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Abstract: Thoracic reconstructions are essential surgical techniques used to replace severely damaged tissues and restore
protection to internal organs. In recent years, advancements in additive manufacturing have enabled the production of thoracic
implants with complex geometries, offering more versatile performance. In this study, we investigated a design based on a
spring-like geometry manufactured by laser powder bed fusion (LPBF), as proposed in earlier research. The biomechanical
behavior of this design was analyzed using various isolated semi-ring-rib models at different levels of the rib cage. This
approach enabled a comprehensive examination, leading to the proposal of several implant configurations that were incorporated
into a 3D rib cage model with chest wall defects, to simulate different chest wall reconstruction scenarios. The results revealed
that the implant design was too rigid for the second rib level, which therefore was excluded from the proposed implant
configurations. In chest wall reconstruction simulations, the maximum stresses observed in all prostheses did not exceed 38% of
the implant material’s yield stress in the most unfavorable case. Additionally, all the implants showed flexibility compatible

with the physiological movements of the human thorax.
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1 Introduction

Chest wall reconstructions are surgical techniques
aimed at restoring defects caused by the removal of
specific portions of the thoracic cage. These techniques
are necessary when primary tumors occur in the thoracic
wall, soft tissues, bone, or cartilage, as well as follow-
ing invasion of the thoracic wall by lung neoplasms
(Kara et al., 2018). Regardless of the pathology being
treated, the main objectives of all thoracic wall recon-
structions are to recover dead space, restore the thoracic
wall, mechanically preserve the lungs, protect intratho-
racic organs, provide soft tissue coverage, minimize de-
formity, maintain an aesthetically acceptable appearance,

54 Alejandro YANEZ, alejandro.yanez@ulpgc.es
Alejandro BQLANOS, https://orcid.org/0009-0002-3426-7419
Alejandro YANEZ, https://orcid.org/0000-0002-1736-552X
Alberto CUADRADO, https://orcid.org/0000-0002-8599-781X
Maria Paula FIORUCCI, https://orcid.org/0000-0002-4532-7520

Received Sept. 2, 2024; Revision accepted Dec. 8, 2024;
Crosschecked May 27, 2025; Online first June 25, 2025

© Zhejiang University Press 2025

and allow patients to undergo radiotherapy (Seder and
Rocco, 2016). Currently, there is no consensus on stan-
dardized guidelines for thoracic wall reconstruction,
although many surgeons recommend using these tech-
niques for defects exceeding 5 cm or invasions affecting
four or more ribs (Sanna et al., 2017). Different mater-
ials and techniques such as synthetic, biological, or tita-
nium meshes, implants, and rigid titanium plates are
also used in these interventions (Sanna et al., 2017).

Despite advances in the field of chest wall recon-
struction, from 24% to 46% of patients experience
postoperative problems associated with respiratory com-
plications, among other causes (Hazel and Weyant,
2015). This occurs due to the use of reconstructive
materials that are generally not flexible enough to
allow lung inflation during the breathing process, which
involves considerable rib movements and rotation
angles produced by thoracic musculature (Luu et al.,
2021). This substantial displacement of the rib cage
leads to a prevalence of implant rupture in the anterior
portion of the chest wall (Berthet et al., 2015).
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The development of new manufacturing tech-
niques within additive manufacturing (AM) has allowed
the fabrication of structures and geometric designs of
greater complexity, resulting in prostheses with more
versatile behavior, while having little impact on manu-
facturing time and enabling the production of fully
customized devices (Kermavnar et al., 2021). Thanks
to imaging through computerized tomography (CT),
very precise 3D models of patients can be obtained
using medical segmentation software, enabling the de-
sign to be adapted to suit each clinical case and printed
using specific AM technologies.

Several studies have recently been conducted in
this field, producing personalized thoracic implants.
These prostheses use designs that replicate the shape
of resected thoracic elements in a single piece (Wang
et al., 2016; Wen et al., 2018) or even through modular
designs (Aranda et al., 2019; Trivifio et al., 2023).
However, other studies (Aragéon and Méndez, 2016;
Moradiellos et al., 2017; Cano et al., 2018; Vannucci
et al., 2020; Fiorucci et al., 2021; Garcia et al., 2024)
have gone further by using laser powder bed fusion
(LPBF) manufacturing technology to obtain a design
with a variable spring-like geometry that replaces the
sternocostal complex, providing greater flexibility to
accurately mimic the lengthening and shortening of
costal cartilages during the breathing process. This new
design concept has been used even in the manufacture
of sternocostal implants (Kang et al., 2022) and costal
cartilage prostheses (Zhang et al., 2020) using poly-
etheretherketone (PEEK) through fused deposition
modeling (FDM) technology. However, this material
has not been widely tested, and further analysis of its
long-term biomechanical behavior is needed. This work
represents a continuation of previous studies (Fiorucci
et al., 2021) in which the behavior of this spring-like
shape applied to the design of a thoracic implant was
computationally studied in a specific semi-ring-rib
model. Although the results obtained were promising,
a more in-depth study of its biomechanical behavior
and optimization was needed. Thus, the main objec-
tive of this work was to delve deeper into the study of
this design. For this purpose, different implants were
first studied in isolated semi-ring-rib models to assess
their adaptability at different rib levels. Based on the re-
sults, various implant configurations were proposed and
included in a more complex rib cage model with chest
wall defects to study their biomechanical response in
different simulated chest wall reconstruction scenarios.

All models presented were tested using finite element
(FE) software.

2 Materials and methods

2.1 Obtention and simulation conditions of
individual semi-ring-rib models

First, four isolated rib models were used to ana-
lyze the individual responses of thoracic implants at
various rib levels. To obtain the models, a CT scan
(LightSpeed VCT, General Electric, USA) with a scan-
ning interval of 0.6 mm was used to generate a digital
imaging and communications in medicine (DICOM)
file from the rib cage of a healthy 35-year-old adult
man. This file was then imported into the commercial
software Simpleware (Synopsys International Ltd.,
USA) to construct a 3D model, excluding the verte-
bral column, ligaments, thoracic muscles, and float-
ing ribs for simplification. Only the bone structure and
cartilaginous tissue were retained, including the first
ten ribs with cortical and trabecular tissue, costal
cartilages, and the sternum (Fig. 1). Finally, a para-
metric model was obtained by performing a symmetry
operation in the mid-sagittal plane from the right hemi-
thorax to avoid any asymmetry that could complicate
the geometry and meshing of the model. The cortical
thickness of all ribs was assumed to be 0.75 mm
(Mohr et al., 2007).

Once the model was generated, ribs from the
second to the fifth level of the rib cage were isolated,
generating four individual semi-ring-rib models (Fig. 1).
To analyze the behavior of the implants separately,
the isolated ribs were resected and the implants were
assembled. The first rib level was excluded because
of the different biomechanical behavior of the ribs at
this level, characterized by their shorter and stiffer
shape, as well as the shorter length of the costal carti-
lage. The implants were designed with variable thick-
ness (7)) and width (W). The center had the dimen-
sions 7=2.5 mm and W=14 mm, continuously increas-
ing until reaching the ends with 7=2.7 mm and W=
15 mm (Fiorucci et al., 2021). To adapt the implant
design to the geometry of each rib, the centroid trajec-
tory of each healthy rib was obtained and, following
this trajectory, a folding pattern was introduced from
the anterior face of the resected rib to the junction
with the sternum, resulting in a cylindrical spring-like
shape.
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Fig. 1 Semi-ring-rib models obtained from the native model with the inclusion of implants from the second to the fifth
rib level: (a) full rib cage model; (b) native semi-ring-rib model; (c) main design parameters of the implants; (d) reconstructed

semi-ring-rib model

Each of the four isolated models was then imported
into Abaqus software (Dassault System, SIMULIA
Corp., USA) where all the necessary conditions for
the FE study were defined. All materials were consid-
ered according to a linear elastic isotropic model, and
mechanical properties were obtained from the scientific
literature. The costal cartilage was assigned a Young’s
modulus of £=35.8 MPa and a Poisson’s ratio of v=
0.35 (Forman et al., 2010; Gradischar et al., 2022). The
cortical bone was assigned £=14.4 GPa and v=0.30,
and trabecular bone £=40.0 MPa and v=0.35 (Kemper
et al., 2007; Li et al., 2010). Finally, the material char-
acteristics applied to the implants (Ti-6Al-4V ELI (extra
low interstitial) alloy) were defined by assigning £=
110 GPa and v=0.30 (Yadroitsev et al., 2018; Yanez
et al., 2022). A yield strength limit of §,=869 MPa
was also established for the plastic model (Rafi et al.,
2013).

With respect to the boundary conditions, the pos-
terior end of the rib was fixed. Considering that these
models were analyzed in the xy plane, according to the

reference system highlighted in Fig. 1, the only angle
considered in this plane was the caliper angle, which
develops around the z-axis. Since this angle is negli-
gible compared to the pump handle angle, which occurs
around the x-axis, and the bucket handle angle, associ-
ated with the y-axis, we decided to apply this fixation
method to constrain all angles and displacements at
the posterior end of the rib, to simplify the boundary
conditions. Also, a 10-mm displacement (Li et al., 2010)
was applied to the anterior end of the implant in the
anteroposterior direction (y-axis) to simulate a simple
bending deformation test (Fig. 1). This value was con-
sidered acceptable for simulating the compressive de-
formation of the sternum during the natural expiration
process (Beyer et al., 2017). Finally, to compare the
results, the same conditions were applied to the isolated
semi-ring-rib models of healthy ribs, with the differ-
ences that the tie-type constraint was applied to the
junction between the costal cartilage and the cortical
bone, and the 10-mm displacement was applied to the
anterior end of the costal cartilage.
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Regarding the interaction between the elements,
a tie constraint was established at the surfaces in con-
tact between the implant and the cortical bone to pre-
vent relative motion between them, and the posterior
end of the rib was fixed, nullifying all displacements
and rotations.

2.2 Validation of the native model of the full thorax

It was necessary to validate the behavior of the
native model of the full thorax during the expiration
process before studying its response to the thoracic
implants. Therefore, the conditions necessary for the
FE simulation were defined. Tie constraints were estab-
lished in both costochondral and sternochondral joints
to prevent relative movement between these elements.
Regarding the boundary conditions summarized in
Fig. 2, the displacement of all costovertebral joints
along the three tridimensional axes was constrained to
zero (U=U=U=0), along with the rotation around the
z-axis (¢,). The caliper angle was disregarded due to
the small displacements experienced by the sternum
in the laterolateral direction (de Groote et al., 1997).
The angles for the laterolateral axis (¢,), related to the
x-axis, and the anteroposterior axis (p,), associated with
the y-axis, were defined using coupling constraints
linked to a reference point located at the center of the
posterior end section of each rib, to simulate their con-
nection to the vertebral column.

The values used to constrain the rotation angles
on the x-axis and y-axis of each reference point were

5 mm imposed
displacement

Coupling constraints

Nulled displacements:

Restricted angles:
@6, 9w, =0

adjusted after testing different data, based on an analy-
sis of how the external intercostal musculature func-
tions during rib depression in the expiration process
(Zhang et al., 2018; Zhao et al., 2022), and the kine-
matics of the costovertebral joint during the breathing
cycle (Beyer et al., 2014). This testing was conducted
in several simulations until we achieved a model re-
sponse as realistic as possible compared to data from
other studies (Gruben et al., 1999; Zhang et al., 2016;
Sun et al., 2024). The values used for angle restriction
at each rib level on both axes are summarized in Table 1.

Finally, various situations were considered accord-
ing to criteria similar to those used by Sun et al. (2024)
to validate the response of the model. First, its com-
pressive behavior was analyzed during the natural chest
compression process in the expiration phase of breath-
ing, defining an anteroposterior displacement of 5 mm
(de Groote et al., 1997) in the first seven costochon-
dral joints to evaluate the pump handle and bucket
handle angles generated in each rib during breath-
ing (Fig. 2a). Then, different compressive loads were
applied to the mid-sternum region to study the force—
displacement curve of the model, considering the maxi-
mum anteroposterior sternal displacement and the re-
spective compressive component of the applied force
in each case (Fig. 2b). The load direction was always
defined as being perpendicular to the sternal surface,
and all loads were placed at the same point through
a pin-type rigid solid constraint linked to the frontal
surface of the sternum.

U=U=U=0

Fig. 2 Defined conditions for simulating the native model during the exhalation phase: (a) imposed displacement; (b)
applied load and restrictions on the costovertebral joints.  and @ refer to the values used to constrain the angles ¢_
around the x-axis and ¢, associated with the y-axis, respectively, as summarized in Table 1 for each rib level



Table 1 Values used to constrain the angles in the
laterolateral axis (¢ ) which occurs around the x-axis, and
in the anteroposterior axis (¢ ) associated with the y-axis,
at the costovertebral joints

Rib level 0. (°) o, (°)
1 2.8 1.7
2 2.9 1.9
3 3.4 2.0
4 3.7 2.4
5 4.4 2.9
6 4.7 3.1
7 4.9 34
8 5.9 34
9 6.4 4.0
10 6.9 4.4

2.3 Obtention and simulation conditions of rib
cage reconstruction models

With the aim of analyzing the behavior of the
proposed spring-like design in a more realistic scenario
of a chest wall defect, three different implant configu-
rations were proposed. The aim was to address thoracic
reconstructions under various conditions to reflect the
variability of situations that can arise, from complex
tumors that spread across both hemi-thoraxes (Aragon
and Méndez, 2016) affecting bilateral thoracic struc-
tures, to locally invasive malignant neoplasms affect-
ing unilateral tissues (Moradiellos et al., 2017; Garcia
et al., 2024). For this purpose, necessary elements of
the native model were modified by resecting the third
and fourth ipsilateral left ribs (model A1), the third,
fourth, and fifth ipsilateral left ribs (model A2), and
the third, fourth, and fifth bilateral ribs, as well as the
affected portion of the sternum (model B), consider-
ing that the third, fourth, and fifth levels of ribs are
frequently affected in thoracic resections (Weyant et al.,
2006). Then, the corresponding prosthesis configura-
tion was included in each case (Fig. 3).

Once each of the three models was modified and
imported into the FE software, all restrictions and in-
teractions between elements were defined as explained
in Section 2.2, as well as material properties as de-
scribed in Section 2.1. Additionally, a force of 300 N
was applied at the same location on the sternum to
simulate the action of a cardiopulmonary resuscitation
(CPR) maneuver (Tomlinson et al., 2007) to study the
response of the implants in an unfavorable scenario,
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Fig. 3 Proposed implant configurations in this study:
(a) reconstruction of the third and fourth left ipsilateral
ribs (model A1); (b) reconstruction of the third, fourth, and
fifth left ipsilateral ribs (model A2); (c) reconstruction of
the third, fourth, and fifth bilateral ribs (model B)

given that this is a dangerous maneuver that under or-
dinary conditions may result in the fracture of healthy
ribs if not applied correctly.

Finally, all models were meshed with a quadratic
mesh composed of ten-node tetrahedral elements
(C,D,,). A mesh sensitivity study was conducted after
assigning element sizes of 1 or 2 mm to the models.
For this study, model A1 was chosen as the reference
model due to its lower complexity compared to the
other models. The implant response was evaluated
under a chest compression test with a load of 300 N
under the same conditions as previously described.

3 Results
3.1 Mesh sensitivity study

The mesh sensitivity analysis showed that for
the implant included in model A1, a maximum von
Mises stress value of 316.5 MPa was obtained with
the coarser mesh compared to 321.6 MPa for the finer
mesh case (Fig. 4). Additionally, the average computa-
tional simulation time was 6 h versus 23 h, respectively,
a difference of less than 2%. Thus, we chose to use
the coarse mesh for all computational analyses due to
its significantly lower computational cost.

3.2 Isolated semi-ring-rib models

After conducting computational tests on isolated
rib models, the criterion of maximum principal stress
was chosen to assess the results in the cortical tissue
for each reconstructed semi-ring-rib model, as the be-
havior of human bone is not characteristic of a ductile
material (Kemper et al., 2007; Palanca et al., 2022).
Additionally, the maximum von Mises stress was
obtained for each implant. At the third rib level, the
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Fig. 4 von Mises stress result in the mesh sensitivity study: (a) coarse mesh (element size of 2 mm); (b) fine mesh

(element size of 1 mm)

maximum principal stress in the cortical bone of the
natural rib models was 30.0 MPa (Fig. 5a). In the re-
constructed models, the maximum principal stress in
the bone tissue reached 85.0 MPa at the second rib
level, while the maximum von Mises equivalent stress
in the implant was 237.2 MPa (Fig. 5b) at the same
rib level. In all cases, it was observed that the maxi-
mum stresses in the bone were concentrated on the ex-
ternal lateral surface of the ribs.

The force—displacement curves of each of the
four semi-ring-rib models reconstructed with implants
were also obtained (Fig. 6). Their stiffness was calcu-
lated as the slope of the approximated lines, with a co-
efficient of determination (R’) of 0.99 in all cases. The
stiffness values calculated from the second to the fifth
rib level were 6.1, 1.3, 0.7, and 0.4 N/mm, respectively.
The stiffness obtained at the second rib level was more
than four times higher than that at the third rib level.

3.3 Native model of the full thorax

During the expiration phase of the breathing cycle,
the maximum sternal displacement was 10.3 mm in the
anteroposterior direction and 17.8 mm in the laterolat-
eral direction. Fig. 7 illustrates the distribution of dis-
placements in the native model, along with the bucket
handle angle and the pump handle angle generated in
the ribs. Both angles were calculated using the method
described by Wilson et al. (2001). Additionally, a com-
parison of these angles is shown with the results ob-
tained in the computational models of Sun et al. (2024)
and Zhang et al. (2016) for rib levels 2—7. Ribs at the
first level and levels 8—10 were excluded from the visu-
alization due to their different biomechanical behavior.

The highest absolute values obtained for the pump
and bucket handle angles were 5.6° and 4.3°, respec-
tively, at the seventh rib. Compared to the model of
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Fig. 5 Photographic composition showing the distribution of maximum principal stresses and the von Mises stresses in
the cortical bone and in implants, respectively, of the isolated rib models from the second to the fifth rib level: (a) semi-
ring-rib models with healthy ribs; (b) semi-ring-rib models reconstructed with implants (the left legend shows the results
of the von Mises equivalent stresses obtained in the implant at each level, while the right legend presents the results

obtained in the bone tissue)
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Fig. 6 Comparison of the force—displacement curves obtained
for each of the four semi-ring-rib models reconstructed with
implants

Zhang et al. (2016), the largest absolute differences
observed were 1.7° at the fourth rib for the bucket
handle angles and 1.3° at the seventh rib for the pump
handle angles.

On the other hand, results obtained in the native
model indicated that achieving a maximum sternal
compression displacement of 30 mm required apply-
ing a force of about 340 N in its central zone. A force
of 125 N was needed to produce a compression of
15 mm. Fig. 8 illustrates a comparison of the force—
displacement curve of the native model in our study
with those obtained by the models of Sun et al. (2024)
and the experimental results from Gruben et al. (1999).
The maximum relative differences observed in the
maximum displacement estimates in these studies were
10.5% and 14.8%, respectively.

3.4 Chest wall reconstruction models

Compressive load simulations were conducted on
models A1, A2, and B, resulting in von Mises stresses
of 316.5, 295.8, and 327.5 MPa, respectively, in each
implant. In all cases, these maximum stresses occurred
in the anterior region near the junction with the sternum,
with higher stresses observed in the areas of the pro-
sthesis replacing the lowest rib, due to greater defor-
mation of the sternum. Fig. 9 shows the stress distri-
bution in each of the three implants, using the same
scale.

Furthermore, the maximum compression displace-
ment obtained in the sternum was 25.0 mm for model
Al, 24.5 mm for model A2, and 20.1 mm for model
B under the 300-N load scenario, compared to the
26.5 mm obtained in the case of the native model.
Given that the coefficient R* was about 0.90 in all cases
when evaluating the force—displacement curves, the
stiffness of each was calculated as the slope of the line
that best approximated them. The stiffness values ob-
tained in each case are summarized in Fig. 10.

Finally, the total reaction force at each of the ten
rib levels of the costovertebral joints was calculated
as the sum of the resultant force from the anteroposte-
rior (F,) and craniocaudal (F) components of each pair
of joints in each of the four models. The maximum re-
action force occurred at the first level in all cases with
minimal differences of around 3 N between the native
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Fig. 8 Force—displacement curve of the native model
compared with results obtained in other studies

model, model Al, and model A2. However, model B
showed a greater difference, with the maximum reac-
tion force being about 16.7 N lower than that of the
native model (Table 2). Additionally, at rib levels 3, 4,
and 5, model B exhibited the highest reaction forces
compared to model A2, model Al, and the native
model, with values of 48.1, 29.6, 29.5, and 22.9 N, re-
spectively, at the third rib level.

The maximum principal stress values were ob-
tained in model B, reaching 46.7 MPa. These stresses
were located mainly at the anterior end of the resected

ribs at the third rib level, displacing towards the costo-
vertebral joint at the fourth and fifth rib levels (Fig. 11).
At these levels, model B also showed the highest
values of maximum principal stresses, with values of
43.2 and 41.7 MPa, respectively, compared to about
27.8 MPa in the native model.

4 Discussion

In this study, we evaluated the biomechanical be-
havior of thoracic implants with a spring-like design.
Previous studies analyzed their response through ex-
perimental bending tests and computational simula-
tions on a specific isolated rib model. Continuing from
these studies, the response of implants from the second
to the fifth levels of the thoracic cage was individually
assessed in semi-ring-rib models. Analysis of results
from this more comprehensive study led to the design
of three implant configurations to be included in a
complete rib cage model with chest wall defects. Thus,
it was possible to study the biomechanical response of
these implants in a more realistic scenario by simulat-
ing three different cases of chest wall reconstructions.
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Fig. 10 (a) Force—displacement curve obtained for each model; (b) comparison between the maximum compressive
displacement in the sternum and the stiffness calculated for each model

After the simulations performed on the isolated
semi-ring-rib models, the maximum principal stress
in the cortical bone was 85 MPa at the second rib level
but below 30 MPa at the remaining levels. Consider-
ing that the yield strength of cortical bone tissue can
range between 88.0 and 100.7 MPa (Li et al., 2010;
Iraeus et al., 2020), the design of the implant at the
second level was considered excessively stiff due to the

high stresses obtained in the cortical tissue, which could
potentially harm the rib. Furthermore, the stiffness ob-
tained from the implant-rib assembly was 6.1 N/mm,
representing a 443% increase compared to the stiff-
ness obtained at the third level. This increase could be
attributed to the greater stiffness exhibited by the ribs
at the second level, whose force—displacement curve
was quite distinct from those of the other levels of the
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Table 2 Results of reaction forces at each rib level in the
four models presented

Reaction force (N)

Rib level
Native model Model A1 Model A2 Model B
1 156.9 1534 153.5 140.2
2 43.7 41.9 41.7 36.6
3 22.9 29.5 29.6 48.1
4 30.1 34.4 32.0 36.8
5 239 22.4 26.5 34.3
6 14.5 13.5 13.2 10.5
7 11.3 10.0 9.8 7.9
8 0.3 1.9 2.0 29
9 1.8 3.1 3.1 4.1

10 1.9 1.1 1.1 1.0

rib cage (Iraeus et al., 2020; Li et al., 2022). These re-
sults led to the design of three implant configurations
for rib cage reconstruction, excluding the second rib
level.

The next step involved validating the complete rib
cage model before incorporating the proposed implant
configurations to simulate different cases of chest wall
reconstructions. This validation process included de-
fining the necessary conditions within the FE software
and analyzing the model’s behavior under different
conditions. The analysis included measuring the an-
gles produced in the ribs during the natural compres-
sion process of the rib cage in the exhalation phase of
breathing and examining the compression behavior of
the model under the action of different compressive
loads to obtain the corresponding force—displacement
curve.

The results during the expiration phase of breath-
ing were compared with those of more complex rib
cage models that included a significant portion of the
thoracic musculature (Zhang et al., 2016; Sun et al.,
2024). The maximum absolute differences obtained in
the pump handle angle compared to the models by
Zhang et al. (2016) and Sun et al. (2024) were 1.2° at
the second rib level and 1.7° at the fourth rib level.
Similarly, for the bucket handle angle, these differences
were 1.3° at the seventh level and 0.7° at the sixth level.
The differences obtained could be a consequence of
not including thoracic musculature, potentially leading
to greater displacements in the ribs as they are solely
linked to the boundary conditions of the model de-
fined in the costovertebral joints. Nonetheless, although

our proposed native model did not include any por-
tion of the thoracic musculature, it showed signifi-
cant consistency considering that in scientific litera-
ture, results with up to a 2° difference in these angles
have been considered valid (Zhang et al., 2016; Zhao
et al., 2022; Sun et al., 2024). Furthermore, the force—
displacement curve of the model under different load-
ing scenarios was compared with results from more
complex computational models (Sun et al., 2024) and
experimental data (Gruben et al., 1999). Although the
response offered was more linear than in those studies,
consistent results were obtained, considering that the
relative difference calculated based on the maximum
displacement difference in comparison with the results
of those studies was less than 15%.

Although many studies have used complex models
to simulate the breathing movements of the human
chest as realistically as possible (Zhang et al., 2016;
Zhao et al., 2022; Sun et al., 2024), this study has dem-
onstrated that it is possible to use a simpler model and
achieve realistic results. The lower complexity of the
model is directly associated with a lower computational
cost and, therefore, reduced time in executing simula-
tions. It is important to consider that time is a key
factor when designing and validating personalized
prostheses for treating patients with serious clinical
conditions. This allows for shorter response times and
greater assurances in the implantation of prostheses.

Once the response of the native model was vali-
dated, different implant configurations were proposed
to reconstruct the rib cage in various scenarios due to
the great diversity of clinical cases that can be found
(Aragon and Méndez, 2016; Moradiellos et al., 2017;
Cano et al., 2018; Fiorucci et al., 2021). The three case
studies for chest wall defects used in this study were
chosen with the aim of forming a significant sample
of possible cases, from reconstructions affecting ipsi-
lateral ribs (models A1 and A2) to chest wall resections
of bilateral structures (model B). The response of each
configuration was studied in an unfavorable scenario
during the practice of a CPR maneuver, applying an
average load of 30 kg to the mid-sternum area. After
conducting computational compressive tests, the max-
imum von Mises stress was reached in Model B with
the bilateral prosthesis. In this case, this value was
327.5 MPa, a stress value that represents 38% of the
yield stress value of the Ti-6A1-4V ELI alloy (Rafi
et al., 2013). Considering this as the most unfavorable
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Fig. 11 Maximum principal stresses obtained in the bone tissue of the resected ribs for each of the four models in the
third, fourth, and fifth left ribs. A maximum limit of 30 MPa was set to facilitate comparison, with all regions exceeding
this threshold shown in intense red. References to color refer to the online version of this figure

case, we concluded that the proposed designs would
withstand this situation without producing permanent
deformations in the material.

Few studies have focused on analyzing the me-
chanical properties of implants manufactured through
AM technologies (Fiorucci et al., 2021). Some studies
have used semi-ring-rib models where the implant and
the corresponding rib are isolated (Kang et al., 2018;
Fiorucci et al., 2021) and a single deformation is ap-
plied in a unique coplanar direction, as also presented
in the first part of this study. The inclusion of implants
in our complete thoracic model has allowed for more
precise results regarding the distribution of maximum

principal stresses in the cortical bone, given that de-
formations are no longer generated solely in one plane,
but considering the overall response of the 3D model.
Consequently, maximum stresses are not only local-
ized on the external lateral surface of the shaft of the
ribs as obtained in the isolated rib models, but also
concentrated on the external and internal posterior sur-
faces near the costovertebral joint, with this distribu-
tion differing according to each rib level.

Regarding the compressive displacements experi-
enced by all models under the 300-N load scenario, a
total stiffness of 11.2 N/mm was obtained for our native
model. This value closely aligns with the findings from
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studies by Shaw et al. (2007) and Murach et al. (2018),
where stiffness values of 12.8 and 13.0 N/mm, respec-
tively, were found in compression tests on thoraxes
from post-mortem eviscerated human subjects. The
native model presented in this study consists uniquely
of the bone structure and cartilaginous tissue of the
rib cage, so the results obtained again demonstrated
significant consistency with experimental data.

Models A1l and A2 showed a very similar re-
sponse to that of the native model with minimal differ-
ences in maximum compression displacement, which
was only 2 mm greater in models Al and A2 and 5 mm
in the case of model B. This may be attributed to the
stiffness provided by the central plate’s connection with
the spring structure that replaces each of the costal
cartilages, as well as the greater number of natural
ribs replaced. Nevertheless, the research of Tomlinson
et al. (2007) showed that some patients underwent
compressive sternal displacements of less than 20 mm
under a 30-kg load scenario. Thus, despite this increase
in stiffness, the prosthesis included in model B appears
to be compatible with the compression behavior of
the human thorax. In addition, the average age of indi-
viduals included in the study of Tomlinson et al. (2007)
was 70 years, while the native model presented in this
work was derived from a healthy 35-year-old adult
male. Therefore, the results are considered consistent
given the reduction in stiffness experienced by the ribs
over the years (Agnew et al., 2013, 2015).

Maximum principal stresses produced in the re-
sected models were also analyzed. Table 2 shows the
distribution of loads in the rib cage of each of the
four models, resulting in an increase in the absorbed
load at levels 3, 4, and 5 in models Al, A2, and B,
where the resected ribs are located, and consequently,
an increment in the maximum principal stresses
produced on the bone tissue. The maximum stresses
were located in the third level of ribs of model B, as
expected, due to its higher stiffness, reaching a maxi-
mum value of 46.7 MPa. As mentioned previously,
cortical bone yield stress values can range between
88.0 and 100.7 MPa at most (Li et al., 2010; Iraeus
et al., 2020). Thus, the maximum stress produced in
the cortical tissue represents about 53% of the lowest
value of this interval in the most unfavorable case.
Therefore, we conclude that stress distribution in
healthy bone would not be detrimental under the ana-
lyzed scenario.

With regard to the load distribution of the rib
cage after the reconstruction with the implants, the
load absorption of the first two rib levels decreased
compared to the native model, with these loads being
redistributed to the ribs reconstructed with the im-
plants. This behavior was also described in the study
presented by Girotti et al. (2017), in which a rib
cage prosthesis made of a polyester mesh and a rigid
poly-methyl-methacrylate (PMME) structure was pro-
posed. In that study, the model’s response in all cases
showed that over 60% of the applied load was absorbed
by the first rib level due to the excessive stiffness of
the prosthesis resulting from the absence of cartilagi-
nous elements. In this study, the maximum percentage
of absorption of load by the first rib level was less
than 50% in all scenarios. This demonstrates that the
spring structure used as the basis for the design of all
implants allows for a reduction in the stiffness of the
rib cage and a more precise replacement of costal car-
tilage elasticity, facilitating chest movements during
breathing. This would result in a better quality of life
for the patient, as described in previous cases (Aragon
and Méndez, 2016; Moradicllos et al., 2017; Cano
et al., 2018; Vannucci et al., 2020; Garcia et al., 2024)
where the new implant design was used. The clinical
outcomes showed positive short-term results, ensuring
a rapid recovery without severe complications or post-
operative discomfort.

The model presented in this work consists of the
bone structure and cartilaginous tissue of the thoracic
cage only. The exclusion of the thoracic musculature has
led to a less realistic response of the model in certain
aspects compared to those documented in other studies.
Future research analyzing the behavior of these im-
plants in more demanding scenarios is necessary, es-
pecially regarding the long-term life of the implants.
Rib movements during the natural breathing process
generate cyclic loads that could facilitate the propaga-
tion of fissures in the material due to the layer-by-layer
structure of parts produced by additive manufactur-
ing (Yanez et al., 2020). In this regard, it is neces-
sary to carry out research that further investigates the
fatigue behavior of our proposed design. Specifically,
low-cycle fatigue tests need to be conducted to study
crack propagation in the geometry of the implants,
while high-cycle fatigue analysis is necessary to de-
termine whether these designs can withstand infinite
life. Additionally, experimental tests are essential to



further characterize the material properties related to
fatigue performance, as well as to calibrate the com-
putational models.

5 Conclusions

The thoracic implants proposed in this study
have demonstrated adequate mechanical performance
and flexibility when replacing the rib-cartilage com-
plex, except for the second rib level where a high stiff-
ness was obtained, resulting in a significant increase in
cortical bone stresses. The specific spring-like geometry
has yielded promising results in replacing the func-
tion of costal cartilage, enabling greater flexibility from
the third to the fifth levels of the rib cage. Modifying
certain design parameters could further reduce the
stiffness of the implant, especially at the second rib
level. In the three simulated scenarios of thoracic re-
constructions, all tested designs endured mechanical
stresses in demanding scenarios, induced acceptable
stresses in the cortical tissue, and did not significantly
alter the distribution of loads in the rib cage. Thus, the
results obtained so far are promising, opening the door
to the design of flexible, durable, and competitively
produced custom-made implants.
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