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A B S T R A C T   

The lack of deformability of rigid chest wall reconstruction (CWR) implants presents a challenge in reducing 
postoperative respiratory function in patients with large chest wall defects. Flexible poly-ether-ether-ketone 
(PEEK) CWR implants, consisting of rib components with elliptical cross-section and costal cartilage compo
nents featuring wavy structures, were developed with adjustable design parameters that allow quantitative 
restoration of respiratory function. During the design process, the equivalent elastic moduli of the rib and costal 
cartilage components were parametrically adjusted in a validated finite element (FE) model of the chest wall to 
maximise chest wall deformation during respiration, while considering mechanical safety as the boundary 
condition. The optimal equivalent elastic moduli were then translated into design parameters for the rib and 
costal cartilage components, based on a database relating the equivalent elastic modulus to the design param
eters of the components with elliptical cross-section and wavy structures. The flexible PEEK CWR implant 
increased the difference in chest circumference during respiration by 12.2% compared to rigid PEEK implant in a 
clinical case-based study. This study presents a strategy to address the reduced respiratory function in 3D printed 
CWR implants, providing a pathway for quantitative restoration of respiratory function through parameterised 
optimisation.   

1. Introduction 

Chest wall defects resulting from chest wall tumours, trauma, 
congenital malformation, or massive infection, are generally considered 
to be reconstructed with artificial implants if they exceed an area of 5 
cm × 5 cm [1,2]. Bony chest wall reconstruction (CWR) using rigid 
materials plays an important role in restoring of thoracic integrity, sta
bility and respiratory function [3]. 

Due to the marked differences in anatomical morphology and the 
specific characteristics of the chest wall defects in individual patients, 
customised implants fabricated by additive manufacturing (AM) tech
nology, commonly known as 3D printing, were believed to be a 

promising approach to reconstruct large chest wall defects. Both tita
nium alloy and polyether-ether-ketone (PEEK) have been employed in 
published clinical studies. In 2014, Turna et al. [4] reported the first 
clinical application of 3D printed customised titanium implants for bony 
CWR using 3D printing technology. Since then, several multidisciplinary 
teams of surgeons and engineers around the world have published the 
clinical trials involving rib and sternal implants made by similar tech
nology [5–10]. The first clinical application of PEEK material in bony 
CWR was reported by Kang et al. [11], and Wang et al. [12] reviewed 
their series cases of CWR surgeries using 3D printed PEEK customised 
implant dating back to 2017. One of the most distinct benefits of 3D 
printed CWR implants was the excellent short-term cosmetic results, 
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which help to preserve the thoracic morphology [5,13,14]. Additionally, 
the incorporation of digital surgical planning along with 3D printed 
customised implants has been found to reduce operating time and 
intraoperative blood loss. However, patients complained of reduced 
respiration or breathing pain after implantations, and clinical follow-ups 
also confirmed a 12 %–16 % reduction in forced vital capacity (FVC) 
post-operatively for patients with PEEK implants [12,15]. Although 
there is no direct clinical evidence, it is presumed that the reduction in 
FVC for 3D printed titanium CWR implants would be even greater than 
that of PEEK implants due to the significantly higher elastic modulus of 
titanium alloy. In the natural chest wall, the elongation and deformation 
of the costal cartilage during inspiration contributes to changes in 
thoracic dimension. But CWR implants made of rigid materials such as 
PEEK or titanium alloy have a much lower deformability than that of 
costal cartilage, thus failing to provide sufficient expansion of the thorax 
during respiration. 

To solve the challenge of respiratory function in rigid CWR implants, 
a strategy based on spring-like structure was developed to obtain flexible 
implants. Aragón et al. [16] designed a specific structure with bending 
capabilities to simulate natural chondrosternal articulations, and re
ported that rib implants with this specific structure at the costal cartilage 
section, fabricated by 3D printed titanium alloy, reduced the FVC by 12 
%. Moradiellos et al. [17] developed titanium rib implants with a “Greek 
wave” folding pattern, acting as a functional spring capable of extension 
or compression during respiratory cycles [18]. Although the CWR im
plants with “Greek wave” design was applied in the clinic, but post- 
operative follow-up data on respiratory function have not been pub
lished. The spring-like structure made of titanium alloy reduced the 
stiffness of the CWR implants, but the high elastic modulus of titanium 
alloy (typically 100–120 GPa [19,20]) still resulted in a stiffness of the 
spring-like structure much higher than that of natural costal cartilage 
(8.7–12.6 MPa [21]). The strategy of a spring-like structure was also 
implemented in PEEK CWR implants. In previous studies by Zhang et al. 
[22] and Kang et al. [23], a method was developed to mimic the me
chanical properties of costal cartilage through a wavy elastic structure 
made from PEEK material. The equivalent elastic modulus of mimicked 
costal cartilage, fabricated by materials extrusion technology [24–26], 
was adjusted to a range (0.5–17.3 MPa [22]) similar to that of natural 
costal cartilage, while meeting the strength requirements for chest 
compression. Animal studies demonstrated that the key indicators 
related to respiration, such as chest circumference, pulmonary ventila
tion volume, and dynamic compliance, were restored to healthy values 
7 months after the implantation of PEEK CWR implants with the wavy 
elastic structure [23]. Till now, the flexible PEEK CWR implants devel
oped by Zhang et al. [22] and Kang et al. [23] have not been used in the 
clinic. 

The mechanical principle behind the 3D printed flexible CWR im
plants to optimise respiratory function was to mimic the mechanical 
properties of costal cartilage by designing elastic structures, thereby 
restoring the expanding and contracting ability of the reconstructed 
chest wall during respiration. Despite some specific successes, achieving 
a healthy level of respiratory function in the clinical application of 3D 
printed flexible CWR implants remains a challenge. This challenge is 
magnified by the variability in respiratory function and chest wall de
fects among individuals. Each patient has unique requirements for the 
expansion and contraction behaviour of CWR implants during respira
tion, leading to different demands on the mechanical performance of 
CWR implants under respiratory loads. Precise structural design is 
therefore essential to quantitatively restore the respiratory capacity of 
the individual patient with the CWR implant. To the best of the author’s 
knowledge, this is the first investigation in 3D printing CWR implants 
that considers the quantitative restoration of a specific patient’s respi
ratory function through structural design. 

Given the challenge of designing flexible CWR implants that align 
with the respiratory function of individual patients, this study develops a 
strategy for customising flexible CWR implants consisting of rib and 

costal cartilage components. Firstly, the mechanical properties of the rib 
and costal cartilage components of the CWR implants are investigated 
through mechanical experiments to understand the influence of struc
tural parameters. Secondly, the quantitative effect of the mechanical 
properties of the rib component and costal cartilage components on the 
expansion and contraction of the reconstructed thoracic cage under 
respiratory loads is simulated by finite element (FE) models. Finally, a 
clinic-based demonstration shows how to restore respiratory function to 
a healthy level through the structural design of flexible PEEK CWR im
plants. This study provides a feasible design methodology for custom
ised flexible PEEK CWR implants with the objective of restoring 
respiratory function. 

2. Materials and methods 

2.1. FE model of the natural thorax 

An accurate FE model capable of predicting the deformation of the 
chest wall during respiration serves as the foundation for studying the 
effect of the design of flexible CWR implants on the respiratory function. 
In this study, an FE model of the natural thorax was established and 
validated by comparing the simulated results with current research. 

The 3D model of the natural thorax (Fig. 1A), including the sternum, 
ribs, and costal cartilage, was reconstructed based on computed to
mography (CT) data from a healthy adult male volunteer of medium 
stature with normal thoracic morphology and function. The recon
struction process was performed using Mimics 21.0 (Materialise, 
Belgium) and Geomagic Studio 12.0 (Geomagic, USA) software. The 
surrounding muscles, including the diaphragm, sternocleidomastoid 
(SCM), levatores costarum breves (LCB), external intercostal muscles 
(EIM), internal intercostal muscles (IIM), abdominal internal oblique 
(AIO), abdominal external oblique (AEO), and rectus abdominis (RA), 
were added to simulate the respiratory function. The diaphragm, which 
is one of the most important respiratory muscles, accounting for 60–80 
% of the inspiratory function [27], was constructed in SolidWorks 2016 
software (Dassault, France) based on the anatomical morphology and 
dimensions measured in the CT images. It consisted of the central 
tendon, muscle belly and muscle fibre (Fig. 1B). The remaining muscles, 
such as EIM and AEO, were built using line segments in Hypermesh 12.0 
software (Altair, USA) based on the anatomical characteristics of the 
thorax. 

The 3D model of the thorax was meshed using HyperMesh 12.0, and 
LS-PrePost V 4.3.38 software (ANSYS, USA) was used for pre-processing 
of the FE model. The sternum, ribs, and costal cartilage were meshed 
using the four-node tetrahedron linear element (C3D4). The diaphragm 
was meshed using the four-node quadrilateral element (S4R). The 
remaining muscles were meshed using the truss element (T3D2). Mesh 
sensitivity was checked and an element size of 1 mm was selected. To 
simulate the rotation of the costovertebral joint and the costotransverse 
joint (Fig. 2A.1), the joint-revolute unit was used, considering the 
physiological characteristics of the human body. The cartilage was 
bounded to the sternum and ribs to simulate amphiarthroses (Fig. 2A.2). 
The ends of the muscle fibres were coupled to the ribs to drive the 
thoracic movement during respiration. The distal ends of the SCM, AIO, 
AEO and RA were fixed. The interface between the diaphragm and the 
thorax was set as frictionless contact to simulate sliding during respi
ration (Fig. 2A.3). 

The material properties of the sternum, ribs, costal cartilage, and the 
diaphragm are shown in Table 1. The Hill skeletal muscle model was 
employed to simulate the muscle fibres. The basic Hill model consists of 
passive parallel elastic units (PE) and active contractile units (CE). The 
total muscle stress can be obtained by summing the stress vectors from 
both units, as shown in equation (1): 

σ = σPE + σCE (1)  
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Fig. 1. 3D model of the natural thorax. (A) Bones, cartilage, muscles and diaphragm. (B) The model of the diaphragm. (SCM: sternocleidomastoid; LCB: levatores 
costarum breves; EIM: external intercostal muscles; IIM: internal intercostal muscles; AIO: abdominal internal oblique; AEO: abdominal external oblique; RA: 
rectus abdominis). 

Fig. 2. Finite element model setup of the natural thorax. (A) Boundary conditions, contacts and interactions of the thorax FE model. (A.1) The boundary conditions 
of the connection between ribs and vertebrae. (A.2) The constraint among ribs, costal cartilage and sternum. (A.3) The contact between diaphragm and chest wall. 
The relationships between (B) passive muscle stress and the relative length of muscles fibres, (C) active muscle stress and the relative length of muscles fibres, (D) 
active muscle stress and relative contractive speed. (E) The activation level of muscles in respiration cycle. (F) The pressure of cavity and pleura in respiration cycle. 
In (E) and (F), time before 2 s is the inspiration stage, after 2 s is the expiration stage. 
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where σ denotes the muscle stress; σPE denotes the stress of the PE; σCE 
denotes the stress of the CE. σPE was described by Eq. (2): 

σPE = σmaxfPL(L) (2)  

where σmax denotes maximum isometric shrinkage stress. 
According to the previous studies, the σmax of LCB, EIM and IIM was 

0.4 MPa [28], the σmax of SCM, AIO, AEO and RA was 0.46 MPa [29], the 
σmax of diaphragm fibres was 0.26 MPa [28]. fPL(L) was the passive 
stress-relative length relation, as shown in Fig. 2B. σCE was a function of 
muscle length, speed, and activation, as shown in Eq. (3): 

σCE = σmaxa(t)fCL(L)fCV(V) (3)  

where a(t) denotes the muscle state (“0″ for restrain and“ 1 ”for active); 
fCL(L) denotes the active stress-relative length relation, as shown in 
Fig. 2C; fCV(V) denotes the active stress-relative shrinkage velocity 
relation, as shown in Fig. 2D. 

Two loading conditions were applied to the FE model to simulate 
chest compression during cardiopulmonary resuscitation (CPR) and 

spontaneous respiration. For the chest compression simulation, a 
displacement of 50 mm towards the + Y direction was applied to an area 
approximately the size of a palm at the distal sternum, with a duration of 
0.6 s to mimic CPR. For the spontaneous respiration, the respiratory 
muscles were activated to follow the respiratory cycle shown in Fig. 2E. 
Abdominal pressure and pleural pressure [39] (Fig. 2F) were respec
tively applied to the lower surface of the diaphragm and the inner sur
face of the thoracic cavity, respectively, to simulate natural respiratory 
motion. The FE analysis was performed using the LS-DYNA R11.0 solver 
software (ANSYS, USA). 

2.2. Characterisation of the equivalent mechanical properties of rib and 
costal cartilage components 

The flexible CWR implant was divided into a rib component and a 
cartilage component, as shown in Fig. 3B, referring to the anatomical 
structures of human rib and costal cartilage. The demarcation between 
the rib and costal cartilage components of the CWR implant followed the 
natural anatomical structure. Expanding on the variable cross-section 
design method along the centroid trajectory of rib established by Kang 
et al. [11], a simplified design method for the rib component with a fixed 
cross-section was developed. The cross-section of the rib component was 
designed as a hollow ellipse, as presented in Fig. 3A, with a solid outer 

Table 1 
Mechanical properties of components in FE model.  

Component Density 
/kg/ 
mm3 

Elastic 
modulus/ 
GPa 

Yield 
strength 
/MPa 

Poisson’s 
ratio 

Ref. 

Sternum 1.5 ×
10-6 

11.5 90  0.3 [30–32] 

rib 1.5 ×
10-6 

5 88  0.3 

Costal 
cartilage 

1.5 ×
10-6 

0.05 7  0.4 [32–34] 

Muscle of 
diaphragm 

1.3 ×
10-6 

0.053 —  0.33 [35–37] 

Tendon of 
diaphragm 

1.3 ×
10-6 

0.033 —  0.33 

PEEK 1.32 ×
10-6 

2.9 90  0.3 [38]  

Fig. 3. The design and mechanical tests of 3D printed flexible PEEK rib implants and costal cartilage implants. (A) Design of the rib implants. (B) A schematic 
diagram of a typical rib/costal cartilage integrated implant. (C) Design of the costal cartilage implants with a wavy structure. Three-point bending samples (D) and 
testing (E) of the rib implants. Tensile samples (F) and testing (G) of the costal cartilage implants. 

Table 2 
Design parameters of the flexible rib and costal cartilage implant.  

Implant Parameter Value 

Rib Length of long axis a/mm 5 6 7 8 
Length of short axis b/mm 3 4 5 / 
Wall thickness t/mm 1 2 3 / 
Rotation angle θ/◦ 0 45 60 90 
Filling rate r/% 10 50 100 / 

Costal cartilage Amplitude h/mm 4 5 6 7 
Thickness d/mm 4 6 8 10 
Wavelength λ/mm 6 7 8 9 
Line width w/mm 1.5 2 / /  
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wall and internally filled with a porous structure. Table 2 shows the five 
design parameters that characterise the elliptical cross-section. Among 
these parameters, it should be noted that θ represents the angle between 
the long axis of the ellipse and the principal normal axis (n) of the 
centroid trajectory of the natural rib. The inclusion of θ as one of the 
design parameters was justified by the fact that, on one hand, the angle 
between the ellipse fitted to the cross-section at different locations of the 
natural rib and the principal normal of the trajectory varies. On the other 
hand, the bending performance of the elliptical cross-section is also 
influenced by θ. The costal cartilage component was designed as an 
elastic wavy structure with four design parameters, as shown in Fig. 3C 
and Table 2. The centreline trajectory of the wavy structure also 
mirrored that of natural costal cartilage. 

Mechanical tests were employed to investigate the effect of design 
parameters on the mechanical properties of the rib and costal cartilage 
components. Following the principles of orthogonal testing, the me
chanical tests for the rib and costal cartilage components were set as 16 
experimental groups as detailed in Table S1 and Table S2 in Supple
mentary File 1, respectively. For the rib components, all specimens have 
a length of 100 mm. As for the costal cartilage components, the specimen 
lengths vary with the cycle, and the length of each set of specimens is 
recorded in Table S2 in Supplementary File 1. The PEEK (450 PF, Vic
trex, UK) samples were fabricated using Fused filament fabrication 
technology (Surgeon Plus, Jugao AM, China) with the following process 
parameters: nozzle temperature of 420 ◦C, printing speed of 50 mm/s, 
bead width of 0.4 mm, layer thickness of 0.2 mm, bed temperature of 
25 ◦C and raster angle of ± 45 ◦C. The mechanical properties of the rib 
and costal cartilage components were measured using a universal me
chanical testing machine (SANS CMT4304, MTS, America). During 
respiration or chest compressions, the volume change of the thorax is 
mainly achieved through bending deformation of the ribs and tensile 
deformation of the costal cartilage. Therefore, three-point bending tests 
were performed to determine the bending elastic modulus and strength 
of the rib component. The tests were performed with a span of 80 mm 
and a loading speed of 2 mm/min. Uniaxial tensile tests were carried out 
to assess the costal cartilage component at loading speed of 2 mm/min. 
The experimental temperature and humidity were 25 ~ 28 ◦C and 40 ~ 
60 %, respectively. Each group consisted of six specimens. 

Following to the procedure described in Supplementary File 2, the 
equivalent elastic moduli of the rib and costal cartilage component were 
calculated from the force–displacement curves measured in three-point 
bending tests and uniaxial tensile tests, respectively. Parameters that 
significantly affected the mechanical properties were identified by 
variance analysis. This led to the establishment of two databases: one for 
the rib component with a hollow elliptical cross-section, and another for 
the costal cartilage component with a wavy structure. Both databases 
provided the relationship between the equivalent elastic modulus and 
design parameters. 

2.3. Parameterized study of the elastic modulus of rib and costal cartilage 
components 

In this study, a parametric method was developed based on the 
equivalent mechanical properties of the rib and costal cartilage com
ponents to achieve optimal restoration of respiration postoperatively. 
First, an equivalent FE model of the CWR implant and the natural thorax 
was established. Building upon the FE model of the natural thorax in 
section 2.1, an in-suit designed CWR implant involving only the 5th rib, 
was divided into rib component, costal cartilage component, and con
necting component. The interfaces between the connecting component 
and the residual bone were tied to simulate the immediate fixation in 
surgery such as screws or wires. The EIM surrounding the CWR implant 
was converted to a deactivated statue to simulate the passive force, 
which restricts the movement of the CWR implant without active trac
tion after the resection of the EIM. The remaining boundary conditions, 
loads, mesh sizes, element types, and material properties were 

consistent with the natural thorax model described in Section 2.1. 
In the equivalent CWR implant-natural thorax FE model, the influ

ence of the equivalent bending elastic moduli of the rib component (Er) 
and the equivalent tensile elastic modulus of the costal cartilage 
component (Ec) on the deformation of the thorax during respiration was 
investigated. The aim was to determine the optimal equivalent elastic 
modulus for both components that would maximise the benefit to res
piratory function. For the FE analysis, four different values were 
assigned to both Er and Ec, resulting in 16 groups of FE analysis, as 
detailed in Table S3 in Supplementary File 1. The indications for eval
uating restoration of respiration in the FE analysis including the length 
variation of the chest wall in the medial–lateral and anterior-posterior 
axes during a respiratory process on the cross-section of human, deno
ted as Δx and Δy, respectively, and the difference in chest circumference 
were represented as ΔC. 

To validate the equivalent CWR implant-natural thorax FE model, 
realistic models of the CWR implant, with a cross-section of hollow el
lipse for the rib component and a wavy structure for the costal cartilage 
component, were developed to predict the deformation of the chest wall 
during respiration. Only two realistic models with minimum and 
maximum elastic modulus were employed for validation. The same in
dications used to evaluate the deformation of the thorax in the equiva
lent CWR implant-natural thorax FE model were employed for 
comparison with the realistic models. In the realistic models, those in
dications were denoted as Δx’, Δy’ and ΔC’. Furthermore, the stress 
obtained from the realistic models served to assess the safety of the CWR 
implant. 

2.4. Design of CWR implants based on a clinical case 

Fig. 4 illustrates the framework to design the flexible CWR implants 
in clinical applications. First, a 3D model of the defected chest wall with 
tumour was reconstructed from CT data. Second, the implant geometry, 
including the rib and costal components, was in-suit designed based on 
the surgical plan. Third, the elastic modulus of the rib and costal carti
lage components were varied to simulate the difference in chest 
circumference (ΔC) and compared with the expected difference in chest 
circumference (ΔCE). The ΔCE was determined by the clinicians based 
on the expected post-operative respiratory function of the patient. 
Parametric studies of the equivalent elastic modulus of the rib (Er) and 
costal cartilage (Ec) components were conducted with the aim of mini
mising the discrepancy between ΔC and ΔCE. Fourth, the optimised 
values of Er and Ec were traversed into the design parameters of the rib 
and costal cartilage components based on the databases established in 
section 2.2. Fifth, the stress of the optimised flexible CWR implant 
during chest compression was calculated by FE analysis to check the 
mechanical safety of the implant. Finally, a 3D model suitable for 3D 
printing was generated, typically in STL format. 

To illustrate the design framework, a case study was conducted based 
on a previously reported PEEK rib implant [11]. Three combinations of 
Er and Ec that met respiratory demands were chosen, along with the rigid 
implant as a reference. FE analysis was employed to compare the res
piratory restoration and the mechanical safety of the implant with 
different design parameters. 

3. Results 

3.1. FE analysis of the natural thorax 

The results of the deformation of the natural chest wall under a chest 
compression of 5 mm are shown in Fig. 5A and 5B. Fig. 5A presents the 
deformation pattern of the natural chest wall, displaying a V-shaped 
pattern. The reaction force corresponding to the compression displace
ment is illustrated in Fig. 5B and compared with the data obtained from 
the “typical man” model established by Gruben et al. [40], demon
strating good consistency. 
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The deformation distribution of the natural thorax in the sagittal and 
coronal planes during respiration is illustrated in Fig. 5C and 5D, 
respectively. At the end of the inspiration phase, occurring in the 2 s of a 
respiratory cycle, the anterior-posterior distance of the chest wall, 
measured on the cross-section near the fourth rib, increased by 7.77 mm, 
while the medial–lateral distance increased by 8.49 mm. During the 
expiratory phase, which occurs between 2 and 5 s of the respiration 
cycle, the anterior-posterior distance of the chest wall was decreased of 
12.13 mm, and the medial–lateral distance decreased by 6.83 mm. The 
difference in chest circumference between the end of inspiration and 
expiration amounted to 61 mm. 

Fig. 5E and F illustrate the pump handle angle and the bucket handle 
angle of each rib at the end of inspiration and expiration, respectively. 
The angles obtained from the experiments and simulations conducted by 
Wilson et al. [41] and Zhang et al. [42] are also shown to validate the 
natural thorax FE model in this study. 

3.2. Mechanical properties of the rib and costal cartilage components 

The stiffness, bending strength and equivalent bending elastic 
modulus of rib components with different design parameters were 
detailed in Table S1, Supplementary File 1. It was determined that only 
the length of long axis (a) and short axis (b) of the ellipse have a sig
nificant influence on the equivalent bending elastic modulus by the 
variance analysis. The effect of both parameters on the equivalent elastic 
modulus of the rib component is illustrated in Fig. 6A. Detailed results 
concerning the mechanical properties of the wavy structure of the costal 
cartilage components can be found in Table S2, Supplementary File 1. 
The design parameters that had significant influence on the elastic 
modulus were amplitude (h) and line width (w), as shown in Fig. 6B. The 
equivalent bending elastic modulus of the rib component is adjustable 

within a range of 0.35 GPa to 1.33 GPa, and the equivalent tensile elastic 
modulus of the rib cartilage components can be controlled within a 
range of 1.17 MPa to 65.88 MPa. 

3.3. Design, validation and performance of equivalent CWR implant 

The equivalent CWR implant is illustrated in Fig. 7A and B. The 
equivalent elastic moduli of the rib and costal cartilage components, 
which are shown in Fig. 7B, are evenly selected from four values within 
the range of equivalent elastic modulus obtained from mechanical ex
periments. Fig. 7C and D represent the geometry models and design 
parameters corresponding to the combinations of maximum and mini
mum elastic modulus of the rib and costal cartilage components, 
respectively. The distribution of von Mises stress for the flexible CWR 
implant with the maximum and minimum elastic moduli under the load 
of chest compression is shown in Fig. 7E and 7F, respectively. The 
highest stress of the CWR implants was found at the medial side of the 
wavy structure near the sternum. As presented in Fig. 7G, the relative 
errors between the predicted deformation of the chest wall in the cross- 
section by equivalent models and that by realistic models were less than 
5 %, which provides evidence supporting the effectiveness of the 
equivalent models in predicting the thoracic deformation. Fig. 7H il
lustrates the impact of the equivalent elastic modulus of the rib and 
costal cartilage components on chest circumference during respiration, 
laying the foundation for designing flexible CWR implants for clinical 
cases. 

3.4. Flexible CWR implant based on clinical case 

Based on a published clinical case of PEEK rib implants [11], flexible 
CWR implants were design and compared to the rigid implant. As 

Fig. 4. Design framework for the flexible rib/costal cartilage CWR implants aiming to restore respiration function.  
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presented in Fig. 8A, three flexible CWR implants, namely FA, FB and 
FC, were designed. To simplify the design process appropriately, an 
equivalent bending elastic modulus of 470 MPa was used for the rib 
component in all three CWR implants, which is a relative low value 

within the range listed in Table S1, Supplementary File 1. The equivalent 
tensile elastic modulus of the costal cartilage components, along with 
their corresponding design parameters, are listed in Table 3. According 
to the quantitative relationship presented in Fig. 7H, which shows the 

Fig. 5. The predicted deformations of natural thorax during chest compression and a respiratory process. (A) The deformation during chest compression. (B) The 
reaction load with the chest compressive displacement. (C) The deformation of natural thorax on sagittal view. (D) The deformation of natural thorax on coronal 
view. (E) The pump-handle angle of every ribs during a respiratory. (F) The bucket-handle angle of every ribs during a respiratory. 

Fig. 6. The effect of design parameters on the (A) bending elastic modulus and (B) tensile elastic modulus of rib and costal cartilage, respectively.  
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effect of the equivalent modulus of rib and costal cartilage components 
on the differences in chest circumference during respiration, it is ex
pected that the three flexible CWR implant, with design parameters 
listed in Table 3, would result in differences in chest circumference 
ranging from 57.7 to 59.7 mm. This range closely aligned with the actual 
differences in chest circumference observed during respiration of pa
tients of similar age and the same gender. Comparing to the rigid 
implant, model FA exhibited a 12.2 % increase of the difference in chest 
circumference during respiration 

The von Mises stress distribution of the implants and residual chest 
wall following the condition of chest compression is shown in Fig. 8B 

and 8C, respectively. The results indicate that the rigid implant expe
rienced the lowest peak stress, predicting 58.98 MPa at the connecting 
region with the sternum, whereas the chest wall experienced the largest 
stress compared to the flexible implants. Model FA, which had the 
lowest tensile modulus in the costal cartilage component, experienced 
the highest stress, reaching 89.64 MPa. Model FC exhibited the opposite 
pattern. It is worth mentioning that the yield strength of the 3D printed 
PEEK material, used as a benchmark, is around 90 MPa [43]. Fig. 8D, E 
and F illustrate the chest wall deformation on the cross-section during 
respiration along the medial–lateral axis and anterior-posterior axis, as 
well as the chest circumference. Overall, the implant FA exhibited 

Fig. 7. The design and evaluation of equivalent CWR implant-natural thorax model. (A) The equivalent CWR implant model of 5th rib. (B) The values of Er and Ec 
involved in the FE analysis. (C, D) The realistic CWR implant models. (E)The stress distribution of realistic CWR implant model I and model II on expiration phase. (F) 
The deformation of the natural thorax during a respiration on different direction. (G) Effect of the elastic modulus of rib and costal cartilage on the chest 
circumference. 
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superior deformation capability during respiration. But the lower elastic 
modulus raised concerns about the mechanical safety of the costal 
cartilage components under the condition of external chest compression. 

4. Discussion 

Additive manufacturing offers a solution for repairing large chest 
wall defects. However, a complication of the damaged respiration 
postoperatively resulting from the reconstruction by rigid material, such 

as PEEK and titanium alloy remains to be solved. Based on previous 
studies [22,23], an in-situ parameterized design methodology based on 
equivalent mechanical properties was proposed to meet the re
quirements for implant deformation during respiration, which provide a 
practical approach to design the CWR implant. The methodology was 
demonstrated by a design process utilizing a real clinical case, and was 
found to improve the deformability of CWR implants during respiration 
while maintaining mechanical safety. 

The design of CWR implants for quantitative restoration of respira
tion relies on accurate FE models predicting thoracic deformation during 
respiration. A comprehensive FE model of the natural thorax, including 
the ribs, costal cartilage, sternum, and the main respiratory muscle 
groups, was developed. Validation of the model confirmed its accuracy 
in two key aspects. Regrading external chest compression, the predicted 
deformation pattern of the natural thorax indicated a V-shaped chest 
depression similar to the actual situation [44], and the predicted reac
tion forces during compressive displacement on the sternum exhibited 
significant correlation with the experimental results of “typical man” 
acquired by Gruben et al. [40], particularly for displacements exceeding 

Fig. 8. Design and FEA results of flexible PEEK Rib/Costal Cartilage implants based on clinical case. (A) 3D model of rigid implant and flexible implants with 
different design parameters. The stress distribution of (B) implant and (C) residual thorax on chest compression. The deformation of the natural thorax during a 
respiration on (D) medial–lateral direction and (E) Anterior-posterior direction. (F) The difference in chest circumference during a respiration. (FA: Flexible model A; 
FB: Flexible model B; FC: Flexible model C). 

Table 3 
The design parameter of three typical rib implants based on clinical case.  

Model name Costal cartilage implant 

h/mm d/mm λ/mm w/◦ Ec/MPa 

FA 7 10 6 1.5  1.17 
FB 4 4 6 1.5  34.2 
FC 4 10 9 2  65.88  
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than 2 cm. On the other side, the pump-handle and bucket-handle angles 
of each rib were employed to assess the accuracy of the FE model in 
predicting chest wall deformation during respiration. In inspiration, the 
pump-handle angle and bucket-handle angle of all ribs, except the sec
ond and ninth, were found to have a relative error of 10 % compare to 
the experimental results from Wilson et al. [41]. In expiration, both 
angles exhibited comparable trends to the simulated results of Zhang 
et al. [42], with a maximum deviation of 2◦. During the respiration 
process, inspiration is primarily driven by the contraction of the dia
phragm and EIM, causing the ribs to expand outward. Expiration is 
facilitated by the elastic recoil of the lungs and chest wall, with the RA 
contributing to the contraction of the chest wall by exerting a downward 
force on the ribs. Despite the omission of muscles, organs and their 
interaction of natural thoracic FE model, it was capable of predicting 
thoracic deformation based on the mechanism of respiratory motion by 
activating muscles and adjusting pleural and abdominal pressures. Thus, 
through comparison with published experimental and simulation 
studies, this investigation successfully validated the developed natural 
thoracic FE model. 

The flexible CWR implant with integrated rib/costal cartilage 
designed in this study met clinical demands across three main criteria 
[45]. Firstly, to reconstruct the aesthetic appearance of the chest wall, 
the rib implant was customised based on the CT data of the specific 
patient. Although the geometric features of the natural chest wall were 
not fully replicated, the appearance of the defected chest wall was 
restored by extracting the central line of the ribs and creating a rib 
substitute with a constant cross-section using a parameter-controlled 
hollow ellipse. This approach can be defined as a “semi-customised” 
design. Secondly, the primary function of the CWR implant was to 
provide protection to the organs within the thoracic cavity. As chest 
compression represents one of the typical external loads experienced by 
the chest wall, the stress exerted on the flexible implant under such 
loading conditions was accurately predicted, providing an objective 
evaluation of the safety of CWR implants. Thirdly, the CWR implant was 
designed to exhibit deformation patterns and magnitudes comparable to 
those of the natural chest wall during respiration, thereby facilitating 
the restoration of the respiratory function postoperatively. The primary 
contribution of this study lies in the quantitative restoration of respi
ration through the flexible CWR implant, while simultaneously ensuring 
the restoration of the chest wall’s appearance and the safety of the 
implant. 

In order to design the structure of the flexible CWR implant effi
ciently, a novel methodology based on the equivalent model was pre
sented in this study. The methodology was validated to evaluate its 
accuracy. When comparing the equivalent model with the realistic 
model of flexible PEEK CWR implant, the relative differences in the 
deformation of the chest wall in cross-section during respiration were all 
below 5 %. The consistency in thoracic deformation confirmed the 
effectiveness of the design methodology of the CWR implant based on 
the equivalent model. By adopting the equivalent model-oriented 
parametric design approach, instead of directly adjusting the design 
parameters of rib and costal cartilage components, the design process 
became more efficient and straightforward. Specifically, the procedure 
of parametric optimisation, which originally involved a total of nine 
parameters for the rib and costal cartilage components, was simplified to 
altering only two equivalent elastic moduli of them. The significant 
reduction in the number of design parameters not only decreased the 
complexity of the design process but also augmented the overall effi
ciency. In clinics, CWR implants are predominantly utilised for the 
reconstruction of extensive chest wall defects resulting from traumatic 
injuries or tumour-related conditions. Given the urgency often associ
ated with these cases, the efficiency of the design process of the flexible 
CWR implant is also a critical factor, in addition to mechanical perfor
mance. The difference in chest circumference of postoperative CWR 
patients during respiration could be regulated within the range of 50.10 
mm ~ 62.96 mm by adjusting the elastic modulus of the rib and costal 

cartilage components. This controllable range effectively met the re
quirements of the majority of patients for the difference in chest 
circumference, which usually falls within the range of 40 mm to 70 mm. 

The practicality of employing the flexible CWR implant design 
methodology in clinics was confirmed through a previously reported 
clinical case [11]. By manipulating the equivalent elastic modulus of the 
rib and costal cartilage components, the difference in chest circumfer
ence during respiration for the specific patient fell within the average 
range observed in the corresponding age and gender groups. Subse
quently, the equivalent models were transformed into a realistic 3D 
model of the CWR implant, and FE analysis was conducted to evaluate 
the implant safety of the implant under conditions of chest compression, 
with a particular emphasis on the wavy-structured costal cartilage 
component. Implant designs demonstrating sufficient safety can be 
translated into models suitable for 3D printing. Nevertheless, A common 
dilemma lies in the difficulty of balancing flexibility and safety. The 
approach taken in this study was to choose the most flexible costal 
cartilage designs while ensuring that the maximum stress does not 
exceed the yield stress of the material. The wavy structure maintained 
several design parameters unchanged within a single costal cartilage 
component, potentially limiting safety improvements. For instance, the 
maximum stress in the wavy structure typically occurs at the peaks or 
troughs of the sinusoidal curve, where locally increasing the thickness 
and wave width could potentially reduce maximum stress while pre
serving flexibility, aiming for a more optimal balance between flexibility 
and safety. 

This study presented a parametric design methodology for flexible 
CWR implants based on mechanical equivalent models, with PEEK as the 
subject material. Importantly, the proposed methodology in this 
research holds potential for application to other materials. On one hand, 
CWR implants made of any materials must adhere to three fundamental 
criteria: anatomical geometry, mechanical safety, and respiratory 
function. These criteria served as fundamental guiding principles 
throughout the design process, exhibiting their applicability across 
various implant materials. On the other hand, the methodologies 
employed in this study to determine the mechanical properties of rib and 
costal cartilage components, as well as to predict the respiratory func
tion using equivalent mechanical properties as design parameters, can 
be extrapolated beyond PEEK and can be applied alternative materials, 
such as titanium alloys or polymers with lower elastic modulus. 

An ongoing challenge in the clinical application of the methodology 
developed in this study was the complexity of constructing FE models for 
the natural chest wall. In conventional designs of PEEK CWR implants, 
the focus is primarily on reconstructing the bony structure of the rib cage 
and designing the geometry. This process could typically be accom
plished within several hours. However, establishing a comprehensive FE 
model that encompasses the muscle-driven natural thorax with implants 
could be a time-consuming endeavour, requiring significant expertise 
from the design team. Therefore, a key area of future investigation re
volves around simplifying the FE models of the chest wall, specifically 
tailored to simulate the respiratory function. Such efforts aim to gain a 
balance between model accuracy and computational efficiency. By 
simplifying and optimising the respiratory FE model, researchers will 
endeavour to facilitate the integration of the complex models into the 
clinical workflow, thereby enhancing their practicality and utility in 
clinics. 

In addition to the three design criteria discussed in this study, a 
future design consideration for CWR implants that necessitates attention 
is the integration of the PEEK implant with both bone and soft tissues. 
Clinical follow-up has identified cases of implant exposure [46], which 
may be attributed to inadequate integration between the implant and 
soft tissue. Fixation of the CWR implant to the residual sternum or ribs 
using titanium wires or screws, while mechanically secure in short-term, 
may not be sufficient to withstand respiratory loads over extended pe
riods of several decades [47,48]. To ensure long-term stability of the 
implant, a porous structure can be incorporated at the interface between 

C. Sun et al.                                                                                                                                                                                                                                      



Materials & Design 237 (2024) 112574

11

the implant and surrounding tissue to promote tissue ingrowth. 

5. Conclusion 

In this study, a design framework for flexible CWR implants is pre
sented, which aims to address reduced respiration postoperatively while 
ensuring mechanical safety. The design framework relied on accurately 
predicting the deformation of the thoracic cage during respiration and 
understanding the relationship between the equivalent mechanical 
properties and the structural parameters of the rib and costal cartilage 
components of CWR implants. Quantitative control over the difference 
in chest circumference during respiration was achieved following the 
flexible CWR implantation, within a range of 50 mm to 63 mm. The 
effectiveness of the design framework was validated through numerical 
simulations based on a real clinical case, in which the flexible PEEK CWR 
implant increased the difference in chest circumference during respi
ration by 12.2 % compared to rigid PEEK implant, confirming its role in 
restoring respiratory function while ensuring the safety of the PEEK 
CWR implant. 
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