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Over the past decade, the use of 3D scanning, virtual reconstruction and digital manufacturing in the
preservation of cultural heritage (CH) has gained significant attention, among other for the restorative
intervention of loss compensation. These techniques have been explored both in conservation-restoration
(CR) practices and research facilities. However, despite this progress, there is a notable absence of an
educational framework specifically designed for virtual restoration methods aimed at physical restoration.
As a result, CR practitioners motivated to execute a virtual restoration are either challenged to find their
way in a wealth of information or have to rely on 3D experts for guidance and digital tasks.

This article discusses this gap by detailing the construction and validation of an educational frame-
work for loss compensation on CH objects. Drawing upon an extensive review of past case studies, an
“Overview of possibilities on the application of 3D technologies for restoration of CH objects” (shortened
to Overview OP) is compiled of involved reasons, processes, methods and materials to consider within
a virtual restoration workflow. The composed Overview consists of eight phases, distinguishing 22 steps,
encompassing both traditional restorations steps, virtual steps and combined steps in which material,
object, device and product-related possibilities are displayed.

To assess its effectiveness, an experimental set-up was devised, incorporating a pre and post-test,
short-term and long-term usability testing, and an evaluation questionnaire. This set-up was imple-
mented within an educational context involving third-year bachelor students in CR at the University of
Antwerp (n = 17).

Although the Overview OP does require a learning curve and may initially appear overwhelming, the
experimental results demonstrated it organisational structure. It was found to be highly useful, time-
saving and capable of efficiently guiding CR practitioners towards relevant information tailored to their
specific cases.

Following the validation process, the Overview OP was improved based on the received feedback.
Additionally, a literature update was conducted, expanding the Overview OP to include cases executed
between 2020 and 2023. The finalised version, along with the accompanying “Inventory of cases” is now
accessible open-source on an online platform.

© 2024 The Authors. Published by Elsevier Masson SAS on behalf of Consiglio Nazionale delle Ricerche
(CNR).
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1. Introduction and research aim
The increasing prevalence of 3D digital technologies in cul-

tural heritage (CH) applications, particularly in the conservation
and restoration (CR) practice, has underscored the need for com-
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prehensive and educational frameworks. The London Charter and
consequent Seville Principles already proved valuable documents
to create a shared understanding of computer-based visualisations.
While the London charter established ground rules for visualisa-
tion of the entire concept of CH, it laid a robust foundation for
the Seville Principles, which focuses on Virtual Archaeology [1,2].
In addition, valuable initiatives to discover, learn and perform 3D
scanning methodologies have been constituted over the years since
digitisation found its application in CH documentation. These ini-
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tiatives are often the outcome of individual research projects in
which (choosing) a digitisation strategy takes a key role [3-6] or
as outcomes of European international studies, resulting in guide-
lines and the addition of 3D models to digital CH databases (e.g.
Europeana [7]). This includes the CARARE project [8], the follow-
up project 3D-ICONS [9] and accompanying extensive study reports
for CH professionals to consult, including important parameters,
formats, standards, benchmarks, methodologies and guidelines for
digitisation strategies [10].

However, these mentioned guidelines primarily focus on data
acquisition and the production of a 3D model for engaging in re-
search, preservation, dissemination, education and tourism-related
objectives, as a 3D model is considered the end product of the dig-
ital workflow.

Although 3D models can serve as supporting media for CR or
for research purposes [11], they are increasingly invaluable as tools
for restoration methodologies. In this context, the 3D model func-
tions not just as an end-product but also as an auxiliary or in-
termediary tool aiding the physical restoration workflow. With the
aim of a physical restoration, the 3D model can as such facilitate
customised structural supports or compensate losses in CH objects.

Despite research projects and publications detailing physically
restored cases, there is a notable absence of initiatives guiding CR
practitioners and students through the various steps of using 3D
technologies in restoration methodologies, and inter alia, to the
sources of data acquisition mentioned before. Moreover, some of
the main concerns CR practitioners face when (thinking of) im-
plementing 3D technologies in their work include the suitability
of the 3D printing process and its materials, next to the required
knowledge to effectively and qualitatively apply these technologies
[12]. Therefore, when a virtual restoration workflow is deemed ad-
vantageous for the restoration of a CH object, emerging or profes-
sional CR practitioners have to search for a suitable methodology
without a comprehensive understanding of the challenges and op-
portunities involved.

Collaboration with 3D experts has been documented in the lit-
erature, as will be discussed in this article, underlining the value
of shared research and ideation [13]. This is especially applicable
to the difference in ethical rationale and decision-making from a
CR point of view compared to the technical point of view found
in 3D experts. Therefore, it is highly beneficial for CR practitioners
to acquire basic knowledge when engaging in virtual restoration
workflows, even when outsourcing digital tasks to 3D experts.

Another challenge is found in the dissemination of scientific
research output. Documented cases executed by research facili-
ties and presented in academic literature, may struggle to reach
their intended audience due to unfocused dissemination, paywalls,
complex jargon or complicated research set-ups. Efficient dissemi-
nation strategies necessitate clear objectives, open-access publica-
tions, visually appealing content, appropriate media selection and
active participation encouragement, among other [14].

Also, the practitioner’s interest lays generally in practical rec-
ommendations and thus an increase in scientific output does not
necessarily enhance the availability and manageability of the re-
search results [13]. To tackle the need for more education and
more applied experience it is therefore necessary that the trans-
lation is made in comprehensive but comprehensible frameworks
directed towards its targeted audience in a clear, understandable
and open-access manner. As far as the authors are aware an edu-
cational framework (such as a handbook or guide) on the use of
3D technologies within the CR practice does not yet exist, nor is it
constructively being taught in art conservation programs.

An educational framework can also be termed a process work-
sheet in the educational literature (e.g. [15]) and such process
worksheets have the advantage of both learning from and learning
with. These are tools that facilitate meaningful professional think-
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ing and working and they help approach a problem at hand as the
best-informed expert in a domain would [16,17]. Therefore, process
worksheets can be educational devices both for the novice learner
and the seasoned practician willing to improve their skillset.

The first research question and goal comprised the challenge
on how to make such a process worksheet, to guide restorers in
their knowledge gathering when faced with a case study which
could benefit from applying 3D technologies. An Overview of possi-
bilities on the application of 3D technologies for restoration of CH ob-
jects (hereafter referred to as the Overview OP) was made based on
qualitative data analysis of case studies found in a literature review
(up to and until 2020) in which the methodologies are categorised
to form a virtual restoration workflow (Section 2).

The second research question regarding the constructed
Overview OP was to know if it is an effective tool to gain insights
on 3D technologies and to guide the user towards answers con-
cerning the application of 3D technologies for the restorative in-
tervention of loss compensation on a CH object. This question con-
sists of three parts, for which an experiment was designed. Firstly,
to know if the participants gained knowledge of 3D technologies, a
pre and post-test were set up, to be taken before and after the ex-
periment (Section 3.1). Secondly, to know if it is an effective tool,
user experience was collected during a Thinking Aloud Method
(TAM) protocol (Section 3.2). Thirdly, to know if it can help the
users to get answers for a case, the participants were asked to
write a treatment proposal (Section 3.4). Finally, to evaluate this
process and to get feedback on (the use of) the Overview OP, the
experiment was concluded by an evaluation questionnaire (Section
3.4). Based on these results and the received suggestions (Section
4) the Overview OP was revised and improved, including an update
on the literature for the period of 2020-2023 (Section 5).

2. Construction of the Overview of possibilities
2.1. Literature review

In 2020, a systemic literature review was executed as part of
a study to find all the restoration projects in which 3D technolo-
gies assisted in loss compensation. This provided 56 documents,
presenting 65 case studies. The full description of the literature re-
view is described in Acke et al.[12].

The databases searched were:

- Scientific peer-review databases: Web of Science, Sco-
pus, ACM Digital Library, IEEE Xplore, ScienceDirect, ISPR
Archives

- Scientific non-peer-reviewed databases: Google Scholar, Re-
searchGate, Academia

- Art and restoration-related databases: Jstor, CoOl, AATA,
ICOM-CC, CeROArt

- Non-academic field, to include the professional CR practice:
Google

The initial keyword search was 3D digital restoration cultural
heritage and this was expanded with the following word combi-
nations after analysis of the found publication’s keywords:

- 3D, technology

- Virtual, digital

- Computer-aided, model, modelling

- Printing, additive manufacturing, rapid prototyping, digital fab-
rication

- Art, restoration, conservation, cultural heritage

Of the found publications, a back and forward search was exe-
cuted through Google Scholar.

The found cases were selected based on the goal of loss com-
pensation. These cases were used to construct the Overview OP
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(Section 2.2). After the validation of the Overview OP, a literature
update was performed to find cases published between 2020 and
2023. The same databases and keywords were used.

2.2. Qualitative data analysis of the cases and construction of the
Overview OP

The 65 case studies were read and analysed in the qualitative
data analysis software Nvivo 12 pro. A virtual restoration work-
flow [18] is used as a base structure for the content analysis of the
cases. Text fragments were put in the relevant step of the work-
flow e.g. information about the 3D scanning of the case object,
which is categorised underneath the step “3D scanning”. Each col-
lection of information gathered in the relevant step of the work-
flow was subsequently categorised into modules in which each rel-
evant and documented possibility is presented e.g. In the step 3D
scanning, there is a module “Method of 3D scanning” and this was
subdivided into “Structured Light Scanning”, “Laser Scanning, “Pho-
togrammetry”,... As such, a structure of all the documented possi-
ble options emerged. Subsequently, this information was put into
a comprehensive table in Microsoft Word to form the Overview
of possibilities, including phases, steps, modules and eventually
the various possibilities. Hereafter these parts are also mentioned
with a capital letter, to distinguish the parts in the Overview OP
from the general use of the words e.g. Phases, Steps, Modules,
and Possibilities. The references were added beneath each Possibil-
ity (through reference manager Mendeley), which has mentioned
or documented the said Possibility. This provides a benchmark of
the more represented options, while also providing a hyperlink to-
wards the reference source.
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As the novelty of these cases is focused on the application of
3D technologies, it was noticed traditional restoration steps were
less discussed, both quantitatively and qualitatively. This can be re-
lated to the focus on loss compensation and the fact that many of
the study objects did not have prior restorations or other types of
damages which needed treatment.

The Overview OP is preceded by an introductory text, to explain
its purpose and how to use it, and a Summary table of the Steps,
along with exemplary questions to be asked during the workflow.

A tool to help restorers find similar case studies is made avail-
able through the Inventory of cases (hereafter referred to as the In-
ventory OC). Two versions are presented: First, a short version is
presented in the Overview OP itself, which includes the reference
number, authors, material type, object specification and an indica-
tion of the missing part. Secondly, a full version, in a separate Ex-
cel file, contains descriptive data of the references and allows for
filtering on authors, year, type of publication, background of the
authors, material type and specification, object type and specifica-
tion and missing part. This full version can be updated more easily
(compared to the Overview OP) when new cases are executed and
will allow for a recent view on advances in loss compensation with
3D technologies.

The Overview OP is meant to be used as a digital document,
because of the navigating functions, pop-up info and hyperlinks.
But it is organised on an A3 paper size, to be able to print it and
use it as a reference document.

Finally, It must be emphasized the Overview OP is a snapshot of
the performed case studies up until this publication. Undoubtedly,
many more cases have already been executed by private practition-
ers, but are not publicly documented and are as such not found
and incorporated in the Overview OP. Moreover, only information
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Fig. 1. Example of the Phase Data acquisition, including three Steps; 3D scanning, Scan post-processing and Verification of the scan or 3D model, concluding with the

Milestone of an acquired 3D model.
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Table 1
Distribution of material specialities of the participants in the control and experi-
mental group.

Exp. group Control group

Ceramics

Metal

Paintings

Paper

Visual Media
Stone(/Murals)
Wood(/polychromy)
Glass

Textiles

Total

= AN A =
R =N =N W

~
—_
wv

found in the case studies is processed. This means that for every
Step other viable options exist or can be explored. Every docu-
mented case is considered equal in the Overview OP, but it is up
to the reader to critically reflect on the given information in the
publication. Additionally, the information which is categorised in
Phases, Steps, Modules and Possibilities is an individual interpre-
tation of the first author, manually coded into a logical sequence.
Therefore it might contain errors, incompleteness or misinterpreta-
tions. Users of the Overview OP and authors of included cases are
encouraged to contact the first author if feedback is in place. In
Fig. 1, an example is given of one of the Phases. The full Overview
OP (Appendix A) and Inventory OC (Appendix B) can be found on-
line in the supplementary material and can be accessed via Mural.

3. Educational validation of the Overview of possibilities

A small-scale experiment was designed to provide support for
the content and construct validity of the Overview OP as an edu-
cational tool. The design was aimed to quantify the knowledge of
the participants before and after the experiment and to correlate
this with the use of the Overview OP.

The assignment of participants was only partly at random. The
experiment was situated within a practical restoration course of
the third bachelor (3BA) students of the conservation-restoration
program of the University of Antwerp. This practical course, Im-
plementation IIIB (of the academic year 2020-2021), focuses on
the learning of restoration treatments and its organisation is sub-
divided into material labs. It was the lecturer of the lab who de-
cided if it would fit in their semester program and as such selected
the experimental group of this study (n = 17). The remaining 3BA
(n = 15) students participated as a control group. The experimental
group included two students for whom participation was beneficial
for their master thesis dissertation. The distribution of specialities
and amount of participants is given in Table 1.

The experiment consists of four parts, which will be explained
in the following sections. Both the control and experimental
groups performed the pre and post-test, the experimental group
further participated in the usability testing with TAM exercises,
wrote a treatment proposal and completed the evaluation ques-
tionnaire.

3.1. Pre and post-test

A factorial pre-post design enabled to quantify the knowledge
of the control and the experimental group on the use of 3D tech-
nologies. Before and after the usability testing (Section 3.2) and
the writing of a treatment proposal (Section 3.3), the participants
were asked to complete a test, made in Qualtrics, with statements
about 3D scanning, 3D modelling and 3D printing for which the
participants had to indicate if the statement was true or false. Out
of the 38 statements the participants were randomly assigned 15
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statements. For a correct answer, they gained 1 point, for a wrong
answer 0,5 point was subtracted. To prevent guessing, they could
indicate they do not know the answer, leading to 0 points. A t-test
of the pre-test using bootstrapped data indicates that there is no
significant difference between the experimental and control group,
with t(28.68)= 0.74, p = 0.356, (CI: —0.78, 2.25), which supports
the notion that randomisation was successful. The list of state-
ments can be found in Appendix C.

This part was rated by comparing the pre-test with the post-
test scores of both the experimental and control groups. The par-
ticipants were also asked to what extent they felt confident during
answering the questions, to what extent they guessed and to what
extent they indicated “I don’t know” because it was the easiest an-
swer. Lastly, it was surveyed to what extent they felt motivated to
execute a restoration project with 3D technologies and how confi-
dent they felt to execute such a project.

3.2. Usability testing

Usability testing using the Thinking Aloud Method (TAM e.g.
[19]) whereby participants think aloud during the solution pro-
cess allows for the surveyor to receive immediate feedback from
the participant. As such, the Overview OP could be qualitatively
evaluated on usability, specifically on how clear and practical it is
to consult. This part was performed during an online meeting (+-
1 h) with each participant individually.

The main part of the usability testing consisted of ten scenario
questions, each focusing on a part of the Overview OP, necessary
to effectively understand and use the Overview OP. These scenario
questions were preceded with an exemplary exercise for the par-
ticipant to get accustomed to the TAM (Googling and solving a re-
bus puzzle). Questions 4 to 8 were questions about a case study,
a skull needing reconstruction (taken from [20]). A script with the
questions was made to ensure all participants were subjected to
the same procedure (Appendix D). A score of 0 to 3 was given de-
pending on how successful the task was completed. When the par-
ticipant succeeded in the task, within a reasonable time, used the
foreseen method and gave the right answer, 3 points were given.
When the participant understood the task but had to search and
try different ways to complete the task, or if the participant partly
succeeded in completing the task, by completing it in another way
or by giving another answer, 2 points were given. When the partic-
ipant understood the task but had to search and try multiple ways
to complete the task, taking a long time, or if the participant un-
derstood the task, and was on the right path, but ultimately gave
up, only 1 point was given. If the participant gave up or refused to
complete the task, O points were appointed.

The ten parts to evaluate were:

1. The use of the Summary table as a content table to explore
which steps can be undertaken in a virtual restoration work-
flow.

. Exploration of the Steps and their hyperlink in the Summary
table to go to the relevant step in the Overview OP.

. Using the cited references as a benchmark (e.g. the more ref-
erences cited, the more common a possibility is)

. The ability to search for a case study in the Overview OP
can function as a guide for a similar case study a restorer
can encounter in its practice.

. Use Ctrl + F to search a specific case and to look for its un-
dertaken Steps.

. Use Ctrl + F for browsing and navigating the Overview OP
to find relevant information.

. Critical reflection on the content of the Overview OP (e.g.
is the information provided in the sources and given in the
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Fig. 2. Selected case study objects, discussed with participant and lecturer. Pictures taken by the participants © A: Private collection Roald Doctor (Ghent University). B-G
and L-M: Collection University of Antwerp. H-J: Archaeological depot of Antwerp. K: Museum M, Leuven. O and Q: Private collection Natalia Ortega Saez (University of

Antwerp). N: Guild of Sint-Joris, Rijkevorsel. P: Meir Palace, Antwerp.

Overview OP undeniably correct and safe to use in every
case?)

8 Use the hyperlink of the references to go to the online
source and read the publication.

9. Use the references as a linking tool between the various
Steps (e.g. by searching for 3D printing materials, one can
deduct which 3D printing technology can process these ma-
terials)

10. Interpret a case workflow by searching for the citation of
that case in the Modules.

3.3. Treatment proposal

After the introduction of the Overview OP during the TAM sce-
nario exercises, the experimental group was asked to write a treat-
ment proposal for a case study object of their speciality (e.g. ce-
ramics, stone, glass, painting (frame), textiles). The case studies
were selected for their potential to use 3D technology and in con-
sultation with the lecturer, to ensure its feasibility. The partici-
pants had a time frame of five weeks to write the proposal and
next to the Overview OP and cited references which were made
available through a shared folder, they were free to consult every
source available. It was emphasized that the proposal should be
realistic and feasible, meaning the methods should be described in
detail and be relevant to the object, choices should be grounded,
and possible pitfalls should be noticed and if possible anticipated.
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The learning competencies, which were used as evaluation criteria,
were stated clearly to the participants (Table 2).

The selected case studies (Fig. 2) and the goals of the interven-
tion were:

A. To create a detachable filling for an earthenware skyphos.

B. To complete missing ornaments on the whole side of a
painting frame.

C. To complete missing parts on the sides and corners of a
painting frame.

D. To complete missing ornaments (voluminous) on a corner of
a painting frame.

E. To complete missing ornaments in the middle of a painting
frame.

F. To complete a missing rosette on a corner of a painting
frame.

G. To complete missing ornaments (small, detailed) on a corner
of a painting frame.

H. To make a virtual reconstruction of the moulds of a stone

facade bas-relief, to map the damage of the reliefs.

I. To make a virtual reconstruction of the lost polychrome dec-
oration of a stone facade bas-relief.

J. To make a structural support for a stone facade bas-relief.

. To reconstruct the missing head on a stone epitaph.

. To reconstruct (the majority of) missing parts of an archae-
ological bottle.

. To reconstruct missing parts of an archaeological bottle.



L. Acke, D. Corradi and J. Verlinden

Table 2

Evaluation criteria based on the learning competencies of the 3BA practical restoration course.
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Point weight Learning competencies

How to achieve the learning competency

20 pts

0 to 3 pts

4 to 6 pts

7 to 10 pts

The student can write a fitting and realisable
treatment proposal

The proposal is not
thoroughly/concretely/logically
described

The proposal is not realistic or
feasible. The methodology is
not described or not tailored
to the study object

The proposal contains basic
information but lacks detail or
concreteness.

Subject to (minor)
modification, the proposal is
suitable for the study object
and is feasible.

The proposal is thoroughly,

concretely, and logically described.

The proposal is realistic and can
be implemented as described. The
methodology is relevant and
tailored to the study object

15 pts

0to 1 pts

2 to 3 pts

4 to 5 pts

The student can analyse a complex case and can
critically reflect on sources and literature, relevant
to the case

The complexities or difficulties
specific to the case study have
not been described

Potential pitfalls are not
described or anticipated

The choices made in the
proposal are too brief. No
different possible options have
been cited and/or compared
with each other. No
suggestions have been given
on possible research tracks

Some difficulties were
described, but the complexity
of the case study was not fully
understood

(Some) potential pitfalls have
been detected, but no
anticipation is foreseen
Several options are cited, but
it is unclear which of the
techniques/methods is
appropriate. No suggestion has
been made as to how this can
be figured out

The complexities or difficulties
specific to the case study are
well-described

Potential pitfalls have been
detected and realistically
anticipated

The choices made, described in
the proposal, are well-founded.
Where a choice has been left
undecided, a research
track/experiment has been
suggested.

5 pts

0to 1 pts

2 to 3 pts

4 to 5 pts

The student takes initiative, can work
independently, consults with experts, can make
interdisciplinary connections

No links have been established
between a traditional CR
treatment and the use of 3D

Limited links have been
established between a
traditional CR treatment and

Relevant or applicable links have
been made between a traditional
CR treatment and the use of 3D

technology

the use of 3D technology technology

N. To make a virtual reconstruction of the central figure on a
guild banner.

0. To complete a missing pearl leg from a textile fan.

P. To reproduce passementerie wooden cores to restore a
canopy.

Q. To make a fitting handle for a textile parasol.

Each proposal was evaluated by two lecturers with expertise in
the participants’ material speciality and two lecturers/researchers
with expertise in 3D technologies. The evaluation is based on the
learning competencies defined in the ECTS fiche (European Credit
Transfer and Accumulation System) of the said practical restora-
tion course (Table 2). A total of 40 points was to be appointed,
converted to a score on a max of 10 points.

3.4. Evaluation questionnaire

An evaluation questionnaire was designed to get a sense of
the validity of the tool after prolonged and intensive use of the
Overview OP while the participants were tasked with writing
a treatment proposal (Section 3.3). The questions, aimed at de-
scribing their experience during writing their proposal, allowed
to quantitatively compare the usage of the various parts of the
Overview OP with their first experience during the TAM session.

Ranking or rating questions, in which the suggestions were
given, and needed to be marked on a degree of applicability, in-
volved: Which type of sources did you consult (divide 100%)? Are
the statements provided applicable to how you used the Overview
OP ((Rather) yes — no)? Are the statements provided applicable to
how you wrote your proposal ((Rather) yes - no)? Which parts of
the Overview OP were meaningful or unnecessary (scale of 0-10)?
Could the provided suggestions be an added value for (the use of)
the Overview OP ((Rather) yes - no)? Open questions involved:
How did you use the Overview OP? Which things did you find dif-
ficult or easy? Which answers did you not find? How much time
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did you spend researching and writing the proposal? What are the
strengths and weaknesses of the Overview OP?

Finally, words from the Microsoft Production Reaction Cards
[21] were given, asking the participants to mark 10 words which
they found fitting with (their experience about) the Overview OP.
Out of the standard amount of 110 words, 78 words were selected
and given in the questionnaire (see Appendix F).

4. Results and discussion

The majority of both the experimental and control group par-
ticipants had no previous experience concerning 3D technologies.
Two students had limited experience with photogrammetry. Five
students had previous experience with 3D printing: mostly during
previous education (art/architecture/product development - high
school/higher education) or at home. Their experience included
FDM printing with ABS and other undefined plastics, the stu-
dents mentioned the print was often executed for them or they
do not recall which technique or material was used. One stu-
dent had experience with laser cutting. The most experience was
found in 3D modelling, 12 students have tried 3D modelling before,
mostly during previous (art/architecture/product design) courses,
using Sketchup, Solidworks, Meshmixer, Maya, Blender, OpenSCAD
or AutoCAD. One student gained experience in 3D modelling dur-
ing the experiment.

4.1. Pre and post-test

Comparing the scores of the pre and post-test from the
control group to the experimental group’s scores (Fig. 3), a
slightly significant interaction effect was noted, F(3.63)=5.43,
p = 0.023,n,? = 0.83, indicating that the intervention had a small
effect on the competence gains. Both the small sample size and the
small partial eta squared prevent making big conclusions from the
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Fig. 3. Results of the pre-test vs. the post-test for both the control and experimental group.

intervention. However, at this point, it provides sufficient support
that the Overview OP has potential as a support and learning tool.

Although also in the post-test the experimental group scored
below average (M = 6,65; SD = 2,33 on a max score of 15), the
study (on a Likert scale from 0 (strongly disagree) to 10 (strongly
agree)) showed the participants of the experimental group had
slightly more confidence in their answers (M = 5,59; SD = 1,23)
compared to the control group (M = 4,60; SD = 1,88) in the post-
test. The experimental group was less prone to guessing (M = 2,59;
SD = 146) and filling in “I don’'t know” as the easiest answer
(M = 1,41; SD 1,87), compared to the control group (respectively
M = 427; SD = 2,12 and M = 2,13; SD = 1,68). Moreover, the
experimental group indicated being more motivated to undertake
a virtual restoration project (M = 6,65; SD = 2,85) and having
more confidence in thinking they would be able to execute such
a project (M = 4,65; SD = 2,34) compared to the control group (re-
spectively M = 5,20; SD = 2,24 and M = 3,47; SD 2,26).

4.2. Usability testing

The navigating exercises in the Overview OP clearly showed one
exercise most participants failed: using the references as a linking
tool between Steps (Fig. 4, exercise 9: 44,4% success rate). The goal
of this exercise was to interpret the information in the Overview
OP, based on the references which are cited underneath the given
Possibilities. For example, by regarding a specific material, and
crosslinking the references with the manufacturing options, one
could deduct which materials can be used in a certain manufac-
turing process, as these choices are not interchangeable. This ex-
ercise was to explain it’s not just a pick-and-choose Overview OP,
but that there are relations between the Possibilities.

The interpretation of a case workflow (ex. 10: 84,9%) and us-
ing the hyperlinks to go to the reference (ex. 8: 90,7%) were clear
to everyone. The Summary table as a content table (ex. 1: 72,2%),
exploration of the hyperlink of the Steps (ex. 2: 74,1%), and the
exercise to critically reflect on the content (ex. 7: 74,1%) were suc-
cessful for most of the participants. The first difficulty was found
when the participants were asked to look for a similar case study
to the one presented in the exercise (a skull which needed recon-
struction) (ex.4: 50,0%). The fault here lies in the fact it was not
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clear the table in the Introductory text consists of the case studies
(= Inventory OC) and contains the object types (skull) and colour
codes for its material (bone). Also, using the references underneath
the Possibilities as a benchmark for its frequency or plausibility
(ex. 3: 55,6%), was not clear from the start. Moreover, the search-
ing (ex. 5: 64,8%) and navigating (ex. 6: 59,3%) function Ctrl + F
needed some more explanation. However, when understood, they
indicated Ctrl + F as a practical tool to use the Overview OP.

In the Evaluation questionnaire, the same parts were sub-
jected to the participants asking how they have used the Overview
OP during the writing of their treatment proposal, to evaluate
the long-term usage. The results are visualised and compared in
Fig. 4 and discussed in Section 4.4.

4.3. Treatment proposal

Generally, the scores given by the four reviewers are in line
with the participants’ average scores during the overall CR course
(Fig. 5). Some performed better, some a bit less than their average
scores, but no big discrepancies were noticed, which means the
task was according to their level and knowledge.

The participants demonstrated the advantages and disadvan-
tages of using 3D technologies for their cases. By describing mul-
tiple possible methodologies, they showed insight into the pro-
cess and the opportunities 3D technology offers. Although decent
proposals were written, some patterns reoccurred, mostly applica-
ble to the feasibility and estimation of the proposed methodology.
These observations should be focus points during the education of
using 3D technologies for CR/CH because they can be considered
experiential insights only to be internalised when trying out the
proposed methodologies.

- Limited or superficial attention was given to describing the
post-processing steps and the virtual reconstruction phase.

- Limited critical reflection on the methodology of consulted
sources and the applicability to their case.

- Limited steps to test the described methodology or to anticipate
problems.

- Limited, irrelevant, or assumption-based argumentation as to
why choose a certain methodology/device/material (mainly in
3D scanning and 3D printing)
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Fig. 4. User experience of the Overview OP from the participants’ first experience to a more advanced experience after the experiment.
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Fig. 5. Average score per learning competency and in total, next to their overall average score across the CR course.

- Limited insights on (the specifications of) the proposed devices
and materials (e.g. working principle, resolution, accuracy layer
thickness, the surface structure of materials, material safety)

Aspects of the learning competencies were given a score, ac-
cording to Table 2, which was subsequently converted to a score
out of 10, relative to their point weight. In Fig. 5, the learning com-
petency’s individual scores can be seen, next to the total and com-
pared to the participants’ average amount of points across the CR
course (provided by the participants).

4.4. Evaluation questionnaire

While writing the treatment proposal, the participants indi-
cated they used the Overview OP to gain insights into the steps
in the workflow and to start with the search for information for
their case study, by looking for a similar referenced case study and
to quickly lookup possibilities within a Step, mostly exploring 3D
scanning, virtual reconstruction and 3D printing options. They used
the steps provided both as a starting point and a guide and after-
wards to check if they covered all the steps in their proposal.
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The participants appointed mostly the cited references in the
Overview OP as a source of information (31,8% of 100%), fol-
lowed by the Overview OP itself (22,6%). They also consulted on-
line websites (14,5%) and scientific literature not mentioned in the
Overview OP (10,9%). Other sources mentioned were: consulting
with other students (3,2%), consulting with the first author (3,0%),
other sources (personal connections, previous own reports) (2,6%),
trying out 3D scanners, software, printers or other (2,4%), other
types of not scientific literature not mentioned in the Overview OP
(1,8%), and consult with the lab lecturer (1,2%).

The participants unanimously thought the given order of the
Steps was meaningful in writing their proposal (100%). If applica-
ble, they also followed these Steps (94,1%) and incorporated them
in their proposal (76,5%). The majority found the references of the
case studies to be meaningful for writing their proposal (94,1%),
as well as the number of references given underneath each Possi-
bility (70,6%). They indicated they used the references to find out
the methodology of one or multiple case studies (82,4%) and re-
ported having read these case studies (88,2%) which were, in addi-
tion, also of great help (88,2%) in writing their proposal.
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It can thus be concluded that consulting similar references is a
valuable source of information and the Overview OP provides the
steps to order the references’ workflows, which can also be consid-
ered valuable in writing a treatment proposal.

The ten parts of the Overview OP which were the subject of
the usability testing were again questioned in the evaluation ques-
tionnaire. Compared to the questions during the usability testing,
which are a reflection of the participants’ first experience in the
short-term, it now shows advanced user experience after writ-
ing the treatment proposal and therefore it gives valuable insights
into the perception of the participants and effective use of the
Overview OP on the long term.

Almost all aspects have an increased success rate, with the
highest increase in the use of the references as a linking tool be-
tween Steps (ex. 9). While this function was the least clear during
the usability testing, the feedback shows the participants did un-
derstand how to use the reference as a way to see connections in
the information given in the Overview OP. Two decreases in suc-
cess rate were noticed: the references as a benchmark (ex. 3) and
the interpretation of a case workflow (ex. 10). Nonetheless, coming
down from 84,9% success rate, the latter is still proving to be ef-
fective with a success rate of 70,6%. Exercise or aspect 3, however,
does seem to be missing its functionality, as only 41,2% reported to
have used the references as a benchmark.

It must be clarified that the reflection of the participants’ ad-
vanced experience use is a subjective representation of the ten
parts of the Overview OP. This is clear from the participants’ an-
swers to their critical reflection on the content (ex. 7), which
has, along with aspect 8, the highest percentage of 100%. Yet,
it was clear from the evaluation of their treatment proposals
there is still a lack of insight into the feasibility of the proposed
methodologies.

Many of the participants stated it was overwhelming at first,
but once they got to know how the Overview OP worked, praised
the organised structure, the efficiency and the time-saving as-
pect of consulting the Overview OP. Although the participants ac-
knowledge this Overview OP can be a good starting point for
figuring out a virtual restoration methodology, they also pointed
out the difficulty in terminology and the amount and complexity
of the information given (too technical, too much jargon) with-
out having prior knowledge of 3D technologies. Making grounded
choices applicable to their cases proved difficult, as the Overview
OP only provides the possibilities and not reasons to choose one
option and not another. Moreover, the said benchmark of the num-
ber of references is not always a benchmark for quality or suit-
ability but can be a benchmark for, for example, the availabil-
ity or price of a certain method or material. Reasoning for these
choices should be found in the publication of the cases them-
selves, as these choices are highly material, object, device and
product-related.

Next, suggestions were given by the surveyor, which might be
an added value for (the use of) the Overview OP. The participants
were asked to which extent these suggestions would be useful.
They indicated the addition of general information on the various
steps (for example references specifically on 3D scanning) as most
useful (82,4%), along with pop-up texts with warning signs for
questionable possibilities (for example, unstable plastic 3D print-
ing materials) (82,4%) and a system for filtering case studies based
on year, material, object type,... (82,4%). The following suggestions
would also be considered an added value: an online accessible ver-
sion of the Overview OP (for example in which the addition of new
cases would be possible) (76,5%), pop-up text to give information
on all of the possibilities (76,5%), a visual summary of the intro-
duction text (for example in an infographic) (70,6%) and a break-
down of mandatory and optional choices (70,6%). To a lesser extent
were the participants requesting party for a fully written-out text-
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book with all of the mentioned possibilities (52,9%), more exem-
plary questions next to the modules (47,1%), breakdown of choices
and other information (like “detailed descriptions”, “general steps”)
(47,1%), images of the referred cases (41,2%) and images of the
steps in the process of restoration (23,5%).

Besides the suggested additions, the participants were free to
make suggestions themselves. They mostly suggested adding more
information (literature, websites, movie clips) about 3D scanning,
3D modelling and 3D printing to gain background knowledge on
the virtual steps, besides more detailed information on specific de-
vices.

The participants also stated the need for specific references on
the material stability of 3D printing materials and their compat-
ibility with organic objects, as this is indeed a major concern in
applying 3D technologies for loss compensation.

The participants pointed out that the referenced cases did not
prove equally applicable to their cases. For some cases, mostly
the painting frames and textiles cases, limited information is pro-
vided in the Overview OP. This has its origin in the fact that
these material objects’ treatments are generally less suitable for
using 3D technologies. However, adding more case studies, as
they suggested, might fill this gap. Finally, some suggestions were
made to ameliorate the layout, including making the hyperlinks
colour-coded with the material types as presented in the Inventory
ocC.

Next, on a scale of 0 to 10, the participants were asked to
rate each part of the Overview OP as either being meaningful
(=10) or unnecessary (=0). While some parts were defined to
be more meaningful than others, all the parts of the Overview
OP scored above average (61,2% to 92,4%). Therefore, all parts
will be preserved in the adaptation. Generally, the “Traditional
restoration steps” and the defined “Milestones” showed more scat-
tered opinions, while more consensus on the meaningfulness was
found in the steps involving 3D technologies, with “Choice of
material” and “Choice of manufacturing” as the most meaningful
parts. The distribution is visualised in a box-and-whisker graph in
Appendix E.

Finally, by indicating descriptive words from a list of the Mi-
crosoft Product Reaction Cards a quantitative image was formed
of how the participants perceived the Overview OP. 70,6% of
the participants indicated the Overview OP as being organized,
followed by being useful, helpful and timesaving (each 52,9%),
being understandable, relevant, accessible (each 47,1%), profes-
sional (41,2%), efficient, clear, innovative and comprehensive (each
35,3%). Negative experiences included the Overview OP being over-
whelming (35,3%), complex (29,4%), too technical (23,5%) and con-
fusing (11,8%). The complete list with results can be found in
Appendix F.

Overall, these results suggest that the Overview OP was posi-
tively received and can serve as an initial resource for acquiring
basic information about a virtual restoration workflow. Users can
then delve deeper into the mentioned references or explore other
scientific and non-scientific sources. While the Overview OP has a
learning curve, many of its aspects demonstrated a high success
rate.

5. Revision of the Overview of possibilities

In this section, efforts have been made to enhance the aspects
of the Overview OP that were deemed less successful. Adaptations
were guided by the suggestions provided in the evaluation ques-
tionnaire and the feedback received during and after the experi-
ments. Minor changes, including adjustments in wording and rear-
rangements of Modules and Possibilities, have not been discussed
here but can be observed by comparing the initial and updated
versions (Appendix A) of the Overview OP.
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5.1. Infographic

Participants noted that the Overview OP was initially over-
whelming, and there was uncertainty about how to navigate its
various components. To address this, a visual summary demon-
strating how to use the Overview OP has been created in the form
of an infographic. The boxes surrounding the schematic example of
the Overview OP clarify the same ten aspects evaluated in the us-
ability testing (Section 3.2). Boxes with question marks have been
added to provide explanations of the Summary table and the In-
ventory OC.

5.2. More information

To address the lack of context or background knowledge and
meet the demand for more specific information regarding the
stability of 3D printing materials, introductory information and
further reading suggestions (including literature, books, charters,
standards, theses, and websites) have been provided under the
headings of Phases of Decision-making, Research, Data acquisition,
Virtual reconstruction, and Physical reconstruction. These sources
have been placed in the most relevant phase (for instance, sources
related to research on 3D printing materials are now located under
the Research Phase but are also pertinent to the Physical Recon-
struction Phase). It's important to note that these sources serve as
stepping stones, as only recent references have been included, and
it is impossible to cover all relevant information on each aspect
comprehensively.

5.3. Research step

Acknowledging the identified need for more information on the
material properties and stability of 3D printing materials, particu-
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larly concerning their suitability for organic materials, an analysis
of all cases was conducted to identify the applied research meth-
ods. Consequently, various Research Modules were defined, each
serving a specific purpose (e.g. material properties analysis, age-
ing, imaging, chemical composition analysis, restoration treatment
tests, force analysis, shape analysis, colour analysis) along with
their Possibilities outlining specific techniques (e.g. microscopy,
XRF, Oddy testing, FEM) or subgoals (e.g. authentication, compar-
isons, cross sections). It's crucial to note that the representation
of the mentioned research techniques is not exhaustive, as it only
encompasses what has been found in the examined case studies.
Future case studies may explore additional research purposes and
techniques beyond the ones presented here.

Additionally, the Possibilities categorised within the Research
Step often serve as means to evaluate or verify the reconstruction,
the materials used, or the applied methodology. Therefore, these
references are also linked in the Verification Steps where applica-
ble.

5.4. Literature review 2020-2023 update

The participants highlighted that the information available in
the initial version of the Overview OP had limited applicability for
specific cases when writing their treatment proposals. To address
this, a new literature review was conducted, covering the period
from 2020 to 2023. This review yielded 27 additional references,
incorporating 28 new cases and leading to a slight diversification
in material types compared to the first literature review. Notably,
the updated content now includes a case related to a painting, sev-
eral moulding cases, and another involving a painting frame, which
would have been beneficial for the participants. Textile cases re-
main absent.

Table 3
Cases’ references found in the literature update, along with the case material, object specification and missing part to be restored.
Case in Overview OP Ref. Authors Material Object Missing part
Journal articles 58 [29] Acke et al,, 2023 Ceramics Figurine Cuff, hand, violin
59 [47] Akkas, Guzel, 2022 Wood Chair Connection piece
60 [48] Aura-Castro et al.,, 2021 Glass Bowl Foot and body
61 [22] Bahrampoor, Karimy, 2016 Glass Beaker Rim, body, handle
62 [49] Cali et al,, 2021 Mural Moulding Decorative element
67 [50] Higueras et al., 2021 Mural Moulding Embossed fragment
70 [51] Liu et al., 2022 Ceramics Bowl Rim and body
72 [52] Papas et al, 2023 Ceramics Plate Majority fragment
73 [53] Parfenov et al., 2023 Metal Fence Star ornament
75 [27] Rizzo et al., 2023 Wood Ciborium Columns
76 [54] Shin and Wi, 2020 Ceramics Bowl, dish Rim fragments
79 [55] Torres-Gonzdlez et al., 2022 Mural Decorative element High relief
83 [56] Vazzana et al,, 2022 Teeth Human teeth Halves
Conference proceedings 63 [57] Conceigdo et al., 2022 Ceramics Dish Rim and body
(Including oral fragments
presentations and posters) 64 [58] De Vos et al., 2022 Ceramics Vessel Rim and body
fragment
65 [23] Haynes et al., 2018 Bone Goose skeleton Wing and foot digits
66 [59] Henriques et al., 2021 Wood Painting frame Rosette
71 [60] Oliveira et al., 2021 Ceramics Relief tile Spike and sceptre
74 [61] Peters, 2021 Stone Architectural Tower
ornament
77 [24] Stojkovi¢, 2016 Ceramics Tulip vase Pyramid elements
78 [62] Teixeira, 2022 Ceramics Tureen Handle
81 [25] Vanhellemont et al.,, 2016 Stone Architectural Pinnacle
ornament
Websites and magazine 57 [63] 3D ArcheolLab, 2021 Ceramics Statue Body fragments
articles 68 [64] Lincoln Conservation, 2023a Paper Ceiling Panels
69 [65] Lincoln Conservation, 2023b Ceramics Figurine Arms, textile
fragments
80 [35] Ulbricht, 2022 Ceramics Vase Lip fragment
80 [35] Ulbricht, 2022 Ceramics Vase Elephant tusk
82 [66] Van Oudheusden, Duggins, 2019 Painting Painting canvas Brush strokes
84 [67] Walen, Jooshesh, 2020 Bone Dinosaur skull Fragments
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The newly discovered references are listed in Table 3. Some of
these references date back to before 2020, but were overlooked in
the initial review, or possibly were only recently made available
online [22-25]. Notably, the articles of Rizzo et al. and Fico et al.
[26,27] handle the reconstruction of the columns of the same cibo-
rium. While the article of Fico et al. focusses on the comparison of
PETG and pine wood CNC-milling for reconstruction, the article of
Rizzo et al. focusses on the effective application of a 3D printed re-
construction. Only the latter was included as it discusses the pro-
cess towards the physical restoration. Likewise, the articles from
Acke et al. [28,29] address different parts of the same figurine, util-
ising varied methodologies to fill the losses with 3D technologies.
Consequently, both articles were incorporated due to the applica-
tion of different techniques for distinct lacunae.

The case presented by De Vos et al. [30] is incorporated as a
poster presented at the 6th Interim Meeting of the ICOM-CC Glass
and Ceramics Working Group, 9-11 November 2022, Lisbon, Portu-
gal, but the full details are described in the forthcoming conference
proceedings of the 9th International EuroMed conference on Digi-
tal Heritage, 7-11 November 2022, Nicosia, Cyprus [31].

Lastly, it must be mentioned that case 14 in the Overview OP is
a conference presentation, of which only an abstract was found on-
line, but was complemented by the Master thesis of Dafne Cimino,
in which the case of the cherub’s missing wings was further de-
scribed. In her thesis, she executed analytical research which is
also incorporated in the Overview OP. Other theses were not in-
cluded in the Overview OP, but case 14 must be seen as a combi-
nation of both works [32,33].

The included cases were read and analysed in Nvivo 12 Pro
and categorised in the existing codes of the first version of the
Overview OP. Where and if applicable, new codes (Modules and
Possibilities) were added and existing ones were altered.

Observations highlighted that the recently discovered cases pre-
dominantly feature ceramic objects (13 cases). The remaining cases
include objects made from bone and teeth (3), murals (3), glass
(2), metal (1), stone (1), painting (1), and paper (1). In the ini-
tial literature review [12] the emphasis was primarily on (the
comparative study of) the data acquisition phase and less on
the 3D printing materials. However, the focus has now shifted
towards a more research-oriented verification of the applied
methodologies, encompassing many comparisons of reconstruction
materials.

In total, numerous interesting research articles were discovered,
which present innovative approaches with relevant applications on
the use of 3D models, and are as such also valuable resources.
However, they were excluded from the review due to their fo-
cus not being on loss compensation but rather replication, vir-
tual restoration, researching restoration hypotheses, material ex-
ploration, and experimenting with new manufacturing methods.
When applicable, they have been included as additional informa-
tion in the headings of the Phases as explained in Section 5.2. In
the following paragraph, a few examples are provided.

Abel et al.’s research [34] delves into optimising the sintering
distortion of Material Extrusion (MEX) printed ceramics and dis-
cusses an 18th-century porcelain vase as a case study, although
their methodology wasn’t ultimately applied. Nevertheless, the
same vase and its treatment are briefly mentioned by Ulbricht [35],
hence it has been included in the Overview OP. Colonneau et al.
[36] researched and simulated two approaches for restoring con-
crete columns, but didn’t implement them in an actual restoration
case. Gadnsicke and Lang [37] reconstructed an automaton, creating
a 3D model to simulate its parts; however, it’s unclear if or how
the 3D model assisted in the physical reconstruction of the system.
Lv and Fu’s [38] publication was excluded because it pertained to
porcelain 3D printing of a virtually restored replica, not involving
physical restoration. Makris et al. [39] extensively researched the

623

Journal of Cultural Heritage 66 (2024) 613-627

digital restoration of a wax figurine, although the physical restora-
tion was not yet conducted but is planned for future work.

The case by Sterp Moga et al. [40] describes the virtual anasty-
losis of a fragmented wax anatomical model, along with 3D mod-
elling and digital manufacturing of auxiliary structures to support
its conservation treatment. This included tensile and bending tests
of the 3D printing materials to ensure mechanical safety during
treatment. Marutoiu et al. [41] used a 3D printed support as assis-
tance during physical reassembly of pottery fragments. Angheluta
et al. [42] explored the preparation stages and restoration hypoth-
esis of a bronze vessel, incorporating virtual anastylosis and re-
construction. Alfio et al. [43] studied the structural stability of a
bronze statue using a Scan to FEM approach. Finally, articles fo-
cussing on providing secondary or supporting structures for frag-
mentary objects [44-46] often employ similar digital modelling
strategies and are therefore beneficial during the Virtual recon-
struction Phase.

5.5. Filter cases on material, object, missing parts and validation
(peer-review and authors’ background)

To make informed, qualitative, and grounded choices, critical re-
flection on the given possibilities in the referenced cases is crucial.

Traits such as material, object and definition of the missing
part, significantly influence if the object is suitable for virtual
restoration. Based on these traits, users can find similar case stud-
ies in the Inventory OC by filtering on parameters like “material
type,” “material specification,” “object type,” “object specification”
and “missing parts”. General information such as “author alpha-
betically,” “year” and “title of the publication” is also available for
filtering.

Additionally, a filter for validation is provided in the Inven-
tory OC. A first distinction is made on the peer-reviewed status
of the publication, categorised into journal papers, conference out-
put (paper, oral or poster presentation), magazine articles or online
websites). Peer-reviewed publications (journal papers and confer-
ence papers) generally uphold higher scientific rigour, often sup-
porting their rationale with other literature, analytical methods
or experiments. They are typically more comprehensive in docu-
menting their workflow. However, non-peer-reviewed publications
found online and in magazines adopt a broader approach to re-
porting, meant for a wider audience. It's important to note that
the lack of peer-review does not necessarily indicate that these
cases are less successful or reliable. Thus, the peer-reviewed sub-
division is not definitive for the ethical and scientific-based ratio-
nale of the treatment and therefore a second level of validation
was introduced based on the background of the authors (Table 4).
The background of the authors is a representation of the successful
collaboration that took place, and it can be noticed that when the
first author is someone with a CR (or CH) background (generally
the most involved person or the one who executes the most of the
project), ethical guidelines in CR work are more respected com-
pared to when the first author has a 3D, technical or engineering
background. On the other hand, if the authors only have a technical
background, CR guidelines (context on the artefact and decision-
making) are sometimes completely disregarded. Conversely, au-
thors solely with a CR/CH background might lack necessary or ac-
curate information regarding the application of 3D technologies.

In the Inventory OC, the background of the first author is spec-
ified, along with the backgrounds of other authors, providing in-
sights into the collaboration that took place. Table 4 provides
a general view of these backgrounds. The mention of “CR+3D”
can be considered a new background, signifying practices or re-
search institutes possessing an intertwined knowledge of restora-
tion methodologies combined with 3D technologies, indicating
their expertise in both domains.

” o« ” o«
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Table 4
The indicated amount of authors per background.
Field/organisation Company or Research institute Museum Government
practice or university
CH/CR 20 41 21 -
(Incl. art, art history, archaeology, conservation-related professions)
3D 14 35 - -

(Incl. fab labs, engineering, mathematicians, product design, IT and visual
media-related professions)

CR+3D 6 4 - -
(Professionals actively combining CR work with 3D methodologies)

Architecture 3 6 - -
Natural sciences - 4 1 -
(Incl. chemistry, radiology, geology)

Other - - - 2

Documentation

Extract 2D digital drawings
(sections, orthographs, curvature data)

4D analysis

visual examination

Simulations

Facilitate remote/non-intrusive/in-depth |
(aaeina. FEM.liahtina desian.) I

Authentication and art(istic)-historical
analysis

3D metrology or morphological

Facilitate safe in-situ visual examination

|
I Research
Research ]

Digital twin
|

Preservation

Addition to digitisation strategies and
(typological) databases

Virtual

Custom-made transport/depot packaging Reconstruction

Digital preservation, archiving and virtual
depot manaaement

Dissemination

Preservation

Facilitate monitoring over period of time I

Virtual archaeology, incl. virtual restoration,
reconstruction and anastylosis

3D Model

Conservation-Restoration
Physical replication (11 or other)

Facilitate object loans

Dissemination

XR applications
(VR. AR, MR)

Research

sensory experiences

Online dissemination

_ . Digital 3D disph
Conservation-Restoration gtal3h museum displays Preservation

Physical and contextual museum display

Physical
Restoration

New 2D and 3D documentation

| Recreational, educational and multi- I

Preservation of the CH object in a stable
state

Dissemination

Facilitate/inform future/similar CR
treatments

Conservation-Restoration
Loss compensation

Assist CR treatment research, planning, |

| Lost polychromy reconstruction |
| execution and evaluation

1
Secondary or structural support generation |

Damage mapping and virtual 3D condition
report

Purpose

| . |

Fig. 6. Other purposes related to documentation, research, preservation, dissemination and conservation-restoration of CH objects, which are unlocked by achieving a Mile-
stone (obtaining a 3D model, a virtual reconstruction or a finished physical restoration), and which can have academic, educational, curatorial or commercial motives.
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5.6. Pop-up info

To offer additional context, examples or clarification (e.g. warn-
ing signs) pop-up text appears when hoovering over the sticky
note symbol in the Overview OP PDF.

5.7. Warning signs

Warning signs and accompanying clarifications in pop-up notes
are placed next to more questionable polymers used in 3D print-
ing. However, it is important to note that a definitive distinction of
a good or bad 3D printing material cannot be made solely based on
its suitability for direct integration. This is highly dependent on the
specific composition of the materials. It is always recommended to
conduct in-house testing to ensure compatibility for the intended
application.

5.8. Lay-out

The overwhelming impression indicated by the participants was
amplified by the busy colour scheme, the small font and therefore
limited readability. The overall look is simplified, the font is sized
up and a calmer colour scheme is applied.

5.9. Colour-coding

To enhance the aspect “References as a benchmark”, references
are now colour-coded by material type, such as demonstrated in
the Inventory OC. This visual distinction makes it clearer which
references are more prevalent under each Possibility, aiding users
in their analysis and understanding of the provided information.

5.10. Milestones

The participants found the Milestones less necessary or mean-
ingful, and indeed, not much attention was given to them in the
first version of the Overview OP. However, it's crucial to recog-
nize that Milestones represent a vital aspect of the virtual restora-
tion workflow. They maximize the potential of the achieved out-
come and unlock other applications of the use of a 3D model, a
virtual reconstruction, or a physical restoration. These applications
can serve purposes such as research, preservation, dissemination,
or conservation-restoration. They also have an overarching objec-
tive of documentation and can simultaneously fulfil various aca-
demic, educational, curatorial, or commercial motives.

A scheme outlining the possible applications of these three
milestones is presented in Fig. 6. Many of these applications have
been mentioned in the introduction or related work sections of the
literature review publications.

5.11. Online version

To ensure accessibility for researchers, CR practitioners, educa-
tors and students, and to make the translation from scientific out-
put to practical resources, the Overview OP, the Inventory OC and
previously published Mind maps for decision-making [12] are pre-
sented in an online environment as three tools, designed to as-
sist in using 3D technologies for CR projects. Ideally, The Overview
OP would be an accessible, updateable and interactive online tool,
where case-specific workflows could be highlighted, and coded
text fragments would be visible. However, due to limited technical
and economic resources, an online static version of the Overview
OP and Inventory OC is the most feasible option at present. This
version is hosted on the collaborative platform Mural. In the fu-
ture, the Inventory OC could be updated to include new case stud-
ies, pending a possible future update of the Overview OP. To facil-
itate feedback and submissions of new cases, a suggestion box is
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provided in Mural using a Google Form!. This approach ensures a
collaborative and evolving platform for the CR community.

5.12. Revisions not included in this version

Certain improvement suggestions fell outside the scope of this
revision as they require additional resources and necessitate more
significant structural changes or programming. These suggestions
are valuable and would enhance the usability and effectiveness of
the Overview OP, while making it future-proof:

- A breakdown of mandatory and optional choices: To prevent
guessing or random selection from the Overview OP. However,
The Steps “Choice of manufacturing” and “Choice of material”
were renamed to “Manufacturing method” and “Reconstruction
material” to avoid giving the impression that users could arbi-
trarily combine materials and manufacturing methods.

- A clear linear workflow per case: To facilitate the easy interpre-
tation of each case’s workflow.

- An updateable online, interactive version of the Overview OP:
As discussed in 5.11

6. Conclusion

To inform conservation-restoration (CR) practitioners about the
possibilities of the use of 3D technologies in loss compensation
for cultural heritage (CH) objects, and present them with ample
work performed by other restorers, an educational process work-
sheet was created in the form of an overview. This Overview of
possibilities (Overview OP) serves as a platform for disseminating
valuable research sources (incl. studies on data acquisition, virtual
reconstructions,...) while also offering a comprehensive perspec-
tive on the complete virtual restoration workflow, aiming for the
physical restoration of CH objects. The Overview OP is constructed
through qualitative analysis of a literature review of executed loss
compensation case studies. In the presented workflow, both tradi-
tional and virtual Phases are defined, comprising Steps and further
divided into relevant Modules and Possibilities mentioned in the
cases.

Given its educational motive, the initial version of the Overview
OP underwent testing, involving third-year bachelor students en-
rolled in the practical restoration course at the University of
Antwerp. Testing involved a pre and post-test to assess the im-
provement in the participants’ understanding of 3D technologies
after consulting the Overview OP. Usability testing was conducted
using a Thinking Aloud protocol, to obtain initial feedback on the
structure and the components of the Overview OP. Subsequently,
the participants were tasked with consulting the Overview OP to
write a treatment proposal for a case study of their own.

The experimental set-up showed the Overview OP can effec-
tively assist restorers in gathering information and gaining an over-
all understanding of the virtual restoration workflow. However, it
was noted that the first impression could be overwhelming and
using the Overview OP does require a learning curve. Based on the
feedback, the Overview OP was refined, and new case studies were
added by extending the literature review to cover the period of
2020 to 2023.

Due to the time-sensitive nature of this collection of work, it’s
possible that executed cases may have been overlooked, also be-
cause of language barriers, different keywords, or publication in
non-academic magazines. Readers are encouraged to inform the
first author of any executed cases.

1 As hyperlinks to websites may become obsolete in the future, alternatively, the
first author can be contacted at the provided email address
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https://docs.google.com/forms/d/e/1FAIpQLSd3edp7Drf9AJpFsVQX8Qty6VxeKMzm_qv1R_x8j6QFNYEmIg/viewform
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The presented Overview OP can be seen as a tool to assist the
CR practitioner throughout the process of knowledge generation,
decision-making, managing and performing digital tasks, when ap-
plying 3D technologies for restorative interventions involving loss
compensation on CH objects. A second tool to inform restorers on
executed cases encompasses the Inventory of cases (Inventory OC)
which is essentially a list of the case studies in the Overview OP,
with the flexibility to filter cases based on criteria such as au-
thors, year, material type and specification, object type and spec-
ification, missing part, peer-review status and background of the
authors. A third tool consists of previously published Mind maps
for decision-making. These three tools are now consolidated in an
online environment, forming a 3D Restoration Toolbox. This plat-
form enables interested professional or emerging CR practitioners
to inform themselves on the advantages, disadvantages, concerns
and practical applications of the use of 3D technologies within CR
work.
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