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Abstract 

Three-dimensional models of anatomy in wax preserved in university museums are rare artifacts of extraordinary 
technical complexity. In recent years, interest in them has increased among scholars who consider them primary 
sources of heritage value to approach material culture and the history of science. The fragility of the sculptural mate‑
rial and the inadequate exhibition and storage conditions of many of these collections have caused the formation of 
pathologies whose conservation treatment is a great challenge for the restorer. In this regard, new 3D digital tech‑
nologies have created a great impact on the documentation and analysis of interventions in the field of conservation 
and restoration of cultural heritage. This research aims to demonstrate the technical possibilities offered by 3D digital 
systems as support tools in curative conservation strategies to mechanically stabilize fragmented sculptural parts. 
For this case study, we chose an 18th-century obstetric anatomical model made by the Madrid Court sculptor Juan 
Cháez, and the modeler Luigi Franceschi who belonged to the anatomical cabinet of the Royal College of Surgery 
of San Carlos in Madrid. In this work, we demonstrate the digitization process carried out employing structured light 
scanners, digital modeling, and 3D printing. The aim is to create auxiliary structures suitable to support the various 
original pieces to be adhered while guaranteeing their exact position during the adhesive curing process as well as 
the volumetric reintegration of faults. In addition tensile and three point bending tests for the mechanical characteri‑
zation of the selected thermoplastic impression materials are described. Finally, the qualities considered suitable for 
the most appropriate material for the purpose of the study are detailed. Promising results were obtained since the 
structures have made it possible to perform fragment adhesions in highly complex areas of the sculpture, ensuring 
maximum precision, safety, and efficiency during the process.
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Introduction
The elaboration of three-dimensional wax models was 
one of the main objectives of the Royal College of Sur-
gery of San Carlos during the eighteenth century. The set 
of sculptures they produced significantly contributed to 
the reputation of the institution and helped the advance-
ment of health sciences within the educational project 
defined during the Enlightenment period.
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Wax occupied a unique and privileged place in the art 
of representing the human form. Its ability to emulate the 
translucency of the skin made it an ideal medium for the 
creation of realistic sculptures, both in the representation 
of internal structures and their external appearance. By 
combining it with other materials (human hair, bones, 
fabrics…), the sculptor was able to create a version of the 
body that was disturbing in its mimetism.

As the eighteenth century saw advances in the study 
of anatomy and pathology, this technology was har-
nessed to create durable and realistic three-dimensional 
models of the most recent discoveries. The most impor-
tant universities of the time developed their own wax 
modeling workshops, although the most famous ones 
were established in the cities of Florence, Bologna and 
Vienna. The ceroplastics sculptors who worked in these 
anatomical cabinets carried out their work in close col-
laboration with the anatomists with the purpose of con-
structing polychrome wax models that could serve as 
didactic material, substitute of the real specimen, during 
the practical explanations in the classrooms. The physi-
cal interaction with the models allowed students a deeper 
understanding of anatomy in accordance with the educa-
tional trend of the time that recognized the advantages of 
physical learning.

The technical procedures used in the art of ceroplastics 
varied from one school to another, as each wax sculp-
tor developed his own technique, which he perfected 
and modified over time, and which as a craftsman-artist 
he guarded with great suspicion, which has hindered 
knowledge about issues related to the ingredients of the 
pastes, such as the combination and proportions of each 
ingredient. A detailed description of the functioning of 
the anatomical cabinet of the Royal College of Surgery of 
San Carlos is available in Bonells y Lacaba’s book Curso 
completo de anatomía del cuerpo humano, published in 
1800, being especially interesting the last section of book 
V, dedicated to the art of working anatomical pieces in 
wax [1].

In general terms, once the anatomical dissector had 
prepared the specimen to be reproduced, a copy of it was 
made with chalk or wax and on this the plaster molds 
were made, which would serve as a matrix to reproduce 
the same model as many times as desired. The main 
component of the modeling pastes was beeswax or vir-
gin wax, to which other substances were added, such as 
natural resins, Venice turpentine or purified common 
turpentine, a low-quality substitute, and animal or veg-
etable fats, lard without impurities, which made it pos-
sible to modify the melting point and make them more 
suitable for sculptural purposes. Pigments, finely ground 
and agglutinated with turpentine, or colorants could be 
added to the melted waxy paste to imitate the chromatic 

qualities of each anatomical part to be represented. In the 
Madrid cabinet, fine carmine, vermilion and superfine 
lacquer were used to imitate the living muscle, vermilion 
for the arteries, Prussian blue for the veins, white lead to 
imitate nerves, ligaments and absorbing vessels, and red 
lacquer with a little white to imitate the rosy skin. Inside 
the molds, the more or less fluid wax was poured in layers 
of varying thickness, in order to obtain the desired con-
sistency. Once the mold was opened and the positive was 
extracted, the last phase consisted of applying the final 
details with the imitation of textures and striations in 
the muscles or the placement of lymphatic vessels, veins, 
arteries and nerves, which were done by embedding silk 
threads in the colored wax pastes. Once this work was 
concluded, a thin film of transparent varnish was applied 
to obtain a finish in accordance with the natural one [2].

The anatomical wax collections represent scientific 
rigor with great delicacy in the artistic representation of 
the figures. Exhibited in contemporary showcases with 
minimal interior space many of the models rub against 
each other which makes it difficult to handle. This entails 
a higher risk during its movement. Some of the sculp-
tures show losses or have fragmented elements like 
mechanical damage due to accidental blows that some-
times cause serious integrity problems. In extreme situ-
ations, this can compromise the future preservation of 
the object [3]. Due to the particular fragility of the waxy 
material chosen for sculptural support, the traditional 
procedures used for the adhesion of detached fragments 
usually present some technical difficulties to the restorer. 
This is because it is not possible to exert direct pressure 
on the areas to be joined and also because it is essential 
to keep the pieces level and stable until the adhesive has 
completely cured and the volumetric reintegration is 
complete.

In recent years, 3D digital systems based on scanning, 
modeling, and 3D printing have become tools with enor-
mous potential for documenting, diagnosing, preserving, 
and disseminating cultural heritage [4–10]. In particu-
lar, 3D printing has played an increasingly relevant role 
in the field of conservation-restoration. Also, different 
applications have shown great potential, offering new 
alternatives for analysis and intervention. Because of this, 
it has been possible to considerably reduce manipula-
tions on the item, adequately plan each treatment, and 
reproduce additional or missing elements to complement 
various restorations. This is all possible while ensuring 
maximum respect and minimum intervention upon the 
work [11–13]. Throughout the course of 3D printing, sev-
eral factors influence the manufacturing process regard-
ing the mechanical characteristics of the object. Among 
these are the position, orientation angle, and infill density 
that is, the grid pattern that the printing software creates 
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to partially fill the inside of a part in order to give it more 
strength. Such characteristics have been analyzed by sev-
eral researchers in the most common FDM (Fused Depo-
sition Modeling) additive printing materials such as PLA, 
ABS, or PET, while also highlighting their importance 
[14–17].

One of the main aspects to be considered when print-
ing is the anisotropy of the parts created due to the con-
struction technology. Anisotropy is the tendency of a 
material to show changes in its physical properties when 
arranged in different orientations [18]. Although many 
3D printed materials are isotropic, which means they 
do not change their properties when their orientation 
changes, printed parts will show anisotropy in their phys-
ical properties due to the layering process by which they 
are constructed. Material extrusion 3D printers based on 
fused deposition modeling FDM technology are the most 
common type of equipment used in 3D printing [19]. 
They are based on a process by which a polymer filament 
is extruded and deposited in layers to create a 3D object 
[20]. As a result of layered deposition, the object created 
by this process has an anisotropic character. The orienta-
tion of the layers determines, for example, a higher bend-
ing strength in a particular direction compared to others.

Research aim
In this article, we present a new method for dealing with 
complex situations centered on the structural consolida-
tion of fragment adhesion in wax sculptures. Specifically, 
we propose the scanning of the work in order to obtain a 
virtual model on which to design various auxiliary struc-
tures. Once obtained by FDM additive printing, it makes 
it easier for the restorer to operate with guarantees of 
safety and precision during the process of handling, lev-
eling, and adhesion of the damaged pieces to recompose 
the whole sculpture. In order to ensure the maximum 
efficiency and safety of the 3D printed structures that will 
support the fragments to be bonded, different manufac-
turing morphologies have been analyzed as well as the 
mechanical properties of a wider range of thermoplastic 
materials utilizing standard tensile and bending tests.

State of conservation of the anatomical model
This case study is a polychrome wax sculpture, round and 
hollow, with dimensions of 22 × 44 × 56  cm, conserved 
in the Javier Puerta Anatomy Museum and inventoried 
under the name of Internal version (Ref. MOSP 000328). 
It was created by the sculptor Juan Cháez and the wax 
modeler Luigi Franceschi (Fig.  1). The figure shows the 
interior of the pelvic cavity with the anterior aspect of 
the uterus sectioned to show the fetus while the obstetri-
cian’s hands reposition it by manipulating its extremities 
in order to extract it.

As a result of its original didactic function, the sculp-
ture has been subjected to frequent and repeated 
manipulations that have conditioned its current state of 
conservation. As a result of the constant use of the object 
by students who followed the anatomist’s explanations, a 
series of mechanical degradations have been located pri-
marily in the protruding parts of the work (hand, fingers 
and foot). This situation has compromised the original 
meaning of the artifact.

Besides the anthropogenic factor, which is considered 
the main cause of deterioration, there are other intrin-
sic and extrinsic factors. As time has passed, the wax 
pastes of the eighteenth century used in the preparation 
of the model have undergone natural aging. This has led 
to a series of physical–chemical changes in their internal 
structure, which at the same time has become a much 
more brittle material. In addition to the natural aging of 
the wax itself, other causes such as fluctuations in relative 
humidity and temperature have also contributed to the 
origin of fissures and cracks in the most vulnerable parts. 
This is due to the constant changes in contraction and 
expansion that the material has undergone in response 
to climate conditions (Fig. 2) [21, 22]. Greatly enhanced 
by the multiple manipulations mentioned above, several 
fractures and the loss of some elements including the 
middle finger have occurred. These factors, along with 
the neglect suffered due to changes in teaching methods, 
have been lethal for the work [3].

During the diagnosis of each of the fragments to be 
adhered, several difficulties were encountered when try-
ing to approach the intervention with precision. Several 
elements did not have the same joining surface, making 
it very difficult to locate each one of them in its original 
place. Therefore, it was considered necessary to virtu-
ally analyze the necessary treatments and to print the 

Fig. 1  Internal version. © Luis Castelo
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different auxiliary structures to guarantee the stability of 
the fragments during the intervention process.

Materials and methods
Digitizing using structured light scanners
Aiming to have a virtual model faithful to the real object 
and achieve the highest possible quality in the polygon 
mesh, the sculpture was digitized using a combination of 
two structured light 3D scanners. These were: the Space 
Spider model and the Eva model (Artec 3D, Luxembourg 
City, Luxembourg). The first device had a 3D point accu-
racy, up to 0.05 mm and a 3D resolution of 0.1 mm and 
the second had a 3D point accuracy, up to 0.1 mm and a 
3D resolution of 0.2 mm. These results are adequate for 
the requirements of the study proposed in this work. Two 

strategies were used to carry out the volumetric record-
ing. The first consisted of keeping the anatomical model 
static and surrounding it from different points of view. 
This tactic was used only to scan the entire work given its 
dimensions. The second strategy focused on placing the 
object on a rotating platform to facilitate the scanner’s 
sweep from different orientations. This method was used 
mainly to digitize the smallest fragments of the damaged 
elements. A combination of both scanners was used in 
the same session to record the complete volume with 
high definition. First, the entire figure was scanned with 
Artec Eva and then the areas of greater anatomical detail 
were captured with Artec Space Spider.

The processing of the scanned data was performed 
using Artec Studio Professional 15 software (Artec 3D, 

Fig. 2  3D mapping of structural pathologies
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Luxembourg City, Luxembourg). This consisted of repo-
sitioning and aligning the different scanned fragments 
of the model. First, we examined all captured frames 
containing the spatial and chromatic information of the 
object and removed those with errors or poor quality to 
increase accuracy during data processing. Next, we ran 
the global registration tool, which analyses the position 
in space of each point captured by the scanner and uni-
fies all the equivalent points from the different frames 
into a single point cloud. The 3D noise was filtered to 
remove all the small areas not connected to the main 
mesh because they could create irregularities on the sur-
face of the model. In order to obtain the high-resolution 
polygonal mesh, we use the hard fusion option, since it is 
the one that achieves the highest definition. Finally, the 
two models generated with Artec Eva and Artec Space 
Spider were merged.

Fragment composition analysis by virtual anastylosis
All the meshes of the digitized fragments were imported 
into ZBrush 2020 (Pixologic, Los Angeles, California, 
USA), where they were repositioned to fit together using 
the available transformation tools. After this process, it 
was observed that the middle finger of the obstetrician’s 
left hand, which grasped one of the fetus’ legs, had dis-
appeared. However, it was possible to deduce its position 
from the location and orientation of the adjoining fin-
gers. This finger was also modeled in ZBrush and placed 
in its corresponding location.

3D modeling of auxiliary structures
Once the scanned models were obtained in the 3D com-
puter graphics software Blender (Blender Foundation, 
Amsterdam, The Netherlands), we proceeded to design 
each part from different cubes, spheres, and cylinders. 
Tools such as bevel, loop cut, or knife were used to facili-
tate the modeling. In order to obtain maximum precision 
in the parts with the most complex shapes and to achieve 
a correct fit between them, the boolean tool was used. 
Multiple combined operations of union, subtraction, 
and intersection were performed to achieve the desired 
results.

During the virtual modeling of the auxiliary structures, 
the digitized model has been used at all times to com-
pare the accuracy, efficiency, and all the structural details 
required in each case. At the same time, during the 
design process we paid attention to the functionality of 
the delicate and waxy material and its compatability with 
the fragments. Finally, we also took into consideration 
the arrangement of fractures and cracks in the material 
to make sure that sufficient stability, strength, and tough-
ness were taken into account.

Mechanical testing of thermoplastic materials for 3D 
printing of auxiliary structures
Aiming to identify the most appropriate material and fab-
rication morphology for the auxiliary structures that will 
support the fragments of the work, tensile and bending 
tests were performed with different materials and fabri-
cation configurations. The tensile tests were carried out 
on a Microtest SCM 3000 95 (Microtest, Madrid, Spain) 
machine following the specific International Organiza-
tion for Standardization standard for the testing of Plas-
tics—Determination of tensile properties UNE-EN ISO 
527-1:2020. The bending tests were performed on an 
Adamel Lhomargy DY30 (Adamel Lhomargy, Roissy-en-
Brie, France) machine according to the specific standard 
for the testing of Plastics by International Organization 
for Standardization—Determination of flexural proper-
ties UNE-EN ISO 178:2020. Tensile tests are the most 
widely used studies for the characterization of material 
properties, but because of the configuration of supports 
and weights in our restoration, the structures will be sub-
jected to bending too. Thus, it was considered relevant to 
perform standardized bending tests to complement and 
contrast the results obtained with the tensile tests.

Aiming to find the most suitable printing orienta-
tion characteristics, 45 PLA (polylactic acid) specimens 
were tested in which the angle was varied at 0° and 90° in 
the horizontal position and at 0° in the vertical position 
according to its longitudinal axis that forms the plane of 
the specimen with the printing platform (Fig.  3). With 
each angle, 15 specimens were created (5 with a density 
of 100%, 5 with a density of 50% and 5 with a density of 
10%). The main objective was to find the best possible 
orientation and filling density for the impression of the 
structures.

Once we determined the best orientation and percent-
age of infill for PLA printing, we tested 10 other materials 
under the optimal manufacturing conditions previously 
obtained for PLA in order to choose the most suitable 
material for the construction of the supports. These were: 
ABS (acrylonitrile butadiene styrene), PETG (polyethyl-
ene terephthalate), ASA (acrylonitrile Styrene Acrylate), 
NYLSTRONG [nylon (PA6) Polyamide with glass fiber], 
HIPS (polystyrene and polybutadiene rubber), INNO-
VATEFIL POLYCARBONATE (polycarbonate), PP (poly-
propylene), PLA 3D870 (polylactic acid), INNOVATEFIL 
CO-POLYESTER (copolyester), and PA CF (polyamide 
with carbon fiber).

Each of the specimens was printed using an Ultimaker 
S5 (Sicnova, Linares-Jaén, Spain) machine with a resolu-
tion of 0.1 and 1.5 in wall thickness, a grid pattern, and 
a printing speed of 50  mm/s. The printing tempera-
ture varied between 215 °C and 270  °C and the hotbed 
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temperature shifted between 60 °C and 100 °C depending 
on each material.

3D printing of structures
The 3D printing of the auxiliary structures was carried 
out using the printer mentioned above. The machine 
features a high layer resolution of up to 20 microns 
(0.02 mm), a print volume of 330 × 240 × 300 mm, a print 
speed < 24 mm3/s, and a filament diameter of 2.85 mm. 
Other features include a double extruder with 0.4  mm 
nozzles. The possibility of working with a water-soluble 
material such as PVA (polyvinyl alcohol) simultaneously 
with the resistant material for the figure, ensures very 
high quality and precision in any type of geometry. The 
models to be printed were imported in STL format and 
configured employing Cura 4.10 software (Ultimaker, 
Utrecht, The Netherlands). The best-performing param-
eters obtained in the tensile and bending tests were used 
for the configuration of the impression of the suxillary 
structures.

Results and discussion
Digitizing using structured light scanners
The anatomical model obtained after combining the 
Artec Eva scanner used for the general registration 
(Fig.  4a) and Artec Space Spider for the details and 
smaller fragments (Fig. 4b), made it possible to generate 
a high-quality model. A mesh of 15,168,150 polygons has 
been obtained for the entire work (Fig. 4d).

Fragment composition analysis by virtual anastylosis
All the fragments of the virtual model except the left hand 
of the obstetrician were placed in their correct position, 
adjusting quite precisely to each other and leaving hardly 
any space between them. This process is known as anas-
tylosis. Once the location of the hand in its original site 

was established, it became clear there was a large area of 
missing material (Fig. 5a). Such information revealed the 
difficulty that would be faced when ensuring the stabil-
ity of the hand during the bonding process. Another find-
ing that was central to the stability of the adhesions as a 
whole was the missing middle finger. A metal bolt located 
in the middle phalanx of the index finger was found to 
cross the middle finger to provide greater consistency to 
the hand (Fig. 5c). Because this piece is a central element, 
it was decided to incorporate it to ensure the stability of 
the adhesion set. Regarding the fetal foot and the fingers 
of the obstetrician’s left hand, certain difficulties were 
also detected when making the adhesion. These were due 
to the irregularity of the joining surfaces (Fig. 5b and d). 
The problems encountered at various points during the 
adhesion and volumetric reintegration processes led to 
the meticulous study and modeling of the auxiliary struc-
tures to stabilize each of the fragments accurately and 
safely.

3D modeling of structures
3D modeling along with bevel, loop cut, and knife tools 
have made possible the restoration of quite complex 
numerous parts (Fig.  6a–c). The boolean has been one 
of the most effective tools when designing of the figures 
because its options of substraction, union, and intersec-
tion we have achieved a high precision modeling in very 
complex parts. This has allowed a perfect fit of each of 
the components that make up the auxiliary structure. 
In addition, we have created auxiliary structures that 
are adapted to a very precise scale on the correspond-
ing fragments, thus ensuring great stability during the 
intervention (Fig. 6d–f). The result of the virtual anasty-
losis has been key since each structure and the operative 
methodology have been specifically designed according 
to the position of each fragment.

Fig. 3  Printing positions of the specimen. a Horizontal 0°. b Horizontal 90°. c Vertical at 0°
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In our case study, two types of auxiliary structures were 
finally obtained. The first is focused on holding fragments 
such as the foot and fingers of the obstetrician’s left hand 
(Fig. 7a). Each structure is made up of a base that allows 
the brackets that support the spheres to be housed inside. 
The clamps are closed by pressing the sphere inside 
employing the screws and nuts located on the upper part. 
The spheres have a hole that allows the placement of dif-
ferent masts which in turn are joined with another clamp 
system with a double sphere. The use of this last system 
was decisive in achieving a greater margin of move-
ments and angles. The upper sphere of the double clamp 
has another hole that allows the attachment of different 
masts with various dimensions, as well as a wide variety 
of heads equipped with elastic straps to stabilize the toes 
and an auxiliary structure that adapts to the surface of 
the foot.

The second structure is designed for the adhesion of 
damaged fragments that compose the shape of the hand 
(Fig. 7b). It has a base with four cavities in the central 
part to accommodate different pillars that support the 
base of the clamp. This base has a threaded hole in the 

central part to insert a screw that allows the clamp to 
be manipulated upwards and downwards. There are 
two pillars located on the sides that work as guides dur-
ing the millimetric lifting of the system. Similar to the 
case discussed before, the clamp has a sphere inside 
that is tightened by means of the system of screws and 
nuts located in the upper part of it. Finally, it also has 
a hole that allows the attachment of the head that sup-
ports the hand auxiliary structure.

Once the structures were completed, different vir-
tual simulations adopting different positions were con-
ducted to confirm their functionality and efficiency. 
This allowed us to calculate the most appropriate 
spaces and maneuvers for the intervention (Fig. 7c).

The auxiliary supports helped to hold all these deli-
cate and fragile parts firmly, precisely and securely in 
place. Performing such operations to achieve maximum 
precision using conventional tools would be very diffi-
cult indeed. 3D modeling is the way forward for per-
fecting intervention techniques for complex fragment 
adhesions.

Fig. 4  Scanning process and obtaining the model. a Artec Eva scanning process rotating around the work. b Artec Space Spider scanning process 
rotating the fragments using the rotating platform. c Original model. d Processed virtual model
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Fig. 5  Virtual anastylosis process. a Process of placement of the obstetrician’s left hand. b Process of placement of the fetal foot. c Process of 
placement of the middle finger. In the marked circle, the metal bolt that would go through the middle finger can be seen. d Process of positioning 
the little finger

Fig. 6  a–c Modeling process of the structural parts. d–f Modeling process of the the auxiliary structure of the foot
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Mechanical testing of thermoplastic materials for 3D 
printing of ancillary structures
Tensile tests: analysis of the geometry construction and filling 
density of specimens
In order to analyse the influence of printing orientation 
of specimen, several specimen of PLA have been built 
in the configuration described above. In Table 1 we pre-
sent the mechanical parameters for every manufactur-
ing morphologies of PLA specimens. For comparison, 
in Fig.  8, the nominal stress-nominal strain curves for 
different configurations are shown. As can be seen from 

the results collected in Table 1 both, position and filling 
density play a determining role in the mechanical perfor-
mance of the specimens.

In Fig.  9 the dependence of the tensile modulu and 
yield strength versus filling density have been shown. As 
can be seen, tensile modulus increased with filling den-
sity, that is, the strength of specimen is bigger the bigger 
is filling density. However, while a geometry of verti-
cal position at 0° (VER 0°) produced specimens with a 
very low strength, no significant differences between the 
horizontal position at 0° and 90° (HOR 0° and HOR 90°) 
were observed. A similar behavior is observed for yield 
strength in reference to filling density and geometry of 
specimen (Fig. 9b).

The vertical position at 0° turned out to be the weak-
est because it has the lowest modulus of elasticity and 
yield strength for all densities. However, the infill den-
sity improves the mechanical properties of the specimen, 
increasing both, elastic modulus and yield strength in 
50% when specimen are filling from 10 to 100%. In the 
case of printing angle, it is noticeable that the mechanical 
properties of specimens manufactured at 90° are slightly 
higher than those at 0°. Therefore, based on these initial 
results, the different selected materials have been ana-
lyzed in the horizontal position at 90°.

Tensile tests: analysis of different thermoplastic materials
In Table  2 we present the mechanical property param-
eters of the 11 materials tested on specimens built in 
the horizontal position with a 100% filling density. In 
Fig.  10 we show their nominal stress-nominal strain 
curves. Results show that the PA CF is the material 
with the highest values of modulus and yield strength 
and therefore, the ideal material to produce the auxil-
iary structures. However, as a consequence of the pres-
ence of carbon fiber, its printing process is complex and 

Fig. 7  a and b Composition of the different elements that make 
up the auxiliary structure. c Application and testing of the auxiliary 
structures during fragment adhesion

Table 1  Tensile test results

Mechanical parameters of each of the specimens (the strain at the yield strength is the deformation of the specimen when the applied stress has the value of the yield 
strength stress)

Specimens Printing material Orientation Filling 
density 
(%)

Printing time 
per specimen

Tensile modulus 
of elasticity [MPa]

Yield strength 
σ0.2% [MPa]

Strain at yield 
strength σ0.2%

Tensile 
stress 
[MPa]

PH10 PLA Polylactic acid Horizontal 0° 10 109 min 1305 32 0.028 38

PH50 PLA Polylactic acid Horizontal 0° 50 117 min 1450 36 0.028 44

PH100 PLA Polylactic acid Horizontal 0° 100 172 min 1944 49 0.028 62

PHC10 PLA Polylactic acid Horizontal 90° 10 169 min 1392 34 0.028 38

PHC50 PLA Polylactic acid Horizontal 90° 50 180 min 1412 32 0.026 36

PHC100 PLA Polylactic acid Horizontal 90° 100 259 min 2066 52 0.028 62

PV10 PLA Polylactic acid Vertical 0° 10 161 min 544 23 0.047 28

PV50 PLA Polylactic acid Vertical 0° 50 168 min 740 25 0.035 27

PV100 PLA Polylactic acid Vertical 0° 100 258 min 802 19 0.020 46
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cumbersome. This causes successive failures when the 
filament is not correctly extruded, sometimes completely 
clogging the brass nozzle. The latter, along with the fact 
that its mechanical properties are too high for the pro-
posed purpose, makes us decide not to consider it during 
the manufacture of the auxiliary structures.

The second material with the highest mechanical prop-
erties was PLA. It has an elastic modulus of approxi-
mately 2060  MPa and a yield strength of 52  MPa. In 

addition, it is easy to manufacture and it has an optimum 
performance, making it the ideal candidate for the needs 
in the manufacture of structures. Moreover, PLA’s bio-
degradable characteristics makes it an environmentally 
friendly material. The tensile strength, that is, the maxi-
mum stress that the material could withstand before the 
first signs of fracture appear, is 62  MPa. This would be 
equivalent to a load of 625 kg/cm2, which is much higher 

Fig. 8  a Tensile specimens of different PLA positions and densities. b Before performing tensile tests. c After performing the tensile test. d 
Comparison of nominal stress σn =

F

A
 nominal strain εn =

�L0
L0

 curves of printed specimens for different positions and densities

Fig. 9  a Relationship of tensile modulus and filler density of specimens with different positions. b Relationship between yield strength and fill 
density of specimens with different positions
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Table 2  Tensile test results

Properties and characterization of each of the specimens formed in different materials

Specimens Printing material Orientation Filling 
density 
(%)

Printing time 
per specimen

Tensile modulus 
of elasticity [MPa]

Yield strength 
σ0.2% [MPa]

Strain at yield 
strength σ0.2%

Tensile 
stress 
[MPa]

ABS ABS Acrylonitrile Butadi‑
ene Styrene

Horizontal 90° 100 280 min 1437 37 0.032 45

PL3 PLA 3D870 Polylactic 
acid

Horizontal 90° 100 259 min 1730 40 0.030 54

PET PETG Polyethylene 
Terephthalate

Horizontal 90° 100 259 min 1223 40 0.049 51

ASA ASA Acrylonitrile Sty‑
rene Acrylate

Horizontal 90° 100 259 min 1238 34 0.041 46

PP PP Polypropylene Horizontal 90° 100 223 min 379 9 0.046 16

HIP HIPS Polystyrene and 
Polybutadiene Rubber

Horizontal 90° 100 259 min 1036 17 0.017 18

NYL NYLSTRONG Nylon [PA6] 
Polyamide With Glass 
Fiber

Horizontal 90° 100 259 min 1726 28 0.026 52

COP INNOVATEFIL CO-POLY‑
ESTER Copolyester

Horizontal 90° 100 259 min 1443 16 0.014 25

POL INNOVATEFIL POLYCAR‑
BONATE Polycarbonate

Horizontal 90° 100 259 min 1180 14 0.016 27

PAC PA CF Polyamide With 
Carbon Fiber

Horizontal 90° 100 259 min 3873 52 0.021 106

PLA PLA Polylactic acid Horizontal 90° 100 259 min 2066 52 0.028 62

Fig. 10  a Tensile specimens of different materials. b Before performing tensile tests. c After performing tensile tests. d Comparison of curves 

nominal stress σn =
F

A
 nominal strain εn =

�L0
L0
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than the expected load that the structures will have to 
support.

Bending tests: analysis of the printing orientation and filling 
density of specimens
After conducting three point bending tests, we corrobo-
rate that filler density and position play a key role in the 
mechanical parameters of each specimen. In Table 3 we 
show the data obtained on the PLA material. In Fig. 11 
we present the flexural stress–strain curves in bending. 

In Fig. 12 the values of bending modulus versus filling 
density are ploted. For all geometry an increase in the 
strength of specimens is observed with the filling den-
sity. The same behavior can be shown for the bending 
stress. It can be observed that the mechanical proper-
ties of the specimens at 90° (HOR 90°) are slightly higher 
than the other ones geometry. Based on these results, the 

horizontal position at 90° has been chosen for testing the 
different materials.

Bending tests: analysis of different thermoplastic materials
In the case of bending tests, on Table  4 we show the 
mechanical properties of the 11 materials analyzed. In 
Fig. 13, we show how their different flexural stress–strain 
curves in bending. The highest values can be seen in 
the PA CF material. However, as mentioned in the pre-
vious contribution on the tensile tests, despite its good 
mechanical performance its values are excessively high 
for the needs of the study. Moreover, if we take into 
account the difficulty of printing, this material is to be 
discarded. The second material with the best mechani-
cal properties was PLA. It has a flexural modulus of 

Table 3  Bending test results of the different specimens tested

Specimens Printing material Orientation Filling 
density (%)

Printing time per 
specimen

Bending strain 
yield strength

Bending 
modulus [MPa]

Bending 
stress 
[MPa]

PH10 PLA Polylactic acid Horizontal 0° 10 54 min 0.031 2216 80

PH50 PLA Polylactic acid Horizontal 0° 50 58 min 0.033 2405 86

PH100 PLA Polylactic acid Horizontal 0° 100 81 min 0.038 2604 107

PHC10 PLA Polylactic acid Horizontal 90° 10 60 min 0.032 2390 88

PHC50 PLA Polylactic acid Horizontal 90° 50 62 min 0.030 2664 94

PHC100 PLA Polylactic acid Horizontal 90° 100 94 min 0.035 2851 117

PV10 PLA Polylactic acid Vertical 0° 10 71 min 0.024 2347 67

PV50 PLA Polylactic acid Vertical 0° 50 72 min 0.024 2651 74

PV100 PLA Polylactic acid Vertical 0° 100 97 min 0.026 2691 81

Fig. 11  a Three point bending specimens of different PLA positions and densities. b Before bending testing. c PLA three point bending test 
process. d Comparison of bedning stress σf =

3FL

2bh2
 bending deformation εf =

6sh

L2
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approximately 2850 MPa and a bending stress of 117 MPa 
equivalent to 1193 kg/cm2.

Based on the results obtained in both the tensile and 
bending tests, and taking into account the weight of the 
fragments to be bonded (little finger 3.08  g, ring finger 
7.80 g, the right foot of the fetus 36.20 g, and left hand 
223.70 g), we determined that the PLA material has the 
most appropriate mechanical properties for this case 
study. Therefore, the various pieces that make up each of 
the auxiliary structures were printed in a horizontal posi-
tion at 90° with a filling density of 100%.

3D printing of support structures
The printed parts with the parameters of 0.1  mm in 
layer height have been more than enough to reproduce 
the designed virtual models with great quality. The 
100% infill density with a grid pattern has endowed the 
inside of each part with enormous strength. Regarding 
the applied printing speed of 50 mm/s, it has achieved 
an optimal layer-to-layer adhesion (Fig. 14).

Fig. 12  a Relationship between bending modulus and infill density of specimens with different positions. b Relationship between bending stress 
and infill density of specimens with different positions

Table 4  Results of bending tests

Properties and characterization of each of the specimens formed in different materials

Specimens Printing material Orientation Filling 
density 
(%)

Printing time 
per specimen

Bending strain 
Yield strength

Bending 
modulus 
[MPa]

Bending 
stress 
[MPa]

ABS ABS Acrylonitrile Butadiene Styrene Horizontal 90° 100 91 min 0.038 1823 78

PL3 PLA 3D870 Polylactic acid Horizontal 90° 100 79 min 0.034 2700 105

PET PETG Polyethylene Terephthalate Horizontal 90° 100 79 min 0.041 1793 84

ASA ASA Acrylonitrile Styrene Acrylate Horizontal 90° 100 79 min 0.041 1812 77

PP PP Polypropylene Horizontal 90° 100 63 min 0.036 689 25

HIP HIPS Polystyrene and Polybutadiene Rubber Horizontal 90° 100 79 min 0.022 1375 37

NYL NYLSTRONG Nylon [PA6] Polyamide With Glass 
Fiber

Horizontal 90° 100 79 min 0.034 2822 109

COP INNOVATEFIL CO-POLYESTER Copolyester Horizontal 90° 100 79 min 0.016 2340 41

POL INNOVATEFIL POLYCARBONATE Polycarbonate Horizontal 90° 100 79 min 0.031 2120 87

PAC PA CF Polyamide With Carbon Fiber Horizontal 90° 100 79 min 0.032 7076 198

PLA PLA Polylactic acid Horizontal 90° 100 79 min 0.035 2851 117
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The use of two extruders during printing offered a 
high quality with precise finishes in each of the pieces 
obtained. The PVA material reinforced the most com-
plex points and its subsequent removal has been eas-
ily carried out mechanically. The designed system of 
auxiliary structures composed of the base, clamps with 
screws and nuts, the set of spheres, the masts that are 
housed in the spheres, and the auxiliary structure that 
adapt to the surface of each fragment, have provided an 
easy, safe, and precise mechanism to stabilize the frag-
ments in the desired positions (Fig. 15).

Application of auxiliary structures for the adhesion 
of fragments on the anatomical model
As part of the methodological strategy for the curative 
conservation of mechanical damage, we opted to use 3D 
printed auxiliary structures that had been specifically 
designed to support the fragmented elements (hand, fin-
gers and foot). In order to stabilize the fragments and 
provide them with adequate adhesion, during the first 
phase we took into account the characteristics of the 
material, including the weight and position of each frag-
ment. That’s why we chose to use the Epo® 155 resin 

Fig. 13  a Flexure specimens of different materials. b Before performing the flexure tests. c After performing the flexure tests. d Comparison of 

flexural stress curves σf =
3FL

2bh2
 flexural strain εf =

6sh

L2
.

Fig. 14  The printing process of the different pieces that make up the structures. a Individual printing of an auxiliary structure in a horizontal 

position at 45°. b Group printing of several elements in a horizontal position at 90°
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combined with K 156 Hardener, and added 5% Lovel 
27 micronized silica [23]. This product, which becomes 
totally transparent when dry, was selected due to its ver-
satility, optimum mechanical properties of strength and 
stability, high flexibility and good adhesion. The addi-
tion of silica was necessary to give the mixture a slight 
viscosity in order to better adapt it to the irregularities 
of the surfaces to be treated. We applied this by injec-
tion and brushing. Due to its irregular edges, and to 
achieve optimum consolidation in the area Lascaux® 
443-95, a compound of microcrystalline wax and a syn-
thetic polyterpene resin, was applied to fill the hollow 
spaces in some of the fragments [24]. Its resin serves as 
an elastomer that provides excellent adhesive and bond-
ing strength, and improves moisture resistance, wetta-
bility, low viscosity, and hot bonding. In the areas of the 
sculpture to be treated, the previously liquefied product 
was injected into the hot bath at 60 °C. During the solid-
ification phase, the wax was modeled to adapt it to the 
shapes with the help of spatulas and dental probes. We 
considered it essential to allow a period of 48 h to elapse 
between the application of each layer to ensure complete 
curing of the product. This operation was repeated until 
the desired level of filling was achieved.

The adhesion process corresponding to the hand 
turned out to be somewhat complex due to the fact that 
the metal bolt preserved in the work no longer had its 
original position. This is a result of inadequate manipu-
lations and previous poorly executed interventions. Dur-
ing this preliminary phase, the virtual anastylosis studies 

have proved to be an extremely valuable tool to deter-
mine the ideal position of each fragment.

The 3D printed auxiliary structure that holds the obste-
trician’s hand has been perfectly adapted to the volume 
of the hand with millimeter precision. This provided a 
precise fit and thus a high degree of stability in the estab-
lished position. The elevation system of the clamp with 
the sphere inside allowed millimeter-scale movements in 
the adjustment of the orientation (Fig.  16a). This made 
it possible to place the fragment in its original position. 
The adhesion was conducted by applying the resin at key 
points including on the metal pin and the wax in areas 
close to it. Due to the enormous loss of waxy material in 
the damaged areas, once the adhesion was completed, 
the hand have not completely stable (Fig. 16b). To solve 
this problem and to guarantee the required strength in 
the damaged area, we volumetrically reintegrated the 
hollow spaces with the wax paste (Fig. 16c and d). After 
48  h, the wax paste solidified correctly providing the 
area with great strength, and completely stabilizing the 
fragment. The application of the wax by injection made 
it possible to access all the spaces, achieving a firm and 
resistant adhesion.

Regarding the intervention on the foot, it turned out 
to be less complex than in the previous case. The auxil-
iary structure of the structure, which gathers and holds 
this anatomical part of the sculpture by its sole, was com-
pletely adapted to the shape of the fragment (Fig.  17a). 
The set of elements that make up the structure made it 
possible to locate the exact original position of the limb 
with great precision. The fragment was attached using 

Fig. 15  a Structures for adhesion of the fingers. b Structures for adhesion of the foot. c Structures for adhesion of the hand. d Assembled structures



Page 16 of 19Sterp Moga et al. Heritage Science          (2022) 10:103 

the original metal rod that was preserved. Due to the 
non-uniform edges between the joints, once this pro-
cess was completed the hollow spaces were reintegrated 
volumetrically with wax. Regarding the middle and ring 
fingers, we chose to insert a small 20 mm fiberglass rod 
to guarantee their stability once they have adhered to the 
work as a whole. The small dimensions of the little fin-
ger did not require any additional reinforcement. During 
the adhesion we placed each element in its exact posi-
tion thanks to the auxiliary structures and to the different 
heads on whose extremities elastic bands were placed to 
hold each one of the fingers (Fig. 17b–d).

In the five adhesions conducted with the aid of the aux-
iliary structures, the process proved to be very effective. 
We achieved great stability, resistance, safety, and preci-
sion in each of the treatments applied to the sculpture 
(Fig. 18).

Conclusion
3D digitization using structured light scanners has 
proven to be an effective tool when conservator-restorers 
need a high-precision, high-resolution model on which 
to study different intervention alternatives. The analysis 
of each of the treatments carried out using virtual anasty-
losis has made it possible to study in detail the necessary 
designs of the auxiliary structures through digital mode-
ling. The precision established in the auxiliary structures 
was perfectly reproduced during 3D printing, adapting 
exactly to the fragments that make up the work.

The analysis of mechanical behavior conducted by ten-
sile and bending testing show that FDM thermoplastic 
printing materials are strongly dependent with the geom-
etry pattern used to build the specimen. An induced ani-
sotropy is then present in the specimens by the building 
method. The relative orientation of filaments formed 
during printing process is very important to get the best 
mechanical properties of specimens. Specimens with 
filaments oriented along applied tensile have the best 
behavior. The PLA filament determined that specimens 

Fig. 16  Adhesion process of the fragments using the 3D printed auxiliary structures. a Adjustment of the auxiliary structure to place the hand 
in its original location. b Missing material between the hand and the work. c Injection of the new wax to volumetrically reintegrate the losses. d 
Modeling of the volumetric reintegration
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oriented with a 90° horizontal position at 100% filler 
density were the strongest. Among the various types of 
materials characterized, PLA also proved to be the most 
suitable due to its good mechanical performance and easy 

printing process. The set of structures applied during the 
adhesion of fragments proved to be a great alternative to 
conventional systems. The methodology developed under 
the criterion of minimum intervention was respected 

Fig. 17  Adhesion process of the fragments using the 3D printed auxiliary structures. a Adhesion process of the foot. b–d Adhesion process of the 
toes

Fig. 18  a Initial state of the work before the intervention. b Current state after the intervention
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at all times. Because of it, manipulations during treat-
ments were considerably reduced and the intervention 
ensured with maximum precision, safety and rigor. The 
tools used in this research can be of great help to pro-
fessionals in the field of conservation and restoration of 
cultural heritage. However, when performing adhesions 
of complex fragments, the approach methods must be 
adjusted to the characteristics of each specific work. This 
includes taking into consideration the weight of the work 
and fragments, the angles of union, the volumetric com-
plexity, the constituent material of the work, and the 3D 
printing material. Finally, one must pay attention to the 
orientation of the printing of each of the pieces that make 
up the structures.
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