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a b s t r a c t

Large thoracic defects need to be reconstructed to restore inner organs protection and normal ventilation.
Early rigid implants have provided the stabilization of the ribcage; however, those have been associated
with breathing restrictions. The evolution of additive manufacturing has enabled the production of 3D
custom-made thoracic implants. This has led to case reports on reconstructions with these prostheses,
particularly for large anterior resections. A novel design of thoracic implant with dynamic capacity has
already been reported, with promising short-term outcomes. However, specific biomechanical studies
are needed to clarify its mechanical behaviour. A study of the evolution of the design of dynamic thoracic
implants was carried out and such implants were biomechanically tested. Furthermore, finite element
analyses were carried out to obtain a simple and reliable model to predict the implant behaviour, consid-
ering a rib and its costal cartilage. In the models, the stiffness and stress distribution along the implant
and the bone showed that the reconstructions exhibited adequate mechanical behaviour. One of the
designs provided a flexibility that closely matched the native model and the maximum stress values
did not exceed the 30% of the yield strength of Ti-6Al-4V. The implants strength was demonstrated to
be sufficient under tested conditions.
� 2021 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Chest wall defects generally result from resection of primary
chest wall tumours, locally-invasive malignancies or metastatic
lesions, radiation injury, infection, or trauma [1,2]. The primary
goals of chest wall reconstruction include the restoration of the
chest wall rigidity (skeletal stability) to protect intrathoracic
organs and to preserve the mechanics of breathing [2,3]. In com-
plex cases, large resection may be required, with more than one
rib and several anatomical structures, such as cartilages and the
sternum, also needed to be removed.

Reconstruction of the chest wall remains controversial regard-
ing the technique to be applied and the type of material or implant
to be used [4]. The location and the size of the defect to be recon-
structed are principal aspects to take into consideration [3]. Several
reconstructive materials have been proposed, including rigid and
soft materials, with or without soft tissue covering, such as
titanium-based osteosynthesis systems, acrylic or methyl
methacrylate resins, cryopreserved allografts, titanium micromesh
sandwiched between a layer of polyethylene mesh, or muscular
flaps [5].

The progress in the Additive Manufacturing (AM) technology
has enabled the production of custom-made implants for chest
wall reconstructions. Computed Tomography (CT) data of the
patient allow the development of an implant model that com-
pletely fulfils the patient’s anatomy, based on a precise location
and size of the chest wall resection. Demondion et al. [6] fabricated
a Ti-6Al-4V sternum which was composed of a plate connected to
three staples on each side drawn to be tightened on several ribs.
Turna et al. [7] manufactured a single Ti-6Al-4V plate by Selective
Laser Melting (SLM) with the shape of the sternum, the clavicles,
the first three ribs on the left side and the first four ribs on the right
side. Both implants focused mainly on a rigid and static anatomical
reconstruction that did not take into account the elongation of the
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removed cartilages and the anterior thoracic joints. Another
implant design incorporated a rigid sternal core with titanium rods
as neo-ribs to improve the flexibility of the implant fabricated by
Electron Beam Melting (EBM) in titanium alloy [8].

In recent years, there has been a growing number of publica-
tions of case reports on reconstructions with 3D thoracic implants
[9–13]. Although rigid methods ensure stabilization of skeletal ele-
ments of the chest for breathing balance [14], they are associated
with difficulty to anatomical fitting, implant migration, dislocation,
infection and failure [2,15]. The lack of implant flexibility would
difficult following breathing movements of the thorax and might
cause patient discomfort during ventilation. Respiratory complica-
tions have been reported as the main source of morbidity after
chest wall reconstruction [16,17].

A novel design of custom thoracic implant has been recently
originated. The design was adapted to mimic the mechanical beha-
viour of the tissues to be replaced along with chest reconstruction:
an equivalent region of the ribcage formed by cartilage and rib,
including the sternocostal joint. A dynamic concept was intro-
duced by a ground-breaking design with a spring-like geometry
which makes the implant flexible. The implants have been fabri-
cated by EBM and SLM from Ti-6Al-4V powder and have been clin-
ically tested in singular patients who required large anterior chest
wall resection [18–21]. According to some postoperative dynamic
studies, the novel design has proven to be able to mimic the beha-
viour of the natural chest wall during ventilation and to maintain
an adequate respiratory function [19,20]. Those previous clinical
results give promising evidence that the novel spring-like implant
is an optimal choice for reconstructive application in wide anterior
chest wall resection. Although clinical reports have described the
novel surgical procedure and patient short-term outcomes, more
patient cases, long-term clinical follow-up, as well as specific
biomechanics studies, are still required.

Overall, the ideal implant should restore the native stiffness of
the ribcage and be sufficiently flexible to accommodate breathing.
In general, anterior chest wall reconstruction requires variable
implantable solutions, including total, partial or no sternum struc-
ture associated with one or several cartilage-ribs. To advance safely
in the use of customized devices, it is imperative to investigate into
a harmless implant design and to clarify the mechanical character-
istics that thoracic implants must have.

The main goal of this study is to present the rationale of the
design and the biomechanical characterization of a previously
reported dynamic thoracic implant in anterior chest wall recon-
struction. Based on the presented grounds, in this study it is sug-
gested that the mechanical properties of a 3D printed thoracic
implant can be enhanced by optimizing the design of the implant,
in terms of flexibility and strength. In the present work, the
dynamic implant structures were tested by means of experimental
and Finite Element (FE) studies.
2. Materials and methods

2.1. Design and manufacturing of thoracic implants

The original idea of the design made to obtain dynamic implants
started with a simple wavy pattern design resembling a spring-like
shape device. Hence, the first design approach was based on a wavy
shape andwas designated as sample S0 (Fig. 1a). In order to estimate
the general mechanical behaviour of S0, an arbitrary range of thick-
ness (T) was selected. The thickness range was [1.6; 2; 2.7; 3.4; 4.1]
mm and the width (W) was 13 mm.

Based on the results of the preliminary testing (detailed below),
new typologies were designed to improve the folding pattern. One
of the samples, named S1, was designed with variable T andW. The
2

centre of S1 had T = 2.5 mm and W = 14 mm, continuously growing
until reaching ends of T = 2.7 mm and W = 15 mm (Fig. 1b). A third
sample was designed (S2), introducing a variation in folding form
by rolling it up in a longitudinal axis which resulted in a tubular-
like shape. S1 and S2 had the same T and W gradients towards
the extremities (Fig. 1c).

The additive manufacturing of the implants was done by EBM
developed by Arcam AB (Krokslätts Fabriker, Mölndal, Sweden)
from Ti-6Al-4V-ELI powder (with an average diameter of 50 lm,
ARCAM AB). The fabrication procedure was on a stainless-steel
start plate and the working parameters were set to generate melt-
ing layers of 70 mm. The process was kept under vacuum at 10�3

mbar, controlled by Helium. A constant temperature of 700 �C
was maintained inside the vacuum chamber throughout the fabri-
cation. Post-processing of the implants was carried out by remov-
ing the fabrication supports and mechanical polishing of the
surface because of the high roughness of the EBM fabrication [22].

2.2. Experimental tests

Quasi-static three-point bending tests were carried out. A
servo-mechanical testing machine was used for bending tests,
according to ASTM standards F 382–99 and ISO 9585. A customized
semi-circular head was built to adapt the servo actuator to achieve
a distributed load on the implants (Fig. 2a). The actuator displace-
ment velocity was 2 mm/min and the load was applied until fail-
ure. The 3D implants were fabricated embedded into supports
which maintained both ends of the samples fixed (fixed–fixed
condition).

The curves of force versus displacement were obtained. The
structural stiffness of each specimen was obtained as the slope of
the linear part of each force–displacement curve.

2.3. Finite element models

The proposed methodology for the FE analyses is presented in
three stages. The FE software used was Abaqus 6.14–2 (Dassault
System, SIMULIACorp., Providence, RI, USA).

The first FE analysis was performed on the CAD models of the
threedesignsof the implants (S0, S1 and S2) to conduct abiomechan-
ical analysis of the thoracic implants. A replica of experimental
three-point bending tests was carried out by FE models. An elastic
modulusof93GPaandaPoisson’s ratioof0.3wasapplied to theelas-
tic model and a yield stress of 869MPa was applied to the plasticity
model [23–25]. To simulate the boundary conditions of the three-
point bending tests, the ends of the samples were fixed, and a dis-
placement of 25mmwas applied through the cross-head of the test-
ing machine. This part was considered as having infinite stiffness
because it did not affect the computational study. The contact
between the cross-head and the samples was a frictionless
surface-to-surface interaction (Fig. 2b). After conducting the rele-
vant sensitivity tests, the type of element selected for the mesh
was a ten-node tetrahedral element (C3D10). Estimation of stiffness
and von Mises stress distribution of the implants were obtained.

The second computational analysis was focused on the develop-
ment of an anatomical model of the sub-structural level of the ribc-
age, i.e. a semi rib-ring of the thoracic cage. For that purpose, from
the CT scan of a complete thorax obtained from a healthy male
subject, the third right rib and its costal cartilage were isolated
from the sternum to the spine. Only the right segment of the semi
rib-ring was considered for simplification of analysis [26]. All the
joints were also removed from the analysis. This model was
referred to as ‘‘the native model”. The STL files from the CT scan
were used for the segmentation and reconstruction with the Sim-
pleware commercial package (Synopsys International Ltd., CA,
USA). Then, the volumetric meshes were obtained in order to



Fig. 1. Designs of the thoracic implants: a) sample S0; b) sample S1; c) sample S2. The cutting plane (A-A’) and the cross-sectional area A-A’ are represented to indicate the
dimensions T and W.

Fig. 2. 3-point bending test. a) Experimental set-up. b) Representation of the
contact between the machine head and the sample (S2) in FE simulations.
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export to Abaqus. The costal cartilage was modelled as a solid seg-
ment with a circular cross-section with a length that allowed the
continuity from rib end to sternum along the anatomical
circumference.

All tissue behaviours were modelled as isotropic linear elastic
materials and material properties were obtained from the litera-
ture. The cortical rib bone had Young’s modulus (E) and Poison’s
ratio (m) of 14.4 GPa [27] and 0.3 [28], respectively. The trabecular
rib bone had E = 40 MPa and m = 0.35 [28]. The costal cartilage had
an E = 35.8 MPa (average value obtained for the third cartilage) and
m = 0.40 [29]. The costal cartilage is a composite structure, formed
by a central mid-substance of hyaline cartilage surrounded by a
fibrous layer, the perichondrium, and those structures exhibited
different local material properties which can affect the overall stiff-
ness of the ribcage [29]. Hence, a homogeneous representation of
3

costal cartilage was modelled with an effective E necessary to
reproduce the structural behaviour of whole costal cartilage seg-
ment [29–31].

A set of loading and boundary conditions were established to
analyse the biomechanical response of the semi rib-ring under
simulated physiological loads and to predict the overall stiffness
of the native model. A simplified loading scenario was reproduced,
where the vertebral rib end was articulated and the sternal end
was displaced 10 mm towards the posterior end in the plane which
best fitted the shape of the cartilage and the rib, to create an
anterior-posterior load causing the bending deformation [28]. A
single rotational degree of freedom, on an axis normal to the load-
ing plane, was permitted at the posterior extremity. No movement
was allowed at the costochondral junction [32]. Estimation of stiff-
ness and stress distribution were carried out. The described model
can be observed in Fig. 3a.

The third computational analysis was developed to model the
reconstruction of a single right rib with a 3D thoracic implant. In
this reconstructed model, the cartilage and an anterior portion of
the rib were removed, and the remaining rib portion was recon-
structed with S1 and S2 implant typologies. The rib reconstructed
model was simulated in the same manner that the previous native
model. The material properties of the thoracic implants used in this
model were the same as in the first FE analysis, whereas the prop-
erties of the materials of the rib and the boundary conditions and
displacement of this third model were the same as in the second FE
analysis (Fig. 3b and 3c). Then, a comparative analysis was per-
formed in terms of overall stiffness and stress distribution along
the bone and the implant.
3. Results

3.1. Experimental tests

The experimental results of the three-point bending test of S0
with several thickness values are summarized in Table 1. Maxi-
mum values were obtained from the force–deformation curves of



Fig. 3. FE models for a) native condition; b) rib reconstruction with implant S1; and c) rib reconstruction with implant S2.
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the loaded implant until failure. The estimation of the stiffness
parameter is also given.

There was a relationship, although non-proportional, between
the stiffness and the amount of material in the implant. When
the sample broke, the failure was at the ends in all samples
(Fig. 4a).

Regarding implant S2, the experimental results of the three-
point bending test showed an average value of peak force and dis-
placement before the failure of (218 ± 41.1) N and (19.6 ± 2.4) mm,
respectively, given in mean and standard deviation values. The
estimation of the stiffness was (10.1 ± 0.6) N/mm. The failure of
the samples was observed to occur in regions located between
the centre and the ends (Fig. 4b).
3.2. FE analyses of implant designs

The FE studies were performed first on the CAD design of
implant S0. When S0 was loaded, the maximum stresses occurred
at the ends of the sample. Fig. 4c depicts the von Mises stress dis-
tribution on the S0 with a thickness of 1.6 mm. A small fraction at
the end of the sample was beyond the elastic limit and was coinci-
dent with the failure observed in experimental test.

Analogously, the validation of the FE model for implant S2 was
performed based on the results of the previous experimental test
presented. Fig. 5 shows the load–displacement curves resulting
from both studies. Thus, a good agreement between the experi-
mental and the FE curves was observed.

Once the S2 FE model was validated, the same set of parameters
were implemented into the FE model based on the CADmodel of S1
structure. Then, a comparison between the load–deflection
response of the two designed implants was made. Fig. 6 depicts
the FE results for the force versus displacement response in the
three-point bending test. The estimation of stiffness was obtained
from the calculation of the slope of the linear regression, which
Table 1
Experimental data resulted from the 3-point bending test of the S0 implant with
several thickness values.

Sample thickness (mm) Force (N) Displacement
(mm)

Stiffness
(N/mm)

1.6 124 24.19 5.13
2 419 32.89 12.74
2.7 804 29.32 27.42
3.4 811 28.91 28.05
4.1 820 27.56 29.75
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showed a high goodness of fit index (R2). The fitting indicated that
the implants presented different bending stiffness values: 10.0 N/
mm for S2 and 13.1 N/mm for S1.

Von Mises stress distribution for implants S1 and S2 were
obtained (Fig. 7). The maximum stress values in S1 were located
at the ends of the sample and other critical points at the centre.
Only the ends exceeded the yield limit. More homogeneous stress
distribution was observed in S2. The maximum von Mises stress
values were found at smaller points located between the ends
and the centre, in consonance with the place where failure was
observed (Fig. 4d).
3.3. FE analysis of native and reconstructed models

Under the anterior-posterior bending loading simulations in the
FE models, a plot of the reaction force at the posterior end of the rib
versus deflection applied to the system was obtained for the native
model and the reconstruction with implants S1 and S2 (Fig. 8). The
stiffness of the native model was estimated to be 1.13 N/mm. In
the case of reconstruction with implant S1, the stiffness was
2.52 N/mm and for implant S2, the stiffness was 1.70 N/mm.

The analysis of the stress distribution was performed on the
simulated tissues and implants. Fig. 9a depicts the Maximum Prin-
cipal stress distribution in simulated tissues of the native model.
The data are listed in Table 2. The maximum bone stress reached
was around 20 MPa in tension (Fig. 9a). An increase in the maxi-
mum bone stress value in the range of 22–35 MPa stress was
observed when the rib was reconstructed and predominantly
occurred at the same location as in the observed for the native
model, i.e. on the external convex region of the body of the rib.
When comparing the bone stress outcome generated by the rib
reconstruction with implant designs, the S1 reconstruction showed
higher maximum bone stress values than the S2 reconstruction
(Table 2, Fig. 9b and c).

In order to clarify the von Mises stress distribution on the
implants, cortical and trabecular bones have been hidden in
Fig. 10. Different distribution patterns of von Mises stress were
exhibited. Implant S2 showed a more homogeneous stress distribu-
tion than S1, and the latter also showed higher stress values occur-
ring more frequently. The maximum von Mises stress value for
implant S1 was 328 MPa, whereas for implant S2 it was 248 MPa
(Table 2). Those peak values represented the 40% (implant S1)
and the 30% (implant S2) of the yield stress value of Ti-6Al-4V fab-
ricated by EBM.



Fig. 4. Examples of the failure of the implants under 3-point bending test. a) S0 sample of 1.6 mm thickness, failure occurred at the ends, b) S2 sample, failure occurred at a
region located between the centre and the ends. The von Mises stress distribution in FE simulations revealed the failure prediction for c) S0 and d) S2 samples.

Fig. 5. Force vs displacement response from the 3-point bending test and the
results from FE simulation for implant S2.

Fig. 6. Force vs displacement responses from FE simulations for implants S2 and S1.
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4. Discussion

In this study, the biomechanical characterization of several
dynamic designs of custom-made thoracic implants 3D printed
by EBM was presented. The goal of the implant designs was to
5

provide a supportive implant able to restore the mechanical integ-
rity of the ribcage, with the strength and the flexibility required by
the thorax during a physiological scenario. Implant S0 was the
starting point to develop a dynamic sample. According to FE and
experimental results of S0, the design was modified in order to
obtain a more flexible and stronger structure, thus obtaining
implants S1 and S2. The improvements were a greater amount of
material at critical points and variations in the implant design.
The comparative analyses performed by FE showed that S2 exhib-
ited more flexibility than S1. Consequently, to save supplies and
AM machine operating time, the decision was made to fabricate
and test only the S2 samples. Then, the experimental data obtained
from the tests were used to validate the FE model to further assess
the native and the reconstructed models.

Regarding implant S0, the experimental results showed a grow-
ing stiffness when increasing the thickness of the design. Further-
more, critical regions prone to failure were observed to be
concentrated at both ends of the samples, close to the fixed ends,
and this was confirmed by the FE analyses. Those results showed
the need to improve the design of the implants to ensure their
structural integrity. The extremities of the implant are the anchor
points to the healthy bone margin after surgical resection. Hence,
improved designs were developed by increasing the amount of
material at the ends of the implants (augmented W and T) and
by introducing a variation in the folding of the structure.

The S1 and S2 typologies were the new designs made from S0.
Implant S1 provided a minor volume due to its low profile. The
biomechanical results showed that S2 provided more flexibility
than S1. Using a flexible implant would provide an easier and faster
anchoring to the anatomical structure during the reconstruction.
Its flexibility might also help to absorb potential impacts, prevent-
ing it from breakage [18–20]. However, implant S2 was associated
with bulkier shape and with hindering the post-processing after
manufacturing (removal of fabrication supports and surface finish-
ing). The von Mises stress analyses showed that the improved
designs of S1 and S2 (specially S2) yielded a more homogeneous
stress distribution. Those results suggest that an optimal patient-
based design of S2 typology implant could be able to withstand
the stresses generated in the chest wall without breaking.

Several finite element models have been developed to study the
human thorax under different physiological or injured scenarios
[33–35]. Regarding the biomechanical study of individual compo-



Fig. 7. The von Mises stress distribution of 3-point bending test for implants S1 and S2 under 25 mm of imposed displacement. The machine head was removed from the
picture to improve visualization.

Fig. 8. Force reaction at the posterior end of the rib versus imposed deflection
under anterior-posterior loading scenario simulated by FEM for the native and
reconstructed models with S1 and S2 implants.
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nents of the thorax, several FE models have studied the structural
response and fracture prediction of human ribs [28,36,37] and, to a
lesser extent, FE models of the costal cartilage [38–40]. However, it
was difficult to find FE models that study the biomechanical beha-
viour of semi rib-ring, formed by an individual rib and its costal
cartilage. Such models could give support, on the one hand, to
identify the range of mechanical properties ideal for thoracic
implant and, on the other hand, to investigate the mechanical cou-
pling of the implant with the rib. Hence, in the present work, the
native model of the third right rib and its cartilage developed from
CT images of a real patient and the reconstructed model with the
proposed implants were studied. The structural stiffness of the
native model obtained for the anterior-posterior bending was
lower (1.13 N/mm) than values reported for individual ribs in the
literature, because the inclusion of the costal cartilage segment
in the analysis leads to a decrease in the stiffness of the model.
The individual rib stiffness has been reported in the literature
[28,41–43]. When the segment of costal cartilage is considered,
6

an accurate model can be assembled, being this model sensitive
to E variation of the cartilage as it has been reported by other
authors [30,38]. An increased range of E from 20 to 66 MPa has
been reported as a result of high calcification of the cartilage
[40]. As it was shown, by changing the design and its parameters,
different stiffness values of the implant can be achieved. Particu-
larly, large anterior chest wall reconstruction still represents a
challenge to thoracic surgery since a single implant is required to
replace ribs, several costal cartilage segments and even the ster-
num, either partially or completely.

The results of FE simulations of the reconstructed models pre-
sented in this study showed that the stiffness of the implant and
rib reconstructed mode was slightly higher than that of the native
model. Although the estimated stiffness for both models was sim-
ilar, the reconstruction with S2 provided the flexibility that
matched closer to the native model. A yield stress reference value
for cortical bone in the range from 65.3 to 100.7 MPa could be con-
sidered [28,33,37]. Despite an increment in the maximum princi-
pal stress at the bone with regard to the native model, peak
stress values are still far below the referenced strength range, rep-
resented by approximately the 42% and 26% of the mean cortical
yield stress reference, respectively for implants S1 and S2. The pat-
tern of stress distribution remains still the same on the rib bone.
Thus, the reconstruction with the proposed implant would not
induce stress concentration that could be harmful or induce further
injury at the rib.

Regarding von Mises stress distribution at the implants, the
maximum stress reached the 40% for implant S1 and the 30% for
implant S2 of the yield strength value of Ti-6Al-4V fabricated by
EBM. Under the loading scenario and boundary conditions tested,
there are no induced maximal stresses that might damage the
implant or the rib bone. To date, few studies have focused on the
mechanical properties of custom-made thoracic implant manufac-
tured by AM techniques. Due to variations in implant designs, fab-
rication material, loading condition, etc., comparing results among
studies is not always possible. The PEEK rib implant reported by
Kang et al. [44] showed that its stiffness was lower than that of



Fig. 9. Maximum principal stress distribution in simulated tissues under anterior-posterior bending in physiological conditions, a) native model, b) rib reconstruction with
implant S1, b) rib reconstruction with implant S2. Implants have been painted in grey to indicate that they were removed from the analysis and the mesh has been switched
off for improving results interpretation.

Table 2
Stress data of native and reconstructed models under anterior-posterior bending
obtained from FE analysis.

Model max. Principal Stress
Bone (MPa)

max. Von Mises Stress
Implant (MPa)

Native 18 –
S1 Reconstructed 35 328
S2 Reconstructed 22 248

María Paula Fiorucci, A. Cuadrado, A. Yánez et al. Materials & Design 206 (2021) 109758
the modelled natural rib due to the difference of elastic modulus of
cortical bone and PEEK material. However, the von Mises stress
distribution did not reach critical limits, neither for the implant
nor for the rib. Girotti et al. [45] investigated the mechanical beha-
viour of a ribcage implant made of a polyester mesh and a rigid
PMME structure. The numerical response of the complete implant
model required about 655 N to displace by about 9 mm, while the
bony chest model deflected by 30 mm when about 100 N [45]. The
higher stiffness of the implant was attributed to the absence of car-
tilaginous connections between the ribs and the sternum [45]. The
comparison of the results of previous reports with the results pre-
sented in this study shows the advantages of the spring-like sam-
ples. The dynamic design analysed in the present work has
Fig. 10. Von Mises stress distribution on Ti-6Al-4V implants of reconstructed models un
S2.
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permitted to obtain thoracic implants that can meet the strength
requirements with adequate stiffness and to replace a portion of
a rib and costal cartilage in a semi rib-ring model. As it was previ-
ously reported, dynamic implants have been used to reconstruct
thoracic wall with promising clinical results [18–20]. The biome-
chanical assessment of sample S2 has contributed to complete
the performance description required to move forward in the safe
application of these novel custom-made thoracic implants.

The present study exhibits several limitations. In vivo rib load-
ing during breathing is a complex mechanism. The current exper-
imental tests and proposed FE models were sought to simplify the
loading of a single rib and costal cartilage in very restricted bound-
ary conditions to allow performing replicable testing. Only a
selected range of material properties have been tested. There exists
a great variability among patient subjects related to the anatomy,
as well as the variability of the properties of simulated materials
and biological tissues.

Further investigations are needed to test the biomechanical per-
formance of the implant in more demanding scenarios such as
coughing, accidental hit/punch or cardiopulmonary resuscitation.
Moreover, due to the cycling nature of breathing, it would be essen-
tial to perform fatigue analyses of custom-made implants. Even so,
the fact that the maximum stress in implant S2 did not exceed the
threshold of 30% of the yield strength value of Ti-6Al-4V fabricated
by EBM constitutes a promising result. Additional investigation to
der antero-posterior bending in physiological conditions. a) implant S1; b) implant
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extrapolate the results obtained from the present study to a more
realisticmodel considering thewhole ribcagewould be highly valu-
able. In thismanner, FEanalysescouldbe integrated in theprocedure
of a custom-made thoracic implant intervention/surgery, allowing
to simulate in the most realistic way the clinical case of the patient
before the reconstruction surgery, as a complementary stage in the
preoperative planning process.
5. Conclusion

The evolution of the design of thoracic implants carried out in
this study demonstrated that through AM fabrication, it is possible
to obtain a safe custom-made implant which owns adequate
mechanical properties to reconstruct chest wall resections. The
design of the special folding pattern in S2 exhibited the most suit-
able stiffness since this closely matched the native model. Adjust-
ing parameters of the design could lead to a fine tuning of the
biomechanical properties of the implants. The reconstructed model
verified that the stress distribution in the rib was not noticeably
altered and that the implant strength was sufficient under the
tested conditions.
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