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ABSTRACT: Augmented reality (AR) is rapidly developing into an effective 

tool for interpretation and education in museums. It enhances traditional presenta-

tion formats by adding digital layers, allowing for the virtual reconstruction of miss-

ing components, the visualization of original color schemes, and the contextualiza-

tion of historical details. Such digital enhancements deepen understanding and sig-

nificantly improve visitor interactions with the exhibits. The Munich Museum für 

Abgüsse Klassischer Bildwerke collaborates with the Augmented Reality Research 

Group at the Technical University of Munich to develop digital AR content and 

explore its potential for museum education. This paper presents two case studies: 

The “ParthenonAR” application — a virtual tour of the model of the Parthenon — 

and a digital comparison between the ancient portraits of Claudius and Caligula, 

and also comments on the opportunities and challenges posed by AR in museums.  
 

1. INTRODUCTION 

In recent times, augmented reality (AR) has 

become an increasingly important tool for 

education and interpretation within museums: It 

adds an extra digital layer to exhibits, often with 

historical contextualization, reconstructions, 

and additional information. AR generally 

creates an enriched visitor experience and 

provides new ways of accessing the collections 

beyond traditional interpretative media.  

However, AR integration involves much more 

than simple technological adoption: It imposes 

new demands on exhibition design, technical 

infrastructure, and content delivery. At the same 

time, AR provides an opportunity to reach 

audiences who have previously had little access 

to museum offerings and complements 

traditional interpretive formats in meaningful 

ways.  

In this respect, with more than 2,000 plaster 

casts of classical Greek and Roman sculptures 

on view, the Munich Museum für Abgüsse 

Klassischer Bildwerke (MfA) is an ideal place 

to investigate the new possibilities AR allows. 

AR possesses special significance for the MfA, 

as its utilization offers ways through which 

exhibits might be virtually restored and original 

colors and other historical or artistic features 

contextually realized to return the appearances 

of these objects to a much closer semblance of 

the original, thus, enabling better understanding 

and appreciation of the content. However, what 

makes AR truly valuable is its potential to 

provide interactive content, which allows 

visitors to independently engage in the exhibits 

at a much deeper level than has traditionally 

been possible. 

By way of illustration, this article describes the 

implementation of AR at MfA through several 

examples, focusing on the challenges and 

benefits of its use. This paper introduces AR use 

in museums, presents two case studies, and 

discusses the broader opportunities, challenges, 

and future potential of AR in enhancing cultural 

heritage. The article also highlights the role of 

interdisciplinary collaborations, such as that 

between MfA and TUM, in achieving progress 

and innovation in museum education through 

AR. 
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2. RELATED WORK 

2.1 Augmented Reality – The Extension of 

Reality 

AR enhances the physical world by projecting 

virtual information onto physical objects and 

surroundings in real time, thus, efficiently 

integrating real and virtual components. This is 

achieved through the displays on the screens of 

devices such as smartphones, tablets, or AR 

glasses (e.g., Microsoft HoloLens 2 or Magic 

Leap), which combine live camera images with 

digital elements such as images, 3D models, 

sounds, and animations. Sensors, such as 

cameras and AR algorithms, are used to align 

virtual content with the real-world environment. 

For precise tracking, correct identification of 

objects or the environment has to be performed, 

and some approaches to implementing tracking 

in AR involve using marker-based tracking, 

object recognition, or markerless tracking. 

Marker-based tracking relies on sharply 

displayed visual marks, such as QR codes or 

specific patterns, to place digital content in 

certain positions. In a museum context, any 

prior images, historical maps, or artworks can 

act as markers if they possess unique features 

for trusted detection. Object recognition 

involves the real three-dimensional 

identification of objects such as sculpture or 

furniture by processing geometry and surfaces 

to determine reference positions. Markerless 

tracking provides real-time analysis of 

environmental features, such as surfaces, edges, 

and points, without any a priori defined 

markers, giving virtual elements full freedom 

with regard to positioning.  

The development of AR applications also often 

relies on platforms such as Apple's ARKit and 

Google's ARCore, typically in combination 

with the Unreal Engine or Unity game engine 

and AR frameworks such as Vuforia, EasyAR, 

or MAXST. 

As described in the following section, AR can 

be used to provide an interactive and immersive 

experience that offers museum and exhibition 

visitors new opportunities for discovery and 

interaction. 

2.2 Use of AR in Museums 

In recent years, AR has increasingly been 

implemented in museums as a tool for 

knowledge dissemination and a new way of 

interacting with cultural artifacts. Unlike static 

videos or audio guides, AR allows users to 

directly interact with exhibits, offering a 

dynamic and immersive experience 

unattainable with traditional media. AR 

technology provides the possibility of 

augmenting physical exhibits with digital 

information, such as text, images, videos, or 

even interactive 3D models. The most common 

applications are those related to virtual 

restitution: The restoration of missing or ruined 

components allows visitors to see how the 

artifact once appeared. Studies such as that by 

Miyashita et al. [1] have shown that AR-

enhanced museum guides increase visitor 

participation and comprehension, fostering 

more meaningful connections between exhibits 

and audiences by encouraging curiosity and 

facilitating personalized exploration. 

Specifically, AR enhances exhibits by 

superimposing digital information onto real-

world objects. In this way, these objects are 

contextualized, reconstructed, and even 

rendered interactive to improve access and 

visualization. This use of AR technology makes 

artifacts, together with their historical contexts, 

more tangible and engaging for an audience. For 

example, AR can rebuild the original colors of 

ancient statues or take viewers on virtual tours 

around historic cities. It allows stories to be told, 

thus, creating an immersive experience, raising 

emotional involvement, and deepening insights 

[2]. 

Other significant educational advantages are 

that museum visiting becomes active rather than 

passive, and visitors can independently study 

exhibit details, comparing different 

reconstructions and focusing on aspects 

relevant for personal interest. AR allows 

complicated notions to be explained in a simple 

way, such as demonstrating how a particular 

kind of machine works in a technical museum. 

In this respect, AR bridges the gap between 

traditional exhibitions and the expectations of 

modern visitors by offering dynamically 

immersive environments for enhanced access to 

cultural heritage. 

2.3 Collaboration with TUM 

For many years, the MfA has been collaborating 

with the Augmented Reality Research Group of 

the Technische Universität München (TUM) on 

how to integrate digital technologies, in the 

forms of augmented and mixed reality, into the 

museum functions. The common objective of 

this collaboration is the development of 

concepts that allow visitors to independently 

engage with plaster casts. This collaboration has 

included research projects, theses, and 

internships, with results presented at special 
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events, for example, during the Lange Nacht der 

Museen München. Visitor feedback supports 

further steps in development. 

A major achievement of this collaboration has 

been the TUM “FAR Demo” mobile application 

[3, 4] for the 2019–2020 jubilee exhibition 

entitled “Lebendiger Gips.” The app allows 

visitors to interactively explore selected 

exhibits on smartphones or tablets. Key features 

include the digital reconstruction of fragmented 

works, such as the Crouching Aphrodite (Inv. 

No. Th 43), combining Roman copies to create 

a more complete virtual representation [5, 6]. 

Visitors can also virtually disassemble and 

reassemble the Laocoön Group (Inv. No. 1051) 

to understand the complexity of the work. 

Another feature focuses on the Arch of Titus, 

presenting it in its historical context with 3D 

models, interactive highlights, and contextual 

maps. 

In 2020, the TUM “FAR Demo” application 

underwent redevelopment to render it more 

user-friendly [7]. Major improvements included 

a new AR-based camera mode that allows users 

to place virtual displays in real-life 

environments and study features and 

dimensions in considerable detail. The app has 

also been extended to include exhibits such as 

the Column of Marcus Aurelius, which reaches 

a height of 40 meters. Due to its size, the 

museum can only display casts of its relief; 

however, through AR, one can see the whole 

column and study all its details. 

In addition to the app, the exhibitions 

themselves have included interactive stations, 

as seen in the Funerary Stele of the Shoemaker 

Xanthippos (Inv. 484) [8, 9]. Using a tablet, 

visitors were given the opportunity to virtually 

paint the plaster cast, with their designs 

simultaneously projected onto the cast in real 

time. Evaluations, including interviews and 

questionnaires, showed these features enhanced 

visitor engagement and their understanding of 

the object. 

The projects discussed below represent just a 

small sample of the successful cooperation 

between the MfA and TUM. In addition to these 

completed projects, the partnership is further 

developing new approaches. Two current 

undertakings include an interactive exploration 

of the Parthenon, on which Ekin Çelebi worked, 

and a comparison of antique portraits of 

Claudius and Caligula, created by Daniel 

Haselbeck. These are described in the case 

studies that follow. 

3. CASE STUDY 1: INTERACTIVE 

EXPLORATION OF THE PARTHENON 

(DEVELOPED BY EKIN ÇELEBI) 

One of the most important holdings of the MfA 

is the highly colored model of the Parthenon 

(Inv. No. DL 128; Fig. 1) executed on a scale of 

1:20 and dating back to the 19th century. Since 

2005, the model has been on display alongside 

some 150 other long-term loans from the Met-

ropolitan Museum of Art in New York, thus, 

emphasizing the close collaboration that exists 

between the two museums. The museum also 

uses the model in academic research projects in-

volving different dimensions of investigation, 

such as those related to architectural color 

schemes and the documentation of historical 

transformations. 

 

 
Figure 1: Model of the Parthenon. 

(Credits: MfA, Manuel Hunziker) 

 

For her thesis, Ekin Çelebi created “Parthe-

nonAR,” a mobile AR application for improv-

ing visitor access to the model of the Parthenon 

[10]. The app aims to enhance the user's under-

standing and interaction with the model by add-

ing digital information to the physical display 

(Fig. 2). In this way, historical information re-

lated to this model becomes interactive through 

the use of AR, thus, converting it into a more 

tangible and much livelier model. 

The ParthenonAR is loaded with various inter-

action possibilities. For instance, one can see 

what the pediment of the temple originally 

looked like through an interactive slider that 

compares it to the present state. The AR allows 
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for virtual “entry” into the model by using the 

screen of the visitor’s device to explore a de-

tailed representation of the physical model’s in-

terior. This action permits users to enter the 

temple, the so-called cella, showing its particu-

lar features with regard to design and structural 

characteristics. At one point along the frieze 

with modern colors, the viewer is able to con-

trast it against a digitally restored ancient color 

scheme to gain a sense of how the Parthenon 

originally appeared. Golden digital markers, us-

ing AR superimposed on the temple, point out 

these interactive features to visitors and provide 

a structured way of exploring the content. All of 

these traits are supported with accompanying 

texts in both English and German. 

 

 
Figure 2: App test run in the museum: The golden 

markers indicate interactive areas.  

(Credits: Ekin Çelebi) 

 

The technical execution of the project was ad-

dressed by using the Unity game engine in com-

bination with the AR framework Vuforia (Fig. 

3). Unity allowed for visualization and provided 

more interactivity, while it became possible 

with Vuforia to include historical representa-

tions that slide easily onto the physical model.  

 

 
Figure 3: Implementation of the app in Unity:  

The overlay is aligned with the temple.  

(Credits: Ekin Çelebi) 

 

Structure-from-motion technology, a method 

that creates 3D models from a series of 2D im-

ages, has been used for the digital reconstruc-

tion of the external and internal elements of the 

Parthenon model and the interior statue of 

Athena (Fig. 4). The results were further pol-

ished in 3D in Blender and imported into the 

Unity game engine. Among others, the largest 

challenges involved correctly aligning the digi-

tal content, with the physical model used as a 

marker, and seamlessly integrating interactive 

elements. 

 

 
Figure 4: Three-dimensional reconstruction of the 

Athena statue generated through structure-from-

motion methodology. (Credits: Ekin Çelebi) 

 

Feedback from users was gathered by perform-

ing a structured analysis with survey partici-

pants from mixed backgrounds. The results 

showed that ParthenonAR considerably im-

proved engagement with and supported better 

learning of the model of the Parthenon. Most 

participants rated the experience positively and 

also stated that the educational value of the ar-

chitectural and historical aspects of the Parthe-

non was furthered with the use of the AR appli-

cation. This assessment underlines the effec-

tiveness and added value generated by the ap-

plication, given it is indeed a significant addi-

tion to the physical exhibit presentation and thus 

constitutes a contribution to museum education. 
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4. CASE STUDY 2: COMPARATIVE 

ANALYSIS OF ANCIENT PORTRAITS: 

CLAUDIUS AND CALIGULA 

(DEVELOPED BY DANIEL 

HASELBECK) 

The second application, developed by Daniel 

Haselbeck, allows users to compare ancient 

portraits, specifically those of Claudius (Inv. 

No. 560; Fig. 5) and Caligula (Inv. No. DFG 

145; Fig. 6) [11]. In Ancient Rome, emperors 

commissioned many portraits of themselves to 

project their images and power throughout the 

entire empire. Since it would not be feasible for 

an emperor to model for every portrait, Ancient 

Roman sculptors often copied from existing 

statues to satisfy demand. For this reason, we 

can classify many of these portraits into types 

that share features. Additionally, in antiquity, 

imperial portraits were sometimes reworked 

from one face to another, for example, for 

political, cultural, or monetary reasons. Experts 

are able to identify such reworked statues, for 

instance, via the odd proportions of the different 

facial features, chisel and drill marks, or sudden 

pattern transitions between modified and 

untouched areas.  

Comparing the unmodified and modified 

statues (Fig. 7) against each other in an AR 

context naturally highlights the differences in 

proportion in a much clearer way than simply 

viewing the statues independently side by side. 

The other peculiarities, such as the marks left on 

the statue by later modifications, can also be 

easily marked and annotated within the AR 

application. While 3D registration onto human 

features has been extensively studied, both in 

medical and commercial contexts, the 

underlying technical problem statement of this 

topic is more complex. Firstly, our data is orders 

of magnitude more limited than the data for the 

aforementioned cases, and we cannot simply 

create more, given that there are only so many 

intact antique statues that are accessible. 

Secondly, one of our targets has presumably 

been modified from its initial appearance, 

hence, we no longer possess its original 

representation, and we must assume that its 

facial landmarks have shifted in shape and 

location.  

 

 
Figure 5: Bust of Claudius 

(Credits: MfA, Roy Hessing) 

 

 
Figure 6: Head of the seated statue of Caligula. 

(Credits: MfA, Roy Hessing) 

 

Since our goal was not to register the two 

statues onto each other but rather to 

superimpose them in a way that would 

optimally register the two originals together, 

conventional methods were not feasible in this 

context. Nevertheless, relying mostly on expert 

input about landmarks lying within the 

unmodified areas of the portrait, we managed to 

find a satisfactory alignment for both statues, 

which now serves as a basis for explaining the 

AR reworking phenomenon to visitors. 
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Figure 7: Overlay of the heads of the statues of 

Caligula (green) and Claudius (blue), aligned at 

the ears. (Credits: Daniel Haselbeck) 

 

The AR application allows visitors to be 

engaged in a variety of interactions (Fig. 8): The 

overlaying of two portraits in virtual space 

serves to highlight differences in proportions 

and details. In addition, the identification and 

labeling of signs of subsequent alteration such 

as chisel and drill marks further support visitors 

in understanding what changes have been made 

to the statues. An interactive slider eases the 

switch between the original and its edited 

version, which functions as an effective 

demonstration of the meaning of revision. 

Further details have been provided on 

informational panels, explaining how different 

edits to the shape and position of facial features, 

such as noses and chins, have been performed.  

 

 
Figure 8: View in the app: Overlays can be toggled 

on and off, and details can be selected.  

(Credits: Daniel Haselbeck) 

Technical implementation was performed by 

using a Unity game engine in combination with 

the Vuforia AR framework. This approach 

utilized the physical statues as markers, 

allowing the AR system to recognize and track 

their unique geometry and surface features in 

real time. Digital superimposition was designed 

from 3D scans and facial registration algorithms 

developed with precision. The structure-from-

motion technique was used to scan the 3D data 

for the portraits and then optimized in Blender. 

Lining up specific changed and unchanged 

areas of the portraits was challenging in an 
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effort to present the portrait as it was in its 

original representation. 

The first feedback regarding this application 

was received from internal sources among the 

museum staff. Therefore, they valued the 

interactive features for their ability to provide 

insights into the artistic and political messages 

of the portraits from ancient times. 

Consequently, the results of the evaluation 

support the app's potential to serve as a 

meaningful complement to the live museum 

experience. 

5. ENSURING VISIBILITY OF AR 

CONTENT IN MUSEUMS 

The application of digital content in museums is 

closely related to its visibility to and 

accessibility by a large audience. The use of AR 

content – at least until now – has been 

particularly problematic given the need for 

stand-alone applications. While simple AR 

content can be distributed via websites 

(WebAR), more complex applications, as in the 

examples shown, are not currently technically 

possible with this method. Accordingly, the 

creation of a unified application for the MfA is 

currently under conceptual development. This 

application aims to integrate all existing and 

future digital projects, such as ParthenonAR 

and the portrait analysis app, to offer users a 

seamless experience where it is most applicable. 

Instead of many diverse applications for each 

exhibit and function, attendees could have all 

the information in one place for the best 

possible navigation and interaction. 

Additionally, QR codes placed near exhibits can 

guide users directly to the relevant AR content. 

The lead application possesses a user-friendly 

display platform featuring an overview of all the 

available AR content nearby. It will be possible 

to inquire about any exhibit or topic, which can 

easily be located through instinctive and clear 

navigation. The interactive functions of the 

application involve some of its multimedia 

offerings, which are already available on the 

website of the museum, video and audio guides, 

and accessible contents. Virtual tours allow the 

user to move around the exhibition areas and 

trigger AR experiences when necessary, 

combining the real objects with the 

digital/interactive content. The integration of 

the elements of interactivity with those of 

didacticism – the educational function – creates 

an all-round experience within the museum 

environment. 

To further implement effective resource usage, 

AR content will be dynamically loaded only 

when really needed. Such a method allows all 

the data to be effectively maintained while 

facilitating the burden for users' devices in 

terms of storage. A strong Wi-Fi network at the 

museum will also ensure quick, uninterrupted 

downloading of the content.  

Technically, the foundational elements for a 

unified mobile application are being explored 

using Apache Cordova. This would enable the 

reuse of prebuilt web frameworks such as 

Ember.js that are currently being used for other 

parts of the museum's website. Additionally, 

Ember.js would facilitate the implementation of 

the application's user interface, ensuring a 

consistent design and user experience. This 

approach would allow for the integration of 

current resources with minimal changes, 

significantly reducing the work involved and 

increasing the efficiency of the whole project. 

Previous AR applications were developed using 

Unity and Vuforia platforms because they offer 

high flexibility and powerful features for 

creating interactive AR content. Currently, we 

are evaluating other AR frameworks such as 

EasyAR and MAXST to investigate their 

integration with Apache Cordova and their 

potential for future AR content. The goal is to 

establish a homogeneous tech stack that will, in 

itself, be a base for future projects while, at the 

same time, reducing the diversity of tools used 

across the institution. 

6. DISCUSSION: ADVANTAGES, 

CHALLENGES, AND POTENTIAL OF 

AR 

AR’s introduction into museums is 

accompanied by a number of simultaneous 

opportunities and challenges. This section 

emphasizes the advantages and challenges of 

AR, and its future potential in the museum 

context. 

Advantages of AR in Museums 

As discussed in Section 2.2, AR can enhance 

exhibitions by including digital resources, such 

as interactive features, virtual reconstructions, 

and multimedia components. The interactive 

features of AR foster deeper engagement by 

allowing visitors to explore details, view 

alternate perspectives, or toggle between 

different stages of reconstruction. In that 

respect, AR may allow object modification or 

changes by virtually overlaying digital layers on 

top of the object, without affecting the original 

object. In this way, the displays can represent 
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historical changes, color schemes, or 

architectural features without touching the 

actual exhibit in any manner whatsoever. These 

capabilities enhance understandings of complex 

topics, make exhibits more engaging, and 

strengthen emotional connections with the 

content. 

Challenges in Implementing AR 

To apply AR in museums, modern devices, 

possibly provided by the guests or by the 

museum, are needed. Visitors’ personal devices 

would reduce the effort of maintenance: The 

museum only has to provide an app and some 

technical infrastructure, such as Wi-Fi, to allow 

the visitors to download the AR application 

directly on site. In the other case, the museum-

owned devices have to be managed, which also 

includes providing charging stations, regular 

updating, cleaning, and disinfection. 

Unless in-house development occurs, AR 

implementation quite often requires an external 

agency or a cooperation partner. The AR 

systems also need periodic updates and 

maintenance, especially in cases of permanent 

installations. 

Accessibility may also be an issue, as many AR 

applications overlook users with disabilities or 

low technical proficiency. Inclusive design and 

adaptive features require careful planning and 

additional resources.  

Future Potential of AR in Museums 

Ongoing improvements in AR technologies are 

continuously making its usage easier. As a 

result of improvements in tracking algorithms 

and more intuitive tools and frameworks, AR 

will become much easier for developers and 

cultural institutions to utilize. Meanwhile, 

modern devices are becoming more powerful, 

which will allow an increasing number of 

visitors to smoothly enjoy AR content on their 

own devices. As the capabilities of WebAR are 

continuously growing and very likely to be 

further extended in the future, there will be no 

need for separate AR applications in the future. 

As a result of these advantages, acceptance and 

usage of AR in museums could be increased and 

further fuel the continued development of AR 

as an immersive and interactive medium, thus, 

providing a unique experience for visitors. 

7. CONCLUSION 

AR allows the possibility of integrating 

traditional ways of presenting exhibits in 

museums with the expectations of the modern, 

digitally active public. This paper has, through 

specific case studies such as “ParthenonAR” 

and comparative studies on ancient portraits, 

demonstrated how this might be accomplished 

using digital technologies to enhance the visitor 

experience within the museum. 

Nonetheless, AR is not without its own thorny 

path of implementation – from the demand for 

modern technical infrastructure to designs 

allowing access for diverse audiences. In 

addition, AR requires considerable resources at 

all stages of its creation and implementation. 

Overall, the case studies presented in this paper 

exemplify how progress in museum education, 

greater visitor engagement, and more 

comprehensive learning goals can be achieved 

through a combination of technical and 

academic competencies, as evidenced in the 

collaboration between MfA and TUM. To this 

end, this paper demonstrates that the strategic 

and inclusive use of AR has the potential to 

make cultural heritage more accessible, 

interactive, and inspiring for visitors. 
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