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INTRODUCTION

Indeed, thanks the ability to reproduce complex geometries in a relatively short time frame and its versatility in

accommodating a wide range of materials, including eco-sustainable ones, 3D printing has become recently a
precious tool in various sectors, as in the spheres of architecture and construction [1,2]. The potential of 3D printing for
the realization of customized components with complex designs, while reducing material waste and fabrication time, has
led to significant intetest in its applications for structural and ornamental elements. Among these, the use of 3D printing
for the preservation and rehabilitation of cultural heritage is an innovative area of research [3—7]. Among the various
technologies encompassed by Additive Manufacturing (AM), Fused Filament Fabrication (FFF) is one of the most widely

T he field of 3D printing is greatly spreading in recent years in different fields, from manufacturing to healthcare.
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used due to its affordability and simplicity. In this process, a thermoplastic filament is heated and extruded through a nozzle
to build up the object layer by layer. FFF is particularly suitable for producing complex shapes and small-scale components
with minimal material waste.

The combination of 3D printing technologies with digital ones, such as 3D scanning and photogrammetry, has opened new
frontiers in the field of architectural restoration. The ability to digitally capture the exact shape and dimensions of historical
artifacts, monuments, and buildings allows for the reproduction of missing or damaged parts with a level of accuracy difficult
to reach using traditional methods. Several studies have already demonstrated the potential of 3D printing for the physical
reintegration of gaps in cultural heritage. For example, literature works show that 3D scanning has been employed to create
virtual models of ornamental architectural features, such as the Roman cornice from the Castulo Archaeological Site, and
the subsequent use of 3D printing to reproduce the missing parts for reintegration into their original context [8].
Additionally, 3D printing has been applied to reproduce small museum components and trepair ancient statues,
demonstrating its ability to reproduce historically significant objects with an high level of precision [2,9]. Xu et al. [10]
demonstrated that the combination of three-dimensional scanning devices and cement mortar-based 3D printing technology
can be effectively used to reproduce ornamental components of historical buildings. In the same context, Papas et al. [11]
proposed an approach that involves the combined use of 3D scanning, 3D printing and 3D CAD technologies for the
restoration of an ancient terra sigillata plate.

In addition to studies specifically focusing on possible applications of 3D printing, other research works focus the attention
on the characteristics of the materials composing the printed elements and their structural performance [4,5]. Indeed,
determining the mechanical properties of the materials used for printing is a fundamental challenge, particularly when these
materials are employed in restoration projects. The mechanical properties of 3D-printed components are highly influenced
by not only the type of material chosen, but also by the parameters chosen for the printing process, such as the layer
orientation, printing temperature, filament diameter, print speed and so on [3,6,12-18]. Therefore, it is fundamental
characterizing the behavior of the printed materials through experimental testing, which are necessary in the design process
of 3D-printed structural components. These tests generally include tensile and bending tests, to assess the performance of
the printed samples under various conditions [3,6,7]. In this context, literature works investigated the effect of different
parameters in the structural performance of 3D samples.

Adrover-Monserrat et al. [12] analyzed the effect of the printing direction on the mechanical properties of dog-bone samples
printed in polymeric material and on the presence of voids in the cross-section; in particular, considering that all samples
were printed with longitudinal layers, three 3D printing orientations have been analyzed, each corresponding to a different
layer direction with respect to the application of the load during the tensile tests: layers longitudinal to the direction of force
application, layers orthogonal to the force application, and transversal to the force application. The stress stain curves show
similar behaviors in terms of initial stiffness, maximum stress and post-peak behavior, nevertheless the last kind of samples
show a more brittle behavior, since the detachment between the different layers. Mohd Khairul Nizam et al. [13] have
compared elements printed in Acrylonitrile Butadiene Styrene (ABS) with different printing orientations: on-edges, on-flat
and up-right; the results showed that the best printing orientation for tensile strength and impact strength is the on-edge,
while the best one for hardness is on flat. Kumar et al. [14], analyzed PLA specimens printed by varying different process
parameters, such as layer thickness, printing speed and temperature. The samples were realized with a density of 100% and
with a zig-zag filling patterns, and disposed along the vertical direction. The results showed that the layer thickness is the
parameter that have the greatest impact on the mechanical properties, in particular thinner layers improve tensile and flexural
strengths. Monaldo et al [3] investigated the effect on the mechanical performance of 3D printed PLA samples of the
filament orientation and flow rates (100% and 120%), by printing rectangular stripes with six layers. The samples were
subjected to tensile and flexural tests, and the results showed that increasing the flow rate improves stiffness and tensile
strength, thanks the reduction of void density and an improvement of filament bonding. Furthermore, the samples with the
filament direction aligned to the tensile load direction provided higher values of strength, while crossed orientation filaments
(e.g., 45°/-45°) were more brittle. In the work of Tomei et al. [6], dog-bone samples printed in PLA characterized by
different print directions were realized in order to examine how the printing direction affects the material properties; in
particular, on-edges and on-flat samples were investigated. Regarding the printing path, for each layer composing the sample,
the edge was preliminary printed by following a linear path, whilst the inner zone was printed by following a cross oriented
inclined path of 45°/-45°. The results shows that on-flat samples exhibited higher strength and stiffness compated to on-
edges ones. However, the latter showed greater deformability. Fontana et al. [15] investigated the effects of both layer height
and infill percentage on the mechanical properties of PLA through tensile tests. The results showed that the layer height
has a greater impact on tensile strength than infill percentage. Then a regression model has been carried out to define a
relationship between the tensile strength and both factors, in order to define the optimal printing parameters to maximize
tensile strength.In the study Hanon et al. [16], PLA samples were 3D printed while varying printing orientation, raster
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direction angle, and layer thickness. The influence of these parameters on the mechanical properties have been investigated
thought tensile and hardness tests. The results showed that the print orientation have the greatest influence, and layer
thickness also affects the mechanical performance, with thinner layers providing better properties. A correlation between
hardness and tensile strength was observed, particularly concerning printing orientation. Hamoud et al. [17] investigated
how several 3D printing parameters affect the mechanical properties of PLA material, with particular attention to infill
patterns (triangular, quadrangular, hexagonal, complex geometry) and infill percentages. The samples were tested in order
to analyze their influence on tensile strength, Young’s modulus, and ultimate strain. Results showed that a high density infill
pattern led to the best mechanical performance, while the triangle infill pattern at moderate density exhibited the lowest
strength. Sultana et al. [18] studied the effects of 3D printing parameters, more in details layer height, infill density, printing
speed, and extrusion temperature, on the mechanical properties of PLA printed composites reinforced with wood fibers,
thought tensile tests. The main results showed how the layer height and the infill density strongly affects tensile strength
and elastic modulus. The study highlights that the extrusion temperature also plays a crucial role, indeed higher temperatures
enhance mechanical strength, while excessive temperatures can degrade the wood fibers, reducing the overall performance.
Statistical analysis based on the results was further used to optimize the printing parameters, identifying ideal settings to
improve the mechanical properties.

The potential of 3D printing is widely recognized, as evident also from the literature works briefly described. Nevertheless,
the idea to employ it in architectural restoration is very recent and still largely unexplored. The novelty of the paper lies in
the idea of using a plastic and biodegradable material, such as PLA, for architectural restoration. In this field, the properties
of the materials must be carefully assessed to ensure stability and compatibility requirements with existing structures. In this
context, it is fundamental to define the material properties in terms of strength and stiffness when designing structural
elements. Furthermore, since the mechanical characteristics of the material depend on various printing parameters, it is
crucial to be conscious of these factors during the define phase and sample production. In this context, the paper presents
the results of tensile tests on dog-bone samples in order to characterize the material properties, followed by tensile and
bending tests on small truss-based beam components printed with the same parameters. These components are not part of
an existing restoration intervention but are conceived to explore the feasibility of PLA-based printed structural forms that
can be integrated into architectural restoration in future developments. While many previous studies have demonstrated the
usefulness of 3D printing in restoration, particulatly for reproducing decorative elements or geometrical reconstructions,
very few works have focused on assessing the mechanical behavior of structural components made of biodegradable
materials such as PLA. In most cases, the printed components ate evaluated from an aesthetic or dimensional standpoint,
with limited attention to their structural performance under load. Moreover, available mechanical studies often use
standardized shapes for material characterization, but do not consider realistic configurations representative of potential
architectural components. The aim of this study is to fill this gap by means of the testing of items with a structural
justification—a truss-based beam element, in this case—and by reporting experimental results apt for the development of
numerical models for the future restoration design. By doing so, the paper moves the state of the art forward by integrating
material testing with structural feasibility under a restoration approach, while it promotes the use of sustainable and
reversible materials according to principles of conservation. The underlying hypothesis of this study is that PLA, although
a biodegradable polymer normally utilized for non-structural applications, can exhibit mechanical behavior enough to
deserve consideration for inclusion in structural restoration members. The objective is not the optimization of the printing
parameters, but rather to validate a specific configuration through experimental testing, and the assessment of its possible
application in future practical use in the conservation of buildings.

This paper deals with a relevant topic within the application of 3D printing technology for architectural and ornamental
restoration, contributing to broader research. The practical implications of these studies, include the reconstruction and
integration of missing components in historic buildings with linear walls. A notable example is the reproduction of missing
battlements in monumental structures, with the aim of placing the printed element in its original position, in order to
reconstruct the missing battlement, as proposed by the Authors within the Italian regional projects such as DTC TE1 - Fase
1T - Progetti RSI (Det. N. G07413 of 16.06.2021, public notice of LAZIO INNOVA) and the research project H-S3D —
Stampa 3D per Beni Culturali. Applicazioni di Recupero Strutturale e Monitoraggio di Elementi Architettonici e di Decoro.

MOTIVATION

his study aims to explore the potential use of 3D-printed components for the restoration of architectural/structural
components. This specifically considers the mechanical characterization of elements strut-printed to simulate
structural panels which may have architectural applications. Unlike previous works that often focus on analyzing
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standard geometric shapes, or aesthetically pleasing copies, the work seems to fill the gap in the literature exploring the
mechanics of functionally shaped structures subjected to tension and bending for geared toward restoration design planning
analysis. This recovery could be thought in terms both of structural components and decorative ones, considering that in
both cases it is fundamental to determine the mechanical properties of the printed element, since even decorative
components, such as cornices, should guarantee their own load-bearing capacity. In this context, 3D printing technologies
have significant potential, as these allows the creation of even complex geometries with minimal time consumption and
material waste. This exploratory study focused on the idea of creating panels with continuous outer edges, while featuring
an internal structural pattern that reduces the material usage, resulting in a significantly lower weight compared to solid
panels. This approach has been chosen to investigate a simple, easy to be assembled element that is compatible with various
applications where it is necessary to fill gaps [7]. The internal pattern analyzed, as will be further discussed in the following
sections, is characterized by a truss structure.

The material investigated is PLA, and this choice is motivated by three considerations, strictly related to the necessity of
respect the three principle of restoration: recognizability, reversibility and minimum intervention (ICOMOS — accessed in
April 23, 2025). First, PLA is a plastic material, easily distinguishable from the masonry that commonly characterize historical
buildings, and this feature respect the principle of recognizability. Furthermore, PLA is a biodegradable material, that aligns
with environmentally friendly practices, and it is also in line with the second principle of restoration, which is reversibility.
Then, PLA is also an affordable material, making it suitable for temporary installations as well; in this framework, its use is
compatible with both the principle of reversibility and minimal intervention. Moreover, PLA was selected over other
commonly used materials such as ABS and PETG because, unlike these petroleum-based polymers, it is a biodegradable
material derived from renewable resources such as corn starch, sugarcane, and cassava. Although PLA biodegrades only
under industrial composting conditions, its bio-based origin makes it a more environmentally sustainable option
(Filamentive blog - accessed on April 24, 2025; Unionfab blog - accessed on April 24, 2025).

Downstream of this discussion, it is clear that the first step to investigate the use of PLA 3D-printed components, is the
mechanical characterization of the material. To this purpose, a part of the paper is dedicated to the results of tensile test
performed on dog-bone (DG) samples. However, it is important to note that the mechanical properties of the specimen do
not solely depend on the type of material, but also on a series of parameters that characterize the printing process (orientation
of the printing layers, printing temperature, filament diameter, layer dimensions, printing speed, and so on). In this regard,
a detailed description of the printing process is provided, and it should be noted that the mechanical properties derived are
specific to elements printed with the same process and parameters.

To thoroughly understand the mechanical behavior of 3D-printed PLA components, tensile tests were first conducted on
dog-bone samples. These tests aimed to characterize the material in terms of stiffness, strength, and post-peak behavior.
Then, structural truss beam samples have been realized and tested to investigate the behavior of potential load-bearing
components. The truss beam geometry was selected as it effectively represents a cross-section of a panel with an internal
structural pattern. Indeed, the continuous outer flanges of these samples represent the outer walls of a potential 3D-printed
panel, while the internal pattern is triangular, mimicking the internal structure of the wall. This design aims to create a
lightweight panel that is aesthetically unobtrusive, as the exterior appears to be a continuous surface. These beams have
been subjected to tensile tests and three-point bending tests, and the results are discussed also in function of comparisons
with DG samples. These two typologies of tests are commonly employed to derive the mechanical properties of samples
[5,19-22].

Nevertheless there are numerous existing studies on the mechanical properties of PLA, this paper also presents the results
of dog-bone samples tensile test, in order to characterize the material according to the specific printing methods used for
the truss beam samples and to verify the compatibility of the results between the different samples in this specific
experimental campaign.

MATERIAL AND 3D PRINTING PROCESS

he sample were produced using Additive Manufacturing (AM) technology based on the Fused Filament Fabrication
(FFE) process, utilizing PLLA as material (Fig. 1b). Specifically, the black RAISE3D Premium PLA filament was
employed. The choice of this material is primarily due to its advantages compared to most of the other 3D-printable
materials [23].
As previously discussed, the mechanical properties of 3D-printed PLA components are significantly affected by the printing
parameters [24]. For the samples under study, the 3D-printing machine used is Araknia two rails (Fig. 1a), and the parameters
employed are reported in Tab. 1.
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This same printing procedure and parameters were employed for both dog-bone and beam samples. Specifically, for each
layer, the perimeter was initially printed with a linear path, followed by the inner area using an alternating inclined path at
+45° (Fig. 2). In particular, for the dog-bone specimens, temporary support structutes were necessary duting the printing
process, since these are printed along their height (Fig. 1¢); this support is not necessaty for beam samples, since the printing
orientation of the samples assures their stability during the printing process (Fig. 1d). Both the printing phase and the
experimental tests were carried out at an ambient temperature of 20°C.

filament diameter 1.75 mm
minimum/maximum printing temperature 190°C/ 220°C
nozzle diameter 0.4 mm
layer thickness 0.25 mm
layer width 0.5 mm
infill percentage 100%
nozzle speed 50 mm/s
hot-end temperature 190°C

Table 1: 3D-printing parameters employed.

It should be highlighted that default parameters of the 3D printer used were adopted, with the exception of the layer height
that has been increased to 0,25, in order to increase the production speed of the samples, while respecting the commonly
suggested values to ensure a good printing quality, i.e. 25%-75% of nozzle diameter (Raise3d - accessed on February 14,
2025; Kingroon - accessed on February 14, 2025; Ultimaker - accessed on February 14, 2025).

@) @
Figure 1: 3D-printing process: (a) 3D-printing machine; (b) PLA; (c) DG sample with printed support; (d) beam sample during 3D-
printing.
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Figure 2: 3D-printing process: disposition of subsequent layers during the printing process for (a) DG samples and (b) beam samples.

DESCRIPTION OF SAMPLES AND EXPERIMENTAL TESTS

Dog-bone sanples
he Dog-Bone (DG) samples have been manufactured and tested with the aim to explore the behavior of the printed
material. For this purpose, tensile tests were conducted on 4 samples, which geometry is described in Fig. 3 and

Tab. 2, as suggested by the standards (UNI EN ISO 527-2-2012).

;q;

h, h,
b,
by

Figure 3: Geometry of dog-bone samples.

by b hy t hy r n. samples
(mm) (mm) (Mmm) (mm) (mm) (mm)
DG 150 80 20 4 10 20 4

Table 2: Geometrical dimension and number of DB samples

Beam samples
Beam samples have been manufactured in order to investigate the behavior of 3D-printed structural components. In
particular, these samples are characterized by trusses (see Fig. 4) composed of two external flanges connected by an internal
structure made of thin walls arranged in a triangular pattern. This pattern is defined by two slope values, denoted as 0 in
Fig. 4, which is also reflected in the nomenclature assigned to the samples (i.e., the number preceded by a subscript).
The beams have been designed to be subjected to tensile tests and three-point bending tests, with specific precautions
implemented to ensure reliable results. In particular, the samples for tensile testing are equipped with two solid sections of
length by at their extremities (Fig. 4a and b). These sections are the parts that will be clamped by the jaws of the tensile
testing machine. This configuration was chosen to ensure a proper grip during testing and to avoid crushing or localized
failure of the internal truss structure under the clamping action of the machine. The solid ends serve only a functional
purpose related to the testing setup and do not interfere with the interpretation of the specimen’s structural behavior in the
patterned region.
These beams are referred to as TR_0, where 0 represents the slope value of the internal walls forming the triangular pattern.
The samples for three-point bending tests (denoted as BR_6) are divided into two categories:

v" Samples without specific measures (BR_6).
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v" Samples equipped with a dedicated semi-cylindric housing designed to accommodate the load cylinder of the
bending test machine (BR_6*). This housing ensures proper load application and prevents potential lateral slipping
of the samples due to off-centered application of the load.

The geometrical dimensions and the number of samples are summarized in
Tab. 3. Two values of 6 have been introduced, in order to also analyze the effect of this parameter.

bs b, hy t W ® O n.

(mm) (mm) (mm) (mm) (mm) () (mm) samples
TR_60 200 40 30 4 20 60 - 3
TR_72 200 40 30 4 20 72 - 3
BR_60 200 - 30 4 20 60 - 3
BR_72 200 - 30 4 20 72 - 3
BR_60* 200 - 30 4 20 60 10 3
BR_72* 200 - 30 4 20 72 10 3

Table 3: Geometrical dimensions and number of samples.

It is important to clarify that the infill pattern is the same for both the dog-bone and beam samples, while these differ in
terms of overall structure (i.e. geometry). The aim of using beam samples is to analyze the behavior of samples with a specific
structural configuration (in this case, trusses), whereas the dog-bone sample is used to characterize the material. To be
clearer, the beam specimens have a geometry that was pre-defined and set as input for the 3D printing process. The printing
process regulates the infill pattern and infill percentage (100%) that define the walls of the truss structure.
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Figure 4: Geometry of beam samples: (a) TR_60 (b) TR_72; (c) BR_60; (d) BR_72; (¢) BR_60*; (f) BR_72*.
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Figure 5: Sketch and picture of experimental setups: (a) tension test on DB samples; (b) tension test on beam samples (c) three-point
bending test on beam samples.

Experimental setup

The experimental setups are schematically described in Fig. 5 a, b and c¢ for the tension tests on DG samples, the tension
tests on beam samples, and three-point bending tests on beam samples, respectively. In particular, about the latter, the load
is applied with a load cylinder disposed at half-length of the upper flange of the beam, and supports condition are set in
order to have a span S of 10 cm (Fig. 4c), dimension that was compatible with the available experimental devices. The
tension tests on DG samples and the three-point bending tests have been carried out at the University of Cassino and
Southern Lazio by using a universal testing machine Gabaldini (Fig. 4d and f, respectively), while tension test on beam
samples have been performed at the laboratory of Pa.L.Mer. in Ferentino (FR), Italy, by using a universal testing machine
Instron (Fig. 4¢) equipped with tensile load cells and a wedge grip, and a load cylinder with a radius of 10 mm. A speed test
of 6 mm/min has been considered.

RESULTS AND DISCUSSION

Dog-bone samples

T ensile tests on DG samples have been carried out in order to characterize the material behavior. The main parameters
derived from the tests are the Young’s modulus (E) and the tensile strength (o1m). These quantities were obtained
from the force—displacement (F—A) curves, reported in Fig. 6a, which show a similar behavior for all samples. In

particular, each curve exhibits a linear branch up to the peak force, followed by a short softening phase until the final

collapse.

The Young’s modulus E was evaluated by considering the force and displacement corresponding to 40% of the peak load

(Fp), as described by Eqn. (1), while the tensile strength oim was computed as the peak force divided by the cross-sectional

area, as reported in Eqn. (2):

E: F40% . bZ (1)
th A40" o
F
Olim = @)
h,t

where Fyov, is the force corresponding to the 40% of the peak force Fj, and As, is the relevant displacement.

The values of E and oim for each specimen are reported in Tab. 4, together with the average values, that can be used to
model and predict the behavior of structural components, printed with the same parameters previously described. An
average elastic modulus value E=1270 MPa and an average peak stress value oim=44 MPa were deduced from the tensile
tests.

Actually, the standards (UNI EN ISO 527-2-2012) suggest determining the Young modulus between 0.05% and 0.25% of
strain for polymers. Nevertheless, in the initial part of the test, the obtained curves often exhibit local perturbations that
may affect the accuracy of the results. For this reason, and considering that the first portion of the curve is approximately
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linear, in this study the Young Modulus has been evaluated as previously described. Further, the values of Force and
Displacements are used to evaluate the Young Modulus instead of stress-strain values because these Force-Displacement
curves are the direct output obtained from the tensile tests; indeed, strain gauges have not been provided during the tests.
Fig. 6b shows the pictures of the samples after collapse (the colors of the outline indicate the curve of Fig. 6a to which they
refer), which show a fracture in the central part of the samples: also this result is similar for all the samples, confirming the
reproducibility of the same.

Further, the high level of reproducibility of the results is testified by the small value of Coefficient of Variation obtained,
reported in Tab. 4. At this stage of the work, potential microstructural defects, such as voids or incomplete bonding between
layers, have not been explicitly evaluated, despite their potential influence on the mechanical properties [3]. This choice is
based on two main reasons:

v in the context of civil engineering applications, where the goal is to use large-scale 3D-printed elements, the
eventual defects become negligible at the structural scale of the analyzed components;

V' previous studies have shown that the presence of voids and incomplete layer bonding is closely related to the flow
rate [3]: since all specimens in this study have been printed with the same flow rate, investigating microstructural
defects was deemed unnecessary at this stage.

Furthermore, the reproducibility of the results suggests that, for the analyzed samples, the microstructural defects are
either absent or insignificant in terms of structural performance. Nevertheless, it is important aspect that needs further
investigation and will be explored in future studies.

) Tension Test |
1.5
> —DG 1
S —DG 2
- —DG 3
0.5 —DG 4
0
0 051 152253354455
A (mm)
@) (b)

Figure 6: Tension tests on dog-bone samples: (a) stress-strain curves and (b) failure modes.

E (MPa) olim (MPa)

DG_1 1341 44.3
DG_2 1161 43.1
DG_3 1341 44.5
DG_4 1229 43.1
Average Values 1270 44

Standard Deviation 76.9 0.7

Coefficient of Variation 6% 1%

Table 4: Results deduced from tensile tests in terms of average values of Young’s modulus E and strength ojim, and coefficient of
variation.
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Beam samples

The F-A curves referred to tensile tests carried out on beams samples TR_60 and TR_72 are reported in Fig. 7, respectively
with black and red lines. The curves show a predominantly elastic-brittle behavior, since the beam samples reach the failure
after a branch approximable to a linear curve. It is interesting to note that all the curves are very similar to each other,
independently on the slope 0 of the walls characterizing the internal pattern, in fact all the F-A curves appears ovetlapped,
with a stiffness (evaluated in cotrespondence of the 40% of the peak load) of about 2.54 KN/mm and a strength of about
6.43 kN. It suggests that the peak load is strictly related to the thickness t of the external flanges rather than the internal
pattern. Moreover, the curves show a high reproducibility of the results, confirmed by the small value of Coefficient of
Variation of the peak load obtained, reported in Tab. 5. Fig. 8 shows the pictures of all the sample after collapse, that is ever
characterized by a fracture close to one of the two extremities of the samples, near the solid part. Furthermore, it can be
observed that parts of the samples completely detach, indicating a brittle behavior, as also evident from the F-A curves.
Fig. 9 shows the results of three-point bending test in terms of F-A curves, where A represent the displacement recorded
where the force F is applied. In particular, Fig. 9a shows the curves for sample BR_60 and BR_72 with black and red curves,
respectively, realized without specific measures (BR_0), while Fig. 9b shows the curves for sample BR_60* and BR_72*
with black and red curves, respectively, equipped with the semi-cylindric housing designed to accommodate the loading
cylinder of the bending test machine. Both the figures confirm that the results are very similar, independently from the
presence of the semi-cylindric housing, in terms of slope of the F-A curve, peak load (about 5 kN) and displacement at
collapse, in the range 3-4 mm.

This observation is further supported by the standard deviation values of the maximum force Fuax (peak load) recorded for
the samples without the semi-cylindrical housing (BR_0) and those equipped with it, as reported in Tab. 6 along with all
Finax values. The standard deviation for the samples with the semi-cylindric housing is lower than that of the samples without
it, confirming the higher reproducibility of the former results. Anyway, the high level of reproducibility of the results in both
cases is testified by a small value of Coefficients of Variation, reported in Tab. 6.

TR_6O
Finax (N)
6890
5942
6011
6738
6651
6273
Standard Deviation 364

Coefficient of Variation 6%

Table 5: Maximum forces Frax and coefficient of variation of the values of Fma of tension tests performed on beams.

BR_6 BR_6*
Frnax (N) Finax (IN)
5304 5167
5513 5290
5669 5225
4564 4909
4875 5058
4934 5098
Standard Deviation 385 123
Coefficient of Variation 7% 2%

Table 6: Maximum forces Fmax and standard deviation of the values of Fmax of three-point bending tests.
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In all the cases, also the three-point bending tests show a brittle behavior, characterized by a sudden failure immediately
after reaching the peak load, highlighting an absent post-peak behavior. The brittle behavior is also evident from the picture
of the samples after failure (Fig. 10) that show that the specimens collapse approximately at the mid-span of the beam,
without evidence of plastic deformations. Moreover, it is evident that the node where the load is applied always fails, except
for two BR_60 specimens shown in the Fig. 10a (the first two on the left), which demonstrate that the node where the force
is applied does not fail; instead, the adjacent node does. This is due to an off-center load application (caused by the absence
of the semi-cylindric housing), which lead to lateral shift of the samples during the experimental test.

Tension Test

8

7

6 —TR 60
~ 5 —
= TR 72
& 4
=3

2
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0 05 1 15 2 25 3 35
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Figure 7: Tension test on TR_60/72: Force-Displacement cutves.
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Figure 8: Picture of samples after tension tests: (a) TR_60; (b) TR_72.
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Three-point bending test
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Figute 9. Three-point bending test: Force-Displacement curve for (2) BR_60/72 (sample without cylinder) and (b) BR_60*/72* (sample
with housing for the load cylinder).

Comparison

In order to have a comparison of the results obtained from the test on the different samples, stress-displacement curves
have been evaluated for beam samples subjected to both tension (TR_0) and three-point bending tests (BR_0(*)), with the
aim to compare the obtained stress strength with the strength oym obtained by the dog-bone samples.

About the TR_0 samples subjected to tension tests, the relevant normal stress o, has been evaluated by simply dividing the
applied force F by the cross-sectional area of the external two flanges (Eqn. 3):

6, = )

The o,-A curves are plotted in Fig. 11a, and in the same graph, a band indicating the range of 6iim Obtained from the dog-
bone samples is shown. The comparison shows a good agreement of the results in terms of stress strength, highlighting the
compatibility of the results obtained from different samples, and also the repeatability of the results, also highlighted by the
fact that the tension tests of the dog-bone samples and of the beam samples have been performed in two different
laboratories with different machines.

About the BR_0(*) samples subjected to three-point bending tests, the bending stress oy, has been evaluated by performing
the cross-sectional analysis of beam samples subjected to bending test, schematically represented in Fig. 12b (where F;pr
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are the internal forces, d* is the internal lever arm, equal to (h1_gt , and Mpr is the bending moment), assuming a linear

material behavior. In these hypotheses, the bending stress op, can be evaluated as in Eqn. 4:

F-S
o,=

- 4
4-d -w-t @

BR_060 BR_060*

H ‘l
(a) (b)
BR_72 BR_72*
_ l - m
‘ ) ! I v
© )

Figute 10: Pictute of samples after three-point bending tests: (a) BR_60/72 (sample without semi-cylindric housing) and (b) BR_60*/72*
(sample with semi-cylindric housing).

The o,-A curves are plotted in Fig. 11b and ¢, and in the same graph, a band indicating the range of oim obtained from the
dog-bone samples is shown. The comparison shows that the stress strength of the beams subjected to bending is higher
than that (oym) obtained by the dog-bone sample of about the 20%, considering the BR_6* samples equipped with the semi-
cylindric housing. However, this difference is an expected result, since the tensile strength of elements subjected to bending
is always greater than that of elements subjected to axial stress. This is because, in bending, the stress distribution is linear,
reaching its maximum value only at the edges of the cross-section, while the central parts are subjected to much lower stress
levels (Fig. 12d). On the other hand, in case of axial stress, the stress is uniformly distributed across the entire cross-section,
meaning the whole cross-sectional area is subjected to the maximum stress (Fig. 12b). This makes axial stress more
demanding than bending, where only a portion of the section is exposed to the highest stress. As a result, the flexural
strength in terms of stress is always greater than the axial one due to the stress distribution. Indeed, referring to the tensile
and three-point bending test schemes reported in Fig. 12, an analytical evaluation of the internal forces acting on the flanges
Firr, and Fipr evaluated in correspondence of the maximum normal 6, ma and bending opmay stresses, respectively, confirm
that different levels of maximum stress in tension and bending result in the same strength in terms of internal forces. To
this aim, these forces can be evaluated using Eqns. 5 and 6:
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Considering an average value of maximum normal stress onmax equal to 44 MPa and an average value of maximum bending
stress obmax equal to 51 MPa, both Fitr and Fipr are equal to 3.5 kN.

These findings confirm the consistency and reliability of the experimental results obtained from different testing setups,
demonstrating good agreement in terms of stress strength and highlighting the repeatability of the results. Furthermore, the
results obtained from the dog-bone samples are useful for characterizing the material in terms of stiffness, strength, and
post-peak behavior, providing fundamental information for developing numerical models aimed at predicting the response
of structural elements designed with this material. Additionally, the tests performed on the structural samples are crucial for
validating any proposed numerical model. In this context, it is important to consider that the information of the material
behavior is valid for samples printed with the same parameters described in the previous sections.

For this exploratory study, the focus has been placed on the idea of creating panels with continuous outer edges, while
featuring an internal structural pattern that reduces the material usage, resulting in a significantly lower weight compared to
solid panels.

The evaluation of the stresses is also useful for better understanding the advantage of using panels with an internal truss
structure within the thickness rather than solid panels. In fact, considering a solid panel with a thickness equal to the sum
of the thickness of the two flanges of the truss scheme (as if the two flanges are merged to form a solid panel), the same
external force applied in a three-point bending test like described in Fig. 11d would result in a much higher stress. For
example, considering an applied force F of 3 kN, the corresponding maximum bending stress opmax il the reticular structure

2
is about 34 MPa, calculated with Eqn. 4, with d* equal to (hrgtj . Conversely, in the solid panel, the internal lever arm

distance between internal forces d* is significantly smaller, equal to %t, leading to a stress of approximately 176 MPa,

calculated with Eqn. 4. This simple calculation demonstrates that, given the same flange thickness in the reticular structure
and the same solid wall thickness, the reticular configuration is significantly more efficient, as the stress generated under the
same applied force F is considerably lower.

Tension Test
60

50
—TR 60

—TR 72
30 Ojim (DG)
© 20

10
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0 05 1 1.5 2 25 3 35
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60 Three-point bending test
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Figure 11: Stress-displacement curves of beam samples and comparison with maximum stress reached by dog-bone samples: (a)
TR_60/72; (b) BR_60/72 (sample without semi-cylindtic housing); (c) BR_60*/72* (sample with semi-cylindtic housing).

CONCLUSIONS

structures. This innovative approach allows for detailed replications of complex shapes and detailed surface features.

In such applications, the geometry and size of the 3D-printed components are predetermined a priori, and strictly
related to the original element to be restored. However, the disposition of material used to fill the internal volume of the
3D-printed component can be identified as a variable in the realization of lightweight components. In this context, the paper
is focused on investigating the potential of 3D-printed PLA components for applications in the field of architectural
restoration. The paper provides a preliminary exploratory study in this field, through an experimental campaign. In
particular, tensile tests on dog-bone sample have been carried out in order to capture stiffness, strength and post-peak
behavior of the material printed with the specific described process and parameters.
A comparison with other experimental studies from the literature would be of interest; however, it is not straightforward
due to the wide range and variability of printing parameters involved. Nonetheless, literature tests conducted on specimens
printed with 100% infill density report tensile strengths ranging from 30 to 50 MPa and Young’s modulus values between

3 D printing technology is becoming attractive in the field of restoration of structural/ architectural elements in existing
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1300 and 2200 MPa[3,16]. This variability can be attributed to the remaining printing parameters. Despite this, the results
obtained in the present study are in line with those reported in the literature.

Tension test Three-point bending test

P oh F \l,FA

< é > yay — =

LA
S
s/2
(@ ©
sec. A
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! 2 i i i ; [d* Mpgr
| —> Fim

! ! Gn,max
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i i

(b)
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e e e
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Figure 12: Structural scheme of the samples in tension tests (a) and three-point bending tests (c), cross-sectional analysis of beam samples
subjected to tension tests (b) and three-point bending test (d), cross-sectional analysis of a solid panel subjected to three-point bending
test (e).

On the other hand, small structural truss beams have been realized with the same process and parameters of DG samples,
and have been subjected to tensile and bending tests, in order to explore their structural behavior. In particular, the truss
beam samples have been thought as a potential section of a panel characterized by a continuous external surface, and an
internal triangular truss patterns aimed to reduce the weight with respect a solid panel. This preliminary investigation is
crucial in understanding the mechanical properties of the structural components, fundamental for a successive phase of
design of structural elements. The obtained values of tensile strength have been derived from the tests mentioned before,
investigating two typologies of tests (tensile and three-point bending tests) and two kinds of samples (dog-bone and truss)
considering a total of 22 samples. Although the number of tested samples is limited and does not comply with the minimum
requirements of standards such as UNE-EN ISO 527 and 178 (which recommend at least five specimens per series), the
results show a good level of reproducibility, as confirmed by the coefficients of variation below 7%. This exploratory study
was not intended to perform a statistically validated material characterization, but rather to investigate the mechanical
behavior of 3D-printed components under consistent conditions. Future developments will focus on increasing the number
of specimens to ensure statistical robustness.

The obtained results are based on quasi-static tests developed in short-term, where the load is gradually increased until
failure. As such, they do not provide information on the long-term behavior of the material, which is influenced by time-
dependent phenomena such as creep, fatigue and viscosity, characteristic of polymeric materials [25], which require
dedicated studies. Another crucial consideration is the biodegradability of PLLA, which may lead to changes in its mechanical
properties over time. In this regard, existing literature provides results from accelerated aging tests [6], which indicate that
while aging causes significant deformations, it does not lead to substantial variations in mechanical properties. At present,
the findings do not take into account the log-term behavior of the material, anyway this study can be effectively applied for
the preliminary design of installations, which can also be temporary, since can be easily replaced thanks to the cost-
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effectiveness of the material. Indeed, as an immediate development, the obtained results can be employed in order to create
numerical models able to predicts the behavior of PLA components, by using the results of tensile tests on dog-bone sample
to model the materials, and the results of tensile and bending tests of beams to validate the numerical model.

This paper deals with a relevant topic within the application of 3D printing technology for architectural and ornamental
restoration, contributing to a broader research. The practical implications of these studies, include the reconstruction and
integration of missing components in historic buildings with linear walls. A notable example is the reproduction of missing
battlements in monumental structures, as proposed by the Authors within the Italian regional projects such as DTC TET -
Fase II - Progerti RST (Det. N. G07413 of 16.06.2021, public notice of LAZIO INNOVA) and the research project H-S3D —
Stampa 3D per Beni Culturali. Applicazioni di Recupero Strutturale e Monitoraggio di Elementi Architettonici ¢ di Decoro.

Moreover, 3D printing enables the realization of complex designs, allowing for the efficient and simple reproduction also
of ornamental elements due to its ability to produce complex geometries without significant difficulties. The experimental
results obtained in this study suggest that 3D-printed PLA components can be effectively considered for real-world
restoration applications, particulatly for the reproduction of lightweight architectural elements and partial structural
integrations. For large-scale projects, such as the restoration of missing sections in walls, battlements, parapets, or
ornamental facades, the proposed 3D printing approach allows the creation of customized components that can be
integrated into existing structures while ensuring reversibility and compatibility. Moreover, thanks to the reduced weight
achieved through internal truss patterns, these components could be employed without significantly increasing the loads
acting on historical masonry structures, thereby preserving their original stability. Future developments based on this work
will aim to design and test larger panels and modular elements suitable for pilot applications in real restoration projects.
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