. This information can then aid the interpretation of displaying these objects virtually or physically and give them meaning and purpose to their history. 
The Greenhalgh method assisted in defining the object analysis framework that would efficiently breakdown the contextualisation of an artefact and help explore what components can communicated through multisensory means.
The multisensory opportunities provide the ability to demonstrate a narrative from other forms of digital interpretation, such as how a drum will sound when you tap it with a hand or drumstick, a context that would alternatively be forbidden with an authentic Tang drum. This model has come from a comparative evaluation of other existing applications including, The Virtual Studilolo which aims to resemble in an immersive, 3D environment in the Palazzo Ducale of Mantua where Isabella d’Este displayed her collection of art, books, musical instruments, and antiquities (Shemek, 2016). This was created to offer accessibility to Renaissance treasures for anyone with a connection to the internet or to offer immersive experiences in a museum experience for students, educators, tourists, artists and other history enthusiasts (Shemek, 2016).
This experience extends the traditional museum environments by opening accessibility links with no need for extended mobility. This concept works by seeing the ceramic’s origin and where it would have been found. This also provides a unique 3D reconstruction of what an ancient burial would have looked like during use.
Throughout the history of material culture, there have been many theories proposed to understand the remains and creative process outputs of humankind. Ceramic production is one of the oldest forms of artistic expression that due to its fired state, survives history and has long served archaeologists in their gauge of cultural and technological sophistication. 
The academic social research in this study approaches the changes in society and how we have incorporated technology into our daily lives. Evidence shown in the literature review revealed a limited use of technology in museum displays and the lack of interaction visitors have with historical artefacts. Social research is essential for generating new knowledge and expanding our understanding of contemporary social life (Clark, 2021). This was found to be an ideal research method to apply to this project, as its core aim is to incorporate innovative technologies into a traditionally outdated environment. This research is essentially a concept aiming to explain a theory, in which history can be shown in a new and exciting form that brings words to life and offers multiple layers of contextual visuals and interactions. 
Theory-research relates to the qualitative data collected by exploring a research question and pursuing the theory for the research to formulate an answer (Clark, 2021). This theoretical technique was found suitable for this research as this will drive the collection and analysis of data from a social environment to effectively analyse how technology can change the way visitors experience museums.
A limitation was found within this research regarding the SenseGlove haptic device, due to the inability to provide a weighted simulation and the ability to use your fingertips to feel texture precisely. These limitations impacted the extent of interpretation that could be achieved. However, the addition of Virtual Reality provides visual context combined with interactive content. This application aims to benefit the visitors understanding of an artefact’s creation, role and present-day demand.
A selection process was made to decide which ceramics will feature in the experience. These decisions were based on the object analysis breakdown in the methodology of this research.
The chosen ceramics dated back to the Han and Tang periods to keep them within a similar timeline. This was to create consistency in the second environment the player would be teleported into. The VR tomb recreation represents the ceramics’ former use to demonstrate where they were discovered and communicates that the ceramics were offerings to the afterlife. The environment was designed to replicate a traditional Tang Dynasty tomb that would have featured ceramic offerings in their burial rituals. The murals on the walls were direct projections of murals found in an existing uncovered Tang tomb. Additional objects were created including a ceramic goose lamp and a decorative coffin that accurately represented the resting place of Lady Dai, a female aristocrat who died during the Han Dynasty.
An additional design aspect that influenced decision making for selected Thornhill pieces came from the representation regarding fake replicas. Despite Ernest Thornhill displaying an advanced knowledge on East-Asian ceramics, Thornhill made one mistake in his collection when he bought a fake Tang dynasty Musician on Horseback figurine. The modern copy was examined and found to be a close fake to the original design. Copies are a common issue in the ceramics community as close replicas can make a lot of money at auction if they remain unidentified. 
Therefore, the musician on horseback was chosen to feature in the experience to show visitors how fake versions can look to the original and question the visitor on which they thought was the fake while in the virtual scene.

[bookmark: _Toc154856543][bookmark: _Toc173940595]3.2.1 Object Analysis Framework 
Expanded methods of object analysis can facilitate broader connectivity and contemporary relevance of collection artefacts. As a starting point, Paul Greenhalgh’s method of object analysis will be considered to ‘reverse engineer’ the ceramic object into its constituent parts to elucidate: 
The maker (the maker’s personal/social background/the embodied knowledge/technical proficiency of the maker) 
The consumer (the consumer's personal/social background, status) 
The role of the object (its function – utilitarian, religious, ceremonial, visual, conceptual) 
The condition of the marketplace (demand and consumption) 
The history of the specific individual objects (where it has been, who bought it, how it was used) 
The class of the object within the genre of ceramics (its status in relation to other ceramic idioms and objects) 
The history of ceramics (its relation to historical precedents - cultural, aesthetic influences) 
The material itself (geographic, geologic origin, extraction, environment, sustainability) 
The technical state of the medium (technology, chemistry of ceramic) 
General political and social trends (that influenced the aesthetics and demand for objects, e.g., tea drinking) 
The history of other genres that relate to ceramics (metal work, textile, architecture, painting, sculpture)

[bookmark: _Toc154856545][bookmark: _Toc173940596]3.2 Data Analysis
When deciding how to sample the data for this research it was decided that two locations would be selected to receive a secure and adequate number of participants for this research. 
There are numerous ways of analysing data. This research’s focus was on evaluating the behaviour and response from participants and analysing user satisfaction to conclude if this experience was accepted and successful in the intended settings of a museum. 
This research adopted an observation method that allows the researcher to assess a participant's behaviour during the experience and through feedback. This provides details on how participants responded visually to the experience. Questions in the questionnaire also address what part of the experience participants found most entertaining or memorable, in order to test what types of interactions were most efficient at engaging a user.
The questionnaire also had a general feedback option to write a personalised message to give an insight into how the participant feels after trying the experience. 
This research adopted a questionnaire for User Interface Satisfaction (QUIS) method to compare responses and evaluate the software and hardware used for the user testing phase. The QUIS is a usability testing tool designed to gauge a user’s subjective satisfaction with the computer interface, or, in this case, the ‘Thornhill Experience’.
The QUIS contains a demographic questionnaire that measures users’ satisfaction based on screen factors, terminology, system feedback, learning factors and system capabilities (Harper, 1993). When applied to this research, the questionnaire is designed to target four defining factors in this research: how participants responded to navigating around the experience and how they felt using haptic enabling technologies within a virtual museum setting (usability), if the participant felt the experience helped them learn more about the ceramics and if the interaction benefited their understanding (effectiveness), if this type of installation enhanced the visitor’s overall experience and performed as an alternative method of gaining information (efficiency), and if the experience would be desired by the target audience in future displays within museums and cultural heritage sites (desirability).  
The questionnaire was formed to be quick to complete and simple to understand. It includes a short set of questions to avoid it taking longer than five minutes to complete and all questions consisted of multiple-choice answers to make for a simplistic layout. 
The questions were constructed using the System Usability Scale (SUS), a workflow that consists of creating positive or negatively phrased questions to assess users’ satisfaction. This is a common technique used for public questionnaires and surveys (Sauro, 2011), due to a relatable layout to represent a user’s emotional response. 
For example, if a visitor is asked if they enjoyed the experience, a range of faces are displayed to acknowledge what ‘bad’ and ‘good look like and whether the individual agrees with that statement. 
[bookmark: _Toc154856546][bookmark: _Toc173940597]Chapter 4: Design and Development of the ‘Thornhill Experience’
[bookmark: _Toc154856547][bookmark: _Toc173940598]4.1 Introduction
This chapter focuses on the process of building the ‘Thornhill Experience’, starting with the literature review to uncover and identify the most suitable workflows, then following this into a structured design process. This chapter demonstrates the creation of visual content from planning storyboards to designing interactions within the environments to contextualise the ceramics using the object analysis frameworks. 
The first stage outlines the process of photogrammetry techniques to digitise the Thornhill ceramics, digitisation is a process of taking a real-life artefact and turning it into a virtual 3D model. Digitising can be achieved with multiple methods. The thesis compares and considers which method is most suitable when using it to digitise an artefact for a virtual museum. 
The second stage demonstrates the process of creating the environments. This involved selecting an environment that could deliver visual information on a ceramic. The first room would consist of a classic museum that imitates the real-life perspective of where a visitor would usually see a ceramic artefact, followed by a transformative journey into a second environment to display a reconstruction of a Tang Dynasty tomb to visually communicate where some of the Thornhill ceramics were discovered and recovered from. This visual context can explain the former use of an artefact without the need for additional text, whilst creating an immersive interaction for a visitor to explore. The tomb symbolises the ability to transport a visitor out of the typical museum room and give them a unique method of engagement with an artefact’s history. 
The third stage explains a breakdown of how the interactions were created and what gamification experiences were selected as the most appropriate for this experience. The interactions offer the ability to implement sources of information in an engaging alternative. These visual sources of information broke down what was achievable for the visitor to experience that would usually be difficult to replicate in the real-world museum, typically with limited resources for a breakdown of information. 

The interactions included in this experience are:
· limitless interaction to hold and observe the ceramics within a close-range using 
photogrammetry to digitise the original ceramics.
· Discoverable objects and interactions to keep the experience unpredictable and engaging.
· A small amount of text to give specific dates and additional context 
· Transporting the visitor into another environment to take them away from the typical museum setting and show where some of the ceramics were recovered.
· A quiz for the visitor to test their knowledge and to see what information was retained from the experience. 
This chapter explores the first question set through this research, on how the visual and tactile characteristics of historical ceramic artefacts from the Thornhill Collection can be recorded, displayed and experienced through innovative modes of digital dissemination. This chapter responds to this by analysing to what extent a player can experience the physical properties of ceramics when interacting with a digital surrogate. This section first considers the most suitable techniques to create the 3D digital surrogates, along with how this method was executed and concluding the results of the models. This chapter then follows with describing how the interactions were carefully selected to inform the various layers of context disseminated through the selected artefacts.

[bookmark: _Toc154856548][bookmark: _Toc173940599]4.2 The aim of the ‘Thornhill Experience’ 
This project aims to enhance a visitor's experience and understanding of historical ceramics usually cased within the museum vitrine, through a Virtual Reality based application. This project provides the opportunity to enhance a visitor's experience through incorporating Virtual Reality and haptic technology to handle these ceramics that alternatively would be prohibited, whilst educating the visitor with innovative forms of interaction to visually contextualise a ceramics historical context.
Through novel forms of interaction that involve the virtual handling a digital ceramic surrogate, the application aims to engage the visitor with the historical context of an artefact beyond the traditional museum display. Museums have shown a significant rise in visitors to Museums and Galleries around the UK from 2018-2019, studies show that children have also increased in numbers to attend new initiatives and exhibitions, whilst also attracting more tourists overseas (Gov.uk, 2019), the demand for new attractions is evident and in a digital age it is important to analyse the ways we can incorporate technology to elevate education and appeal to a more contemporary audience. 
 
[bookmark: _Toc154856549][bookmark: _Toc173940600]4.3 Workflow for decision making
Before designing the system structure, it was important to plan out the key characteristics of this experience and develop a system workflow of how they would be executed. Identifying the core functions and requirements of this application was made to fit the aim of what the player should experience. These functions included picking up and observing a ceramic object up close, which were considered valuable interactions to enable greater insights into the historical context and origins of the ceramic artefact, by transporting the player into a different scene. 
At the beginning of this project, it was decided to create this experience within an Augmented Reality environment with the concept to lead a player around a museum to find discoverable interactions that offer additional context that goes beyond a panel of text to visually stimulate and enhance the visitor experience. However, these experiments in the initial stages showed that Augmented Reality caused a few issues when implementing this effectively with a range of senses and would not be possible to include haptic devices due to a limited range of mobility from a wired setup.
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[bookmark: _Ref140073474][bookmark: _Ref140073469][bookmark: _Toc154829350][bookmark: _Toc177664915]Fig. 34. Early Tests with Photogrammetry and Augmented Reality.
Fig. 32 shows the early tests for the ‘Thornhill Experience’. Photogrammetry was used to create the ceramic test seen in the experience, and this also shows the Augmented Reality prototype that included activated base stations that would load up the artefacts to be viewed in the application.
Evidence from early testing showed difficulty in implementing haptic technologies due to the requirements for a confined space and issues from the size of the SenseGlove device, limiting the visuals for the player in the virtual scene. This was especially so when reaching out for an object when the gloves’ surface area would be constricting to the environment. Virtual Reality offers the ability to hide the mass of the device and replace the hands with a more compact and realistic hand to simulate realism.
Given these issues, it was determined that Virtual Reality would best suit this research to aim for an innovative alternative reality for a visitor to experience interaction with artefacts and learn about history in a visually reconstructed context. 
[bookmark: _Toc154856550][bookmark: _Toc173940601]4.3.2 List of Functions for the ‘Thornhill Experience’
To fulfil the second research question in this research, a comprehensive list of interactions was created to tackle how the historical context of ceramic artefacts can be experienced through Virtual Reality, to both educate and inform museum audiences. These interactions were formed from evidence found within the literature review and an analysis of what would better engage a visitor interactively to acquire information.
The interactions vary according to their classification, which can define what the visitor experiences through that interaction. The categories were defined as part of the Greenhalgh (2001) method to deconstruct a ceramic’s historical context and breakdown information visually and interactively.
Visual Communication: This involves the information that is communicated with visual and auditory sources. This involves the creation of a relatable environment the visitor feels comfortable to navigate, while creating an additional set of visuals to provide understanding of a ceramic’s function or origin timeline.
Playable Objects: This is essential for the visitor to understand the functionality of a ceramic and understand the significance of its design.
Text Communication: This involves a set of triggers for the visitor to activate to acquire text information. Not all information can be displayed visually, such as explaining a type of glaze used on a ceramic. This could breakdown a ceramic’s material properties, as well as personal and social backgrounds.
Gamification: This is essential to the entertainment element of the experience. The game-like actions quiz the visitor on what they have learnt and assesses how much information was retained during the experience.
[bookmark: _Toc173940657]Table 1. List of the ‘Thornhill Experience’ Functions.
	
Interactions
	
Description
	
Category
	
Purpose

	Museum environment 
	These include digital renders of the museum environment, with auditory background noise of other visitors accompanied by examples of traditional Chinese music related to the historical context of objects.
	Visual Communication
	To give the visitor a relatable visual environment.

	Interactive virtual replicas
	The main aim of this experience is to provide accessibility to the ceramics, these ceramics are 3D replicas that can be fully interacted with haptic gloves.
	Playable Objects
	This interaction challenges the typical limitations of ceramic collections contained within museum cases, and lets visitors freely interact with 3D replicas in the scene and examine the close up.

	Interactive storytelling through 3D reconstruction
	The narrative of the musician on horseback ceramic has been communicated through a 3D reconstruction of a Tang dynasty drum that the visitor can interact with audible sounds.
	Playable Objects
	To provide visitors with an understanding of the origin and ritual context of artefacts placed within their historical timeline.

	Visual storytelling with the tomb
	The ceramic’s origin is communicated through transporting the visitor into a replica Tang dynasty tomb, to show where the ceramics were recovered.
	Visual Communication
	To provide visitors with a visual context that enables them to better understand the artefacts origin and timeline.

	Text appearing upon touching a ceramic in the tomb
	This interaction was designed to show additional information that was difficult to display visually. The information would appear in the tomb when the visitor picks up one of the ceramics.
	Text Communication
	This was used as a method of communication for information that was difficult to display visually, while still interacting with the ceramics.

	Quiz of dynasties
	The last room in the experience would quiz the visitors on a certain piece of information they were given in the tomb. 
	Gamification 
	This was used to assess how much visitors retained information that was displayed throughout the experience



A key interaction was implemented as a fundamental method to acquire information or progress within the experience, this was inspired by the artist Ai WeiWei.
Ai Weiwei is an artist and activist, famous for a particular piece called ‘Dropping a Han Dynasty Urn (1995)’ (Bilbao, 2024). Consisting of a series of photographs, showing Weiwei dropping and smashing a Han Dynasty Urn. This urn was used as an impactful message to question its cultural worth. Weiwei quotes “Chairman Mao used to tell us that we can only build a new world if we destroy the old one.”, this statement refers to the widespread destruction of antiques during China’s Cultural Revolution (1966-76) (Bilbao, 2024).
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[bookmark: _Toc177664916]Fig. 35. Artist Ai Weiwei, Dropping a Han Dynasty Urn, 1995.
“The work captures Ai as he drops a 2,000-year-old ceremonial urn, allowing it to smash to the floor at his feet. Not only did this artifact have considerable value, it also had symbolic and cultural worth.” (Bilbao, 2024)

The Object Analysis framework in this research considers how this experience can demonstrate the physical, symbolic and cultural significance of an artefact, through visual reconstructions and interactive content. The Thornhill Experience incorporates this message at the start of experience through an explanation of Weiwei’s message, along with an indication that upon dropping an artefact, they will acquire more information or the ability to progress further through the experience. 
This function plays on the message Weiwei intended through a visual representation that will not harm a physical artefact and provides further contextual information into the ceramics, potentially deepening a user’s understanding of the ceramics cultural and physical value.

[bookmark: _Toc154856551][bookmark: _Toc173940602]4.4 Digitising the Thornhill Ceramic Collection
To create the virtual artefacts, it was important to consider the techniques applied to recreate virtual replicas to accurately reflect the physical characteristics of the original. 
This method uses photogrammetry, a process of taking a physical object and creating a 3D digital version (Burkett, 2017). It is the method of gathering data of an object’s physical information, collecting that data, and processing it in within a 3D reconstruction software. This allows for the recreation of the ceramics original forms and preserving the unique texture and surface details. 

[bookmark: _Toc154856552][bookmark: _Toc173940603]4.4.1 Preparation for Photogrammetry 
Extensive tests took place to decide on the most suitable equipment and software to digitise the Thornhill ceramics. This chapter covers these decisions and the testing that took place to decide on which methods and setups were the most suitable to digitise an artefact into a 3D replica.
In the preliminary stages, different setups and equipment were used to experiment with different results. Some setups showed issues with rejected photographs resulting in errors. This was sometimes a result of mistakes made with the photographing process or misuse of the software. Photogrammetry requires a lot of adjusting to find what works for a certain objective. For example, if the goal is to digitise a porcelain ceramic pot, then lighting will have to be tailored to avoid bouncing any light off the reflective surface. One way this was resolved was by using a polarizing filter (See Fig. 33) which manages reflections and suppresses any glares from a surface, overall creating cleaner results with true colouration.
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[bookmark: _Ref101277129][bookmark: _Toc154829351][bookmark: _Toc177664917]Fig. 36. Photograph comparison with and without a polarized filter lens.
When the 3D scan has been created, it will then be tweaked within the texturing and post processing stages to manually apply a suitable reflectiveness to the material of the ceramic that would match real-life. This was done to give real-time material properties so when a visitor holds the ceramic in Virtual Reality they can see the reflections bouncing off from the surrounding environment.

[bookmark: _Toc154856553][bookmark: _Toc173940604]4.4.2 Choosing the Digitising Software
The next stage was deciding the most suitable photogrammetry software to process the data from the photographs to develop the 3D model replicas. Different software can alter the final results of a scan due to the way the data is processed and produced. A significant amount of existing research utilises 3D reconstruction software’s such as VisualSFM, released in 2011 (Fuaite, 2016) and OpenMVG, released in 2013, (Moulon, 2016). Likely due to their reliable workflow that has been refined over the last 10+ years. However, this research wanted to focus on software releases within the last 10 years and explore potential advancements that could modernise existing digitising workflows.
This resulted in an experimental stage of using various digitising softwares to determine which would be suitable specifically for the recreation of existing artefacts, important factors to include are the following:
· High resolution textures to capture ceramic details, such as paintings.
· Accuracy in capturing positive and negative spaces, such as handles.
· Reliable results, to produce multiple scans in a short time
Autodesk Recap (2023) was used first due to the attractive features that offer fast results with little difficulty to navigate due to a simple User Interface (UI), however, limited UI showed a lack of editing abilities. The results were processed enough for a full model to be created successfully but usually had a poor resolution on the texture maps causing this software to be unsuitable to represent digital replicas of existing artefacts. An important aspect of this project was allowing the player to fully interact with the ceramics to see details at a close range, however poor texture quality would have made this difficult for visitors to see the ceramics details. This is a good starter software as it is simplistic and provides quick results but was decided to be unsuitable due to limitations in UI and poor texture resolution.
Reality Capture (2023)was used due to a highly rated opinion across rating websites for photogrammetry software. Reality Capture is known for its fast results (Lewis, 2021). However, this software can become expensive as it charges for every export you make on a model. The software was complex, meaning it would take an appreciable time to understand the UI to achieve satisfactory results. The potential of this software is high due to the ability to create clean and precise results, but this was found to be unsuitable for the project due to the time constraints to train the researcher on its use. 
3DF Zephyr (2023) was a close second when compared with the other software in these experiments. This software was simple to understand and could be navigated easily. This software was free but offered quite a few limitations to encourage the user to pay for a full version. These limitations impacted the results required for this project, so, therefore, was found unsuitable to produce the final scans. Many issues occurred including images often getting rejected due to it not recognising where they are in the world, resulting in errors in the final model, or the model not being created.
Meshroom (2023) was chosen as the most suitable software due to its thorough framework to flexibly adjust settings to suit certain ceramic scans. The models had a good chance of success compared to other software and, if errors occurred, there was an ability to read a breakdown of which stage failed in the process. This saved time to be able to understand the problem and fix it rather than running it repeatedly until the results were desired.
The software displays each stage of the process so you can understand what the scan goes through to produce the final 3D model. This made the UI simple to use and even automatically creates a file of the 3D model without the additional need to export it. This increased the results in a smaller time frame making it the most time-efficient out of all the other software.

[bookmark: _Toc154856554][bookmark: _Toc173940605]4.4.3 Visiting the Thornhill Ceramics Storage Unit
The location was situated within a warehouse where the collection was in storage. A room was allocated to setup the equipment with no windows that could impact the lighting arrangements (See Fig. 34). 
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[bookmark: _Ref101277180][bookmark: _Toc154829352][bookmark: _Toc177664918]Fig. 37. Photogrammetry setup at the location for the Thornhill Collection, featuring the Green Glazed Bowl from the collection.
The setup consisted of a rotating turntable for the ceramic to sit on with the ability to rotate at a pace that suited gathering all of the data. If ceramics are more complex in form, they will require more images to capture that information. Then blackout sheets were used on the underneath and back of the object to filter out any bouncing lights. The camera was placed on a tripod which could be adjusted up or down depending on the angle needed for shooting. 
The camera was generally used with standard settings, with the surrounding environment adjusted to suit the lighting requirements. Before each ceramic was photographed, the camera would be checked for suited exposure, aperture and focus to assure the images were high quality. In addition to this, a camera colour tester was used to check the clarity of colours with a test photograph.
To make the photographs easier to capture in large quantities, a device was connected to the camera that would work as an automatic timer for the shutter to trigger and take a photo, this allowed the researcher the ability to focus on the turntable to rotate each artefact.
Finally, a ring light was used to distribute even lighting across one angle the camera was shooting. This was easier than multiple cameras set up on various angles due to the mass of equipment that would have been required to acquire enough data from a set of images. Fig. 35 shows all the equipment that was used to photograph the ceramics during that visit.
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[bookmark: _Ref101277203][bookmark: _Toc154829353][bookmark: _Toc177664919]Fig. 38. Breakdown of Photogrammetry equipment.
The handling process included additional handlers to unpack the required ceramics and display them on the setup so no touching was necessary that would increase the risks of damage. The handlers wore protective gloves and had previous training on safely transporting the ceramics from the crate to the setup and how to package them back into the crate to be screwed shut.
The scans took one working day to complete, along with the setup taking roughly an hour to get right followed by quick tests to make sure the camera was working, and the images were what was needed. Camera settings usually need adjusting to ensure that the colour balance is correct and there are no unneeded sources of light that can impact the quality of the images.
Each ceramic took roughly 20-30 minutes to ensure there was no room for error to put the ceramics at risk, Fig. 36 shows a flow chart of a typical scenario photographing a Thornhill ceramic. In future, it would be considered that a second visit would have been ideal to fix any of the possible errors with the first attempt and to scan more ceramics in case any previously selected were found not to be suitable for digitising.
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[bookmark: _Ref151068605][bookmark: _Toc154829354][bookmark: _Toc177664920]Fig. 39. Flowchart of the photographing process.
[bookmark: _Toc154856555][bookmark: _Toc173940606]4.5 Digitisation 
This process converts physical information into a digital format. This process consists of various photographs of an object at multiple angles to gather the physical information to transfer them into the photogrammetry phase. When the data is processed in a 3D re-construction software, the software uses the photographs to link matching points in the data and create a full 3D model version (Choukroun, 2022). See Fig. 37 for a visual example of this process. This 3D model is then transferred into a games engine or rendering setup, such as Sketchfab, to serve as an interactive 3D object.
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[bookmark: _Ref151066907][bookmark: _Ref151066902][bookmark: _Toc154829355][bookmark: _Toc177664921]Fig. 40. Digitising process with the Stem Cup.
This technique was chosen due to its most photo-realistic results to achieve a close replica of the original artefact. Maintaining visual accuracy was important to provide the end user with an interactive experience that was close to engaging with an artefact in real life.
[bookmark: _Toc154856556][bookmark: _Toc173940607]4.5.1 Photo Selection 
The process starts with uploading the photographs from the camera to a computer device. Once the transferring process is complete, there is an elimination process to analyse if the photos are deemed suitable for photogrammetry. A few reasons for not using an image are listed below:
· Blurry or poor-quality image.
· Bad framing- The object is not centred or has poor alignment.
· Duplicates- Only need one image of the same angle.
· Unwanted additions. For example, hands are visible from adjusting the scene.

The photographs are shot in a raw format to provide the most authentic version of the ceramic with accurate colour matches; however, this means that the images must then be converted into a compatible version for photogrammetry software. For Meshroom, all the images were converted into JPG format due to their small file size and quicker upload speed (1stWebDesigner, 2016). 

[bookmark: _Toc154856557][bookmark: _Toc173940608]4.5.2 The Digitising Process
Once the photos are ready, they are uploaded to the Meshroom software to begin the digitising process. See Fig. 38 for a visual reference of the digitising software, Meshroom.
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[bookmark: _Ref101277232][bookmark: _Toc154829356][bookmark: _Toc177664922]Fig. 41. UI Layout of Meshroom.
As seen in Fig. 39, Fig. 40 and Fig. 41, there is a timeline shown for each stage to get the final 3D scan. This software begins the process by extracting the feature of the object depicted in the images, followed by matching this data with coordinated points to fully reconstruct in 3D where each point would be. Once this has been created, Meshroom then creates a 3D mesh with a texture overlay and exports it as an OBJ file object. This output is then ready to be edited in an external 3D editing software.
Meshroom required roughly 30-50 images to produce a full 3D model with minimal errors. However, this would take multiple attempts of trying different angles of each ceramic to see which was most accepted by the software. If a certain angle was rejected, a new angle of photos was added with the previously accepted selection.
A fair amount of testing went into this stage due to the trial-and-error nature of this software, in order to achieve an efficient result that can be taken through into the next stages. If images were rejected, the models would finish with errors or poor results, thereby needing another attempt to get the desired base.
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[bookmark: _Ref101277268][bookmark: _Ref154267145][bookmark: _Toc154829357][bookmark: _Toc177664923]Fig. 42. Digitising process for the Green-Glazed Bowl.
Challenges were overcome by using a distinct set of images each time to see what the software most agreed with. Sometimes, a certain angle would be rejected by the software and therefore remained unused to develop a scan, resulting in poor reconstruction. 
Many angles were taken of a single ceramic to allow issues with an album of photos that could be scrapped for an alternative solution.
[bookmark: _Toc154856558][bookmark: _Toc173940609]4.5.3 Reconstruction
The two software applications used for reconstruction were 3dsMax and ZBrush, 3dsMax offers the ability to remove irrelevant meshes by quickly selecting the associated geometry to remove. ZBrush was used to edit the meshes organically to fill any unwanted holes or smooth any harsh edges. 
This stage focuses on editing the mesh to fix any issues and get the model as close to the original piece as possible. The first step is to remove any unwanted background, as seen in the first image on Fig. 39, Fig. 40 and Fig. 41, so the mesh is just the object that is being reconstructed. Usually, a scan will have holes within the mesh. This is a result of lost data via the photographs and errors that happened during the scanning phase. 
One of the bigger challenges of reconstructing a ceramic in 3D was how to apply a base so the object could be turned at any angle and have zero gaps. To approach this, images were taken to cover every area of the object and the base of the ceramic is then applied separately in the editing software. After the mesh is complete, the texture is then projected and combined with the rest of the texture colour map to complete the ceramic.
Additional editing can be required depending on the complexity of the design and how the scan has interpreted certain design elements. For example, Fig. 40 shows handles around the top of the pot. The photogrammetry scan closed up these holes due to them being too small to process and therefore needed further editing to make the negative spaces by hand. 
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[bookmark: _Ref101277269][bookmark: _Ref154267146][bookmark: _Toc154829358][bookmark: _Toc177664924]Fig. 43. Digitising process for the Stoneware Wine Bottle.
[bookmark: _Toc154856559][bookmark: _Toc173940610]4.5.4 Retopology 
Once the High Poly version of the mesh is complete, it can then be retopologized. Retopology is a process in 3D Art to create a lower resolution mesh version suitable to import into a 3D environment. Using a lower resolution means the object is more performant to render and helps the game run more smoothly as a result. It is important with retopology to retain the detailed information. This means creating a replica version that mimics the shape and forms of the original digitised model. If the low poly version is not directly matching up with the original mesh, this can cause the projection to fail or have gaps in the details.
This can also be related to the decimation phase, decimation meaning reducing the file size and therefore improving the overall optimization of the model (GoMeasure3D, 2024). However, retopology slightly differs in techniques to improve the efficiency of the topology. Whether decimation will focus on making the topology as reduced as possible. Which may lead to errors in the textures phase.
[bookmark: _Toc154856560][bookmark: _Toc173940611]4.5.5 Texture Baking
With a reconstructed mesh created, Fig. 39, Fig. 40 and Fig. 41 show a completed, untextured model under ‘Retopologize’. The low-poly model will then be overlayed on top of the original high-poly to project the coloured texture details onto the low-poly model. This will give the low poly model a full colour map texture that can be exported into an external software. 
Substance Painter is then used to do any additional details or tidying of any errors from the projection. This texturing software also can create multiple texture maps to add realistic elements. These texture maps are flat 2D layouts of a 3D object.
These models have a primary colour map for the visual information and colouration as shown in Fig. 41 under ‘Baking’, along with a normal map as shown under the colour map. A Normal map texture defines which way a light bounces off a surface. This includes how an object reacts to light, represented through RGB colours (XPlaneDeveloper, 2020). Normal maps help to identify the 3-dimensionality of a surface and will add definition within the ceramic's negative spaces.

[bookmark: _Toc154856561][bookmark: _Toc173940612]4.5.6 Polishing
Polishing consists of last-minute touches to refine any possible flaws or additional details that could include adjusting the physical properties or reverting back to a previous stage to fix any flaws or mistakes.
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[bookmark: _Ref101277271][bookmark: _Ref154267147][bookmark: _Toc154829359][bookmark: _Toc177664925]Fig. 44. Digitising process for the Musician on Horseback.
6.4.4.7 Rendering and Presenting 
Once the model is completed, it is ready to present via the rendering software, so that high-quality rendered images can be taken for presentations and documentation. Sketchfab was used to import the 3D model to assess how the 3D model was behaving and checked for any unknown errors before being imported into Unity. Sketchfab is an online platform for sharing 2D, 3D and AR content (SketchFab, 2020). 
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[bookmark: _Ref101278298][bookmark: _Toc154829360][bookmark: _Toc177664926]Fig. 45. Musician on Horseback in Sketchfab.
Uploading to this platform can be done quickly with many editing options to customize the way they are presented. This makes this an efficient option for an online portfolio and was especially useful during the initial stages of this project. Fig. 43 shows the 3D editing settings within Sketchfab and Fig. 42 shows how the model appears for viewing. This software was used for similar projects, such as (Davies, 2021), (VR, 2023), (Archaeology, 2015) and (Museum, 2023).
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[bookmark: _Ref101278080][bookmark: _Toc154829361][bookmark: _Toc177664927]Fig. 46. Sketchfab 3D editing UI.

[bookmark: _Toc154856562][bookmark: _Toc173940613]4.6 Stage 2: Content Creation for the ‘Thornhill Experience’
[bookmark: _Toc154856563][bookmark: _Toc173940614]4.6.1 Mock Designs
Plans were created to explore the diverse ways hands-on interaction could be utilised to offer users ways to interact with the experience. These plans included sketches, drawings, mind maps and 3D mock visuals before deciding on the final focused interactions. An example of a story board can be seen in Fig. 44. The interactions were broken down into diverse levels that provide storytelling to the history of a Thornhill ceramic. The ceramics were framed in a museum to open the scene with a familiar setting. 
[bookmark: _Ref151069508][image: ]
[bookmark: _Ref154746729][bookmark: _Toc154829362][bookmark: _Toc177664928]Fig. 47. Storyboard of the ‘Thornhill Experience’ interactions.
The museum was designed to show the player had no rules when to interacting with objects. The cabinets could be taken away and the objects handled to get a close-up view of a ceramic.
Some ceramics may need additional context to understand their forms, such as the musician on horseback, this was communicated by recreating the drum from the ceramic into an authentic replica of a Tang Dynasty drum (See Fig. 45 for reference). To provide a broader cultural context of the ceramic, the representation of the drum within the Tang figure on horseback, provided an additional layer of interpretation for visitors to engage with.
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[bookmark: _Ref111319869][bookmark: _Toc154829363][bookmark: _Toc177664929]Fig. 48. Tang Dynasty drum reference.
The drum had two sides that provided two different sounds upon being hit with sticks. This sound was clipped out of a modern orchestra video recreating Tang Dynasty music. This was to provide authentic sounds to add another sense within the experience that would provide additional context to the ceramic. 
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[bookmark: _Toc154829364][bookmark: _Toc177664930]Fig. 49. Screenshot in the ‘Thornhill Experience’ of a player interacting with the drum.
The next core interaction was with a change of environment. This was to transport the player into a tomb setting to communicate where the ceramics were originally discovered. This context helped the player understand how the Thornhill Collection was formed, through ceramics of divergent backgrounds but all linked through an East Asian location. This context was intended to assist the visitors understanding the ritual significance of objects as tomb offerings and place them also with in a geographic context. Tomb offerings were a common ritual for burials in East Asia, these can be personal possessions, supplies to assist in the deceased’s journey to afterlife or as symbol of wealth or status (Rawson, 2023).
In the initial stages of production for the ‘Thornhill Experience’, it was found by the researcher that the Musician on Horseback ceramic was a fake, as recorded in the collection’s documentation confirming its authenticity (See Appendix 7: Lyon & Turnbull Inventory & Evaluation for the Thornhill Collection). This impacted plans on whether to include the ceramic in the experience. The skill of the counterfeiters remains so advanced it is incredibly difficult to distinguish the original from the fake. It is unknown if Earnest Thornhill was aware of the Musician of Horseback being a fake despite evidence of him seeking professional advice from curators and ceramic experts to avoid this mistake, but it is likely the replica remained undetected until later examinations when the collection was valued in 2015 by Lyon & Turnbull auctions (See Appendix 7). This ceramic was included in order to inform visitors of what a fake replica could look like, with the ability to handle and look at details closely to understand the ageing creation techniques that replicate the original artefact. This example indicates one of many counterfeit artefacts that are accurate enough to remain undetected and end up included in mainstream collections or museum displays.

[bookmark: _Toc154856564][bookmark: _Toc173940615]4.6.2 Environmental Design
For the project, two core environments were made to demonstrate an element of time travel for the player to experience. The first environment shown in Fig. 47 focuses on where the ceramics would be displayed, mirroring a typical museum layout to display the selected Thornhill ceramics.
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[bookmark: _Ref111213811][bookmark: _Toc154829365][bookmark: _Toc177664931]Fig. 50. The ‘Thornhill Experience’, Museum room.
For the visitor to feel fully immersed in the environment, spatial mapping was created to surround the player in an enclosed virtual environment. The museum featured a doorway that appeared to lead to another room in the museum, however, that was created to avoid the visitor feeling enclosed in a single room, the layout replicating a real museum design. 
To inform the player that the second museum room was not playable it was darkened with limited lighting to disinterest the player and stay in the same room. This is a common technique used in gaming to focus a player on a certain path or guide them to desired interactions. The ceramics in the museum were lit directly above to highlight what the visitor should interact with.
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[bookmark: _Ref154172529][bookmark: _Toc154829366][bookmark: _Toc177664932]Fig. 51. Screenshot of the 'Rise of the Tomb Raider' game.
In Fig. 48, the game ‘Rise of the Tomb Raider’ shows lighting being used in a comparable way. An interactable object has been highlighted with its own light source, this has been circled for reference. The arrow shows the general light source directing the player on where to go next, with the surrounding environment dimmed in brightness to make it appear less interesting.
For the environment map design of the three rooms (see Fig. 49), the dotted line represents other rooms visible to the visitor but are not accessible. The yellow dots represent the light sources in the scene.
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[bookmark: _Ref117700475][bookmark: _Toc154829367][bookmark: _Toc177664933]Fig. 52. Environment Map Design for the ‘Thornhill Experience’.
Additional objects are used to build a scene to replicate a traditional museum setup, such as cabinets for the artefacts and benches for visitors to sit and admire the history or art. Replica paintings and murals were featured on the walls that linked with the ceramics time periods to create additional visual interest. This included paintings and murals from the Han and Tang dynasty. 
The layout was decided from gathered references featured in Fig. 50. This included deciding how light would enter the room and light up the scene. For museums to feature natural light some decided on a ceiling window to let in natural day light and illuminate the room, with additional point lights around the ceiling window or above the art work to highlight the viewing points in the room. 
[image: ]
[bookmark: _Ref111473111][bookmark: _Toc154829368][bookmark: _Toc177664934]Fig. 53. Mood board of Museum environments.
The second core environment consists of a tomb reconstruction from the Tang dynasty as shown in Fig. 51 which acts as a visual context to where the ceramics were discovered. The ability to transport a visitor into the tomb offers a unique insight into the ceramic’s ritual significance and purpose of presence.
Tombs served as homes for the afterlife, so depending on status and wealth, the deceased would be accompanied with offerings that are personal possessions or supplies for the afterlife to be comfortable (Archaeology, 2023). 
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[bookmark: _Ref111321032][bookmark: _Toc154829369][bookmark: _Toc177664935]Fig. 54. The ‘Thornhill Experience’, Tomb Room.
The tomb required thorough research before the reconstruction process to understand what the defining features and characteristics would be within these burials to build up a virtual replica of a typical Chinese Tang Dynasty tomb. The references shown in Fig. 52 are photographs taken of a recovered Tang Dynasty tomb found in Taiyuan, China, beneath an elementary school undergoing renovations (Collins, 2019). This Tomb was chosen as the core reference due the preservation of wall details, structure and offerings. This tomb was highly documented, allowing for accessible imagery to assure accuracy in reconstruction.
Fig. 52’s photographs were the main inspiration for the tomb environment to decide on room shape, layout of objects and decorative features. The murals paintings on the walls were particularly important to communicating a story on the possible burial type. The references are suspected to have been someone of importance who was laid to rest, this was concluded through the intricacy of paintings, number of offerings and carvings on the tomb stone. 
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[bookmark: _Ref111471119][bookmark: _Toc154829370][bookmark: _Toc177664936]Fig. 55. Mood board for the Tomb environment.
A third room was created to have familiarity with the original museum room but with a separate function. This scene challenges the player with a simple puzzle set up to associate the right ceramic with the correct dynasty of their origin, as featured on plaques on the front of each dynastic podium. Gamification was implemented to make the podiums glow colours to communicate the results of the quiz. If a podium glowed red, it meant the ceramic was placed on the incorrect podium, whereas a green glow indicated the correct podium. This feature provided as an indicator to observe what the participants had learnt about the ceramics from the application.
This gamification was implemented in response to part of question two, ‘How can the historical context of ceramic artefacts be experienced through immersive Virtual Reality, to engage, educate and inform museum audiences?’ in this research. This element of challenge offers immersive alternatives to engage and educate museum visitors by challenging them on the information retained, which they can recall from previous parts of the experience. 
This yielded a good insight into what information was retained, examining their responses as part of the data analysis phase to conclude if the application can efficiently communicate historical content, if this can help visitors effectively retain information, if the application is user-friendly and if technology similar to this is desirable in a museum-like setting.
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[bookmark: _Toc154829371][bookmark: _Toc177664937]Fig. 56. Screenshot of the puzzle room in the ‘Thornhill Experience’.
Module tiling was used within all the environments to create a base for the scene. Module tiling is a process of creating a tile that can be repeated along a virtual wall and floor to create a repetitive pattern. For this project, these tiles were created with the software: Substance Designer (Adobe, 2023). The museum required marble floor tiling to mimic the typical setups used within museum rooms, and the tomb required old brick flooring that represents a traditional Tang dynasty re-creation. Fig. 54 and Fig. 55 show these floor textures in the Unity engine.
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[bookmark: _Ref140759424][bookmark: _Toc154829372][bookmark: _Toc177664938]Fig. 57. Module tile texture used for the Museum floor.
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[bookmark: _Ref140759427][bookmark: _Toc154829373][bookmark: _Toc177664939]Fig. 58. Module tile texture used for the Tomb floor.

[bookmark: _Toc154856565][bookmark: _Toc173940616]4.6.3 Additional 3D Content
The environment for both scenes had a list of suitable assets to add to the visuals around the player to increase engagement. These objects have been selected based off their relevance to the Thornhill ceramics selected and their associated timelines. 
Once something is encased in a museum vitrine, it accentuates its preciousness. In the ‘Thornhill Experience’, the player can remove the case and scrutinise the object at varying degrees of proximity. Additionally, players can be irreverent, throw, or drop an artefact, without any consequence. By giving the player virtual access and permission to drop an artefact, this helps communicate cultural value systems. 
This key interaction links by imitating the actions of the contemporary artist, Ai Weiwei. Weiwei created a series of photographs smashing a Han dynasty urn. Despite the considerable value and cultural worth, Weiwei wanted to question the cultural value system and challenge who creates cultural values (Beres, 2021). This links to the application by encouraging the interaction of dropping a ceramic to receive additional interactions and context. This real-life example of Chinese ceramic culture has been implemented in VR as it can provide a virtual representation without putting a ceramic at risk.
Additional interactions have been applied to make the experience more enriching in content through the use of sound. This includes a ceramic called ‘The Musician on Horseback’ and communicating to the visitor that the musician is holding a drum by generating a 3D replica drum into the scene. See Fig. 56 to see this demonstrated in a series of images. See Appendix 2: Run-through of the ‘Thornhill Experience’ to hear the drum within a demonstration of the application.
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[bookmark: _Ref151069414][bookmark: _Toc154829374][bookmark: _Toc177664940]Fig. 59. Interaction featuring the player dropping the Musician on Horseback to generate a replica Tang Drum.
Whilst in the scene, you can hear traditional Tang dynasty music featuring the same drum reconstructed for the ‘Thornhill Experience’ within a group of musicians. See Appendix 2  to hear the drum sound within a demonstration of the application.

This process enriches the visitors experience by connecting the historical context of one object to another to expand cultural understanding. Through the appearance of the drum, this helps the visitor to virtually engage with the visual aesthetics, construction, materiality of a Tang Dynasty instrument, and hear its 2 varying pitches.  

[bookmark: _Toc154856566][bookmark: _Toc173940617]4.6.4 Lady Dai’s Coffin
Another key feature of the application includes the Tomb’s coffin that is inspired by that of Lady Dai’s (See Fig. 57). Lady Dai was the aristocratic wife of a Han Dynasty nobleman Li Cang in ancient China. This coffin was part of a series of four layers of nesting coffins to symbolise her extravagant wealth and the tomb was filled with luxury items such as embroidered silk garments, skirts, dainty mittens, a silk sachet filled with various spices, flowers and fragment reeds, a box of cosmetics, more than a hundred lacquer wares, musical instruments and statuettes of musicians, even prepared meals and more than a thousand other items (Patowary, 2018).
These items bestowed on her death were to offer her a luxury lifestyle even in her afterlife. This is an example of how a Han dynasty tomb was set up and the types of offerings that were made. The lacquer coffin is a beautiful representation of pure artistry and displays an elevated level of respect towards the deceased to give them a personal and valued burial.
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[bookmark: _Ref101278982][bookmark: _Toc154829375][bookmark: _Toc177664941]Fig. 60. Original references of Lady Dai’s Coffin for inspiration.
Fig. 58 shows the completed 3D model of the Lady Dai-inspired coffin that will be used within the 3D Tomb. The textures have been hand-painted to better reflect the authenticity of the actual hand-painted techniques used on the original Han dynasty coffin (Chaffin, 2022).
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[bookmark: _Ref101279027][bookmark: _Toc154829376][bookmark: _Toc177664942]Fig. 61. Renders of the 3D model coffin for the tomb environment.
This allowed the player to gain a sense of how the aristocracy were buried, compared to the average burial in the Han Dynasty. This was to give a sense of the structures of social class that would have received offerings similar to the ceramics featured in this application.
[bookmark: _Toc154856567][bookmark: _Toc173940618]4.5.5 Han Dynasty Goose Lamp.
An important part of the tomb environment was to consider the light sources in the scene. Research showed that lamps in the shapes of geese (See Fig. 59) were commonly found in the burial tombs of ancient China. Plant oil was used to burn and create a light source with some sources supporting animal fat that was also a common fuel for the lamps (INews, 2022). These lamps were chosen to be the source of light in the tomb to reflect a recent burial and the lamps are still burning after the body has been placed in the tomb. 
[image: Painted Bronze Lamp in the shape of Goose Carrying Fish | National Museum  of China]
[bookmark: _Ref101279449][bookmark: _Toc154829377][bookmark: _Toc177664943]Fig. 62. Original reference of Han dynasty goose oil lamp.
Due to the fuel of the lamp being derived from animal fat, it will produce choking smoke and burning the lamp for a long time will cause the air quality within the room to drop. The invention of the wild goose lamp effectively reduced the smoke and became an environmentally friendly product popular among the aristocracy at that time. After the goose fish lamp is ignited, the smoke enters the goose’s body through the fish and the gooseneck. This sucks the smoke into the goose's belly, dissolves the water, purifies the air, and prevents oil fume from polluting the indoor air. It uses the principle of a physical "siphon". This shows that people at the time had a strong awareness of environmental protection. At the same time, the four parts of the goose fish lamp can be freely assembled and disassembled for easy cleaning. This history makes the goose lamp a recognized art treasure in ancient Chinese history, therefore, it felt important to include it inside an ancient Chinese burial tomb.

[image: ]
[bookmark: _Ref101279659][bookmark: _Toc154829378][bookmark: _Toc177664944]Fig. 63. Renders of the goose oil lamp 3D model for the tomb environment.
Fig. 60 shows the completed 3D model of the Han dynasty goose oil lamp. This model was created using 3dsMax using the original references to create the basic forms. This base design was taken into an organic modelling software (ZBrush) to hand-sculpt the details. The decision was made to implement hand-sculpted techniques to make the object feel organic to the real-life version. This method was used as an alternative to a digitised reconstruction due to not having access to a real-life artefact from which to scan. 
This lamp provided a lit environment for individuals to pay their respects comfortably to the deceased. Once the oil or fat had ran out, the lamps would go out and leave the deceased to rest.
[bookmark: _Toc154856568][bookmark: _Toc173940619]4.7 Stage 3: Interactions and Gaming Elements
[bookmark: _Toc154856569][bookmark: _Toc173940620]4.7.1 SenseGlove Integration
SenseGlove has an efficient system to get a new user started in Unity. Unity is a game development platform used to create games and applications (Unity, 2022). This engine software was chosen due to its compatibility with both Augmented Reality and Virtual Reality to offer experimentation at the beginning of this research. Unity also offers compatibility with SenseGlove and their pre-made Software Development Kit (SDK) to import into a scene, SDKs are a set of tools from a third-party developer to produce certain applications in a game engine with their partnering technology (Valdellon, 2020). The SenseGlove SDK provided everything needed to understand how to perform an initial set up and to test if the gloves were working via default applications that demonstrate the different interactions the gloves can do. During the setup for the SDK, it included pre-sets of SenseGlove settings to be able to quickly setup the SenseGlove to work within Unity’s play mode. These settings gave flexibility in how the gloves behave and the properties that can be adjusted to manipulate what the player can feel. This process is performed using the pre-set options combined with mesh colliders.
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[bookmark: _Toc154829379][bookmark: _Toc177664945]Fig. 64. Screenshot from the ‘Thornhill Experience’, featuring a shattered ceramic.
Mesh Colliders are applied to Mesh assets in a scene and given a collider allowing the technology to understand what type of material it is, such as hard or bendable. When the SenseGlove device is used to pick up an object, it can create the feel of the density properties. These properties were used on all of the objects within the scene to provide full interactivity. Further adjustments were made to the ceramic objects to try and mimic the way a ceramic would feel in real-life. These include the density of the material and applying physics so that if the object is dropped, it would fall with a similar weight to the real version and smash into various pieces when hitting a surface with any appreciable impact. 
[bookmark: _Toc173940621]4.7.3 The Stem Cup Study
This case study uses a 3D digitised replica of the original Thornhill stem cup that sold at auction for a weighty £3.6 million. This model was created using the same process as the other Thornhill ceramics via photogrammetry. See Fig. 37 for this process.
In order to make decisions on what would be included in the ‘Thornhill Experience’, the Paul Greenhalgh method was implemented to deconstruct the historiography of a ceramic, in order to contextualise this information in to a visual or interactive format. 
An image of the stem cup 3D model, presented in SketchFab can be seen below in Fig. 62.
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[bookmark: _Ref129789361][bookmark: _Ref129789343][bookmark: _Toc177664946][bookmark: _Ref129789357]Fig. 65. Thornhill Stem Cup 3D model.
This ceramic posed a significant problem compared to the other ceramics in the Thornhill Collection, modern attitudes and implications can misconstrue the fundamentals of the ceramic’s significance. For example, at auction this stem cup sold for £3.6 million, displaying a high economic value. However, the other ceramics estimates are significantly lower with most pieces in the hundreds and occasionally in the thousands.
It is believed the high price tag was due to the cultural significance and high understanding of the buyer (An East Asian private collector based in Hong Kong) wanted to bring this ceramic back to its original country of origin, but this then raises the question of why and what makes this ceramic so special compared to the others in the collection.
According to some sources, the cup is considered rare and was thought to have been made for an emperor during the Ming dynasty in 1425 (Fricker, 2016). The cup is marked with the Xuande inscribing helping to pinpoint the exact age and which emperor this would have been made for (TheMet, 2016). It is believed that stem cups were used as a goblet style cup for drinking purposes. One design aspect was that when the drink is being consumed, the design would come in to view inside the cup, as a visual treat to the emperor using it (Glendale, 2023).
With the understanding of age, high economical value, a key social function, its hierarchy status and cultural significance. These pieces of information can be used to underpin the contextualising of visual constructions that will communicate the significance of the ceramic and the factors that contributed to history and the effects on the modern world today.


[bookmark: _Toc173940622]4.8.1 The Proposed Concept
Further developments could explore the methodology framework of the Greenhalgh method to demonstrate object analysis. The stem cup has been deconstructed contextually using this method and concepted to explore how this technology could preserve and educate the relevance of this ceramic.
The application within this research currently demonstrates the foundation of communication through engaging visuals and sensory information. However, due to time dictating the extent of implementation, a lot of potential contexts have had to be withheld from development. Storyboards with the stem cup have been created to show how this application could be developed to create more contextual understanding and offer visitors a deep understanding for its significant value. (See Fig. 65, Fig. 66 and Fig. 67 for these storyboards).
The concept starts in a VR scene with the stem cup located in the middle of the room and in clear view of the user. The player can then approach the stem cup to be offered multiple options on information they wish to acquire. These options breakdown the Greenhalgh method to include key information linked to that ceramic. (See Fig. 63 to see this menu concept).
The menu is designed to show a series of time lined events that breakdown the ceramic’s journey, to get a sense of where the ceramic was created, how the materials were acquired to make it, the methods used to create the ceramic, what the design aspects represent, what the ceramic was used for, where the ceramic was found during modern-day and what was the ceramics current significance and market value. 
[image: A graphic of a vase with text
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[bookmark: _Ref150276419][bookmark: _Ref150276412][bookmark: _Toc177664947]Fig. 66 Proposed concept Main menu.
Each arrow breaks down the ceramic’s historical context into absorbable experiences to help the user better understand the Stem cup. 

The proposed storyboards have been broken down into three key experiences. The first offers insight into what methods were used to create the stem cup and the techniques applied to achieve the detailing. The role demonstrates the stem cup’s purpose and grows an understanding with the player about why the cup existed. This is followed by the demand to show how much this style of pottery was desired in China and around the rest of the world, finishing up with a current marketplace value to show the current demand for this artefact.

[bookmark: _Toc173940623]4.8.2 The Greenhalgh Method
This explores how the Stem Cup could be presented and experienced within the ‘Thornhill Experience’. This breakdown will highlight the potential developments this project could use to build a wider context of visual information.
The information below has been conceived using the Greenhalgh method to breakdown key information about the ceramic. Followed with storyboard on visualising how these can be contextualised into visual and interactive experiences for visitors. 
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[bookmark: _Toc177664948]Fig. 67. The stem cup catalogue description.
The Creation
The maker- An imperial porcelain factory was created in Jingdezhen in 1368 to produce wares for the imperial court. (History, 2018) 
The material itself- One of the best-loved exports of the Ming Dynasty was its porcelain. Created by grinding China-stone, mixing it with China-clay and then baking until translucent, the technique was developed during the Tang Dynasty, but perfected in the Ming era. Though an assortment of colours might be featured on a piece, the classic Ming porcelain was white and blue. (History, 2018)
The technical state of the medium- The blue and white Ming porcelain was developed by coating a design onto a Ming vase in an underglaze of cobalt-blue pigment (Qi, 2016), likely from Persia and then firing it at a very high temperature of around 1100°C. Then the Chinese vase was fired again once the remainder of the design was added in contrasted colours of overglaze enamel at a lower temperature closer to 850-900°C. (Marchant, 2021) 
The history of ceramics- Aesthetic achievements were recorded during the Ming dynasty with the contrast of blue and white colouring marking a "breakthrough" for the Ming period, exemplifying the artisans' control over the cobalt pigments and refined techniques for the detailing. (Qi, 2016)
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[bookmark: _Ref154270061][bookmark: _Toc177664949]Fig. 68. Storyboard for 'The Creation'.

The Role
The consumer- The Xuande emperor of the Ming dynasty in China. (Hultengren, 2023)
The role of the object- Stem cups resemble wines vessels and were used for drinking purposes. (TheWaltersArtMuseum, 1983)
General political and social trends- Stem cups were typically used on special occasions by high profile individuals such as emperors or empresses for wine. (Caledon, 2022) 
The history of the specific individual objects- The stem cup likely had one of two purposes, 1. to have been used as a goblet type vase for drinking wine or 2. A gift for the emperor to be placed within his tomb upon his death as a sacrificial offering.
The class of the object within the genre of ceramics- The stem cup features two five-clawed dragons, a symbol of imperial power, likely a reflection of its consumer (Qi, 2016).
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[bookmark: _Ref154270062][bookmark: _Toc177664950]Fig. 69. Storyboard for 'The Role'.

The Demand
The history of other genres that relate to ceramics- The Jingdezhen factory became the source of porcelain exports that were extremely popular in Europe, which hoped to replicate the form. (History, 2018)
The condition of the marketplace- High demand due to rarity and cultural significance to its consumer.
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[bookmark: _Ref154270063][bookmark: _Toc177664951]Fig. 70. Storyboard for 'The Demand'.

[bookmark: _Toc154856570][bookmark: _Toc173940624]4.7.2 Summary
This chapter aimed to examine question one in the research questions by uncovering the most efficient methods of practically creating a museum experience virtually. 
“Question One: How can the visual and tactile characteristics of historical ceramic artefacts from the Thornhill Collection be recorded, displayed, and experienced through innovative modes of digital dissemination?”
This question was examined through practical outcomes of this project to explore and solidify a structure on how to approach a Virtual Reality application that will be used to inform and educate museum visitors on ceramic artefacts and history. Below shows how visual and tactile characteristics can be recorded through this structure.
Visual characteristics can be recorded through:
· Photogrammetry to capture the ceramics’ unique characteristics and details to create an authentic texture accurate to the original. It offers the ability to re-create a ceramic’s surface texture, colours and pattern details that help to tell a story of the ceramic’s significance and origin.
· 3D documentation of the ceramics offers a method of recording the Thornhill Collection virtually 
· Sketchfab offers an online platform to display ceramics with full accessibility. This website offers options to supply information in multiple locations to learn about the ceramic’s history. 
Tactile characteristics can be recorded through:
· Meshroom, which offers the ability to create a 3D model from an album of photographs. This process creates a replica mesh to match the forms of the ceramic. This provides a tactile sense of an artefact’s forms. 
· Haptic Touch aids the process of experiencing visually interactive context. This experience offers players the ability learns about history in an engaging alternative.
When deciding on methods that would be utilised for this project, research on similar projects showed consistency in using Photogrammetry to digitally reconstruct historical artefacts (Group, 2010), (Molloy, 2016), (Foundation, 2016), (DigVentures, 2016) and (Walbridge, 2018). Therefore, this research decided to match similar research in the field. In addition to existing research, this chapter aimed to create a repeatable workflow method to digitise an artefact. This uncovered what software would best suit the digitising process and what process would achieve results that could resemble the artefact as an accurate 3D replica. See Fig. 37, Fig. 39, Fig. 40 and Fig. 41 for a visual breakdown of this process.
Additionally, this research has utilised the SenseGlove device to implement haptic feedback into a VR scene, allowing users to interact freely with the ceramics and achieve a visual reconstruction of contextual information that would traditionally be presented in museum through text panels.
Challenges found in this application involve creating a realistic sense of touch and improving the gloves’ response to the ceramics to feel the forms more accurately. This would be addressed through trial and error periods of adjusting the physical properties of the objects and assessing how the glove responds. This issue also lies with the limitations of the gloves themselves; they can replicate touch and interaction but cannot mimic an object’s textural pattern, meaning there is potential for the gloves to develop in the future.
The results from observational data collection concluded that some participants desired the ability to feel the weight of an object, something that can only be replicated with a real-life ceramic. Currently, no haptic gloves can add the weight of an object to the interaction of holding a virtual object. This is a limitation found in the application with potential for further developments. 











[bookmark: _Toc154856574][bookmark: _Toc173940625]Chapter 5: The Testing Phase and Data Analysis
[bookmark: _Toc154856575][bookmark: _Toc173940626]5.1 Introduction
This chapter will present the data collected and compares this against the literature review in this thesis paper. The data will be compared to the research questions to offer considerable evidence for the research aims and objectives. This chapter presents structured techniques designed to test this project within a public setting and explain how the data was gathered. 
The data demonstrates qualitative results after analysing a participant’s behaviour and reactions. The virtual interactive experience in this study will be compared to traditional formats discussed in the literature review in chapter two to compare and determine if this experience felt more engaging to the visitor and helped them to retain information more easily. This research includes a questionnaire response from each participant to gather feedback and thoughts on their experience. 
This data highlights how easily a participant was able to navigate around the environment and any complications they found that impacted their experience. These results show what age ranges used the experience the most and who the target demographic could be if developed further.
This research uncovers how the public felt about haptic feedback gloves, if they provided a realistic sense of interaction with virtual ceramics and whether an experience such as this one can offer new ways to effectively learn about ceramics and understand new contexts of information through visual interpretations and interactions.
Complications did arise for this chapter as the testing phase was due to take place initially in 2020, which was postponed due to the COVID-19 pandemic. During this time, the pandemic highlighted some additional points that would support the desire for this project. 
Benefits included the versatility of installing this setup in any museum or exhibition setting which explores the desire for more technology to take place in museums and attract wider audiences. Additionally, experimenting with how digital heritage can benefit the education of ceramic history.
The first testing phase was conducted at the British Ceramics Biennial event, a ceramics festival celebrating and showcasing contemporary ceramics from across the world (BCB, 2021) The BCB has hosted an impressive 60,000 visitors in 2017 with 27,000 coming from outside the city, the economic impact of the BCB 2017 was estimated at £2,140,556 (BCB, 2019). This testing phase took place in September 2021 from the 10th to the 17th. The second testing phase took place at The Potteries Museum and Art Gallery in November 2021 from the 5th to the 8th. This experience was displayed within the newly opened Spitfire Gallery that opened September 18th, 2021, at the cost of £5.4 million (StokeGov, 2021)
The COVID-19 breakout meant that certain regulations had to be put in place once restrictions had been lifted to allow for testing phases to go ahead and abide by the rules set in the United Kingdom in 2021. Including disinfecting the equipment after every use and requiring the visitor to use rubber gloves and a mask when using the equipment. 

[bookmark: _Toc154856576][bookmark: _Toc173940627]5.1.1 Structure for Questions 
There were two separate documents within this testing phase, consisting of a consent form before the participant could proceed and a feedback questionnaire at the end of the experience to record their response. The questionnaire is designed to target three defining factors in this research, including how participants responded to the haptic gloves and whether they felt it was realistic to reality (Usability). If the participant felt the experience helped them learn more about the ceramics (Effectiveness) and if this type of installation enhanced their overall museum experience, whilst increasing the engagement time learning about a ceramic artefact (efficiency). 
This structure has been developed as part of the methodology used within this research with the QUIS framework to assess data based on what this technological instalment offers to a museum or exhibition setting. These components have been broken down in further detail within The Testing Phase and Data Analysis Chapter.
All questions were multiple choice for a simplistic layout that made it efficient to complete in less than five minutes and included ten questions in total. This questionnaire employed a User Interface Satisfaction (QUIS) method, which obtains a participants opinions based on the usability of an interface and assesses user satisfactory and acceptance of the system (Chin, 1988). There was a closing section of the questionnaire that gave an open opportunity for participants to express any opinions they may have whether positive, negative or suggestions. 
The questionnaire begins with quantitative formed questions for data collection such as age and gender. The remaining questions required qualitative data to analyse the visitor’s responses to the technology, these questions included:
1. How did you find navigating around the environment? (With five possible answers to gauge emotional response, ranging from Very Happy, Happy, Neutral, Sad, Very Sad)  

2. Do you feel like this experience helped you learn more about the ceramics? (With five possible responses ranging from Definitely Yes, Probably Yes, Might or Might Not, Probably Not and Definitely Not.)

3. Do you think haptic gloves provide a realistic sense of touch? (With five possible answers with Definitely Yes, Probably Yes, Might or Might Not, Probably Not and Definitely Not)

4. Do you think a digital surrogate is an effective alternative to interact with a ceramic? (With five possible responses ranging from Very Happy, Happy, Neutral, Sad and Very Sad)

5. Frequencies on ‘Do you think haptic gloves provide a realistic sense of touch? (With five possible answers including Very Happy, Happy, Neutral, Sad and Very Sad)

6. Do you think a digital surrogate is an effective alternative to interact with a ceramic? (With five possible responses including Definitely Yes, Probably Yes, Might or Might Not, Probably Not and Definitely Not)

7. How important do you think interaction is to understand a ceramic’s physical properties? (With five possible responses including Extremely Important, Very Important, Moderately Important, Slightly Important and Not at all Important)

8. What was your favourite part/s of the experience? (With five possible answers with the option for multiple choice, including Interaction with the ceramics, Playing the drum, Learning about the ceramics, Playing the quiz and Exploring the tomb)

9. Do you think installations like this could encourage you to visit a museum? (With five possible responses including Definitely Yes, Probably Yes, Might or Might Not, Probably Not and Definitely Not.)

10. Would you like to see more technology in museums in the future? (With five possible responses ranging from Like a great dead, Like somewhat, Neither like or dislike, dislike somewhat, Dislike a great deal.)
This questionnaire first obtained ethical permission to carry out collecting this data according to Staffordshire University guidelines (University, 2019). See Appendix 5 for ethics approval.
The questionnaire was completed primarily from guests who were attending events or visiting the museum casually, however a range of experts within the museum and heritage field including archaeologists and museum curators also took part to include a range of knowledge and understanding.
After the first testing phase was completed, the questionnaire and responses were assessed on any issues found to adjust for the second round of testing. It was found that the age ranges were not varied enough from the original 65+ as some participants were known to be 70+ and 80+ in a few cases so it felt the questionnaire was not as precise as it could be. This was changed for the second testing phase to feature more age categories.

[bookmark: _Toc154856577][bookmark: _Toc173940628]5.1.2 Method of observation 
Systematic observation has been a common technique for assessing a visitor’s behaviour within museums and exhibitions (Yoshimura, 2014). This is due to observations providing details on what exhibits get the most reported time spent and creating visual data on the relationship between the artefact and the visitor (Yoshimura, 2014). This type of data often contributes to the exploration of how the layout can impact a visitor’s behaviour but also acknowledges what displays receive the most attention (Bollo, 2005). This will be conducted through a question asked within the questionnaire asking what part of the experience the participant most enjoyed. This method was found suitable for gathering data as observing the participant provided answers on their visual reaction during the experience and analysed their view on what they felt was the most entertaining and memorable part through feedback in the questionnaire.
The questionnaire also had an option at the end to add a personalised message to observe the general reaction of every participant.
For this project, the observational process focused three core responses:
· Visual reaction to the experience
· Response within the questionnaire
· Any additional comments provided at the end of the questionnaire.
This gave the researcher a clear overview of how the experience was received by museum visitors and what needed to be adjusted to suit a wide range of audiences. An example of this came from the first testing phase at the BCB event. A vast majority of participants struggled to grab objects with the haptic glove devices. After this acknowledgement, it was clear the experience needed to be made easier to grasp objects in the scene. At the second testing phase, results from the surveys (See Fig. 76 and Fig. 77 for results) showed fewer people were dissatisfied with how realistic the haptic gloves provided a sense of touch.

[bookmark: _Toc154856578][bookmark: _Toc173940629]5.2 Questionnaire- Feedback 
[bookmark: _Toc154856579][bookmark: _Toc173940630]5.2.1 Participants Backgrounds
Participants involved in testing phase one were visitors to the British Ceramics Biennial. This project was accepted positively due to the contemporary techniques to display ceramics virtually and offered advanced technology to create a unique exhibition for visitors. This project was installed for one week and acquired 34 participants in total.
Testing Phase 2 was conducted at The Potteries Museum and Art Gallery, a museum which showcases a technical section in their ceramic gallery illustrating the production techniques of pottery and includes multiple ceramic collections (PM&AG, 2022). The Potteries Museum has also featured more technology in recent years and shown a strong interest in experimenting with how it can be implemented into different exhibitions, including the recent developments of the Spitfire Gallery, an extension of the museum featuring an RAF Spitfire, along with virtual replicas of other Spitfire designs on small screens (PM&AG, 2021). This project was accepted to be showcased alongside the launch of the Spitfire exhibition and this attracted a total sample size of 24 participants in the duration of four days permitted for testing.
The participants who took part in this experience were adults aged between 18-65+ in the first testing phase and 18-81+ in the second testing phase. This was due to observing the first round of testing and noticing a bigger demographic of senior ages that were interested in trying this project. It was evident that the audience’s age range was wider than anticipated and needed to be adjusted accordingly.
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[bookmark: _Ref119095340][bookmark: _Ref119095310][bookmark: _Toc154829386][bookmark: _Toc177664952]Fig. 71. Frequencies on Age at the BCB.
Results from both testing phases showed the ages were much more varied at PM&AG than at the BCB, likely due to a more tailored audience at the BCB and PM&AG from within the general public. Interestingly, at PM&AG, age did not have any defining age groups that took part, with the biggest age group at 21% consisting of 41–45-year-olds. 
Results from the BCB showed a distinct interest from the youngest age group, 18–25-year-olds. This was likely due to groups of university students who attended the event and most of them falling within this bracket. 18–25-year-olds made up 71% of the total participants. From observations at the BCB it was clear the older generations felt somewhat alienated by the technology and wanted to continue looking at the ceramic displays instead. This was possibly due to a somewhat intimidating setup, requiring participants to be wired up to a few different devices at one time. This made it clear from the results that to make it most appealing to all audiences, and especially to those that a more reserved with technology, wireless alternatives would be appealing as this appears simpler visually and reduces the risks of wires getting tangled.
[image: ]
[bookmark: _Ref117454880][bookmark: _Ref117454859][bookmark: _Toc154829387][bookmark: _Toc177664953]Fig. 72. Frequencies on age at PM&AG.
A range of ages took part in both testing phases showing no distinct target audience; however, it was clear from the results in Fig. 69 that youngest age grow was significantly lower than the first testing phase at a ceramic event (Fig. 68), showing a lack of younger museum visitors as expected from the research conducted in the literature review. This technology appealed to a wide range of ages and age did not limit the participant from getting involved.
Interestingly, the BCB shows a majority of participants being in the youngest age bracket which questions the motive for their attendance. From observations, this was mainly due to college and university students attending the event for their studies, showing how a younger person would be more likely to attend if they benefit from experiencing something informative and engaging to retain information.
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[bookmark: _Ref117454828][bookmark: _Toc154829388][bookmark: _Toc177664954]Fig. 73. Frequencies on Gender at the BCB.
The participants’ gender varied from the two sets of data. The first testing phase at the BCB revealed more women took part in the experiment, with 62% of participants recording themselves as Female.
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[bookmark: _Toc154829389][bookmark: _Toc177664955]Fig. 74. Frequencies on Gender at the PM&AG.
However, the second round of testing revealed the largest group of participants were men with 54%, followed by women with 42% and then non-binary/third gender with 4%.
These results show this type of installation had no specific gender more interested than the other, but instead showed an equal participation across all genders. 
Hammady’s (2019) research ‘Virtual guidance using Mixed Reality Historical Places and Museums’ showed similarities in findings. With a sample size of 171 participants displaying a fairly equal representation in terms of gender, resulting in 57.3% male and 42.7% female. 

[bookmark: _Toc154856580][bookmark: _Toc173940631]5.2.2 Participant Questionnaire Results
The following section evaluates and cross-analyses the questionnaire outcomes from the two testing phases. This data will help answer the research questions regarding increasing visitor engagement and how this experience has been received by a ceramic event’s guests and general museum visitors. These results will determine how successful the proposed framework was in creating a virtual experience suitable for learning about history through visual information and interaction. 
Question three: How did you find navigating around the environment?
The results from the data collection showed that 76% of participants from the BCB were very happy navigating around the environment, giving a clear indication that they did not feel restricted or found it difficult, with the remaining responses recording they were happy to navigate around the scenes. PM&AG also showed consistency in positive responses, with 88% of participants feeling very happy navigating the experience. 
This question helped show any potential limitations with the technology or the application. A positive response showed that Virtual Reality could be suitable to be used within museum displays and that participants feel comfortable using the equipment and navigating the application.
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[bookmark: _Ref117455732][bookmark: _Toc154829390][bookmark: _Toc177664956]Fig. 75. Frequencies on 'How did you find navigating around the environment?', data collected from the BCB.
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[bookmark: _Ref117455869][bookmark: _Toc154829391][bookmark: _Toc177664957]Fig. 76. Frequencies on 'How did you find navigating around the environment?', data collected from the PM&AG.
The main aim of the ‘Thornhill Experience’ was to demonstrate new and innovative methods to communicate history to help retain information through engaging content. Evidence to answer this question came from Question 4 in the questionnaire and through observation during the quiz in the experience. The observation relied on the players to select the correct answers, meaning the information was likely retained in previous interactions to know the answer in the quiz.
Question four: Do you feel like this experience helped you learn more about the ceramics?
The BCB showed 47% of participants felt they definitely learnt about ceramics from the ‘Thornhill Experience’, followed by 32% recording they probably did. The remaining 21% recorded that they might or might not have learnt more about the ceramics, suggesting a potential change that could be made to the experience to ensure the information is easily accessed and understood before progressing further.
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[bookmark: _Toc154829392][bookmark: _Toc177664958]Fig. 77. Frequencies on ‘Do you feel like this experience helped you learn more about the ceramics?’, data collected from the BCB.
Comparing this data to PM&AG it was evident the results were very similar in response with 50% of participants saying they definitely learned more about the ceramics from this experience. Followed with 37.5% that probably learned more and the final 12.5% were undecided.
This experience focused on the possibility of retaining more information but without comparing directly with other sources of information. Instead, this experience questioned if this platform would be suitable as a standalone method to learn about a ceramic’s history. 
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[bookmark: _Toc154829393][bookmark: _Toc177664959]Fig. 78. Frequencies on ‘Do you feel like this experience helped you learn more about the ceramics?’, data collected from the PM&AG.
Question five: Do you think haptic Gloves Provide a realistic sense of touch?
This question was designed to receive feedback based on the chosen haptic glove in this study. These results would determine how the public responded to the gloves and if they added to the virtual experience. At the BCB, 42% of participants felt very happy with how realistic the sense of touch was with the haptic gloves in this study. Comparatively, 40% of participants felt very happy with the sense of touch at PM&AG, showing a similar result overall. At both testing phases, it was recorded that 1 participant felt very sad with how realistic the gloves felt, along will 3 sad and 10 feeling neutral overall, showing a range of responses with this technology. It was clear that not all participants felt satisfied by the implementation of haptics in VR.
However, overall, the majority of participants did record they were very happy or happy with how realistic the SenseGlove sense of touch was in the VR experience.
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[bookmark: _Ref118931901][bookmark: _Toc154829394][bookmark: _Toc177664960]Fig. 79. Frequencies on ‘Do you think haptic gloves provide a realistic sense of touch?’, data collected from the BCB.
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[bookmark: _Ref118931904][bookmark: _Toc154829395][bookmark: _Toc177664961]Fig. 80. Frequencies on ‘Do you think haptic gloves provide a realistic sense of touch?’, data collected from the PM&AG.
This research aimed to offer an alternative solution to the lack of accessibility to feeling an artefact. Holding an object can offer a lot of insights that visuals alone cannot offer, such as texture, forms, weight and simply seeing the underneath. The SenseGlove haptic gloves cannot offer the ability to feel the weight of an object, however, it can offer the ability to feel the artefacts dexterity freely and view from every angle, all while in a risk-free environment. 
Question six: Do you think a digital surrogate is an effective alternative to interact with a ceramic?
Fig. 78 and Fig. 79 shows the majority of participants agreed that this was an effective alternative to holding a precious ceramic. However, 10 out of 59 felt it might or might not, while 3 felt this is not an effective alternative. While it is understandable that you are limited to what you can experience with touch, this experience offers the ability to interact with an artefact that is usually prohibited or, as with the Thornhill Collection, currently in storage and unavailable to view. 
There are limited solutions to this limitation in museums with a strong suggestion from the literature review (See Chapter 2.2 Review of Selected Museums for Current Ceramic Displays) that in most cases you must view an artefact behind a glass cabinet, making it difficult to engage with for more than a glance. It was clear from these results that participants understood they were not going to feel like they were touching a real ceramic, although what makes the experience unique is the way you can interact and gain context visually. 
Considerations for future developments could find methods to measure how much a participants felt the application felt real and to what extent the ceramics felt like the original. This could be shown through devices that measure a participant’s response or use eye tracking technology to analyse what the participant engaged with the most.
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[bookmark: _Ref125032179][bookmark: _Toc154829396][bookmark: _Toc177664962]Fig. 81. Frequencies on ‘Do you think a digital surrogate is an effective alternative to interact with a ceramic?’, data collected from the BCB.
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[bookmark: _Ref125032182][bookmark: _Toc154829397][bookmark: _Toc177664963]Fig. 82. Frequencies on ‘Do you think a digital surrogate is an effective alternative to interact with a ceramic?’, data collected from the PM&AG.
Question seven: How important do you think interaction is to understand a ceramics physical properties? 
Results shown in Fig. 80 and Fig. 81 display a slight difference in the two testing locations. More visitors at the BCB ceramics event felt Interaction was extremely important to understand a ceramic’s physical properties, compared to the majority of participants at PM&AG responding with Very Important. 
Showing a potential insight into the values of what each type of visitor wants from the experience, the ceramics event attracted ceramics enthusiasts with a passion for the craft and history. Therefore, they evidentially valued understanding a ceramic’s physical property more than general visitors attending the museum.
It was clear on the majority of votes that participants overall value the ability to interact with a ceramic in order to gain knowledge on physical properties. That may include seeing the underneath the ceramic, looking close up at details or seeing inside of negative spaces that would be difficult to see unless held. 
However, with some participants in question of the effectiveness of this application as an alternative to interact with a ceramic. This questions the limitations of what Virtual Reality can offer due to the fact that VR is not a real concept and cannot replace a real artefact fully. These conclusions reaffirm this application as a potential beneficial tool to act as an addition to an original display, with the benefit of acquiring historical context visually and interactively.
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[bookmark: _Ref125032416][bookmark: _Toc154829398][bookmark: _Toc177664964]Fig. 83. Frequencies on ‘How important do you think interaction is to understand a ceramics physical properties?’, data collected from the BCB.
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[bookmark: _Ref125032418][bookmark: _Toc154829399][bookmark: _Toc177664965]Fig. 84. Frequencies on ‘How important do you think interaction is to understand a ceramics physical properties?’, data collected from the PM&AG.
Question eight focused on user satisfaction of the experience. Participants were asked what their favourite part of the experience was. This received mixed responses, with the majority voting that their favourite was interacting one-to-one with a ceramic object, followed by exploring the tomb showing a positive response from putting the participant in multiple environments. In this case, the participant was transported into a tomb to visually demonstrate where the ceramics were found and provided with a reconstruction of what a traditional Tang Dynasty tomb looked like. The option with the least votes was playing with the drum, which was an anticipated result, as the drum was added as a surprise interaction to see if the participant could discover it upon doing a certain action.
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[bookmark: _Toc154829400][bookmark: _Toc177664966]Fig. 85. Frequencies on ‘What was your favourite part/s of the experience?’, data collected from the BCB.
The action required dropping the Musician on Horseback ceramic whilst in the museum. The interaction aimed to show the musician was holding a drum by dropping a full-size Tang dynasty drum into the scene upon the ceramic smashing on to the floor. This also let the player pick up the drum and make authentic sounds upon touching the drum with a drumstick or hand. 
This action acted as a discoverable source of information. This unpredictable interaction was implemented to encourage the visitor to stay engaged and maintain focus throughout the experience.
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[bookmark: _Toc154829401][bookmark: _Toc177664967]Fig. 86. Frequencies on ‘What was your favourite part/s of the experience?’, data collected from the PM&AG.
After focusing on User Satisfaction, the questionnaire then went on to find out about the desirability of this experience and if participants would want to try this again. Fig. 84 and Fig. 85 show the majority of participants would definitely feel encouraged to visit a museum if they were previously informed of installations similar to this one. With the exception of one out of the entire group of participants answering they might or might not be encouraged to visit, no participants answered that this technology installation would discourage them from visiting a museum.
It is likely the response numbers had a strong relation to the layout of the experience. When the player first enters the experience, they encounter the ceramics in front of them, so is likely to stick in a player’s mind as it is the first encounter that allows haptic touch. The exploring of the tomb is likely popular due to this being essential for the player to progress through the different levels and a change in environment is a drastic change for the player to experience. This may also remain a high interest among visitors as a recreation of an old tomb is visually interesting due to limitations in context if the tomb is described through text or shown through 2D imagery. 
Learning about the ceramics is shortly behind exploring the tomb and this is likely popular due to this being a motivating factor to try the technology. A visitor attending the museum could possibly intend to learn more about history, therefore, any learning aspect about the ceramics would be favourable for the visitor to feel the experience was helpful. 
The playing of the drum may have received fewer votes purely as it was a hidden feature that would not always be discovered. This was purposefully designed to make the experience feel unpredictable and exciting, while the quiz may have received fewer votes because visitors felt it was challenging mentally to recall information or physically to navigate around the room.
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[bookmark: _Ref125034780][bookmark: _Toc154829402][bookmark: _Toc177664968]Fig. 87. Frequencies on ‘Do you think installations like this could encourage you to visit a museum?’, data collected from the BCB.
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[bookmark: _Ref125034783][bookmark: _Toc154829403][bookmark: _Toc177664969]Fig. 88. Frequencies on ‘Do you think installations like this could encourage you to visit a museum?’, data collected from the PM&AG.
This research focuses on exploring the possibilities of how museums can incorporate technology into museum settings to enhance a visitor experience. With this aim, it was important to question the desirability of visitors to see technology incorporated into museums in the future. Fig. 86 and Fig. 87 show 88% of participants from the BCB and 96% from PM&AG would like to see more technology in museums in the future. This shows a distinct desirability towards this research and therefore solidifies the significance into developing suitable technology for museum installations.
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[bookmark: _Ref125034994][bookmark: _Toc154829404][bookmark: _Toc177664970]Fig. 89. Frequencies on ‘Would you like to see more technology in museums in the future?’, data collected from the BCB.
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[bookmark: _Ref125034995][bookmark: _Toc154829405][bookmark: _Toc177664971]Fig. 90. Frequencies on ‘Would you like to see more technology in museums in the future?’, data collected from the PM&AG.
The method employed to analyse this data involved the User Interface Satisfaction questionnaire, also known as QUIS. This is used to compare responses and evaluate the software and hardware used in this study, therefore comparing how Virtual Reality, haptic technology and the ‘Thornhill Experience’ impacted the visitors’ experience in the museum setting. The questionnaire was structured to gauge if a visitor enjoyed the experience, if it helped them learn more about ceramics and if this was desired in current displays to encourage future visits. 
Results show some complications with the haptic gloves appearing realistic enough for participants to interact freely with the ceramics. Some visitors felt dissatisfied by the limitations of what could be the sense of touch offered. However, from observations, it was found that most visitors acknowledged the limitation but felt it did not impact their experience due to the limitless access to ceramics that could not be accessed in real life. The experience focused on the playable nature of the experience as opposed to how realistic it could feel to hold a ceramic. This took the focus away from the limitations of touch and focused on the importance of acquiring information about an artefact through 3D visuals and interactivity. 
It was clear participants had a mostly positive response to the experience and confirmed their interest and desire to experience other technology installations such as this one through the responses in the questionnaire. This gave clear confirmation that the majority of visitors would be more encouraged to visit museums in the future if projects such as this one was implemented.
Future work could include considerations towards visits to museums that may have not occurred if the technology had not present to encourage attendance. This work could highlight the appeal for technology through feedback on whether a participant only attended due to accessible technology-based installations. An article by Kelly Song (2017) discusses how technology is helping museum attendance and encouraging visitors that may have shown a lack of interest before technological installations. With places the Metropolitan Museum of Art in New York City with an increase in attendance with more than 7 million visitors in 2016. With recent digitisation of more than 380,000 images from its collections, making art available to view and download digitally.
“The best use of digital is to not make you aware of the technology, but to make you aware of the art.”- Jane Alexander (2017)
Data from the testing phases confirmed this experience offered an alternative method of accessibility to museum visitors that enables new interactions with ceramic displays and surrounding visuals that would be impossible or exceedingly difficult to replicate in real-life. These unique interactions confirm the usefulness into incorporating this technology to help visitors use this experience as a tool for visual information and provide a role of creating engaging installations that show an artefact in a multimode of contexts.
One missing factor in these results was creating a profile for visitors. This research would have benefited from understanding how experienced visitors were with VR to assess the experience levels of participants. This would have also been compared to age to see if this correlated with an overall positive experience and if they found it easier to retain information. 
The Observation analysis does address this will general observation and any correlating factors, however this is limited due to no factual data that could be compared.

[bookmark: _Toc154856581][bookmark: _Toc173940632]5.3 Observation Analysis
The results from the data come from two collective methods. Firstly, observations to assess the participant’s behaviour and conclude how long they engaged with ceramics compared to a traditional museum display, and secondly, testing the proposed framework to use QUIS as an effective form of analysing user satisfaction and usability within a museum setting from the questionnaire results. 

[bookmark: _Toc154856582][bookmark: _Toc173940633]5.3.1 Visual Observation
Overt observations were conducted as a qualitative insight of data that watches the participants responses during the experience and recording any common occurrences or unique interactions through screenshots and notes (CDC, 2018). 
Before the experience started participants were verbally asked if they had ever used VR before and whether they had experienced any negative side effects. This was performed to conduct a small risk assessment before they read the consent form to assess if the participant, as an individual, required additional support or if the experience may not be suitable for them. It was found that the majority of participants aged 18-25 had used VR before and felt confident using the technology, however, a substantial number of participants aged 50-80 did not have experience and required additional assistance to help them navigate the experience and took them longer to get started. On average, a participant took around 10-15 minutes within the ‘Thornhill Experience’, however this differed depending on the age and previous experience with VR. The longest participant took roughly 20 minutes to complete the experience from start to finish.
Through observations, it was found that participants ages 18-30 tended to complete the experience the quickest but requested they have multiple goes to get the most from the experience and interact with everything they could find.
Through observations, it was found that audio guidance was necessary for most participants, as they would need prompts to lead them into stages and navigate fluently around the scene It was clear that an introductive scene to provide instructions would have helped the participant understand what they needed to do, alternatively prompts within the environment would be beneficial to help a participant in the moment they are struggling with. It was concluded that a supervisor would be required due to donning the equipment safely as this would be difficult to do solely. 
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[bookmark: _Ref151069554][bookmark: _Toc154829406][bookmark: _Toc177664972]Fig. 91. Screenshot of participant holding multiple objects using their drumstick.
It was found through observation that some individuals enjoyed trying to evaluate the game’s breakability and wanted to find possible bugs within the scene that could create a unique reaction. Fig. 88 shows the drumsticks attaching onto other items in the scene, impressively not shattering the glass cabinet. Fig. 89 shows a player successfully grabbing two objects at the same time. This was a challenging task to achieve due to the realistic physical properties, however, this exception proved it is possible. Fig. 90 shows quite a skill for the player to successfully balance one ceramic on top of another and let go without them falling. This is exceedingly difficult due to the collisions being temperamental, but this showed the potential of how objects can act within a virtual scene.
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[bookmark: _Ref151069567][bookmark: _Toc154829407][bookmark: _Toc177664973]Fig. 92. Screenshot of participant holding 2 ceramics with one hand.
Participants pushed the boundaries with the physical properties of these ceramics. It was clear that the more confidence the participant gained, the higher the level of experimentation on top of the requirements to complete the game, to push the boundaries of what the VR experience can offer and added that playful element of discovery. 
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[bookmark: _Ref151069587][bookmark: _Toc154829408][bookmark: _Toc177664974]Fig. 93. Screenshot of participant successfully balancing one ceramic on another.
Regarding observing the equipment on the participants, it was clear the exoskeleton design of the SenseGlove haptic gloves showed some possible defects that could hinder a visitor experience. Firstly, donning the gloves on to a participant took roughly five minutes due to instructing the participant to sanitise, apply disposable gloves, directing how the hands will be positioned and assisting them putting the gloves on. Occasionally the fingertips on the SenseGlove would detach from the participants fingers and would require assistance from the supervisor to reconnect the fingers, as they were unable to see from the VR headset on their head. The bulky nature of the SenseGlove meant that if the finger straps came away from the finger, it would be difficult for the participant to fix without assistance from someone else. 

[bookmark: _Toc154856583][bookmark: _Toc173940634]5.3.2 Observations from Questionnaire.

[bookmark: _Toc173940658]Table 2. Participants favourite part of the experience at the BCB.
	
Participants favourite part of the experience
	
Frequency

	
“The interaction with the ceramics was one of my favourite parts”
	
22

	
“Playing the drum was one of my favourite parts”
	
4

	
“Learning more about ceramics was one of my favourite parts”
	
8

	
“Playing the quiz was one of my favourite parts”
	
5

	
“Exploring the tomb was one of my favourite parts”
	
16



[bookmark: _Toc173940659]Table 3. Participants favourite part of the experience at PM&AG.
	
Participants favourite part of the experience
	
Frequency

	
“The interaction with the ceramics was one of my favourite parts”
	
20

	
“Playing the drum was one of my favourite parts”
	
4

	
“Learning more about ceramics was one of my favourite parts”
	
9

	
“Playing the quiz was one of my favourite parts”
	
4

	
“Exploring the tomb was one of my favourite parts”
	
11




[bookmark: _Toc154856584][bookmark: _Toc173940635]5.3.3 Results

Most of the participants recorded that their favourite part of the experience was interacting with the ceramic objects. (Offering a visual representation of the ceramic in high detail).
The second favourite part of the experience was exploring the tomb environment. (Providing visual information on former use and where the ceramics were originally found)
The third favourite part of the experience was the information given to the participant via text to learn about how old the ceramic is and how it was created.
The fourth favourite part of the experience was participants playing the quiz. (Likely due to the entertainment/gamification value)
The fifth favourite part of the experience was participants playing the drum. (Likely due to making this interaction an ‘easter egg’ style discovery to make the game feel unpredictable. However, this led to the drum not always being found.) This interaction was triggered upon dropping the Musician on Horseback on the floor and causing a drum to appear behind the player. The drum relates to this ceramic due to this instrument representing what the musician would have been holding in a real-life version.

[bookmark: _Toc154856585][bookmark: _Toc173940636]5.4 Questionnaire Analysis
The questionnaire was formed to determine definitive results that provided evidence towards answering research questions three, four and five in this research. The User Interface Satisfaction Questionnaire (QUIS) was used as a designed measurement tool to assess a user’s satisfaction using the computer interface. In this case, the Virtual Reality setup of the digital museum. 
The QUIS method has been used in this research to determine user satisfaction results based on three key factors:
· Effectiveness (What information was retained)
· Efficiency (Serving the desired purpose)
· Usability (Ease of use with the equipment)
· Desirability (Desired within the target audience and setting)
In order to collect the data, the System Usability Scale (SUS) method was used to create a series of questions that would be suitable for a wide audience of museum visitors whilst obtaining suitable data with valuable results.
The data was framed to allow visitors to have an emotional response to the questions by assessing their satisfaction through standardised measures that identify with ‘good’ or ‘bad’. This was portrayed through faces displaying very happy, happy, sad, neutral, angry, or very angry emotions, accompanied with colours that are often linked in standard questionnaire layouts used for the public in the United Kingdom.
A breakdown of colours and associated responses are as follows:
· Dark Green- Very happy face
· Lighter green- Happy face
· Yellow- Neutral face
· Light red- Angry face
· Dark red- Very angry face
The following results have been combined to include both happy and very happy within the positive category, with angry and very angry combined in the negative responses. This has been done to apply the SUS method that will obtain direct comparative data with the positive, neutral and negative responses. 
[bookmark: _Toc173940660]Table 4. Participants positive responses to the experience.
	Positive responses about the ‘Thornhill Experience’ 
	Frequency

	Usability: “I felt happy navigating around the environment”
	58

	Effectiveness: “I felt this experience helped me learn more about ceramics”
	48

	Usability: “I think the haptic gloves provided a realistic sense of touch”
	49

	Efficiency: “I think a digital surrogate is an effective alternative to interact with a ceramic”
	45

	Effectiveness: “I think it is important to interact with a ceramic to understand its physical properties” 
	49

	Desirability: “I think instalments like this would encourage me to visit a museum”
	57

	Desirability: “I would like to see more technology in museums in the future”
	56

	Total
	362



[bookmark: _Toc173940661]Table 5. Participants neutral responses to the experience.
	Neutral responses about the ‘Thornhill Experience’
	Frequency

	Usability: “I felt ok navigating around the environment”
	0

	Effectiveness: “I felt this experience may or may not have helped me learn more about ceramics”
	10

	Usability: “I think the haptic gloves provided a realistic sense of touch”
	10

	Efficiency: “I think a digital surrogate might be an effective alternative to interact with a ceramic”
	10

	Effectiveness: “I think it is somewhat important to interact with a ceramic to understand its physical properties” 
	7

	Desirability: “I think instalments like this might encourage me to visit a museum”
	1

	Desirability: “I might like to see more technology in museums in the future”
	1

	Total
	39



[bookmark: _Toc173940662]Table 6. Participants negative responses to the experience.
	Negative responses about the ‘Thornhill Experience’
	Frequency

	Usability: “I struggled navigating around the environment”
	0

	Effectiveness: “I felt this experience did not help me learn more about ceramics”
	0

	Usability: “I think the haptic gloves provided an unrealistic sense of touch”
	4

	Efficiency: “I think a digital surrogate would not be an effective alternative to interact with a ceramic”
	3

	Effectiveness: “I think it is not really important to interact with a ceramic to understand its physical properties” 
	2

	Desirability: “I think instalments like this would discourage me to visit a museum”
	0

	Desirability: “I would not like to see more technology in museums in the future”
	1

	Total
	10



[bookmark: _Toc154856586][bookmark: _Toc173940637]5.5 Descriptive Analysis

There were four forms of evaluation on the feedback provided from both testing phases. These constructs were formed to target key factors that go into a technological exhibit. This framework was constructed using the User Interface Questionnaire method to evaluate the level of user satisfaction of the software and hardware used for the ‘Thornhill Experience’. 
 
Usability-
“How participants responded to navigating around the experience and how they felt using haptic enabling technologies within a virtual museum setting”

The useability links to the system capabilities of the experience and the implementation of haptic devices. This provides insight in to whether the experience has been constructed efficiently for a positive response. This concept analyses the system created and how it delivers as an experience. This can relate to the technology utilised in this study and how the visitor felt within the Virtual Reality experience.
Results on the ‘Usability’ by both testing phases were overall positive. 58 recorded responses felt happy navigating around the environment, with an additional 49 responses recording they felt the haptic gloves did provide a realistic sense of touch. 
No recorded participants responded that they found the environment difficult to navigate, therefore confirming the experience was a success in the testing phase settings it was implemented into. This assures that a familiar museum environment with a free ability to interact with any object somewhat reflected the way they would interact with the object in real-life.
A total of four participants recorded a negative response to how to haptic provided their sense of touch and acknowledging that this did not feel realistic compared to real-life interaction. This poses some exploration to discover better ways to interact with the objects and staying open to the possibility of more sophisticated developments that imitate a more realistic sense of touch.
Effectiveness-
“If the participant felt the experience helped them learn more about the ceramics and if the interaction benefited their understanding”
The effectiveness links to the learning factors in the QUIS method and focuses on how effective the content was in helping visitors learn more about the ceramic collection.
This concept highlights what the overall attitude is from visitors that view ceramics. This shows whether they value the ability to interact with an artefact that would alternatively be forbidden to do so, as well as seeing if the visitor personally felt the experience helped them obtain information and retain it after the experience to have a better understanding of the historical context of a ceramic artefact.
Results showed 49 recorded responses valued the importance of interaction with an artefact, in order to understand the physical properties, with a further 48 confirming they felt the experience definitely helped them learn more about ceramics. 10 recorded responses felt impartial to whether the experience helped them retain information from the experience, with no recorded responses reporting the experience did not help them learn more about the ceramics.
Showing an indefinite response to the usefulness of the experience helped educate the visitors within a virtual space, all whilst increasing the chances of retaining information due to the visitors recording that they definitely thought the experience taught them valuable information that they could recall.
Efficiency-
“If this type of installation enhanced the visitors overall experience and performed as an alternative method of gaining information”
Efficiency explores the user interface satisfaction method (QUIS) through direct responses from participants on how the experience affected their museum experience in comparison to traditional displays.
This concept explores the views from visitors of using this technology as an alternative form of interaction that is forbidden from real-life displays. This feedback will allow the researcher to understand whether this virtual experience can work in typical display setups as an additional tool to acquire information.
It was evident that feedback showed 45 recorded responses expressing the importance digital representation can offer as a surrogate alternative for hands-on interaction. With a further 10 responses feeling as though this might be an effective solution to implementing interactive displays. Three responses felt as though this solution would not offer an effective alternative, likely due to the limitations in technology and what cannot be experienced with the current setup. 
Desirability-
“If the experience would be desired by the target audience in future displays within museums and cultural heritage sites”
Desirability explores user satisfaction through the potential demand from the target audience of participants in this study. This concept addresses the likeliness of visitors attending museums and exhibits with the additional motive of trying the experience and gathering an opinion on whether they would like to see more technology in museum settings in the future.
It was clear from the feedback that an overwhelming number of visitors showed desirability and genuine interest in the technology installation, with 57 responses confirming that installations similar to this research would definitely encourage them to visit museums in the future and a further 56 responses confirmed that they would like to see more technology installed in museums in the future. An exceedingly small number of responses were left for the other categories, but one participant felt they might be encouraged to visit museums and one participant might like to see more technology, possibly depending on what the experience is designed for. No responses were recorded for visitors feeling discouraged to visit museums if instalments like this research were present and one recorded response would not like to see more technology in museums in the future. 
This opens a discussion on what technology would not be suitable within a museum setting, perhaps being mindful to not distract away from the original artefact with technology or causing the original ceramic to lose visual value with other visual distractions. 

5.5.1 Data Findings
In conclusion, this data shows a prodigiously positive response to the technology installation within a museum or exhibition setting, with clear benefits for many of the participants who took part in the ‘Thornhill Experience’. 
Question four in this research asks how this application could be implemented into a museum to enhance learning for the future benefit of educating history. This question is approached through the user Interface Satisfaction Questionnaire (QUIS) method to identify how the participants responded to the experience and understand key focuses to achieve an interactive, virtual learning tool that can benefit future museum displays. 
Enhancing learning has two key goals, to help retain information while making an entertaining system for the museum visitor target audience. The majority of participants confirmed positively that the experience helped them learn more about ceramics, confirming the potential for integration of similar technology being used as an alternative tool to acquire information.
The perceived usefulness from participants shows a significantly positive response expressing the importance of digital representation with artefacts to allow interactive experiences with history, with a clear desirability and genuine interest in digital heritage in museum displays in the future.
Limitations in the findings include a lack of comparable data. This would have been particularly helping into comparing how long a traditional display would have been observed, along with how long visitors interacted with the ceramics in the ‘Thornhill Experience’. The ‘Thornhill Experience’ on average took roughly 10-15 minutes to complete from observations, offering a distinct comparison with evidence from existing research showing visitors on average observed an artefact for roughly 15 – 30 seconds (Kaplan, 2017). 
"The 3-Second Museum Visitor" Phenomenon: A study by J.K. Smith and L.F. Smith (2001) found that the average museum visitor spends less than 10 seconds looking at any individual artwork. This has led to the popular notion of the "3-second museum visitor". However, this is an average, and there are certainly visitors who spend much longer at individual exhibits.
Factors Influencing Viewing Time: A study by Bitgood (2009) found that several factors influence how long a visitor will spend at an exhibit. These include the visitor's interest in the topic, the complexity of the exhibit, the visitor's prior knowledge, and the presence of interactive elements or multimedia.
Interactive Exhibits: Exhibits that are interactive or that invite visitor participation do tend to hold attention longer. For example, a study by Serrell (1997) found that interactive exhibits can engage visitors for several minutes at a time.
Label Reading: The presence and length of labels or accompanying text can also influence viewing time. Some visitors read labels thoroughly, while others may skim or skip them entirely. A study by Serrell in 1995 found that the average visitor reads only about 20% of the text provided in an exhibit (Serrel, 1995).
Group Dynamics: Visitors who are part of a group or who are discussing the exhibit with others tend to spend longer at individual exhibits. This social aspect of museum visiting can significantly influence viewing behaviours.
Comparing VR and Physical Exhibits: The comparison between VR and physical exhibits is an emerging area of research. Factors such as immersion, interactivity, and the novelty of the VR experience can influence how long users spend in a virtual environment. However, the direct comparison between VR and physical exhibits in terms of viewing time would depend on the specific context and design of the study.
A second limitation found in this data includes definitive evidence of the exact information retained by visitors from this experience, where the data gathered relied on opinions from the visitors and whether they feel this experience was useful. However, this is an important aspect to consider with Objective five, which focuses on the reactions and behaviour patterns to question the potential of combining this experience with mainstream museum displays. 










[bookmark: _Toc154856587][bookmark: _Toc173940638]Chapter 6: Discussion and Conclusion
[bookmark: _Toc154856588][bookmark: _Toc173940639]6.1 Introduction
Museum visitors have seen a significant rise in technology installations to aid context and benefit the museum experience. Through audio guides, interactive tablets, 3D generated artefacts and other robotic technology to enrich their experience over the last couple of decades. Therefore, it is time to explore what further advancements technology could offer to transform the way museum visitors learn about history, facilitating an entertaining, yet unusual solution to better engage contemporary audiences. This chapter concludes with findings, theoretical and practical contributions to highlight this research’s significant value and final views on possible directions to develop and influence future work.
[bookmark: _Toc154856589][bookmark: _Toc173940640]6.2 Summary of Thesis
In summary, this research was undertaken within museum development and to define the purpose of using digital heritage in the public domain. It was clear from the literature that there was a significant lack of technological advancement in the museum setting, therefore negatively impacting visitor engagement with ceramic displays. The displays showed a significant lack of context that could only be provided through audio guides or flat screen displays. However, these methods still limit the user’s senses and inability to engage with an artefact. The research starts with an overview of what current museums offer to a visitor, enabling the research to identify a novel approach for developing a Virtual Reality system that introduces a limitless way of interacting and learning about the Thornhill ceramics. Studies showed that technology is being used more in recent years, but these exhibitions only remain temporary for a matter of weeks or months which limits the visitor to a time frame. 
This research study followed the design and development of other Virtual Reality applications and existing methodologies within the digital heritage sector to develop an application combined with haptic enabling technology. The results of these experiments indicated a positive response from visitors and provided evidence of a high-level engagement from information retained and the increased amount of time spent interacting with an artefact when the visitor can handle the ceramics without limitations. The experience proved an efficient way to offer visitors an alternative motive to visit a museum, using an interactive application that would be educational but also entertaining. The technology could prove to be an issue given on the expense of acquiring the technology and the problems faced with the hardware causing hazardous scenarios due to a sizeable number of wires for the visitor to navigate around safely. 
Evidence also showed from testing that the visitor responded well to a playable source of information. Interactions kept the visitor engaged until the experience ended. Discoverable interactions, such as the drum appearing upon dropping the musician on horseback ceramic, offered surprise motives to encourage the player to explore the experience thoroughly.
[bookmark: _Toc154856590][bookmark: _Toc173940641]6.2.1 Conclusion 
Museums have certainly seen an increase in experimentation to include technology in their installations, with the majority of museum experiences offering virtual guides around the displays and limiting the visitors’ sensory opportunities to visual and auditory technology (TheBritishMuseum, 2023).
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[bookmark: _Toc154829409][bookmark: _Toc177664975]Fig. 94. The V&A museum ceramic display.
It is frequent practice to offer audio guides to visitors walking around the museums to offer an alternative source of context to the traditional text panel (Delft, 2019). This research supports the desire and intention to create exciting and new technological advancements within the history and heritage domains. Haptic technology is still in its nascent form and has a long road of potential ahead to create more vigorous and polished haptic gloves that can offer full accessibility in Virtual Reality to interact freely. This project proves the potential of haptic gloves enhance a VR experience for visitors in a museum and how the added sense of touch adds a new dimension to what the visitor can do compared to physical displays.
The research undertaken has highlighted the issue that exists in museums to be able to offer a range of experiences that avoid the traditional text panel that was proven to have become outdated to a contemporary audience. However, other factors can contribute to the limitations of haptic technology making its way into museums and galleries around the world, such as cost. Most museums will only have so much funding to budget what they spend on a display. Haptic technology ranges in price but is often in the thousands, for example SenseGlove’s Nova glove costs £3826 (SenseGlove, 2022). 
Projects such as this one demonstrates the potential in making it a commitment to invest in the technology, and results show the positive response from visitors. However, museums need the ability to see how they can utilise this technology in various displays and functions to justify the potential investments of time and money. 
By collecting data on desirability during the testing phase of this research, results proved the potential of how haptic gloves could be received by museum visitors with mainstream display setups. This technology shows a structure of how information can be communicated to a visitor through visual representation and immersive, interactive content.

[bookmark: _Toc154856591][bookmark: _Toc173940642]6.3 Revisiting Research Questions
Question One: How can the visual and tactile characteristics of historical ceramic artefacts from the Thornhill Collection be recorded, displayed, and experienced through innovative modes of digital dissemination? 
This question was answered through the use of existing object analysis frameworks to breakdown the historical context of a ceramic. These methods form ways for the visitor to experience contextual information in an interactive alternative to text displays. This research uncovered the most suitable methods of digitising an artefact to maintain the authentic visuals into a 3D version. This outcome provided a digital archive suitable to be used to document the Thornhill ceramics virtually.
The tested methods outlined a linear process using photogrammetry to gather visual data and reconstruct ceramics into a 3D digital replica, this process is called digitisation. 
The haptic devices implemented into this application allowed for freedom of interaction with the scenes and allowed explorative methods of discovering visual information. Challenges were found to replicate realistic elements such as a ceramics’ texture or weight due to limitations in what the haptic devices could offer. This shows potential developments with future advancements in haptic technology. 
Question Two: How can the historical context of ceramic artefacts be experienced through immersive Virtual Reality, to educate and inform museum audiences?   
The methods employed discovered alternative methods to visually reconstruct a piece of information that can now be recreated for a deeper context of understanding, the experience allowed visitors to teleport into a Tang dynasty tomb to visually experience what a tomb would have looked like during the time it was used for a burial, a visual context that would not be possible with text alone. 
The experience allowed visitors to use multiple senses which resulted in a prominent level of engagement. Visitors could see a Tang dynasty drum but also handle and hear what the drum sounds like upon impact from a hand or drumstick. This enriches the visitors through engaging with the drum’s visual aesthetics, construction, materiality and hear its 2 varying pitches.
Question Three: What innovations can the use of haptic glove technology bring to modes of interpretation of ceramics selected from the Thornhill Collection? 
Haptic technologies open opportunities for visitors to interact with artefacts that would usually be concealed behind a glass case. Evidence in the results showed a demand for gaining access to the ceramics and the positive response to feeling no restrictions with interaction. 
The application showed various modes of interpretation through different interactions, such as dropping the ceramic on the floor to experience a new interaction or environment. Handling the ceramics gave a simple benefit to also see every part of a ceramic. All displays will obstruct some part of the artefact because of the requirement for a stand, but this experience allowed visitors to see the underside featuring a Thornhill stamp and number.
Question Four: How could this application be applied to a museum environment to increase engagement for the future benefit of learning about history? 
This application can be developed further to be applied to other displays other than ceramics. The methods used to communicate information can be reworked to any artefact with history to display. This project has created a foundation to show how a visitor can learn about an artefact without the need to read text alone. 
In the future, as technology advances, this experience can be made accessible online for the public to access freely, providing they have the technology needed. This will create an online presence for museums and create links to create historical information for gamification platforms.
Question Five: How can the design and development of this application be extended to enhance engagement at multiple levels of complexity? 
This application offers many areas for further development and new ways of communicating with history. The gamification could be developed to incorporate more game-like features to create various levels of complexity and entertainment, such as a win-or-lose scenario. 
Ceramics would benefit from a visual reconstruction of their creation process. With more time this application planned on featuring a step-by-step walkthrough to understand how a ceramic was made in the time period of their origin. This would have helped communicate how materials were sourced, made and used to understand the significance of how methods have developed since.
This question derives from a speculative perspective, but results have shown this experience has achieved multiple levels of communicating contextual information. Gaming is a consistently growing industry, with technology developing at a similar pace. Through future advancements, experiences such as this one should be refined in sophistication and offer more realistic interaction and sensory experiences.

[bookmark: _Toc154856592][bookmark: _Toc173940643]6.4 Significance of this Research 
Museums have posed concerns about their relevance within the 21st century, arguing that the developments of digital culture would render physical collections and museum visits redundant (Khan, 2012), as well as other researchers exploring the concerns and how they could be addressed (King, 2016). This research aims to enhance cross-cultural digital interactions with museums to develop interactive exhibits and enhance the visitor experience, through multisensory experiences and modern technology. 
The theoretical framework focuses on the suggestion that social interaction through advanced technologies is a significant motivating factor for visitors going to museums whilst enhancing the acquisition of knowledge (Saker, 2020). This project introduces an opportunity to combine Virtual Reality with haptic technology within a museum environment to increase the significance of ceramic history via the development of ubiquitous multisensory digital surrogates.
The topic has been widely researched with a peak found in 2020 during the COVID-19 pandemic which saw museums shut all around the world (UnitedNations, 2020). This issue sparked the interest in creating a digital presence to remain relevant to an audience while displays are not accessible. More so, museums were more inclined to experiment with technology and explore how it can be used to document, display, educate and entertain its visitors to maintain and grow its audiences. 
This thesis offers a solution to the demand surrounding implementing technology into a museum setting while enabling free interaction with artefacts via haptic enabling devices which had not previously been studied.

[bookmark: _Toc154856593][bookmark: _Toc173940644]6.5 Contributions
This research project contributes practically through the development of a reliable system to create digital replicas of ceramics that can serve as surrogate versions. This project exploits the potential of using haptic glove technology and how this can be used to enhance a museum visitor’s experience and introduce a new dynamic of multisensory experiences that would alternatively be forbidden with the original artefact. Visualisation contextualises the ways visitors can learn about a ceramic’s history and the ways this information can be constructed into innovative forms of interaction to appeal to a digital age of learners. 
The innovation lies in the opportunity of how history can be interpreted into a digital alternative, and the ways visitors can learn through hands-on interaction and multisensory experiences. These forms of interpretation create new conceptual modes for visitors who wish to learn about history through an intimate, hands-on approach. 
This technology has the potential to enhance engagement and increase the chances of retaining information, therefore bringing a sense of purpose and evident demand for various forms of Digital Heritage into mainstream museums and exhibitions. 
The unique contribution lies with the implementation of haptic technologies to allow tactile feedback with ceramic artefacts. Therefore, allowing visitors limitless interaction while exploring an innovative approach to acquiring historical information visually and interactively.
Theoretical contributions
· This research introduces a Virtual Reality guide with haptic enabling technologies that offer engaging interactions and reshaping the traditional museum experience.
· A theoretical framework which assesses VR technology in museum spaces of their perceived Efficiency, Effectiveness, Usability and Desirability for similar future installations.
· The perceived interactive experience is the most effective factor that can stimulate visitors and add a positive addition to museum displays

Practical contributions
· Introducing the visual forms of contextualisation to enhance the museum visitor experience and improve understanding. 
· A Virtual Reality educational experience was designed and developed to reshape the traditional museum text panel, to enhance the visitors’ experience and to offer visual reconstructions of information and hands-on interaction.

[bookmark: _Toc154856594][bookmark: _Toc173940645]6.6 Thesis Implications
This research can open contradictions of technology invading museum displays and distracting visitors from the cultural history if they are too engrossed in the technology itself. The results from the data analysis chapter did show that visitors favourite parts of the experience did not necessarily relate to learning more about the ceramic itself but more so enjoying the interactive freedom the technology allows.
This technology currently does not support anyone under the age of 18 using the VR system, causing a substantial part of the museum audience to be prevented from taking part. This implication can alienate the younger audience that could arguably be more interested in the technology than an individual who did not grow up surrounded by regular technological advancements. The data also showed that the youngest age was the largest group of participants in both testing phases. This research is intended to appeal to a wide audience, while encouraging younger audiences to visit museums who may not have attended to view the ceramic display alone. However, the technology currently does not facilitate anyone younger than 18 using the equipment.
However, through adopting the technology, the awareness of technology use in museums and the ability to interact with ceramics will create an additional motive for visitors who enjoy trying similar installations and encourage a positive significance for potential visitors to learn more about history within museums and cultural heritage.
The thesis also introduces a guide for future museum display designers, developers and academics who aspire to adopt advanced technologies for the use of enhancing the visitor experience and providing a visual alternative to interact with history without the limitations of artefacts trapped behind a glass case. 
This project additionally provides an initiative to preserve the heritage of ceramics inside a museum or cultural heritage site digitally, with a proposed method of digitisation to enhance visualisation and increase accessibility of their visitors via a digital archive.
The ‘Thornhill Experience’ could therefore influence the traditional museum display and increase the exploration of incorporating technology to better engage museum visitors and, correspondingly, influence new audiences to increase the number of museum visitors and positively impact the significance of museums and cultural sites. 
This thesis shows similarities with existing research to enrich the communication of historical context virtually. Hammady’s (2019) thesis used Mixed Reality technology as a guide for visitors to acquire information visually, while guiding them around the physical displays. Hammady found results from testing that showed a positive response to the experience with a demand for more technological aids in museums. Arrighi (2021) also utilised Virtual Reality as a tool to reconstruct and virtually preserve heritage buildings. From the pilot study conducted in Arrighi’s research, it was concluded that the experience would have benefited from the addition of touch to increase immersion and realism to the application.

[bookmark: _Toc154856595][bookmark: _Toc173940646]6.7 Future Work
Future work would include keeping up to date with developments in haptic technologies. The SenseGlove resulted in a few limitations, such as the size of the exoskeleton obstructing fluid movements and the ability to use AR without it dominating a scene. With time, the technology will no doubt gain flexibility in design.
This project can be explored by implementing it into other suitable learning environments such as schools and one-off events related to technology or ancient history.
In February 2021, SenseGlove released a second prototype design called the Nova Glove, featuring a simplified design consisting of donning a glove, compared to the original exoskeleton version. The researcher was invited by SenseGlove to visit their office in Delft, The Netherlands, in February 2022 (See Fig. 92) to test this version out and compare the difference with the first prototype used in this project. It was clear this glove was much quicker to put on and get started. There were no wires which made for a much smoother experience and avoided the hazard of tripping up or getting tangled. The Nova Glove offers full force-feedback and replicated the sense of interaction within the scene. However, the feedback was not as vigorous as the original design and had a limit to the amount of pressure you could receive to imitate the feeling of grabbing an object. The Nova Glove had a clever mix of feedback and a variety of interactions to trick the brain into thinking this was reality, which made the experience very immersive. 
One design choice of particular note involved SenseGlove not including the fifth digit finger as they said it had truly minor impact on the experience and felt it worked just as efficiently without wiring it up.
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[bookmark: _Ref101298859][bookmark: _Toc154829410][bookmark: _Toc177664976]Fig. 95. The researcher testing out the Nova Glove.
From the trip, it was concluded that for this project the original device suited the requirements better than the Nova Glove, due to the level of feedback you can receive, it creates a more valuable experience for visitors who wish to get a realistic sense of touch when interacting with the ceramics, as this plays on the forbidden nature of interaction with artefacts in museums.  
The created frameworks can offer the foundations of methodology for future research in digital heritage, this research performs as a potential guide to digitising real-life artefacts into a digital archive. Additionally, this research defines how object analysis can be applied artefacts to explore gamification experience to aid educational learning.
This research has a strong link towards the recent developments revolving around the Metaverse world, meaning a network of 3D virtual worlds that can be utilised by humans to live, work, shop, learn and interact with each other (Tucci, 2022). The term ‘Meta’ is a concept recently adopted by large technology companies such as Google, Microsoft, Nvidia and Qualcomm who are investing billions of pounds in the hopes of being a part of the next big technological advancement in the present day (Lawton, 2022). 
The Metaverse is not a new concept, but actually a concept explored as early as 1992 when mentioned in a book called ‘Snow Crash’, depicting a dystopian future world where rich people can escape into an alternative 3D connected reality (Tucci, 2022). This concept is arguably not that far away from today where humans can invest and engage in virtual worlds through virtual enabling technologies.
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[bookmark: _Ref132205589][bookmark: _Ref132205582][bookmark: _Toc154829411][bookmark: _Toc177664977]Fig. 96. Metaverse transformers, the roles expected by the modern-day Meta world.
The modern day Metaverse relates to a form of virtual surroundings, presented via either Virtual Reality or Augmented Reality experiences, which allow players to interact in an open world with other players. As shown in Fig. 93, the technology used will play distinct roles in how the Metaverse will be used, with the intention of synchronising immersive user interfaces and artificial intelligence (Shein, 2022).
This research opens an opportunity to combine the potential Metaverse system with the museum and heritage sites to develop an educational space suitable for learning about history and ceramics while in a virtual space. The potential for museums to adopt the concept of Virtual Reality could bring forth a much-desired collaboration of old and new by combining history with modern technological concepts, all while exploring how technology could be seen as a way of implementing interactive entertainment that will engage visitors beyond the traditional glass cabinet and text panel for information.
Finally, this research will continue to explore the ways history can be experienced interactively and to what extent multisensory can be used as a communicative tool to better retain information and enhance the museum experience. The Thornhill Experience will be further developed to test the limits of what interactions can be achieved, along with the potential developments of the haptic devices themselves.
This research has uncovered developing potential to explore museum spaces virtually and how technology can be perused to assist in the communication of history. This project holds the potential to frame how technology could be utilised in museum displays and re-establish the relationship between the artefact and the visitor.

[bookmark: _Toc154856596][bookmark: _Toc173940647]6.8 Epilogue
This chapter presented the main findings of the research, summarising the theoretical and practical contributions and limitations, and it has further suggested future work for researchers and developers of immersive virtual and haptic technology for museum and heritage spaces.



[bookmark: _Toc154856597][bookmark: _Toc173940648]Appendices
[bookmark: _Ref154750976][bookmark: _Ref154751148][bookmark: _Ref154751335][bookmark: _Toc154856598][bookmark: _Toc173940649]Appendix 1: Haptic glove Breakdown
This research was conducted in 2019.
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[bookmark: _Ref154751608][bookmark: _Ref154751625][bookmark: _Ref154751707][bookmark: _Toc154856599][bookmark: _Toc173940650]Appendix 2: Run-through of the ‘Thornhill Experience’: 
Link provided via YouTube:
The Thornhill Experience- PhD Research Project
[image: ]
 

[bookmark: _Toc154856600][bookmark: _Toc173940651]Appendix 3: Interview for SenseGlove about the research:
Link provided via YouTube: 
Reinventing education with haptic feedback gloves - #1 Short series
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[bookmark: _Toc154856601][bookmark: _Toc173940652]Appendix 4: “Design and Development Approach for an Interactive Virtual Museum with Haptic Glove Technology”
This conference paper is the published paper by the researcher.
Link to the paper: https://dl.acm.org/doi/abs/10.1145/3569219.3569382 

[bookmark: _Ref154751777][bookmark: _Toc154856602][bookmark: _Toc173940653]Appendix 5: Ethics Approval
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[bookmark: _Ref154750839][bookmark: _Ref154750854][bookmark: _Ref154750879][bookmark: _Ref154750900][bookmark: _Toc154856603][bookmark: _Toc173940654]Appendix 6: Online Library of Thornhill Ceramics Via Sketchfab.
Link: https://sketchfab.com/sunnyelf 
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player will use 2 VR headset such as the HTC Yjvg. Oculus Rift or Samsung Gear VR (Fasshid,
2018). To connect to a PC or Console that wil provide the VR application. VR can be used for

‘gaming, simulations, guided fouss or 3D videos.

However, discussion revolve around how close this ‘reality” can be fo the real world. The definition of
virtual meaning ‘near’, while reality is what human beings experience, therefore virtual reality relates
to emulating a ‘near-reality” experience (Society, 2017) . To bring this realty as close as possible to
the real word it can implement a multisensory extension from interactive content, such as talking o

computer-gencrated humans or picking up objects and using them for a purpose.

‘The use of Virtual Reality has significantly increased in popularity and has steadily shown a growth in
becoming a top recognised gaming platform with an expanding market worldwide (Alsop, 2022).
irtual Reality is popular for entertainment purposes within the present-day. However, VR has had a
significant journey to how it is seen today, NASA had developments with VR in the 1980’s-1990s
displaying a similar headset desig that i recognised in the modern-day (See Fig. 9), NASA used this
technology to create training simulations for astronaut training (Barnard, 2019). Vistual Reality is
evidentially versatile for many forms of applications with consistent recogaition to implement into the
educational sector, with more demand to teach immersive digital content to appeal to a range of

learners (Evans, 2017).
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With evidence from X and X it is clear there is a popular demand for the se of virtual reality,
therefore reassuring the decision to implement VR info a museum sefting to add 2 new dimension in
how we communicate history, additionally this will act as an attraction to any visitors who are

technology enthusiasts or intrigued by the technology

This fresh interest in combining VR with museum displays will also likely attract younger audiences
that may altematively not aftend  museum, this sparks a new inferest in what museums can offer and

whether it can increase engagement with contemporary audiences.

2.3.3 Existing Rescarch in Digital Heritage

‘Hammady (2019) focuses on similar aims and objects fo this project o reinvent the way historic culfure
is taught within museum environments. Hammagy uses the Microsoft HoloLens to transport the user
into a virtual world that represented an ancient temple along with a human interactive tour guide fo give,
audio context of selected digifised artefacts and aid throughout the experience. In the discussion on
usefulness Hammady, highlighted the muscums pre-visit agendas include the desire for entertainment
and gaining knowledge which is what both projects aim to achieve with new technology. This project
extends these concerns via exploring haptic force feedback gloves to add another dimension in o the

virtual experience.

Existing apps such as ‘Lef’s Create! Pottery Lite” by Infinite Dreams are available on the Google Play
Store (2017) and advertises itself as a simple but fun way fo create ceramics and engage with traditional
‘methods to create a virtual pot. Its compatibility enables it to be used on any andoid device, making it
easily accessible without the restriction of screen size. This game is targeting ifs audience at a casual
player that wants a calm, therapeutic and uplifting cxperience making this 2 laid-back learning
environment. This app creates an interactive alternative to learn about the methods of creating 2 ceramic
from scratch, the idea behind this is to give a player an entertaining and immersive replacement to
traditional breakdowns in books or text displays found in museums. The customizable options give the
ser a unique experience followed with a finished presentation giving the option of ‘photographing” the
ceramic and sharing it with friends and family offering a sense of achievement from the effort they have,
put in. On the Google Play Store (2017) it has been rated a 4.3 out of 5 with 735,325 reviews (Recorded
in January 2020) showing an overall positive response with a clear demand for interactive ceramics

experiences.
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Vistual reality offers ifs users an altemative experience that can enhance the engagement value, for
example, methods of creation can become tricky to accurately represent or explain due to the complex.
processes involved. However, with 2 3D digifal illusiration the user can experience the processes
involved in creating that object. Such s ‘An Art of Aftraction: The Electrotyping Process” by The Met
Museum (2011) revealing a breakdown of cach stage of an object's method of creation. Iis high-
definition imagery and succinct narrafive structure arrest the viewers” attention, providing in-depth
information on the sophistications of technology. This is a creative way of engaging and educating

viewers on complex aspects of culfural heritage.

One extended use of digitising artefacts into 3D models i to provide a reliable digital archive of
various collections that can be accessed freely online. Various universities, museums and rescarchers
have created these digital archives as an easy way to provide access to viewing artefacts rather than
requiring the viewer to visit them in person, this also provides an additional benefit of using VR to

reconstruct certain objects that may be damaged or to re-create 2 historic environment or scene.

‘The Digital Pilgrim Project at the University of Cambridge (Jeffs, 2016) aims to enhance accessibility
of medieval pilgrim souvenirs and secular badges throvgh the creation of digifal resources. Iis aim is
t0 aid researchers via an accessible digital database, for 2 small sample of the collection they have
used SketchiFab, a platform to display these 3D models but claim full digitalisation is underway with
over 680 medieval badges. Interactable dots placed on focus points of the badge disseminate a range
of contextual information including reference to their pilgrimage. This project has definite similarii
to the research abjectives through the ability of accessing additional information through digital
interactions; however, their user experience has limitations to visual context on  flat screen, giving
restricted content to interact with and enforcing the need to implement a multisensory element to

create an engaging experience for ifs viewers.

Aschacologists from Staffordshire University (2021) have adopted a 3D scanning method o the
artefacts recovered from the site of Shakespeare’s home and displayed them in vistual reality. This
was to allows people to enjoy and learn about Shakespeare’s history at a time when people could not

access museums, as this was made available during the Covid-19 pandemic through 2n online source.

Other variations of digital archives are available online, which retain a broad range of data to suit their
desired objective, such as documentation or education purposes. The Centre for Fine Print Rescarch
Electronic Archives (2014) at the University of West England, displays multiple archives on their
website, featuring an enamel jewellery collection and an international contemporary vitreous enamel
archive. However, the digital clement is considerably basic and only consisting of a collection of
images with no 3D clements, alternatively, this project will be offering a modern advanced digital
archive showing each individual item as a full 3D model that can be viewed in 360.
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Electronic Archives (2014) at the University of West England, displays multiple archives on their experience was in collaboration with the V&A and HTC Yive Arts, produced by the game’s studio
website, featuring an enamel jewellery collection and an international contemporary vitreous enamel PRELOADED.
archive. However,the digital element is considerably basic and only consisting of a collection of
images with 5o 3D elements, alternatively, this project will be offering a modern advanced digital
archive showing each individual item as a fll 3D model that can be viewed in 360.
23.4 Existing Virtual Reality in Museums
Virtual tours within museuras are ot an ualnown concept and these are utilised as a valuable tool to
show potential visitors 3D museums and collections to eatice them to physically visit Virtual screen
tours are frequently used to offer viewers an altemative to 2D images and text. This has been
demonstrated by the British Museum with “The Museum of the World (BritishMuseum, 2020), who
have combined a digital archive of atefacts with an ineractive scene, allowing the user to click on the
tismeline o find out about objects in the museum Fig 15. Mona Lsa: Beyond th Glas, TR Expeioce.
Fig 14, A screenchotfrom Curious Alce’, a VR experience gragl by the VA and HIC Ying Arts, 2020, Peterson Automotive Museum in Los Angeles worked with Microsoft HoloLens in 2017 to create a
However,in most cases these tours are limited to the user staring at  flat screen and using 2 mouse to ‘The advertising boasts on presenting a fully immersive and interactive re-creation of Wonderland, with VR exhibition experience. Visitors were able to interact with a classic American sports car, the Ford
navigate around the environment, which would not be as immersive as Virtual Reality. Some sources visually beautiful landscapes and effective storytelling. This exhibition is a prime example of what GT40. A racing car well known for winning several LgMans races in the 1960s, now available to view
such as SketchFab do offer VR platforms to view 3D models, but the user would not be able to ‘museums are aiming for in future exhibitions to explore the ways context can be communicated and close.up with the HolgLends headset. The main aim of this experience was storytelling, to take the
interact with objects freely as it would require a controller instead of a haptic device that would mimic installing more entertainment like experiences. This experience does provide the ability to interact with visitor through the history of racing. When showing the history in VR it is important to consider the
hands on interaction. the scene however this was using the HTC Yjyg controllers, this still imits the player to the freedom of Soundations of elating senses that can full ixumerse a player, i this example the player can hear the
vl tour ca o o o The Natons!Museu of Nl History (2021 ocated i Wakigton using thei hands ey, ceatng apotental fornew knowledge o introduce ful hapticglove interaction nginenoises and sounds o tyres around the racetack t mimic wha te aces wonld have sounded
DC, USA on their intracive webaite designed by Loren Ybastonds who created 2 selfguided totouch objects with each fingertip like. This exkibit s a good example of how VR can be used as a tool for effective storytelling as they
navigation experience to explore different areas and rooms of the museun. With the featuro of high- The Louvre Muscum in France launched the “Mona Lisx Beyoad the Glass” in October 2019, this VR can visually deconstruct components in the vehicle and show a breakdown of what makes a winning
definition panorama on compatible devices the navigation is done by clicking on available arrows that experience explores the rensissance painting 2 pat of the Leonardo Da Vinci exhibiton shorwin 2020, race car, followed with how the car performed in races.
point in the direction you will go. This VR experience uses design, and animated images to uncover details about the painting in
‘The Natural History Museum (2021) claims that some of the vistual tours feature previously unseen an inmersive alteruative. Details include the wood panels texture and how the passage of time has “The Thorhill Collection wil benefit from a vistual exhibition to view the itemns that are currently in
archives and holdings which gives them a unique attraction to use this with the addition of visiting in changed the way the panting looks. This experience was avaizble fo 4 monthsatthe Louvre Mscum storage and unavailable for viewing without controlled meeting situations, an interactive experience in
reallife, the high-quality content makes this experience seful for viewers to see what exactly is on andis availibleto download on the VR ap storeon multipe patforms when the exhtit fnished. This VR il increase the accessibilty via a digital archive and could in future be utlised as an informative
display and have the ability to zoom in without losing detail. However, content on signs for the intended versatley shows v the VR technology can b used outside ofdisplays o rovide accessiblty o ny attraction alongside the displayed collection, the core partof this research that addresses new knowledge
displays can be diffcult to read making it not suitable for viewers who want a reliable source of players who areiterested to ty the experience (Lovre, 2021) Lieswithin the hapti glove interacions,al examples have displayed limited ways  visitorcan iteract
information for the object that they are viewing, with no option to access external context whilst using with displays if at all, therefore haptic gloves offers a new dynamic in the accessibility of exploring
the virtual tour this makes its uses limited to navigation and examining the visuals of the object alone. Srely and interacting with artefacts without lintation
There has been a ise in Virtual Reality experiences within museums, usually featuring for a limited
period of e to encourage visitors with new attractions, the Victoria & Albert Museumn (2021) in the
United Kingdom featured a VR experience in 2021 called the “Curious Alice: the VR experience’. This
2 30
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cperiences within museums, usually featuring for  limited
jons, the Victoria & Albert Museum (2021) in the
1 called the “Curious Alice: the VR experience’. This
‘When VR is sed as a ool to communicate history one important factor is considering if the experienc ‘The Thorshill Collection will benefit from a vitual exhibition to view the items that are currently in Radu Comes (2016) produced a research paper covering the haptic devices found within museums.
offers 2 unique insight that pushes the limits faced in real life. The National Museom of Finland in storage and unavailable for viewing without controlled mecting sifuations, an inferactive experience in This research confirmed the use of 2 similar haptic device called the Geo Magic Touch System. This
Helsinki opened a VR exhibit in 2018, which allowed visitors to be transported back to the year 1 VR will increase the accessibility via a digital archive and could in fuure be uilised as an informative system involves the use of astylus pen-like device that can mimi f however,
to explore the painting ‘The Opening of the Diet 1863 by Alexander I by Robert Wilhelm Ekman, a attraction alongside the displayed collection, the core part of this research that addresses new knowledge evidence did show it was not possible to show mass properties and can only travel around the
Finnish painter in the 1800°s ies within the haptic glove interactions, all examples have displayed limited ways a visitor can interact stationary object. This system shows major restrictions when compared to the Sense Glove haptic
» with displays if at al, therefore hapic gloves offers a new dynamic in the accessibility of exploring gloves which can offer the freedom to pick up and handle an object with each fingertip.
freely and interacting with artefacts without limitation.
Itis clear from the time these papers were published that their options in technology were limited the
older the research was, however even the more recent papers still show similarities in the way the
x technology functions and how it is used. These limitations come from the way the device is designed,
23.5 Haptics in Mus limiting the user to  pen like handle meaning the user cannot handle the ceramic and interact with an
Related research has explored the possibilities of combining hapic technologies in a muscum or object freely. therefore this eassures a new contribution to knowledge i this rescarch
exhibition environment, however, each piece of research has shown a slightly different dynamic of of forcefeedback aptic gloves
‘what the visitor will experie: Recent research has emerged from the Manchester Museum (2022) by proposing  project that
Different technologies have been introduced to this field of rescarch to experiment with how a visitor introduces digital touch replicas by laser scanning artefacts to create a digital replica. This researclh
can ineract ith a coramic and whattpe of hap creates a physical prototype and integrates novel touch sensors, allowing information to be
escarched the impact of haptic touching technology on cultural applications, The i haptic device strategically placed on to the object. When a sensor s touched information is delivered as images
used s the BELANTS device from SensABLE Technologics. This dev 202yl pen that or video on 2 screen to communicate associating information. This concept helps create 2 more
tional M Finkand VR & [ o can be held and moved freely around the area connected to the device, when the device encounters an for visitorsas the smallineraction and mixed medias are more entetaining and
. casier to maintain focus than a text panel display. However, this prototype still limits the user to a flat
Players can speak with the emperor and various representatives of the different social classes scen in object, it will apply force to resist the user’s movement and mimic contact with an object. This device
. . . sereen for information and does not provide enough context as to what extent you can interact with
the original painting. This VR experience brings a unique fwist on bringing a painting to life by has interesting opportunitis tointeract and feel where a surface and edge would be but il limits the
visually recteating a full 3D reconstruction of how it would have looked in 1863 and flly immerse wser o holding a sylus pen-type shape where the pen can only travel as far as the base il allow by the 3D digtal replicas
- 2 the player to play the role of one of the attendees. This clever technique of inclusion makes the player its handle. A device like the PHANTOM back in 2008 would have set a muscum back by around 4 3D Digitisation of an Artefact
. interested to understand their role further, therefore learning about what the painting represents. £20,000 making it impractical to be used in a large scale. 3D digitisaion has become a popularised techaique within Digital Heritage as a way of creating
‘When understanding a painting or artefact i also important to understand the artist and historical and s the previous paper, Masiza Dima (2014) proposed two methods of interaction to go hand i g f artefact surrogates. This technique involves scanning real-lfe artefacts through
social contexts behind what has influenced the final piece. These contexts can be communicated with hand to create the closest experience to touching the original artefact. The frst method consisted of a ‘photographs or a laser scanning device and processing that information in a digitising software to
text and 2D images but there this would fake 2 lot of research to build a thorough understanding. 3D laser scan of the artefact and 3D printing to create a plastic replica. This would give visitors an produce a 3D model version. More projects have surfaced in recent years to explore 3D digitisation
However, The Tate Modern Museum in the United Kingdom, created a VR exhibit in 2017 which insight into the positive and negative space but is not able o replicate the material properties or including from the University of Nottingham Museum who created 2 Photogrammetry Project in 202
takes the player through the surroundings of where Amedeo Modigliani created his artwork. The roughness of the original, however, this does provide an alternative to handle a forbidden object. The to collaborate with the Digital Transformations Hub to work with students and enhance their digital
experience includes 2 3D reconstruction of the artists studio from 1919 to get a feel for how they artst second method involved using a haptic device called the Omni instead of the user’s hands. This is. presence (Davies, 2021). This article takes you through the workflows adapted to digitise the selected
lved and implement a lot of historical details that are essential to see visually to understand fully placed next to the seplica print o act as a guide for where to direct the haptic device as it will be Roman Face pot (Seen in Fig. 12), including photogrammetry setups, the 3D modelling stage and
such as how to the paints looked on the painters paleftes during the creation proces: invisible for the user. This method uses a stylus pen for haptic feedback making it limited in what the cleaning up for display.
user can fecl, despite this paper being sixteen years more current than Brewster’s it has still
implemented a similar style haptic device.
suBscRiBe
m = - s % vestig: D Focus

» » < 053/317 < © B\ £ 5] ar o e @ The king of Mo





image23.jpg




image24.jpg




image25.jpeg




image26.png
Digital Academy Portal X | @ Mail - FALLOWS Emma - Outiook X | @) Facebook X | @ Emma Fallows PhD - OneDrive. X

x | ¥ 3D digtisation the Uriversity of X

© Roman face pot - 30 model by T X

¥ Virtual Volunteering: The DTHA: X 4 v -
Q2w @%T,’DE’; File  Home
[ Other bookmarks [—‘"D 5

Paste

oo e :

C @ sketchfab.com/3d-models/roman-face-pot-e77c50ee3d 1e4d8eb3bIbbe55absTe78

@ Facebook 8 YouTube - Broadcas.. B Digital Academy Po.. @ PhD-OneDrive @ Mail - Emma Fallow..

@ Sketchfab exeLoRe - BUY3DMODELS - FORBUSINESS Locin < Format Painter

Clipboard

L J ROMAN FACE VESSELS
sadramistes

Roman face pot
30 Model

Digital Transformations Hub [

FoLLow.

AddTo Embed Share Report

Triangles: 132.5k 7 Vertices: 66.3k  More model information

Margidunum, Bingham, Nottinghamshire.
University of Nottingham Museum University Park

Photography & Modelling: Matt Davies, Equipment: Pentax K1-MIl DSLR, 100mm macro lens, Foldio

Refuse All

Accept All

~ Page2s0f83
1401
27/05/2022

Insert  Draw

21757 words

O Type here to search (o)

Design  layout  References  Mailngs  Review  View  Help  RCM

Calibri Body)  «[11 < A" A" Aax A R
BIU-o%xx A-2«A- e | [LiNoma
Il Font Il Paragraph Il

stationary object. This system shows major restrictions when compared to the Sense Glove haptic
gloves which can offer the freedom to pick up and handle an object with each fingertip.

Itis clear from the time these papers were published that their options in technology were limited the
older the research was, however even the more recent papers still show similarities in the way the

technology functions and how it is used. These limitations come from the way the device is designed,
limiting the user to a pen like handle meaning the user cannot handle the ceramic and interact with an

object frecly, therefore this reassures 2 new contribution to knowledge in this research

of force-feedback haptic gloves

2.4 3D Digitisation of an Artefact

3D digitisation has become a popularised technique within Digital Heritage as a way of creating
digital archives of artefact surrogates. This technique involves scanning real-life artefacts through
photographs or a laser scanning device and processing that information in a digitising software to
produce a 3D model version. More projects have surfaced in recent years to explore 3D digitisation
including from the University of Nottingham Museur who created a Photogrammetry Project in
2020 to collaborate with the Digital Transformations Hub to work with students and enhance their
digital presence (Davies, 2021). This article takes you through the workflows adapted to digitise the
selected Roman Face pot, including photogrammetry setups, the 3D modelling stage and cleaning up

for display.

2.4.1 Photogrammetry Vs Laser Scanning

Traditional 3D model reconstruction is associated with 2 main methods using photogrammetry or
Iaser scanning. Photogrammetry is defined as capturing an objects three-dimensional coordinate, to
obtain information on various surface points through high quality photographs taken from different
angles, 2 3D reconsiruction software then processes these points and matches them together to create
a full 3D model. Laser scanning estimates the surface points of an object through a reflector-less laser
line over the objects surface to measure the data and generate a 3D mesh.
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2.4.2 Existing workflows

3D digitisation is a well-studied area of research in computer graphics and archacological studics to
benefit the education, preservation, and restoration of historic objects. The Cultural Informatics
Rescarch Group (2010) have rescarched the potential of 3D digitisation and how it could benefit the
future of cultural heritage. Ann Coulié, a preservation expert and curator at Louvre Museum mentions
that documentation relies on written reports and publications that usually contain few illustrations,
however with a 3D version there is photographic coverage giving detailed viewing access, reinforcing
an additional benefit of this project recreating Thornhill ceramics as a form of digital documentation.

Barry Molloy (2016) compared laser scanning and Structure from motion (SFM) photogrammetry
data acquisition methods on prehistoric metal tools and weapons to discuss whether this could be an
appropriate media for the documentation, representation, and interpretation. Molloy examined two
‘methods of capturing 3D data that included laser scanning with a line of laser light and SFM
‘photogrammetry sourced from 2D dimensional images captured in a sequence of angles. Molloy’s
(2016) fisst point was accessibility, laser scanning has some physical limitations and he found it was
less feasible to move the scanner around the abject when the SFM technique requires a stationary
‘camera with a rotaing object makin it casier to capture the dafa in smaller capacity making it
‘possible in resiricted spaces, whether laser scanning required a much bigger space to work with.
Having a stationary camera would be more suitable to photograph the Thornhill collection because of
its unpredictability on environment with 2 separate locations for storage, the ability to arrange a

suitable photogrammetry setup in 2 small space is essential to reduce any sk of environmental issues.

‘The SFM was the most demanding out of the two for system requirements to generate the models
smoothly, it also had an vareliable time frame when processing the images as it had a range of 2 to 12
hours dependent on certain factors such as, image quality and object complexity. The image
demonstrating Molloy’s SEM model, captured the details effectively and accurately represented the
edges and use-twear on the sword (2016), this concluded that the svitable technique would be
‘photogrammery due to its ability to accurately recreate the colour data and surface texture.

3D Laser Scanning uses a line of Laser light to measure mulfiple points in cach scan to collect data
rapidly on a physical object, to produce a 3D reconstruction. The scanner takes many snapshots of an
1
of pixels (Kivolya, 2019). 3D scanners can rapidly produce the forms of a model in 3D but does not

object to generate a 3D scan made of polygons, si

0 the process of 2D images that are made up

provide the coloured textures that would be required if applying these models into a visual

environment to view and sudy.
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Photogrammetry is a technical measuring technique that utilises 2 dimensional photographs to process
a physical object coordinate to digitise ifs information and produce 2 3-dimensional reconstruction.
Close- Range Photogrammetry is a process of obtaining relizble imagery to retain information on
‘physical objects forms and runnine it through 2 process of measuring data to produce 3D digifal
replica (Murphy, 2014), this s sometimes referred to as Image-Based Modelling and is 2 commonly
used technique to measure and model buildings, engineering structures, forensic and accident scenes,
‘mines, carth-works, stock-piles, archacological artefacts, film scs and more. (Walford, 2017).
Proving to be a suitable technique for digitising the Thornbill artefacts, through the vse of similar

projects and rescarch.

2.4.3 Chosen Workflow

Photogrammetry is the chosen 3D reconstruction technique as this would be the casiest sefup to adapt
to certain surroundings in restricted arcas du to a stafic camera requiring 2 small sefup.
Photogrammetry can perform best with close range scanning s it focuses on one object rofating on a
turntable, as opposed to laser scanning which will require additional edifing to remove any scanned
background information. Laser scanning does not generate colour textures on the scanned model,

however photogrammery produces everything needed in one scan.

2.5 Review of existing Haptic Devices

Haptic Devices refers to technology that enables players to have various forms of interaction in a
virtual world, the most common devices are in the form of game controllers, joysticks, and steering
wheels. Haptic sensations can occur when a mobile phone vibrates or when a driving simulation
applies resistance to the pedals or steering. These hapic experiences make games and walk-throughs

‘more immersive by engaging senses beyond visual and auditory means

2.5.1 Existing Haptic Devices

Haptic technology has been an important form of communication within different parts of modern
society; however, developments are shifting to mimic more natural interactions to the commonly found
interactive tablet in modem muscums. Haptic systems can be grouped in fo 3 core categories
including graspable, touchable, and wearable. Graspable haptics include the Phantom Omni (Silva,
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Fig. 36. Tang Dynasty drum reference

The drum had 2 sides that provided 2 different sounds, this sound was clipped out of a modern

orchestra video recreating Tang Dynasty music
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Thorhill ceramic, the ceramics were framed in a museum to open the scene with a familiar setting. © 3D Mock

The museum was designed to show the player had no rules to interacting with objects, the cabinets
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interaction was important for the Thornhill ceramics as all of them have ‘Thornhill" written on their
base which helps communicate to the player where the ceramic have come from and leam that it is

part of a collection by Emest Thornhill.

Some ceramics may need additional context to understand its forms, such as the musician on
horseback, this was communicated by recreating the drum from the ceramic into an authentic replica
of a Tang Dynasty drum (See Fig. 36 for reference), providing the player with a visual interaction to

hold the drum and play it to discover what it sounded like.
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Han Dynasty Goose Lamp for Tomb Environment

Traditionally used for burning oils from plants and animal fats to create a
source of light in the tombs
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A scene showing the player where clay is sourced from as a A demonstrator shows how to use the clay to shape into the  The player is then directed to the painting stage to add
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own setup
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