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A B S T R A C T   

The reconstruction of large mandibular defects with optimal aesthetic and functional outcomes remains a major 
challenge for maxillofacial surgeons. The aim of this study was to design patient-specific mandibular recon-
struction implants through a semi-automated digital workflow and to assess the effects of topology optimization 
on the biomechanical performance of the designed implants. By using the proposed workflow, a fully porous 
implant (LA-implant) and a topology-optimized implant (TO-implant) both made of Ti–6Al–4V ELI were 
designed and additively manufactured using selective laser melting. The mechanical performance of the implants 
was predicted by performing finite element analysis (FEA) and was experimentally assessed by conducting quasi- 
static and cyclic biomechanical tests. Digital image correlation (DIC) was used to validate the FE model by 
comparing the principal strains predicted by the FEM model with the measured distribution of the same type of 
strain. The numerical predictions were in good agreement with the DIC measurements and the predicted loca-
tions of specimen failure matched the actual ones. No statistically significant differences (p < 0.05) in the mean 
stiffness, mean ultimate load, or mean ultimate displacement were detected between the LA- and TO-implant 
groups. No implant failures were observed during quasi-static or cyclic testing under masticatory loads that 
were substantially higher (>1000 N) than the average maximum biting force of healthy individuals. Given its 
relatively lower weight (16.5%), higher porosity (17.4%), and much shorter design time (633.3%), the LA- 
implant is preferred for clinical application. This study clearly demonstrates the capability of the proposed 
workflow to develop patient-specific implants with high precision and superior mechanical performance, which 
will greatly facilitate cost- and time-effective pre-surgical planning and is expected to improve the surgical 
outcome.   

1. Introduction 

Mandibular reconstruction is a routine surgical procedure for the 
restoration of mandibular continuity defects, which typically result from 
tumor resection (benign or malignant), trauma, osteomyelitis, or 
osteoradionecrosis (Kumar et al., 2016; Goh et al., 2008; Wong et al., 
2011). Patients with untreated defects may at a later stage suffer from 
facial deformity, loss of speech, and reduced masticatory function, 
which will severely affect the patient’s quality of life (Wong et al., 

2011). The ideal reconstruction procedure aims to optimize functional 
and cosmetic outcomes by restoring facial dimensions (i.e., height, 
width, and projection), replacing compromised soft tissues, and 
providing a foundation for dental rehabilitation (Kumar et al., 2016). 
Even though the overall survival rate of free flap reconstructions is 
usually higher than 95%, there are several pivotal drawbacks associated 
with free tissue transfer, including the limited amount of available bone, 
donor site morbidity, and the need for high surgical expertise (Kakarala 
et al., 2018; W. B. Lee et al., 2018; Paré et al., 2019). Moreover, a large 
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variety of prostheses and osteosynthesis plates that are used for 
mandibular reconstruction have been reported to be associated with 
mechanical failure, usually resulting from premature fracture, loos-
ening, or the exposure of either the implant itself or the screw fixation to 
the mandibular bone, as well as postoperative infections following 
wound dehiscence (Radwan and Mobarak, 2018; Seol et al., 2014). 
These complications often result in extended surgical procedures, pro-
longed hospital stays, long recovery processes, and an increased risk of 
surgical revisions (Vignesh et al., 2019). 

Clinical studies on customized metallic implant reconstructions 
using a cage (or crib) design with or without the insertion of bone grafts 
have shown promising results (Kondo et al., 2015; W. B. Lee et al., 2018; 
Y.W. Lee et al., 2018; Malekpour et al., 2014; Mounir et al., 2020; Park 
et al., 2020; Rachmiel et al., 2017; Yamashita et al., 2008; Zhou et al., 
2010). First, no or limited harvesting of autologous tissue is involved, 
minimizing the risk of associated donor site morbidity. Second, there is 
no need for intra-operative bending of the implant components, which 
decreases their susceptibility to fatigue fracture. Third, the procedure 
does not require additional surgical training or special experience. 
Finally, the natural configuration of the mandible can be accurately 
reproduced, leading to better aesthetics and patient satisfaction. 

Tuning the shape and mechanical properties of the implanted ma-
terial to match the patient’s specific situation is deemed crucial for an 
optimal reconstruction and has been a driving force for the application 
of additive manufacturing (AM) technologies and computational tools, 
such as finite element analysis (FEA) to produce patient-specific im-
plants (PSIs) (Oldhoff et al., 2021). Over the past few years, the use of 
topology optimization (TO) in the development of mandibular recon-
struction implants has been increasing (Y.F. Liu et al., 2011; Y.F. Liu 
et al., 2017; C.H. Li et al., 2020). The optimization of the implant designs 
for orthopedic and craniofacial applications has resulted in improved 
success rates of the surgeries (Cheng et al., 2019). Yet, only a few studies 
have reported the details of the design process of the customized 
reconstruction implants, including the implementation of TO. Moreover, 
hardly any study has evaluated the performance of the designed im-
plants under physiologically relevant loading conditions (Nasr et al., 
2017). Consequently, a large variety of methodologies for implant 
design have been established, while standardized procedures regarding 
the design and testing of such implants have been lacking (Merema 

et al., 2021). This leads to unpredictable and incomparable results. 
Moreover, the labor-intensive nature of the involved processes means 
that the treatment workflow is expensive, inefficient, and 
time-consuming (León et al., 2020). There is, therefore, an urgent need 
for systematic and automated approaches to the design, fabrication, and 
(computational) testing of PSIs to pave the way for the integration of 
patient-specific cage-like reconstruction implants into routine care. 

We, therefore, aimed to develop a semi-automated digital workflow 
for the design of patient-specific cage implants for mandibular recon-
struction and to assess the effects of TO on the biomechanical perfor-
mance of the implants through experimentally validated FEA models. 
The workflow proposed in this study was intended to help clinical en-
gineers design reconstruction systems as a viable alternative to or in 
combination with the current standard free-flap approach in the treat-
ment of mandibular continuity defects. Establishing a more systematic 
approach to the design of patient-specific mandibular reconstruction 
implants is expected to make pre-surgical planning more cost- and time- 
efficient while ensuring optimal aesthetics and minimizing morbidity. 
Furthermore, combining the design workflow with validated computa-
tional predictions regarding the implant performance provides a sound 
basis for the design decisions, leading to improved treatment outcome. 

2. Materials and methods 

The digital workflow starts with the post-processing of computed 
tomography (CT) scans (Fig. 1a–h) and runs towards a solid implant 
design (Fig. 2b), ready to be exported to the FEA software for TO. All 
image processing and implant designing steps were compiled into a 
Python-based semi-automated workflow using the Mimics Research 
21.0 (Materialise, Belgium) and 3-matic 15.0 (Materialise, Belgium) 
Scripting Modules. All scripts were written to be compatible with Python 
version 3.8. 

2.1. Bone model generation 

A polyurethane (PU) mandible (Model 8950, Synbone AG, 
Switzerland) was scanned using a Siemens Somatom Volume Zoom CT 
scanner at a slice thickness of 0.6 mm, a peak potential of 140 kVp, and a 
field-of-view of 512 × 512 pixels (Fig. 1a). The segmentation and 3D 

Fig. 1. The image processing step as well as the workflow for the estimation of the shape of the missing bone implemented in Mimics and 3-matic: (a) a horizontal 
plane viewport of the Synbone mandible reconstructed from the CT images, (b) the positioning of the osteotomy planes, (c) the segmental resection, (d) the mirroring 
of the healthy side onto the affected side, (e) the segmental cut-out and trimming of teeth, (f) the definition of intermediate contour profiles, (g) the definition of a 
centerline as a sweep path, and (h) the final result after performing the sweep-loft operation. 
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part generation of the mandible were performed using Mimics Research 
21.0 (Materialise, Belgium). The 3D mandible was then exported to 3- 
matic 15.0 (Materialise, Belgium) where resection, missing bone shape 
estimation, and implant designing procedures were carried out. 

The resection area investigated in this study was a 4-cm long lateral 
defect that ranged from the canine tooth up to the mandibular angle 
(Fig. 1c). The reason for choosing this area was that a lateral defect type 
(i.e., between the mandibular condyle and symphysis) corresponds to 
the region that is most frequently subjected to resection during the 
surgical treatment of advanced squamous cell carcinomas (Coletti et al., 
2009; Doty et al., 2004; Ettl et al., 2010; Gutwald et al., 2017; Shibahara 
et al., 2002). The osteotomy planes for resection were defined by posi-
tioning two datum planes (Fig. 1b). 

A combination of the segmental mirroring technique and anatomical 
extrusion technique was implemented in the current design workflow 
for shape estimation (Khalifa et al., 2016; Moiduddin et al., 2016). First, 
the intact side was mirrored across the midsagittal plane onto the 
affected side (Fig. 1d). Next, the missing segment was cut out of the 
mirrored side between the previously defined osteotomy planes, and 
teeth were trimmed off (Fig. 1e). Three curves were then created around 
the surface of the mirrored segment, which served as intermediate 
contour profiles for the “sweep” operation (Fig. 1f). A centerline was 
created between the two boundary surfaces of the remaining mandib-
ular segments to provide a path for the sweep operation (Fig. 1g). The 
estimated shape was generated by using a sweep-loft operation from one 
resection margin to the other, following the sweep path and the inter-
mediate contour profiles (Fig. 1h). 

2.2. Implant designing 

Two different implant designs were investigated in this study: a fully 
porous implant based on a lattice structure (LA-implant) and a topology- 
optimized design (TO-implant). A non-porous design (solid-implant) was 
used for the TO procedure. 

The implant design procedure in 3-matic starts off by marking the 
manifold on the mandible that defines the outer shape of the implant 
(Fig. 2a). An implant thickness of 1.5 mm was set to create the solid 
implant (Fig. 2b). The general shape of the implant follows the contour 
of a cage or a tray. The implant height in the resected area was defined to 
be slightly smaller than the native mandible so that the implant can be 
covered with sufficient soft tissue without the need for an additional 
local flap (Qassemyar et al., 2017). Yet, the cage was designed with a 
sufficient height to allow for any required dental implants to be posi-
tioned atop the integrated bone graft at a later stage to restore masti-
catory performance. Then, the screw sizes (length and diameter) and 
screw positions were defined: eight 2.4 mm bicortical titanium cortex 
screws (MatrixMANDIBLE, DePuy Synthes, USA) were used to fixate 
each of the implants to the mandible. Four screws were placed on the 
anterior body and another four on the posterior lateral border of the 
ramus (Fig. 2b). The four screws placed in the chin region were 14 mm 
long. Both screws on the posterior mandibular segment closest to the 
resection border were 8 mm long. The most distal screws on the poste-
rior mandibular segment were both 6 mm long. 

A proper design of the porous structure is crucial for promoting 
osseointegration and angiogenesis, reducing implant stiffness, and dis-
rupting fibrosis (Koschwanez and Reichert, 2013). Lattice structures 
based on the ‘dode’ unit cell were used to implement porosity in the solid 
implant, as previous studies have found them to be promising (Moi-
duddin et al., 2019; Moiduddin et al., 2020). The implementation of the 
lattice structures was carried out using Magics 24.01 (Materialise, 
Belgium). Three default dode unit cell structures were initially consid-
ered, namely, ‘dode-thin’, ‘dode-medium’, and ‘dode-thick’ with step-
wise increases in the strut thickness. The implant with the dode-thin 
structure resulted in a very high porosity (96%), a small strut thickness 
(110 μm), and poor strut connections, which would lead to a fragile 
implant with insufficient mechanical strength. The dode-medium and 
dode-thick unit cell structures met the design requirements, including a 
minimum pore size of 400 μm with a porosity of 70–90%, which are 

Fig. 2. The implant design workflow implemented in 3-matic: (a) implant surface marking, (b) implant thickness, screw type, and position definition, (c) the 
implementation of a dode-medium lattice structure in the virtual (left) and 3D-printed (right) LA-implant design after reconstruction, (d) the post-processing step of 
the TO body, (e) the implementation of the TO body to create the virtual (left) and 3D-printed (right) TO-implant design after reconstruction, and (f) non-clinical 
surgical guide. 
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suggested to be optimal for bone regeneration (Bobbert and Zadpoor, 
2017; Wang et al., 2017)). 3D printed implant samples with both unit 
cell structures showed that the permeability of the dode-thick lattice 
structure was impeded in various regions due to the fusion of powder 
particles in-between the struts. Hence, the 1.5-mm dode-medium unit 
cell (Fig. 2c zoom-in) was selected for the lattice structure in the final 
implant design. These unit cells had an in-plane pore size, strut thick-
ness, and porosity of 460 μm, 210 μm, and 87.5%, respectively. 

The LA-implant was entirely porous (Fig. 2c) except for the solid 
edges around the screw holes and the implant extremities, which were 
maintained to provide the implant with additional mechanical strength 
and to protect the surrounding tissue from sharp strut ends. The topol-
ogy optimized design resulting from the TO analysis was exported out of 
Abaqus as a raw STL part and was post-processed in 3-matic (Fig. 2d) by 
reproducing this shape from the solid implant with a consistent thick-
ness. The TO-implant (Fig. 2e) was then obtained by combining the TO 
volume with the porous LA-implant through Boolean unification, as 
described by Peng et al. (2021). More details on TO are provided in 
Subsection 2.3.4. 

2.3. FEA methods 

All FE analyses were performed using Abaqus/CAE 2019 (Simulia, 
Dassault Systèmes, France). The TO was performed using Abaqus/CAE 
2017 (Simulia, Dassault Systèmes, France). Before a complex muscu-
latory system was implemented in the FE model, a simplified model that 
reproduced the experimental conditions (EXP-FEA) was developed. By 
doing so, two validation steps were integrated into the FEA process. 
First, the EXP-FEA model was validated against the experimental data. 
Afterwards, this model was extended to include more sophisticated 
physiological conditions (PHY-FEA), thereby simulating the clinical 
situation. The results of the PHY-FEA model were then compared with 
the FEA data published in the literature. The healthy intact mandible 
was used for the validation of the EXP-FEA model using the digital image 
correlation (DIC) technique (see Section 2.5). Four different models 
were investigated under the PHY-FEA conditions, respectively repre-
senting the healthy intact mandible (healthy-model), the resected 
mandible model with the solid implant (solid-implant-model), the resec-
ted mandible model with the LA-implant (LA-implant-model), and the 
resected mandible model with the TO-implant (TO-implant-model) 
(Table 1). 

2.3.1. Material assignment 
In the case of EXP-FEA, the material properties were homogenously 

assigned to the cancellous and cortical regions of the mandible. A 
negligible Young’s modulus [E] of 1 × 10− 6 GPa was assigned to the 
cancellous bone region, given that it does not significantly contribute to 
the stress distribution in the implant (Koper et al., 2021). The Young’s 
modulus of the cortical bone region was chosen such that the stiffness of 

the model would match the stiffness derived from the experimental data. 
By using this approach, a Young’s modulus of 0.41 GPa was found for 
the cortical PU region (see subsection 3.1). The Poisson’s ratio was set at 
v = 0.3. 

In the case of PHY-FEA, the cancellous bone and cortical bone re-
gions were respectively defined as those corresponding to HU < 620 and 
HU > 620, where HU is the Hounsfield unit. The empirical relationship 
between the density and elastic modulus of mandibular bone are 
available in the literature (Ay et al., 2016) and will be used in actual 
clinical use of the workflow. In the present study, however, we had to 
work with the HU values of the synthetic mandible, which are different 
from those of the real mandibular bone. The density-modulus relation-
ships, therefore, had to be adjusted to obtain values that would match 
the average values of density [ρ] and elastic modulus [E] of the actual 
mandibular bone. For cancellous bone, the material properties were 
calculated using the following equations: 

ρ = 5 + 0.005HU (1)  

E = 0.06 + 0.9ρ2 (2) 

This resulted in ρ-values ranging between 0.08 and 1.70 g/cm3 and 
E-values ranging between 0.07 and 2.67 GPa. For the cortical bone, the 
material properties were calculated using the following equations: 

ρ = 2.7 + 0.00165HU (3)  

E = 0.09 + 0.9ρ4.3 (4) 

This resulted in ρ-values ranging between 1.73 and 2.67 g/cm3 and 
E-values ranging from 9.61 to 43.46 GPa. The elastic modulus of the 
outer voxel layer was set to E = 30.1 GPa, which corresponds to the 
average elastic modulus of the dentulous mandibular cortex as deter-
mined by Ay et al. (2016), to avoid the issues related to the partial 
volume effect. The volume mesh of the healthy model and the corre-
sponding material assignment are presented in Fig. 3b and c. A similar 
process was followed in the case of the implanted mandibles. The im-
plants, made of the Ti–6Al–4V ELI alloy, were assigned with an elastic 
modulus of 120 GPa (SLM Solutions, Material Data Sheet). A Poisson’s 
ratio of 0.3 was assigned to all the volume elements of both the mandible 
and implant. All materials were modeled as linear elastic and isotropic. 

2.3.2. Meshing 
The mandible and implants (LA-implant and TO-implant) were dis-

cretized using 4-node tetrahedral elements (C3D4) and 10-node 
quadratic (C3D10) elements, respectively (Fig. 3a). A mesh conver-
gence study was performed to define the element sizes. Accordingly, the 
mandible and implants were discretized using ≈700,000 and 
≈3,500,000 elements, respectively. For TO, the solid implant was dis-
cretized using ≈200,000 C3D4 elements. 

Table 1 
The study design for FEA modeling and experimental testing.   

FEA Experimental testing 

EXP-FEA PHY-FEA Quasi-static Cyclic 

Constant-cyclic-method Increment-cyclic-method 

Loading condition INC (Ia) INC (IIa) RMB (II) INC (I) INC (II) RMB (II) INC (I) INC (I) 

Sample Controlb EXP-FEA model healthy-model 1c 2 2 – – 
Solid implant – solid-implant-model – – – – – 
LA implant – LA-implant-model – 3 3 2 2 
TO implant – TO-implant-model – 3 3 2 2 

Numbers in the column “Experimental testing” indicate the number of the specimens used. 
a ‘I’ indicates a 50%/50% healthy side/affected side load distribution while ‘II’ indicates a 70%/30% healthy side/affected side load distribution. INC: incisal 

clenching; RMB: right molar biting. 
b The control specimens represent the intact (non-implanted) mandibles. 
c This control specimen was used for the DIC measurement. 
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2.3.3. Loads and boundary conditions 
The loads and boundary conditions applied in the EXP-FEA model 

closely resembled those of the experimental setup (Fig. 4a). The steel 
loading bar was modeled as an undeformable rigid object, given its high 
stiffness as compared to the PU bone specimen. It exerted an equal force 
on both sides of the mandible by displacing it 5 mm in the positive z-(i.e., 
superior) direction while constraining all the other possible translations 
and rotations (Fig. 4b). This displacement was enough to capture the 
linear part of the load-displacement curve obtained from the biome-
chanical experiments. Only incisal clenching (INC) of the jaw was 
evaluated in the EXP-FEA model. This was done by restraining the incisal 
surfaces of the central and lateral incisors from moving vertically (i.e., 
perpendicularly to the occlusal plane) while restraining the movement 
of the articular surface of the temporomandibular joints in all directions. 
A friction coefficient of 0.2 was used at the interface of the bar and the 
bone. 

Two types of clenching movements were simulated using the four 
models of the PHY-FEA group, including INC and right molar biting 
(RMB) at the unaffected side (Fig. 4c). The same boundary conditions as 
described for EXP-FEA were used to create the INC condition. For RMB, 
the occlusal surfaces of the first and second molar were restrained from 
moving vertically while restraining all the possible movements of the 
articular surface of the temporomandibular joints. 

Four different muscles (masseter, temporalis, medial pterygoid, and 
lateral pterygoid) were modeled bilaterally through three-dimensional 
force vectors (Pinheiro and Alves, 2015). In the case of the healthy 
mandible, all four muscles were used bilaterally to create the required 
loading conditions. For some segmental resections, muscles can be 
(partially) reattached to the mandible, which can then continue to 
perform their function after implantation (to a limited extent). The re-
sidual muscle force after mandibular reconstruction is reported to be 
60% of the average biting force of healthy adults (Moghaddam et al., 

Fig. 3. (a) An overview of the surface mesh applied to the mandible and TO-implant in the TO-implant-model, (b) the full and (c) cross-sectional views of the 
material assignment to the volume mesh of the healthy-model. The color scale represents the corresponding values of the density and Young’s modulus calculated for 
the cortical and cancellous regions of the mandible shown in (b) and (c). 

Fig. 4. (a) The experimental setup, (b) the displacement (U) and rotation (UR) constraints in the EXP-FEA model, and (c) the constraints and resultant muscle force 
directions for the incisal clenching (INC) and right molar biting (RMB) conditions in the PHY-FEA group. For simplicity, the muscle force vectors are only partially 
shown on the left and right sides of the mandible. 
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2016). The implant used in this study covered an area on the posterior 
mandibular segment that made the reattachment of both the left 
masseter and the left medial pterygoid unlikely. Therefore, the forces 
exerted by these muscles were excluded from the loading conditions in 
the solid-implant-model, LA-implant-model, and TO-implant-model. 

Pinheiro and Alves (2015) have described the expected reaction 
forces on the teeth involved in INC (570.90 N) and RBM (600.40 N). 
These forces were based on the average maximum single-tooth bite 
forces of young male adults. In the present study, the residual muscle 
force may be lower than 60% of the original maximum muscle force 
because two of the muscles are not going to be reattached to the affected 
side of the mandible. Since the exact reduction in the muscle forces 
could not be estimated, a general ‘worst-case’ scenario was simulated to 
ensure a good mechanical performance of the implant in the long term. 
To this end, the maximum biting forces described above were reduced 
by 40% as described by Moghaddam et al. (2016). This resulted in the 
reaction forces of 342.54 and 360.24 N during INC and RMB, respec-
tively. All individual muscle forces were scaled, depending on the 
desired biting conditions. The weighting factors of each muscle, the 
orthogonal directions, and the scaling factors that provided the muscle 
activation force are specified by Korioth and Hannam (1994) and are 
later adapted by Pinheiro and Alves (2015). The mandible models in this 
study were aligned with the reference frame used by Pinheiro and Alves, 
according to the cephalometric standards. The muscle forces could, 
therefore, be simply scaled uniformly until the teeth were subjected to 
the desired magnitude of reaction forces. For INC and RMB, those 
scaling factors were 0.72 and 0.87, respectively. The displacement 
patterns in the healthy-model were compared with the displacements 
obtained by Korioth and Hannam (1994). The three-dimensional force 
vectors of each muscle group for both loading cases, as well as the 
number of the nodes to represent each muscle group are listed in 
Table S.1 (Supplementary material) for the healthy-model and in 
Table S2 (Supplementary material) for the implanted models. 

2.3.4. Topology optimization 
The Abaqus Topology Optimization Module was used for the TO of 

the solid implant. Maximizing open space in the implant is beneficial for 
the healing process of the graft. Taking this and the benefits of implant 
weight reduction into account, the optimization constraint was set to 
constrain the final TO implant volume to 10% of the initial solid implant 
volume. The objective function was set to minimize the compliance of 
the system. Since the global shape of the implant had been defined 
earlier, no geometrical restrictions were applied to the optimization 
procedure. 

2.4. Experimental methods 

Ten LA-implants and ten TO-implants were 3D printed using grade 
23 Ti–6Al–4V ELI powder. A selective laser melting (SLM) machine 
(SLM Solutions Group AG, Germany) was used. The chemical composi-
tion of the titanium alloy powder is listed in Table S3 (Supplementary 
material). The main SLM process parameters, powder particle sizes, and 
the physical properties of the as-built material are presented in Table S4 
(Supplementary material). All the implanted specimens were prepared 
by using a customized surgical cutting and drilling guide (Fig. 2f) to 
create nearly identical resections and screw holes in each mandible. 
Note that the surgical guide was not designed to be suitable for intra- 
operative clinical application. The screw holes were predrilled using a 
1.8-mm drill bit and the resection area was cut out using an oscillating 
saw. The experimental test setup (Fig. 4a) was designed both for quasi- 
static testing using a Lloyd Instruments LR5K testing machine and for 
cyclic fatigue testing using an INSTRON ElectroPuls™ E10000 machine. 
In order to create a specific clenching task, a distributed load was 
applied to both mandibular angles by means of a rigid seesaw device 
while fixing the translations of both condyles and constraining a certain 
region on the dental arch perpendicular to the plane of occlusion. Only 

the rotational movement of the condyles about the transverse horizontal 
axis was allowed. Several translational and rotational degrees of 
freedom were implemented in the designed fixture to enable the eval-
uation of the implant performance under various biting conditions, 
including INC and RMB. To enable an accurate comparison between the 
numerical and experimental results, the mandibles were positioned ac-
cording to the cephalometric standards with their inferior border posi-
tioned at an angle of 26

◦

with respect to the horizontal plane (Gateno 
et al., 2013). 

2.4.1. Quasi-static testing protocol 
During both INC (Fig. 5a) and RMB (Figs. 5b), 70% and 30% of the 

load were applied to the mandibular angles of the healthy and affected 
sides, respectively (Gateno et al., 2013; Rendenbach et al., 2017; Schupp 
et al., 2007). Three LA-implant samples, three TO-implant samples, and 
two control specimens (i.e., intact non-implanted mandibles) were 
tested in these two groups (Table 1). The specimens were subjected to 
continuous compressive loading at a rate of 1 mm/min until the spec-
imen failed, which was defined as the fracture of the plate or mandible, 
failure at the screw-substrate interface, or a vertical displacement above 
20 mm. A preload was set at 10 N (Koper et al., 2021). For each sample, 
the failure or ultimate load (U. load) [N] of the construct, ultimate 
displacement (U. displacement) [mm], and the location of failure were 
recorded. The construct stiffness [N/mm] was determined from the 
slope of the best-fit line in the linear portion of the load-displacement 
curve. The one sample t-test with Bonferroni correction was used to 
determine the differences between both implant groups. p < 0.05 was set 
as the threshold of statistical significance. 

2.4.2. Cyclic testing protocol 
The cyclic testing setup is shown in Fig. 5c. A 50%/50% INC loading 

configuration was used as this yielded the most stable setup while 
transferring the highest load through the implant. First, the fatigue 
performance of the implant was evaluated under physiological condi-
tions (constant-cyclic-method) by cycling the stress over a constant range 
between the minimum (30 N) and maximum (340 N) compressive 
stresses (Fig. 5e). The reconstruction system must survive up to a 
maximum of 250,000 loading cycles under this post-surgical ‘worst- 
case’ loading condition to guarantee the long-term mechanical function 
of the implant (Gutwald et al., 2017; Schupp et al., 2007). To detect any 
potential implant failures or screw loosening due to fatigue under higher 
loads, a second cyclic testing procedure (increment-cyclic-method) was 
used (Fig. 5f). In this procedure, the maximum stress amplitude was 
increased incrementally (3 N per cycle) from the initial load of 340 N 
until the failure of the implant sample or until a maximum load of 2500 
N was reached. For the tests with each of the two cyclic testing methods, 
four reconstructed samples were tested of which two contained the 
LA-implant and two contained the TO-implant (Table 1). The loading 
rate was set at 3 Hz (Gutwald et al., 2017; Schupp et al., 2007). The 
number of cycles to failure and the failure load were registered. 

2.5. DIC measurements 

A Q-400 2x12MPixel digital image correlation (DIC) system (LIMESS 
GmbH, Krefeld, Germany) was used to measure the surface strains on the 
intact mandible during quasi-static testing employing an imaging fre-
quency of 1 Hz. The posterior segment of the mandible, corresponding to 
the implanted side in the case of the implanted mandibles, was selected 
as the area of interest, as it included the primary location of the spec-
imen failure. A black dot speckle pattern was applied over a white paint 
background to cover the entire area of interest. Two digital cameras and 
light emitting diode (LED) panels were placed at 0.8 m from the speci-
mens to capture their images and illuminate them, respectively (Fig. 5d). 
Image processing and strain calculations were performed using Istra4D 
x64 4.6.5 (Dantec Dynamics A/S, Skovunde, Denmark). Two enclosed 
polygonal regions, denoted as Polygon_1 and Polygon_2, were created 
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within the anterior and posterior condylar neck regions of the mandib-
ular bone, corresponding to the areas of the largest maximum and 
minimum principal strains, respectively. The mean strain values in each 
of these two areas were extracted and plotted against the applied force. 
Similarly, both corresponding areas, denoted as Area_1 and Area_2, were 
identified in the FE model, and the average nodal strain values in both 
areas were plotted against the reaction force on the loading bar (Fig. 4a). 
Only the linear elastic portion of the applied force was used for com-
parison with the DIC data, as plasticity was not considered in our FE 
analyses. 

3. Results 

3.1. FEA results 

In EXP-FEA, the computational value of the stiffness (278.5 N/mm) 
agreed with the experimental value obtained using quasi-static testing 
(274.9 N/mm) (Fig. 6d) when a Young’s modulus of 0.41 GPa was 
assigned to the cortical PU region. Fig. 6a shows the von Mises stress 
distribution within the intact mandible for a load of 800 N. The highest 
stress values were found at the posterior (12 MPa left and 16 MPa right) 
and anterior sides (14 MPa left and 16 MPa right) of the condylar neck, 
as well as along the external oblique line (8 MPa left and 9 MPa right). 
The deformations of the mandible as predicted by the EXP-FEA model 
(up to 1375 N) and as measured using the quasi-static experiments (up to 
fracture) are presented side by side in Video S.1 (animation in the 
supplementary material). 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.jmbbm.2022.105291 

The distributions of the maximum and minimum principal strain 

Fig. 5. Quasi-static (a) INC and (b) RMB loading setup using a 70%/30% force distribution. (c) The cyclic testing setup using a 50%/50% force distribution. (d) The 
experimental setup for DIC measurements. The cyclic loading sine waves plotted against the applied force during the first 10 s of the cyclic tests with (e) the constant- 
cyclic-method and (f) the increment-cyclic-method. 

Table 2 
The results of the cyclic tests performed using the increment-cyclic-method.  

Group Sample # Cycles to failure Failure load [N] 

LA-implant 1 501 1820 
LA-implant 2 594 2099 
TO-implant 1 579 2033 
TO-implant 2 448 1647  

Table 3 
A comparison between the design outcomes and mechanical performances of the 
LA- and TO implants.   

LA-implant TO-implanta 

Design outcomes 

Implant weight [g] 15.8 18.4 (+16.5%) 
Implant porosity [%] 63.4 52.4 (− 17.4%) 
Estimated workflow time [h] 3 22 (+633.3%) 

Mechanical performanceb 

Implant failure (static or fatigue) No No 
Screw loosening (static or fatigue) No No 
Mean construct stiffness [N/mm] 311.5 ± 8.3 323.3 ± 21.9 (+3.8%) 
Mean ultimate load [N] 1200.9 ± 54.0 1271.5 ± 112.0 (+5.9%) 
Mean ultimate displacement [mm] 5.3 ± 0.3 4.9 ± 0.4 (− 7.5%)  

a The values between brackets indicate the percentage of change with respect 
to the LA-implant. 

b The values of the mean construct stiffness, mean ultimate load, and mean 
ultimate displacement are presented for the INC 70%/30% loading condition. 
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Fig. 6. (a) The contour of the von Mises stress 
[MPa] within the intact mandible as predicted by the 
EXP-FEA model (800 N). (b) A comparison of the 
maximum principal strains within the intact 
mandible as obtained by the FEA model and DIC 
measurements. (c) A comparison between the mini-
mum principal strains within the intact mandible 
predicted by the FEA model and the experimental 
values measured using DIC. The strain fields corre-
spond to a load of 800 N. (d) The computational and 
experimental force-displacement curves of the intact 
mandible. The dotted and dashed lines represent the 
best-fit approximations of the linear portion of the 
curves. (e) The mean values of the maximum prin-
cipal strain extracted from the surfaces in Area_1 and 
Polygon_1. (f) The mean values of the minimum 
principal strain extracted from the surfaces in Area_2 
and Polygon_2. The horizontal dashed lines in (d–f) 
indicate the mean values of the maximum biting 
force of healthy individuals.   

Fig. 7. (a) The distribution of the von Mises stresses [MPa] and (b) the resulting deformation U [mm] in the healthy-model under the INC condition. (c) The 
distribution of the von Mises stresses [MPa] and (d) the resulting deformation U [mm] in the healthy-model under the RMB condition. The maximum deformations in 
(b) and (d) are magnified 50 times. Arrows in the vector plots represent the total displacement of each node. The color and length of the arrows indicate the 
magnitude and direction of the displacements, respectively. 

A. van Kootwijk et al.                                                                                                                                                                                                                          



Journal of the Mechanical Behavior of Biomedical Materials 132 (2022) 105291

9

predicted by the FEA models and measured by DIC (load = 800 N) are 
presented in Fig. 6b and c, respectively. The means values of the 
maximum and minimum principal strains in the regions of interest were 
plotted against the applied force (Fig. 6e and f, respectively). In the 
linear elastic range (i.e., between 150 and 850 N), the maximum prin-
cipal strains measured by DIC within Polygon_1 were in good agreement 
with the strains predicted by the FE model within Area_1. The minimum 
principal strains in both regions were linearly correlated but slightly 
higher in Area_2 as compared to Polygon_2, with a difference of 31% at 
800 N. 

In PHY-FEA (healthy-model), the combined muscle forces resulted in 
the biting forces of 570.9 and 600.4 N during INC and RMB, respec-
tively. The distributions of the von Mises stress within the healthy 
mandible subjected to the INC and RMB loading are presented in Fig. 7a 
and c, respectively. Similar to Pinheiro and Alves’s results (2015), the 
high stresses under INC loading were observed below the condylar 
process in the mandibular notch (37 MPa), along the external oblique 
line (29 MPa), and at the posterior surface of the ramus (33 MPa). 
Consistent with the findings of Pinheiro and Alves (2015), the high 
stresses under the RMB loading were found on the posterior surface of 
the contralateral ramus, when compared with the working (right) side, 
as well as along the external oblique lines on both sides. 

The deformations in the healthy-model under INC and RMB loading 
are presented in Fig. 7b and d, respectively. Under INC, most de-
formations occurred around the dental arch. The overall deformation 
patterns were very similar to those obtained by Korioth and Hannam 
(1994) with the molars moving up and slightly inward and the front 
teeth moving forward. The results corresponding to the RMB case agreed 
with the Korioth and Hannam’s results too, including a counterclock-
wise torsional movement with a maximum deformation that was located 
at the left gonial angle. 

Fig. 8 shows the distribution of the von Mises stresses in the solid- 
implant-model, LA-implant-model, and TO-implant-model under the 

INC and RMB conditions. For all the three models, the stresses on the 
mandibular bone were mainly located on the anterior and posterior 
condylar neck and on the external oblique line of the contralateral side 
during INC and on the condylar neck of the lateral side during RMB. 
During both INC and RMB, the stresses around the contralateral condyle 
were similar in the three models (around 40 MPa), whereas the stresses 
on the lateral condyle were lower in the solid-implant-model (15 MPa 
for RMB) as compared to the TO-implant-model (23 MPa for RMB) and 
lattice-implant-model (55 MPa for RMB). The stress concentrations in 
the bone were noted in and around the first and second screw holes 
closest to the posterior resection margin, with a maximum value of 36 
MPa observed in the TO-implant-model. The maximum von Mises 
stresses in the mandible bone in all the models were well below the 
mean compressive yield strengths of the cortical mandibular bone, 
which are reported to be 200, 110, and 100 MPa along the longitudinal, 
tangential, and radial directions, respectively (van Eijden, 2000). 

The von Mises stresses inside the implants were higher under the 
RMB condition as compared to the INC condition in all the three implant 
reconstruction models. Some elevated stresses occurred around the 
anterior screw holes but the highest stress values were concentrated 
around the first posterior screw hole near the resection and to a lesser 
extent along the curved implant edge above that screw. The magnified 
views at the bottom of Fig. 8 show that the elevated stress values in these 
critical areas during RMB stayed well below the yield strength of 
Ti–6Al–4V (i.e., 800 MPa) (Li et al., 2020). 

3.2. Experimental testing results 

The weights of the LA-implant and TO-implant after 3D printing 
were 15.8 and 18.4 g, respectively. These values are considerably lower 
than those of the implants used in previous studies (e.g., implants with 
an average weight of 60 g in a study by Mounir et al. (2020)). No 
problems were encountered during the preparation of the specimens. 

Fig. 8. The distributions of the von Mises stresses [MPa] in the three implant models under the INC (top) and RMB (middle) conditions. The magnified views 
(bottom) illustrate the stress concentrations across the lateral mandibular angle region under the RMB condition. 
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For all the specimens, excellent fit was obtained between the implant 
and the remaining mandibular segments, and tight screw fixation was 
established after the preparation of the samples using the surgical guide 
(Fig. 2f). 

Implant failure or failures at the screw-substrate interface were not 
observed in any of the samples during the quasi-static biomechanical 
testing. The force-displacement graphs for the INC and RMB loading 
conditions are presented in Fig. 9a and b, respectively. The fracture 
occurred in the condylar neck region in all the cases, either on the 
implanted side or on the intact side, depending on the loading condition. 
In all the cases, the fracture occurred for loads (>1000 N) far above the 
maximum physiological biting force of healthy individuals (570.9 N 
during INC and 600.4 N during RMB). This provides the implant with a 
substantial safety margin in terms of the maximal loads that the 
reconstructed system can bear in the case of clinical application. 

The stiffness, ultimate load, and ultimate displacement of the spec-
imens are presented as grouped scatter plots in Fig. 9c, d, and 9e, 
respectively. The intact mandibles and both implant designs exhibited 
comparable mechanical stiffness, ultimate loads, and ultimate dis-
placements during the tests. No significant differences (p < 0.05) were 
found between the groups under INC and RMB loading conditions. 

All the cyclic tests of the specimens that were performed using the 
constant-cyclic-method ran their course up to the maximum number of 
cycles without any signs of bone failure, implant failure, or any visible 
changes in the screw fixations. During the subsequent removal of the 
implants, none of the screws were found to be loose. As for the tests with 
the increment-cyclic-method, no implant failures, or failures at the 
screw-substrate interface were observed. The number of cycles to failure 
and the failure load acting on each of the four samples are listed in 
Table 2. Similar to the quasi-static tests, the specimens tested using the 
increment-cyclic-method fractured in the condylar neck region of the 
mandible (three out of four specimens). One exception was identified 
(TO-implant, sample 2 in Table 2) where the mandible fractured in the 
region of the external oblique line and anterior mandibular angle. 

The low von Mises stresses observed in the solid implant (Fig. 8) 
indicate that the solid implant could perform well in the sense that no 

implant fractures are expected to occur under the applied loads. Yet, no 
experimental tests of the solid-implant-model were performed, as it was 
not considered suitable for clinical application. Its high stiffness and 
complete absence of implant permeability would almost certainly lead 
to the atrophy of the bone graft, thereby significantly reducing the 
implant longevity. Therefore, the main comparison in terms of the 
implant performance was performed between the LA and TO implant 
groups. Table 3 lists the most important findings of the study to enable a 
direct comparison between both design approaches. 

4. Discussion 

We developed a digital workflow for the design of patient-specific 
implants to restore lateral mandibular defects. Using this workflow, 
two proof-of-concept cage-shaped implants were designed to match the 
anatomy of a laterally resected synthetic mandible phantom. While one 
of the designed implants was fully porous, the other was topology- 
optimized. The excellent match between the screws and implant on 
the one hand and between the implant and the mandibular segments on 
the other confirms the capability of the developed workflow to design 
customized implants with accurate dimensions. The computationally 
predicted strains agreed with the DIC measurements. Moreover, the 
observed locations of specimen failure coincided with the computa-
tionally predicted ones. These observations confirm the reliability of the 
computational models. For both implant designs, the overall implant 
stresses under post-surgical chewing conditions stayed well below the 
yield stress of Ti–6Al–4V. Neither the implants nor screw-substrate fix-
ations failed during the quasi-static or cyclic tests, meaning that the 
strengths of both implants exceeded the strengths needed to withstand 
the mean maximum bite forces experienced after mandibular resection. 
The comparison between both types of implants indicated that the fully 
porous implant may be preferable to the topology-optimized one as it 
offers a lower weight, a higher porosity, and a shorter design time. 

Fig. 9. The load-displacement curves obtained from the quasi-static tests under the (a) INC and (b) RMB loading conditions. For each group, the lines and shaded 
areas indicate the mean and standard deviation, respectively. The small inset images on the bottom right indicate the fracture location in each group. The grouped 
scatter plots of the stiffness (c), ultimate load (d), and ultimate displacement (e) of the constructs. The control specimens represent the intact (non-implan-
ted) mandibles. 
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4.1. Image processing, shape estimation and implant designing 

The software used for each of the processes in the current workflow 
(i.e., image processing and implant designing) allows for the custom-
ization of their graphic user interface (GUI) through Python scripting. 
Abaqus/CAE offers a Python-based GUI toolkit too, making it possible to 
couple the design workflow with an FEA-plugin in the near future. 

The segmental mirroring of the mandible in combination with a 
“sweep” operation was the method of choice to estimate the shape of the 
missing part of the mandible after resection. Statistical shape models 
(SSM) can be considered as an alternative to estimate the missing bone 
shape. An advantage of using the mirroring technique compared to SSM 
is that no additional database with training samples is required, which 
makes the procedure easier to implement in the workflow. However, 
mirroring is not possible if both sides of the mandible are affected. For 
example, the mirroring technique is not applicable to central defects or 
lesions that cross the midline. Moreover, the presence of asymmetry in 
the mandibular body, rami, and condyles may hamper the accurate 
reconstruction of the resected areas. Shape estimation using SSM can 
address both of these limitations. Shape estimation through SSM is, 
therefore, a promising approach that could make it possible to treat a 
larger variety of pathologies and should be considered for inclusion in 
the future versions of the developed workflow. 

The implants used in this study were designed in the shape of a cage. 
Even though several case studies have produced successful clinical 
outcomes with reconstruction implants in the shape of a cage or tray, 
there are some potential disadvantages to construction with a cage and 
bone grafts. In particular, there are significant risks of bone resorption, 
wound dehiscence, extraoral implant exposure, and postoperative 
infection, leading to partial or total loss of the construction (Tideman 
et al., 1998; Kumar et al., 2016). This applies mainly to the patients who 
require the resection of malignant tumors together with a substantial 
amount of soft tissue. The approach used in this study could, never-
theless, be applied to patients who suffer from benign defects and those 
who have not (yet) been radiated, and to the situations where soft tissues 
are compromised only to a limited extent. To minimize the risks of 
infection and prevent contamination through the oral cavity, a two-stage 
intervention may be desirable. In such a scenario, first the resection is 
performed in combination with plate fixation. After healing, recon-
struction can take place through the neck. It is important to realize that 
the application of the workflow proposed in this study is not limited to 
the design of cages. The workflow could also be used to create 
patient-specific reconstruction plates or any desired implant geometries 
for that matter. Since a mandible analog was used here, future studies 
should apply the developed workflow to actual patient cases. 

4.2. FEA and experimental validation 

The mechanical behavior of the materials involved in our analyses 
were simplified in various ways to reduce the complexity of the FEA 
models. Firstly, bone was modeled as an isotropic material even though 
bone is known to behave anisotropically. Secondly, all the materials 
present in our FEA models were assumed to be linear elastic while it is 
known that bone is a viscoelastic material (Lakes et al., 1979) and that 
highly porous lattice structures may experience localized plastic defor-
mation even when the effective stress is well below the yield stress of the 
architected material (Benedetti et al., 2021). Finally, stress relaxation, 
hardening effects, and load redistributions that typically occur during 
dynamic loading are not considered in our FEA models. Because of these 
and other modeling simplifications, some discrepancies may be present 
between the absolute stress values obtained with FEA and the experi-
mentally derived values, especially in the case of large deformations. 
The PU material used in the experiments is isotropic. It was, therefore, 
modeled correctly in the EXP-FEA model. To minimize the effects of 
plasticity on the predictions of the FEA models, the results of EXP-FEA 
were compared with the experimental data only within the linear elastic 

range of the associated force-displacement curves. 
The elastic modulus of the PU mandible cortex in EXP-FEA was 

determined such that there was a good correspondence between the 
computational and experimental results. The selected value of the elastic 
modulus (0.41 GPa) was close to the value adopted by Koper et al. 
(2021), who used the same synthetic mandible analog and estimated its 
elastic modulus with the elastic modulus of standard PU (0.50 GPa). In 
this study, experimental tests were performed on PU mandible spec-
imen, and hence homogeneous material assignment with cortical PU 
properties was sufficient for the validation of the computational models. 
Density values and elastic moduli were translated to those of the actual 
bone for the PHY-FEA models to predict clinical scenarios accurately. 
The material properties in the latter case were scaled to those of the 
actual bone based on the grey values obtained from the CT images. The 
number of materials chosen to describe the cancellous and cortical bone 
may not be sufficient to reflect the variations in the material properties 
of the actual mandibular bone. In fact, the number of materials could 
theoretically be reduced to two, considering the way the mandibles are 
manufactured with two distinct regions of cancellous bone and cortical 
bone. However, a more diverse spread of HU values was obtained from 
the CT images, indicating that some transition regions between the 
cancellous bone and cortical bone may have existed as well as some 
higher-density areas in the cortical region. In the case of actual clinical 
applications, the material properties of the bone (i.e., density and elastic 
modulus) will be obtained from the HU values of each patient’s CT 
images. The correlation between the HU values and bone density can be 
established either by imaging hydroxyapatite phantoms or be derived 
from the average bone density data available in the literature. As for the 
mechanical properties, the empirical relationships available in the 
literature between the bone density and elastic modulus (e.g., Cheng 
et al. (2020); Kucukguven and Akkocaoğlu (2020)) could be employed. 
The patient-specific bone material properties would then be imple-
mented in the FEA models to predict the mechanical and failure be-
haviors of both the bone and the entire construct. 

Normally, a layer of periodontal ligament (PDL) is located between 
the tooth roots and the alveolar sockets, which is important for trans-
ferring the force to the alveolar bone. This very thin tissue cannot be 
easily captured with regular CT scanning protocols. Even though some 
other FEA studies have included this soft tissue layer between the teeth 
and the bone, it is often excluded from FEA models as it requires time- 
consuming manual segmentation steps and increases the processing 
time due to increased model complexity (Gröning et al., 2012). Several 
studies have, however, found that FEA models show a much higher 
stiffness and, thus, lower strains when teeth and bone are modeled as 
continuous objects as opposed to models where the PDL is included 
(Gröning et al., 2012; Marinescu et al., 2005). It is, therefore, suggested 
that future studies perform a sensitivity analysis to determine the effect 
of PDL on the accuracy of the FEA model predictions. 

The regions associated with the high values of the von Mises stress 
(Fig. 6a) correspond well with the primary locations of failure observed 
during the mechanical tests, namely the condylar neck region. This 
suggests that the boundary conditions and forces are correctly imple-
mented in the computational models. The compressive strength of the 
PU foam with densities between 0.240 and 0.641 g/cm3 ranges between 
4.7 and 24.7 MPa (Calvert et al., 2010). A maximum stress of 16 MPa 
observed in the FE model (condylar neck region) falls within this range, 
assuming that the cortical PU is of high enough density. The agreement 
between the deformation patterns shown in Fig. 7b and d indicates the 
correct implementation of the muscle force vector directions and the 
relative muscle force magnitudes. The good agreement in the stress 
patterns observed between Fig. 7a and c and those reported by Pinheiro 
and Alves (2015) indicates that the muscle forces are correctly scaled. 

In all the three implant models, the condylar neck on the contralat-
eral side is stressed the most during INC whereas the condylar neck on 
the lateral side is stressed the most during RMB. This observation agrees 
well with the quasi-static testing results (Fig. 9a and b) where the 
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fracture under the INC loading conditions consistently occurred in the 
contralateral condyle. Under the RMB loading conditions, the fracture 
always occurred in the lateral condyle. While the stress levels on the 
contralateral side of the mandible are comparable in the three implant 
models, the stress levels on the lateral side of the mandible seem to in-
crease as the stiffness of the implant decreases. The resistance of the 
implanted mandible to deformation depends on the stiffness of the 
implant. With a lower implant stiffness, the resistance to the deforma-
tion must be smaller. The equivalent stresses will, consequently, be 
higher in the bone surrounding the implant. The maximum stresses on 
the implants can be found just below the first screw hole near the pos-
terior resection margin. The area of the mandibular angle, especially the 
area around the screws close to the proximal resection margin, is known 
to represent a weak spot in reconstruction plates (Gutwald et al., 2017; 
Yi et al., 1999; Trainotti et al., 2014; Schupp et al., 2007). 

The maximum and minimum principal strain values were extracted 
from two regions on the outer surface edges of the bone. When the 
surface on the outer edges is curved, the subtended angle of the camera 
view with respect to the sample will play an important role. As the 
curvature on the posterior surface of the condylar neck (Polygon_2) is 
relatively blunt, the back of the condylar neck may not be fully captured 
by the cameras (Fig. 5d). Since the strain values are expected to be the 
largest in that area, it may be the case that Polygon_2 covers a region 
with lower maximum strain values than those covered by Area_2 in the 
FE model, which could explain the offset in the principal strain values in 
Fig. 6-f. At the curved boundaries peak strains could be underestimated 
due to averaging errors given that the accuracy of the measurements 
depends on the pixel subset size used for the strain calculations (Chanda 
et al., 2015). Placing the cameras closer to the normal of the surfaces at 
the strain peak regions may improve the accuracy. Finally, a limitation 
regarding the comparison of the DIC measurements with the FEA results 
is that we only used one intact sample for DIC measurements. 
Comparing FEA with averaged DIC data from multiple specimens and 
taken at various camera angles may reduce the margin of error. 

It is very challenging to mimic the in vivo three-dimensional loading 
configuration of the mandible. Simplifications are, therefore, needed. 
Seebach et al. (2018) showed that the biting forces could be described by 
a resultant vector originating from the mandibular angles. This 
approach was translated into the current setup by applying uniaxial 
forces that act on both mandibular angles (Fontana et al., 2016; Gateno 
et al., 2013; Rendenbach et al., 2017; Schupp et al., 2007; Koper et al., 
2021). The various translational and rotational degrees of freedom in-
tegrated into the stage and the tooth supports of the experimental setup 
(Fig. 4a) make it possible to test intact and reconstructed mandibles with 
different sizes and shapes and under almost any desired loading condi-
tions. This is particularly useful if cadaveric studies are going to be 
performed. The muscle forces acting on the reconstructed side are often 
reduced to some extent, leading to an unequal distribution of biting 
forces between both sides (Curtis et al., 1999; Marunick et al., 1992). In 
the present study, the muscles that could not retain their function after 
reconstruction were removed from the FE model, whereas in the 
experimental setup this loading imbalance was accounted for by 
distributing 70% and 30% of the total forces on the healthy and affected 
side, respectively (Schupp et al., 2007). It is important to mention is that 
this force distribution was selected because no reliable data could be 
found in the literature. 

Two different methods were used to test the biomechanical perfor-
mance of the reconstruction systems under cyclic loading, namely, the 
constant-cyclic-method and increment-cyclic-method. Methods like the 
former have been used by Schupp et al. (2007) and Wu et al. (2017), 
while the latter method was applied by Gateno et al. (2013) and Ren-
denbach et al. (2017). The fact that none of the implants failed during 
the quasi-static tests, either through fracture or screw/implant loos-
ening, at loads far exceeding the maximal physiological biting forces 
indicates that the reconstruction was stable. The fatigue tests performed 
with the constant-cyclic-method indicated that the reconstruction 

systems performed very well at least up to 250.000 cycles at relatively 
high chewing forces. The high resistance of the reconstruction systems 
to mechanical failure was also confirmed by the absence of fatigue 
failure in the osteosynthesis during the tests with the 
increment-cyclic-method. The reason that sample 2 in the TO-implant 
group fractured at a different location during the test with the 
increment-cyclic-method than the other specimens did was most likely 
minor manufacturing defects (cavities), which were observed at several 
locations along the fracture line. 

A limitation regarding the data analysis approach can be identified. 
The fact that no large differences in the stiffness, ultimate load, or ul-
timate displacement were observed between the implanted and intact 
mandibles suggests that both implants will perform well in taking over 
the function of the original bone segment. This might also indicate that 
there is still a margin to further increase the porosity inside the implants. 
However, the low sample size per loading condition in the tests can be 
seen as a limitation, as it reduces the statistical power. Due to budget 
constraints, the sample sizes were minimized and determined such that 
the validation of the computational models could be established and the 
potentially (significant) differences between the two implant designs 
could still be revealed. Random sampling was applied within and be-
tween the experimental groups. All the samples were prepared in an 
identical fashion, followed by randomly allocating them to each of the 
experimental groups and random testing them for each loading condi-
tion. The variations between the specimens were minimized by using 
one type of mandible model, using a surgical guide for sample prepa-
ration, and ensuring an identical positioning of the samples during the 
mechanical tests. The level of variations within each group was, there-
fore, limited, making it safer to draw conclusions on the significance of 
the relative differences between the groups despite the low sample sizes. 
A Kruskal-Wallis non-parametric test (p < 0.05) with Bonferroni 
correction was performed to investigate the effects of any potential 
deviations from a normal distribution on the results of the performed 
statistical analysis. The results of the non-parametric test regarding 
statistical significance, however, matched those of the parametric t-test 
(i.e., no significant differences in stiffness, ultimate load, or ultimate 
displacement were found between both implant designs). 

Since the mechanical performances of the LA- and TO-implants were 
not found to be significantly different, the LA-implant may be prefer-
rable to the TO implant for clinical application due to the four following 
reasons. First, the weight of the LA-implant is slightly lower than that of 
the TO-implant, which will increase the patient comfort while reducing 
the material costs. Second, the LA-implant has a higher porosity, which 
is likely to result in a higher degree of osseointegration and bone tissue 
regeneration (Schouman et al., 2016; Zhou et al., 2010). Third, the 
increased porosity presumably leads to a lower implant stiffness, which 
is beneficial for reducing stress shielding. Finally, the relatively 
time-consuming TO process (18 h for the implant designed here, 
excluding the additional post-processing time) can be omitted. 

5. Conclusions 

We demonstrated the capability of the proposed workflow to design 
and analyze patient-specific mandibular reconstruction cage implants 
with excellently reproduced mandibular contours and high resistance to 
mechanical failure. The proposed workflow will, after future incorpo-
ration of an FEA plugin, provide surgeons and medical engineers with a 
systematic approach and the tools to design and evaluate patient- 
specific reconstruction implants. This would enable cost- and time- 
effective pre-surgical planning and the design of customized implants 
that can maximize the aesthetic and functional outcomes while mini-
mizing the associated morbidities. 
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