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Abstract: The revelation of the internal structure of objects through computed tomography (CT
scan) contributes to a more comprehensive understanding of their creation, the assessment of their
preservation status, and the prediction of their future behavior. Consequently, in the case of Yiannis
Pappas’ collection, this knowledge aids in the perpetuation of the models it hosts, which are made
from malleable materials, such as wax, plasticine, and mazut, on metallic armature. This publication
presents the complete methodology for extracting three-dimensional (3D) models (reconstructions) of
the individual construction materials of the figurines, with the aim of subsequently utilizing them in
research, as well as in their digital preservation and restoration. The 3D reconstructions were obtained
by automatic segmentation algorithms based on the absorption measurements of the materials of the
specific figurines, and were furthered edited (post-processing) to obtain the final models.

Keywords: CT scan; hounsfield value; 3D reconstruction; figurine; wax; mazut; plasticine; armature;
WebGL; intelligent graphics

1. Introduction

The creative journey of the significant 20th-century Greek artist, Yannis Pappas, is
reflected in the numerous artworks housed in his studio [1]. In these artworks, one can
study the process from conception to final creation, the multitude of tests and transforma-
tions to the approach of his inner vision, as well as the evolution of his technique over time.
The collection includes numerous figurines made from malleable materials such as wax,
plasticine, and mazut, shaped over a metal armature, which exhibit a notable pathology. In
addition to common issues such as losses, cracks, and material degradation, the figurines
display plastic deformations and instability. The current preservation state of ten figurines
was initially recorded using structure-from-motion (SfM) photogrammetry with the aim of
their preservation, study, and digital restoration [2].

Artists have long used armatures as internal support structures to provide stability
and shape to their sculptures [3]. Knowledge of a figurine’s internal structure is crucial not
only for its physical preservation but also for understanding the artist’s technique and the
historical context of its creation. The discovery of the complex wire armature inside Edgar
Degas’ Little Dancer, revealed through X-ray examination, exemplifies the importance of
understanding an artwork’s internal framework [4].

This article focuses on the examination of the figurines’ armature through computed
tomography (CT scan) with the view to the creation of digital twins, suitable for digital
restoration as well as stability examination and the simulation of their future behavior, with
finite elements analysis, and past behavior, through known state(s) morphing interpolation.
The examination not only revealed their internal structure but also allowed the isolation
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and modeling of their individual construction materials, adding to the existing knowledge
of materials’ HU absorption. The brief description of the figurines is followed by the pre-
sentation of the CT scan’s findings, the methodology for the extraction of three-dimensional
(3D) models using automated segmentation, and, in one of the cases, their utilization to
reverse their creative transformation by the artist.

2. Related Works

Computed tomography offers a valuable insight into the internal structure of cul-
tural artifacts through successive scans (two-dimensional imaging) and three-dimensional
imaging of the object’s entire volume. The imaging capabilities of computed tomography
have been applied in the cultural sector from an early stage. Just a few years after the
first CT scanner became operational in 1971, the first mummy was scanned in Canada [5].
Since then, a wide range of human and animal remains have been examined [6–13], to
draw conclusions about their anatomy and pathology [14–16], dietary habits [17,18], burial
practices and customs such as the mummification process [19,20], the construction or reuse
of sarcophagi [21,22], and burial offers [23,24]. CT scan data have even been used for facial
reconstruction [25].

Medical CT scanners are specifically designed and calibrated for the examination of
humans [26,27]. Since cultural artifacts consist of diverse materials, vary in size, and present
difficulties in transportation and re-examination, many educational and cultural institutions
and organizations were prompted to develop their own systems, such as micro-CT scanners
with voxel sizes of a few microns [26,28–30]. Regardless of the system deployed, CT
scanning of cultural artifacts yields valuable insights for a thorough understanding of the
artifact and, so far, wooden, ceramic, stone, plaster, glass objects, excavation finds, frescoes,
and even basketry have been scanned [30–32].

The acquisition of data regarding the spatial distribution of the construction mate-
rial(s) within the object contributes to the understanding of its structure and construction
method [26,33]. The visualization of internal supporting structures, as armatures [26,34,35],
the connectivity of the various structural elements and materials [27], and the morphology
of the internal surfaces [36–38] is headed in the aforementioned direction. In some cases,
CT scan reveals the presence of objects [39–42] or even human remains [43]. The results
of CT scanning can also address research questions concerning inaccessible or hidden
areas of objects [5,31,44,45], assist in the authentication of artifacts [46–48], provide relative
dating [35], or even be deployed in strength tests of structural elements [49].

The visualization of the interior of the artifacts contributes to a more comprehensive
documentation of their preservation status and pathology, as it aids in the identification and
estimation of the size of the damage, as in cases of cracks [26] and wood infestation [26,49].
Information regarding the material’s grain size, possible discontinuities, or voids could lead
to conclusions about the loss of substrate cohesion [32].The density, volume, and weight
of internal structures can be calculated [26,37,48], differences in material density can be
detected [50], and the thickness of layers measured [47]. In some cases, it has revealed
the use of different types of materials such as wood [26], glass [51], and gypsum [18], and
specifically in wooden structures, wood species identification and dendrochronology may
be feasible [52–55]. The different HU absorption values of the materials has also contributed
in the identification and mapping of earlier treatments [26,56] and in the evaluation of the
course of modern conservation interventions such as impregnation [57,58]. The spatial
analysis and classification of construction materials are complemented by detailed material
characterization techniques such as XRD, XRF, EDX, and FTIR [32,56].

The processing of the primary data can lead to the creation of 3D models and prints
of the examined item, which facilitate its further study. Three-dimensional imaging of
the interior of objects or excavated blocks of soil containing fragile findings assist their
safe extraction [28,59–61] or virtual exanimation. During CT’s data 3D reconstruction,
specific absorption areas can be isolated, studied, and modeled, such as human or animal
skeletons [11,26,34] or the contents of burial sites [21,61,62]. Indicatively, the reconstruction
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and 3D printing of an amulet found inside a wrapped mummy [24] and the gradual
unwrapping of the bandages of a mummy [9] have been mentioned in the literature.
Special interest lies in the virtual isolation and study of archeological coins from the interior
of a ceramic vessel [40]. Finally, the capabilities of computed tomography can be combined
with photogrammetry to digitize difficult materials such as translucent glass sculptures [63].

Regarding the creation and printing of 3D organs as part of preoperative assessment,
personalized implants, and prosthetics, research is now commonplace in the medical
community. Commercial software, particularly Materialize Mimics (developed by Materi-
alise, Belgium) [64,65], predominates in this field. Notable options among freely available
software are Seg3D (developed by the SCI Institute, University of Utah, USA), 3D Slicer
(Harvard Medical School, USA, available at www.slicer.org), InVesalius (developed by the
Renato Archer Information Technology Center, Brazil), ITK-SNAP (a joint effort by the
University of Pennsylvania and University of Utah, available at www.itksnap.org), and
Horos for MacOS environments (available at https://horosproject.org) [11,66–69]. Initially,
three-dimensional models are imported into processing software such as MeshLab (avail-
able at https://meshlab.net), Blender (available at https://blender.org), Maya (Autodesk),
and ZBrush (Pixologic) [67,70], and the final model was either printed [66,71] or used in AR
or VR applications [70]. The general workflow comprises three steps: image segmentation,
mesh optimization, and 3D printing [64,66,67,70–73]. The process of converting CT scans
into 3D models begins with overlaying the scans taken at intervals of the defined step.
During this process, pixel intensities are interpolated between adjacent scans, forming
voxel data. The 3D modeling process involves the definition of discrete parts that rep-
resent the desired structure (segmentation) [66,70,74]. Image segmentation algorithms
are based on intensity, discontinuity, and similarity or segmentation techniques [66,70],
with the most common techniques including thresholding, edge detection, region grow-
ing [70,73,75], and currently machine learning techniques, such as Convolutional Neural
Networks (CNN) [64,74,76]. The final result is affected by various scanning parameters,
such as the scan step, the adjustment of contrast and brightness, artifacts like noise, streaks,
distortions, as well as the parameters for exporting the.stl file format, such as the number
of triangles and automatic smoothing [64,73,75].

3. Materials and Methods
3.1. Description

The following five figurines are part of a broader study on the possible methods of
digital restoration and reconstruction of artifacts made of malleable materials (Figure 1).

The Xenophanes figurine (EPG_972) exhibits plastic deformations and stability issues.
The philosopher now leans forward and turns to the right. His head is detached, and his
arms have suffered significant material loss. It is made of wax, with localized additions of
plasticine, which has become brittle and developed an extensive network of micro-cracks.

The seated elderly figure (EPG_102) is also made of wax, with localized use of plas-
ticine. In addition to the severe lean of the torso and head, and the detached hand, his right
leg is held in place only due to its internal skeleton, but it has twisted and shifted outward,
risking breakage.

In the small equestrian Alexander (EPG_XA), made of mazut, the horse’s hind legs
have shifted, causing the entire figure to tilt dangerously to the right. The figurine also
has detached parts (foot, leg, and horse tail) and the material appears locally glossy and
semi-fluid.

The large equestrian Alexander (EPG_672) is made of plasticine. In this figurine the
plasticine has degraded, exhibiting a brownish semi-fluidity (weeping), likely in areas
where there is an underlying metallic element. During its conservation, the detached parts
were reattached using stainless steel pins.

www.slicer.org
www.itksnap.org
https://horosproject.org
https://meshlab.net
https://blender.org
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Figure 1. The five selected figurines (photogrammetry-generated 3D models) along with their scout 
files (CT scan), mapping, and 3D reconstruction models of the armature. 
Figure 1. The five selected figurines (photogrammetry-generated 3D models) along with their scout
files (CT scan), mapping, and 3D reconstruction models of the armature.
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Finally, the cat model (EPG_197), made of mazut, shows significant material loss in
the belly, partially exposing its hollow interior.

For these figurines, the examination of the internal structure is essential for making
targeted decisions during digital restoration and for simulating their future behavior, but
to also shed light on the reasons for the material degradation.

3.2. The Selection and Preparation of the Figurines

The selection of the aforementioned figurines was based on three specific parameters.
The first parameter concerns their preservation state, as the severe pathology of the chosen
figurines must still allow their safe transportation. The second parameter involves the
examination of figurines made from different materials (wax, plasticine, mazut). The third
and decisive parameter is the size of the figurines relative to the aperture of the available
CT scanner. The selection of the objects was made in collaboration with the workshop
conservator, who undertook the entire preparation and packaging process, supervised
the transport, unpacking, placement in the CT scan, and ensured their safe return and
placement back to their original positions.

As stated in relevant publications [17,27], the transport of the objects from the work-
shop to the diagnostic center and back required careful planning and preparation, including
packing and unpacking the objects, selecting the route, considering time, day, and tempera-
ture, and checking the preservation state before and after transport, among other factors.
The figurines were placed in cardboard boxes on specially designed braces, wrapped in
acid-free paper, to ensure their safe transportation.

3.3. Equipment and Scan Parameters

The CT scan was conducted using a medical BrightSpeed 16 Slice CT Scanner, manu-
factured by GE HealthCare, and the scan was performed in Athens, Greece. The scanning
parameters were set as follows: tube voltage: 120 kV, tube current: 35 mA, slice thickness:
0.625 mm, pitch: 0.938:1, rotation time: 1 s/cycle, matrix: 512 × 512; DICOM files were
obtained (Appendix A).

The figurines were placed upright except for EPG_972, which was examined in both
vertical and horizontal positions. The height of EPG_672 did not allow a complete scan,
so a portion of its base was “cut off” in the imaging. The examination table’s straps were
secured to the wooden base of the figurines, with thin strips of acid-free paper between the
strap and the wooden base.

3.4. Software

The study and processing of the raw data were carried out in RadiAntTM DICOM
Viewer 2023.1 (trial version) in a Windows environment [77]. The software selection among
the various available was based on its user-friendliness, its ability to measure Hounsfield
Units (HU) in specified regions, and its automatic creation and export of three-dimensional
models, without the need for additional plug-ins. During 3D reconstruction, the software
provides windowing capabilities to focus on desired structures (window width—WW and
window length—WL), the removal of unwanted elements, measurements, and exports in
.stl format.

The data analysis was conducted in two stages. Initially, the internal structure of
the models was examined, and the absorption of different construction materials was
calculated. Subsequently, 3D models were extracted and further edited.

3.5. Material HU Density Values

The scout images provided an initial overview of the internal structure of the exam-
ined figurines and continued in the environment of multiplanar reconstruction (MPR).
Initially, we recorded the relation and interconnection of the armature elements, along with
the measurement of the wire’s diameters. Subsequently, we identified region-of-interest
(ROI) areas, with different densities corresponding to different construction materialsin
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order to obtain Hounsfield Unit (HU) values. The absorption values of the materials were
determined through multiple measurements at different levels per figurine and material,
using the HU tool (oval selection area), and included the maximum and minimum ab-
sorption values, mean, standard deviation, and area size. The mean absorption values
and standard deviation (SD) were calculated, as well as, in accordance withSpennemann
and Singh [18], the weighted mean absorption, which takes into account the area of mea-
surement. These multiple values were summarized by material per figurine (Table 1),
and further summarized by material (Table 2). Themean and average mean values had
similar results.

Table 1. Summary table of HU values by material for each figurine.

Figurine Material HU Range Mean and SD—Weighted Mean

EGP_962
(xnph)

Wax −31 - −108 −65 ±8.6 −65

Plasticine 1242 - 1188 1360 ±29.4 1362

Silicon Measurement inability

Wooden base −467 - −771 −655 ±54.0 −653

Armature:
Main wire 3071 - 2723 3052 ±38.6 3060

Wire 3071 - 1727 3068 ±7.3 3071

Nail 3071 - 3071 3071 ±0.0 3068

Head
fragment

Wax −27 - −127 −88 ±17.5 −99

Plasticine 1770 - 1404 1729 ±80.7 1795

Armature 3071 - 3071 3071 ±0.0 3071

EGP_ 102
(old man)

Wax 6 - −163 −68 ±23.2 −67

Plasticine 1342 - 1096 1249 ±39.4 1249

Wooden base −338 - −742 −590 ±64.4 −589

Armature:
Wire 3071 - 2604 3062 ±23.4 3052

Nail 3071 - 3071 3071 ±0.0 3071

Plaster 554 - 103 412 ±35.2 414

Hand
fragment

Wax −20 - −137 −56 ±15.1 −58

Plasticine 1463 - 1043 1386 ±33.8 1374

Armature: wire 3071 - 3071 3071 ±0.0 3071

EGP_XA
(small Alex)

Mazut −21 - −175 −62 ±13.7 −63

Armature:
Wire 3071 - 2771 3069 ±4.1 3069

Vertical stand 3071 - 3065 3071 ±0.0 3071

Nails 3071 - 3071 3071 ±0.1 3071

Wooden base
A1 −285 - −379 −340 ±12.3 −339

A2 −355 - −492 −425 ±22.3 −426

B1 −319 - −421 −366 ±17.0 −368

B2 −355 - −495 −424 ±19.7 −420

Fragments
Mazut −8 - −109 −62 ±16.7 −64

Armature 3071 - 2720 3068 ±14.0 3068
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Table 1. Cont.

Figurine Material HU Range Mean and SD—Weighted Mean

EGP_ 672
(large Alex)

Plasticine 961 - −681 858 36.5 862

Wooden base:
A1 −500 - −746 −611 ±27.2 −618

A2 −451 - −734 −598 ±40.0 −607

A3 −471 - −605 −556 ±17.2 −586

A4 −362 - −619 −519 ±31.0 −512

Armature:
Horizontal E1 3071 - 2384 3069 ±7.3 3070

Horizontal E2 3071 - 3071 3071 ±0.0 3071

Vertical stand 3071 - 2350 2918 ±139.1 2918

Binding wire 3071 - 1557 3024 ±54.4 3010

Wires (radial) 3071 - 2620 3070 ±3.0 3070

Wires ø 1.4–1.6 3071 - 2403 3061 ±26.2 3058

Restoration pins 3071 - 1915 2919 ±104.6 2968

EGP_ 197
(cat)

Mazut −22 -- −90 −56 ±6.7 −55

Wooden base −426 - −788 −637 ±40.6 −581

Wooden vertical
element −309 - −520 −426 ±39.1 −444

Wooden horizontal
element −399 - −522 −466 ±15.5 −462

Wooden spine
reinforcement 510 - −203 116 ±29.3 117

Armature:
Wire 3071 - 3071 3071 ±0.0 3071

Nails 3071 - 3071 3071 ±0.0 3071

Plaster 1018 - 260 663 ±89.4 669

Element on cat’s head 1569 - 743 1284 ±83.3 1238

Table 2. Summary table of HU values by material.

Material Mean Value Standard Deviation

Wax −69 ±13

Plasticine 1431 ±46

Plasticine in EGP_672 858 ±36

Mazut −60 ±12

Wooden elements −509 ±31

Metallic elements 3061 ±10

Plaster 637 ±62

3.6. Three-Dimensional Reconstruction

In RadiAntTM, the 3D reconstruction is automated, based on the absorption values
(HU) determined for each material. The values are defined either by the maximum and
minimum HU values or by setting the mean HU value (WL refers to the midpoint HU
value range) and width (WW refers to the range of HU represented). Since the construction
materials have distinctly separate absorption ranges, as stated in Table 3, the result was
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accurate, robust, and quick, with only minor adjustments. For each adsorption range we
obtained 3D models of all the materials it included, in .stl format (Figure 2).To isolate
and obtain 3D models of each construction material, Boolean operations were applied.
Consequently, from the metal armature and the plasticine model, the metal armature model
was subtracted to acquire the 3D model of plasticine, and so on.

Table 3. HU values in WL–WW used for the extraction of 3D models in .stl format.

Figurine WL-WW Materials Included in the 3D Model

EGP_ 962
(xnph)

−70–144 Metallic armature, plasticine, wax

1178–100 Metallic armature, plasticine

3071–50 Metallic armature

Fragment
(head)

−108–132 Metallic armature, plasticine, wax

1100–140 Metallic armature, plasticine

3071–50 Metallic armature

EGP_102
(old man)

−294–181 All materials, not wood with noise

−100–200 Metallic armature, plasticine, wax

1200–400 Metallic armature, plasticine

3071–50 Metallic armature

Fragment
(arm)

−150–100 Metallic armature, plasticine, wax

1200–300 Metallic armature, plasticine

3071–50 Metallic armature

EGP_XA
(small Alex)

−62–200 Metallic armature, mazut

2936–272 Metallic armature

Fragments
−100–200 Metallic armature, mazut

3061–12 Metallic armature

EGP_672
(large Alex)

0–200 Metallic armature, plasticine

860–200 Metallicarmature, part of plasticine

3071–200 Metallic armature

EGP_ 197
(cat)

−500–12 Metallicarmature, plaster, spine, mazut, wood

−139–16 Metallic armature, plaster, spine element, mazut

116–29 Metallicarmature, plaster, spine element, and noise

663–100 Metallic armature, plaster

3071–100 Metallic armature
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preserving) filter reduced the jag, but in some cases the local micro-intervention using 
Blender® 4.1 digital sculpting tools was also necessary (Figure 3). 

The metallic elements of the armature were painted so as to facilitate their study (Fig-
ure 3). Before proceeding to the next step, the 3D reconstruction models were aligned with 
the photogrammetry-generated 3D models using the ITC align feature in Meshlab (Figure 
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Figure 2. Initial reconstructed 3D models of armature (a), armature and plasticine (b), armature,
plasticine, and wax (c) of EGP_102 detached arm.

The post-processing of the extracted 3D models was performed in MeshLab [78] and
included the mesh cleaning and surface refinement of the model. Cleaning involved the
removal of unnecessary elements, isolated pieces (diameter 5%), unreferenced vertices and
T-vertices, and the repair of non-manifold edges. The modeling process created tunnels,
which were identified and repaired by selecting and removing vertices, filling the area (cap
hole) and removing residue isolated pieces.

The surfaces of all the 3D reconstruction models appear ‘jagged’ due to the voxel size
of the slices (0.625 mm) as several other researchers have reported [64,66,67,73]. This size
determines the accuracy of the final model [68]. MeshLabs’s Laplacian Smooth (surface-
preserving) filter reduced the jag, but in some cases the local micro-intervention using
Blender® 4.1 digital sculpting tools was also necessary (Figure 3).

The metallic elements of the armature were painted so as to facilitate their study
(Figure 3). Before proceeding to the next step, the 3D reconstruction models were aligned
with the photogrammetry-generated 3D models using the ITC align feature in Meshlab
(Figure 4).
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The metallic streak and other CT scan artifacts impeded the reconstruction of clean
3D models. In most cases, we were able to overcome this issue in the 3D reconstruction
of the metallic elements with minor adjustments in the WW value. In two cases, the
3D reconstruction of the metallic structure appeared deformed or fragmentary, though
it was clearly depicted in the scout file (see vertical wire EPG_102 and central support
EPG_672, Figure 5(a1,a2)). In the first case, the missing part of the central wire was
partially replaced by an equivalent that was designed and modeled according to the scout
file in Blender (Figure 5(b1)). In the second case, the missing part was copied from the
existing 3D photogrammetry model, as it is visible and therefore recorded (Figure 5(b2)).
The most difficult case concerned EPG_XA, whose vertical support has not been clearly
rendered (Figure 6a). The scout file provides a clear image of the element (Figure 6b) and
the scans, assisting in the determination of its shape. This element has a complicated
form that falls into the broader category of metal suspension/anchor plugs, perhaps a
(self-)expanding girdle. We attempted semi-automated segmentation in 3D slicer, a time-
consuming procedure as it required user intervention in each scan, with an outcome more
or less similar and not acceptable. Therefore, we tried two different approaches utilizing
the data from the scout image and sequential scans; in the first, the existing central support
element was isolated and edited (sculpted) (Figure 6c) and in the second, the element was
re-designed from scratch in Blender (Figure 6d).

Heritage2024, 7, FOR PEER REVIEW  12 
 

 

(a1) (b1) 

(a2) (b2) 

Figure 5. Initial (a1,a2) and final 3D models (b1,b2) of EGP_672 and EGP_102 armatures. 

 (a)  (b)  (c)  (d)  (e) 

Figure 6. Initial and final 3D models of EGP_XA armature (a,e) and details of problematic vertical 
stand, scout file (b), edit of initial 3Dmodel (c), and re-designed model (d). 

During the modeling of the organic materials, the CT’s artifacts were visualized ei-
ther as linear excesses (resulting from the included armature) or as indentations (Figure 
2c), especially in the wax and mazut models. In most cases, the isolation of each material 
reduced the excess to their small contact region, easily corrected by deleting the excess 
area and filling the region. The indentations were not treated, as they cover long, elon-
gated areas and their correction demands extensive intervention. Instead, a 3D model of 

Figure 5. Initial (a1,a2) and final 3D models (b1,b2) of EGP_672 and EGP_102 armatures.



Heritage 2024, 7 5652

Heritage2024, 7, FOR PEER REVIEW  12 
 

 

(a1) (b1) 

(a2) (b2) 

Figure 5. Initial (a1,a2) and final 3D models (b1,b2) of EGP_672 and EGP_102 armatures. 

 (a)  (b)  (c)  (d)  (e) 

Figure 6. Initial and final 3D models of EGP_XA armature (a,e) and details of problematic vertical 
stand, scout file (b), edit of initial 3Dmodel (c), and re-designed model (d). 

During the modeling of the organic materials, the CT’s artifacts were visualized ei-
ther as linear excesses (resulting from the included armature) or as indentations (Figure 
2c), especially in the wax and mazut models. In most cases, the isolation of each material 
reduced the excess to their small contact region, easily corrected by deleting the excess 
area and filling the region. The indentations were not treated, as they cover long, elon-
gated areas and their correction demands extensive intervention. Instead, a 3D model of 

Figure 6. Initial and final 3D models of EGP_XA armature (a,e) and details of problematic vertical
stand, scout file (b), edit of initial 3Dmodel (c), and re-designed model (d).

During the modeling of the organic materials, the CT’s artifacts were visualized either
as linear excesses (resulting from the included armature) or as indentations (Figure 2c),
especially in the wax and mazut models. In most cases, the isolation of each material
reduced the excess to their small contact region, easily corrected by deleting the excess area
and filling the region. The indentations were not treated, as they cover long, elongated
areas and their correction demands extensive intervention. Instead, a 3D model of the wax
or mazut could be created by the subtraction of the CT’s 3D models of all other materials
from the photogrammetry’s 3D model.

3.7. WebGL Presentation and Manipulation

The availability of the final digital 3D models also enables their porting to the WebGL
platform. WebGL represents an API for 3D graphics rendering [79], typically hosted by
HTML/Javascript, natively supported by all modern popular web browsers. The latter
fact implies the elimination of the need for any required plugins and additional tools
for the presentation and manipulation of 3D web content, thus minimizing the relevant
computational footprint and overhead. These characteristics make WebGL-based visual
web applications instantly accessible to a wide range of handheld, portable, and desktop
devices and relevant system platforms, increasing the potential for collaboration as well as
the dissemination and appreciation of produced results, while maintaining the minimal
requirements for the 3D graphics content functionality offered.

Porting the 3D models to the Javascript/WebGL platform also allows significant
flexibility in their further digital exploitation and exploration, opening additional paths for
harnessing their computational potential. Such functionality can involvethe exploration
of alternative deformation paths, from the initial known state to the current recorded one,
through the definition of one or more intermediate states. This exploration may rely on the
properties of the malleable materials for the plastic deformations of the objects, in regard to
the computational part, while presenting these deformations through morphing between
defined states, in regard to the visual part, in a manner similar to the approach presented
for human body deformation [80], offering user control of the speed, granularity, and other
custom parameters of morphing.This section may be divided by subheadings. It should
provide a concise and precise description of the experimental results, their interpretation,
as well as the experimental conclusions that can be drawn.

4. Results

The artist used wires of ø1.4–1.6 mm and ø0.4–0.6 mm to give the general shape to the
figurines. The central element consists of one or two single wires ø while the limbs consist
of thinner wires, often interwinding. The metal elements remain unconnected to each other,
and they barely penetrate the wooden base, as shown in Figure 1.
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In more detail, in the EGP_972 figurine, two unconnected metal wires form the body,
while the legs are reinforced with two nails, which penetrate the wooden base. The arms
are formed from thinner, single wires, reinforced by winding wires in the upperarm area.
On the head, a thinner wire is wrapped around the central one, at the area of the neck.

The central element of EGP_102 figurine’s armature is formed by two metal wires
tied together at waist height and with the interposed nail at seat height. The legs, arms,
and head are formed using single wires. The right arm is attached to the thigh with two
thin nails.

The armature of the EGP_672 figurine includes a metal stand joined to a bent metal
element that runs across the horse’s belly. In the second, a metal rod and two wires are tied,
which extend and form the upper part of the horse’s legs. The lower part of the horse’s
legs, as well as the limbs and torso of the rider, and the horse’s neck, are formed by single
wires, reinforced in some places by secondary wires or self-braided. Short metal elements
were placed radially towards the mass of the material, one side of which is visible on the
final surface of the figurine.

In the EGP_XA figurine, the metal stand is not connected to any other reinforcing
element. The limbs of the horse and the rider are formed by a single wire, which in the
case of the rear leg is short and therefore tied with a second complementary element. The
horse’s neck and head do not have any reinforcement.

In the case of the EGP_197 figurine, the armature consists of a wooden stand connected
to the base and the elongated horizontal wooden element that runs down the spine by the
use of plaster. A wire attaches the tail to the main body.

As stated beforehand, the accuracy of the 3D reconstructed models is 0.625. The mean
ground sampling distance is approx. 0.1 mm/pixel [81] and the accuracy approx. 0.2 mm [2].

5. Discussion

The Hounsfield values (HU) for each material, even for malleable organic materials,
are distinct and fall within the same absorption area, with a small standard deviation.
Mazut and wax have more or less similar values, while plasticine differs. The HU value
of EGP_672′s plasticine differs significantly from the plasticine of the other figurines,
something that requires further investigation.

The recorded absorption values of materials in the literature are stated in Table 4 and
consist mostly of HU values for the characterization of foreign elements in the human
body [82,83]. In most of these measurements, the metallic elements have a peak at 3071,
with steel, copper, and silver differing in their in-between measurements. Absorption
appears to depend on the atomic number, as stated by Paulis et al. [84], and therefore the
values of alloys differ significantly from each other [85]. Our metallic elements, with an
HU value of 3061 ± 10, could be alloys, with an atomic number around 74. Artists use all
kinds of materials in the armature: iron, steel stainless steel, aluminum, copper, etc. Degas,
for example, used lead pipes in the armature of the little dancer [4]. The visible metallic
elements in the examined figurines refer to iron or iron alloys. Iron’s atomic number is 26;
if the alloy contains a metal with a higher value, such as tungsten with an atomic number
of 74, then the resulting material will exhibit in the HU a combination of properties from
both elements.

Non-metallic materials such as wax and plasticine are not listed in the literature. As-
phalt, at 225 ± 109 [82], as a petroleum derivative, could be compared to the figurine’s
mazut, and indeed their absorption values are relatively close. Wood, at 464 [82], approxi-
mates our measurements at 509, though it would be interesting to identify the broadest or
most specific category of wood according to absorption, as there are measurable variations
in the HU measurements.
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Table 4. Recorded material absorption values (HU) in the literature.

Material Range of CT Numbers (HU) Average of CT Numbers (HU)

Stainless steel 1071–3071 A 2222 ± 737 A

Steel 1972–2249 B 2034 ± 63 B

Titanium 2840–3071 A 2921 ± 218 A

Gold 2748–3071 A 3071 B 2908 ± 325 A 3071 ± 0 B

Copper 2812–3071 A 1108–1698 B 2909 ± 228 A 1403 ± 537 B

Brass 2696–3071 B 3067 ± 145.3 B

Lead 1901–3071 A 3030–3071 B 2758 ± 539 A 3067 ± 83 B

Silver 3065–3071 A 1556–2255 B 3069 A 1695 ± 248 B

Aluminum 223–248 B 233 ± 24 B

HU adsortion in regard to the atomic number of metals C:
Z ≤ 13 (Aluminum (3–5% Cu)):
Z = 25–30 (Iron; Stainless steel; Coper; Brass (60–80% Cu; 20–40% Zn)
Z ≥ 74 (Tungsten; Lead)

HU < 300
HU = 1300–2000
HU > 3000

Silicon 195–755 A 278 ± 120 A

Glass 105–2093 A 947 ± 523 A

Glass (bottle) 199–241 B 209 ± 41 B

Glass (window) 330–810 B 49 ± 56 B

Medpor 19–53 A 32 ± 5 A

Stone 735–1832 A 1320 ± 280 A

Limestone 252–294 B 276 ± 41 B

Marble 181–278 B 229 ± 82 B

Shale 182–267 B 221 ± 33 B

Granite 173–283 B 213 ± 110 B

Quartzite 142–193 B 175 ± 40 B

Sandstone 140–191 B 163 ± 42 B

Asphalt 152–299 B 225 ± 109 B

Cement 75–196 B 142 ± 82 B

Tile 144–174 B 155 ± 15 B

Pottery 124–158 B 142 ± 18 B

Polystyrene −62–35 A −47 A

Wood −437–491 A −464 A

Where A: Choi et al., 2010 [83], B: Bolliger et al., 2009 [82], C: Paulis et al., 2019 [84].

During HU measurements, we noticed small “discontinuities” in the material mass
that could be attributed to small air bubbles, impurities, or incomplete mixing during
the creation of the mixture; HU measurements in small elements, even when pinpointed,
were easily contaminated by the HU of neighbor materials, expressed as ahigh standard
deviation, e.g., in EGP_672’s restoration pins or the small plasticine or silicon in EGP_197’s
head. To avoid this, especially in the wires, the measurements were made on their diame-
ter sections.

The use of disconnected metallic elements coincides with the very nature of the
figurines and the logic of experimentation, as the artist wanted to explore different poses of
the theme. However, the combination of pliable, sensitive materials and a “weak” internal
framework enhances the plastic deformations and instability, a hypothesis that will be
further investigated. The artists were aware of this and produced plaster copies of the
artworks they wished to preserve, and less frequently bronze ones.

The three-dimensional models of the armature will be utilized during the restoration
of the plastic deformations of the figurines and the repositioning of the members. In
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closing, however, we would like to give a brief insight into the utilization of the isolated
materials models in the reverse study of the EGP_102 figurine. The digital removal of
plasticine’s additions from the shoulders and right thigh resulted in matching wax surfaces,
and therefore verified that the limbs of the figure have been lengthened. On the back of the
figure, part of the plasticine has detached from the wax, as a consequence of the evolution
of the inclination of the torso, revealing a deep flat wax surface as if the figurine has been
cut to create the torso’s leaning, and the gap was filled with plasticine. This hypothesis was
verified by examination of the “pure” wax 3D model, as the upper and lower area of the
cut match completely, and the posture of the old man matches that of a bronze figurine,
similar, but quite different.

The workflow developed is both simple and accessible, leveraging open-source soft-
ware to support conservators in their work. One of the limitations in using CT scans is their
limited accessibility and the potential risk of worsening the preservation state of fragile ob-
jects. So, successful implementation requires time-consuming preparation. The resolution
of a medical-grade CT scanner (0.625 mm) is relatively low compared to photogrammetry
(0.2 mm); however, the spatial information revealed by CT scans is invaluable for the
documentation, preservation, and restoration of objects. In some cases, incomplete data
capture for certain metal structures due to artifacts could potentially be mitigated with the
option to rescan using different parameters. For the figurines, as part of the preparation for
the next simulation stage, these areas were corrected in two cases and partially replaced by
photogrammetry’s model in one case. Furthermore, distinguishing materials with similar
absorption properties remains challenging, where human expertise plays a crucial role
in making the correct selection. Many of these limitations are common across various
3D recording methods, requiring repeated scans and appropriate settings. Nevertheless,
the benefits of scanning, particularly the acquisition of volumetric data about the internal
structure, far outweigh these challenges.
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Appendix A

Table A1. Acquired files from CT Scan.

Figurine Series Image Data

EPG_972
(xenofanis vertical–36073)

06/05/2023, 1:22:47 µ.µ.
CT, SCOUT MODE 888 × 486 × 2 voxels 0.55 × 0.60 × 265.64 mm Original

06/05/2023, 1:45:40 µ.µ.
CT, HELICAL MODE 512 × 512 × 561 voxels 0.90 × 0.90 × 0.62 mm Original

EPG_972
(xenofanis head–36073)

06/05/2023, 1:28:45 µ.µ.
CT, SCOUT MODE 888 × 184 × 2 voxels 0.55 × 0.60 × 100.55 mm Original

06/05/2023, 2:00:10 µ.µ.
CT, HELICAL MODE 512 × 512 × 169 voxels 0.27 × 0.27 × 0.62 mm Original
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Table A1. Cont.

Figurine Series Image Data

EPG_XA
(alexandros small–36075)

06/05/2023, 2:12:46 µ.µ.
CT, SCOUT MODE 888 × 413 × 2 voxels 0.55 × 0.60 × 225.64 mm Original

06/05/2023, 2:14:37 µ.µ.
CT, HELICAL MODE 512 × 512 × 384 voxels 0.81 × 0.81 × 0.62 mm Original

EPG_XA (alexandros
parts–36076)

06/05/2023, 2:28:53 µ.µ.
CT, SCOUT MODE 888 × 404 × 2 voxels 0.55 × 0.60 × 220.55 mm Original

06/05/2023, 2:28:53 µ.µ.
CT, HELICAL MODE 512 × 512 × 306 voxels 0.45 × 0.45 × 0.62 mm Original

EPG_102
(old man–36077)

06/05/2023, 2:38:51 µ.µ.
CT, SCOUT MODE 888 × 613 × 2 voxels 0.55 × 0.60 × 334.55 mm Original

06/05/2023, 2:40:57 µ.µ.
CT, HELICAL MODE 512 × 512 × 379 voxels 0.70 × 0.70 × 0.62 mm Original

EPG_102
(old man hand–36078)

06/05/2023, 2:47:11 µ.µ.
CT, SCOUT MODE 888 × 321 × 2 voxels 0.55 × 0.60 × 175.64 mm Original

06/05/2023, 2:48:42 µ.µ.
CT, HELICAL MODE 512 × 512 × 215 voxels 0.24 × 0.24 × 0.62 mm Original

EPG_672
(alexandros large –33079)

06/05/2023, 2:53:51 µ.µ.
CT, SCOUT MODE 888 × 770 × 2 voxels 0.55 × 0.60 × 420.55 mm Original

06/05/2023, 2:56:56 µ.µ.
CT, HELICAL MODE 512 × 512 × 605 voxels 0.89 × 0.89 × 0.62 mm Original

EPG_197
(cat-36080)

06/05/2023, 3:03:11 µ.µ.
CT, SCOUT MODE 888 × 1550 × 2 voxels 0.55 × 0.60 × 845.64 mm Original

06/05/2023, 3:05:05 µ.µ.
CT, HELICAL MODE 512 × 512 × 1379 voxels 0.70 × 0.70 × 0.62 mm Original

06/05/2023, 3:06:52 µ.µ.
CT, HELICAL MODE 512 × 512 × 41 voxels 0.70 × 0.70 × 5.00 mm Original
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