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a b s t r a c t

Teeth loss due to periodontal diseases, trauma, or infections often causes dimensional loss in the affected
maxillary. In patients with reduced maxillary size, restoration of chewing function and esthetics with
endosseous dental implants may fail. The aim of this work was to simulate the biomechanical behavior,
using the finite element method, of customized scaffolds fixed by a dental implant on a partially edentu-
lous jaw. Porous scaffolds were designed from medical images of a partially edentulous jaw with type IV
bone quality. The influence of the diameter of the hole and the porosity of the scaffold on the maximum
levels of stress and strain in the peri-implant bone was evaluated. The highest stress values in the scaf-
folds, dental implant, and crown were lower than the yield strength of their respective materials. The cus-
tomized scaffolds allow to recover the dimensions of the evaluated jaw. A significant decrease in stress
and strain values was observed in the peri-implant cortical bone. Furthermore, it was found that the eval-
uated parameters did not have a significant influence on the maximum von Mises equivalent stress and
maximum strain values in the peri-implant bone.
� 2022 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY-NC-ND license

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

Teeth loss due to periodontal diseases, trauma, or infection of
the alveolar bone often leads to surgical intervention to restore
the jaws [1]. Recent advances in biomaterials have contributed to
the increase in available options for bone regeneration in atrophied
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jaws of partially or completely edentulous patients (use of bone
grafts, placement of sub-periosteal dental implants, use of stem
cells, among others) [2,3]. However, these options presented mul-
tiple limitations [2,4]. In addition, in atrophied jaws, the clinical
success rate of endosseous dental implants can be significantly
reduced [5].

For these reasons, several works report the development of por-
ous scaffolds that allow bone regeneration in the affected area of
the jaws [3,6,7]. A wide range of materials (including polymers,
ceramics, metals and composites) are used in the manufacture of
scaffolds for bone regeneration [8–10], which provide a suitable
environment for tissue regeneration. Titanium and its alloys,
specifically Ti6Al4V, are among the most widely used metallic
materials, due to their biocompatibility and mechanical properties
[11–13]. Furthermore, the use of porous structures is an effective
option to reduce the mismatch of the elastic modulus presented
by some biomaterials with bone [9,14–16]. Therefore, porous tita-
nium scaffolds reduce stress shielding, fit well with host bone,
reduce bone absorption, stimulate rapid bone formation and inte-
gration at the bone-implant interface [16,17], show a higher fixa-
tion ability than bulk implants, and achieve sufficient biological
stability in a short time [18]. In bioactive material scaffolds, bone
tissue grows inside pores and, in addition, pores with rough walls
improve osseointegration. A scaffold with a pore diameter of at
least 300 lm facilitates the transport of nutrients and, ultimately,
osteogenesis. Unfortunately, scaffolds with pores smaller than
100 lm, although showing high mechanical properties, tend to
cause hypoxic conditions in the microenvironment that favor
osteochondral formation and not osteogenesis. With pores larger
than 800 lm, there is ample space for the vascularization and
delivery of precursor cells from the osteoclast and osteoblast lin-
eages, but their mechanical strength is low [19,20]. Other research
has revealed that porous titanium with a pore size of 200–500 lm
is sufficient for adequate bone growth and fluid transport [21]. Fur-
thermore, according to some studies, pore sizes of 300 to 800 lm
and porosities of 30 to 80 vol% show reasonable performance
[20]. In this sense, Chen et al. found that selective laser sintering
Ti6Al4V ELI scaffolds with a pore size of 500 lm and a porosity per-
centage of 60 vol% showed the best results both in vitro and in vivo
studies [22]. However, porous materials were observed to favor the
proliferation of bacteria and, with increasing pores, a greater
degree of attachment of bacteria to titanium scaffolds was pro-
duced [23].

Porous structure is another key factor in the biological and
biomechanical behavior of scaffolds [10,16]. Regarding the shape
of the pores, scaffolds with circular, square, hexagonal triangular,
rectangular, rhomboidal, pentagonal, and heptagonal pore mor-
phology have been reported [9,16,24,25]. Simulations using the
finite element method have shown that irregular morphological
pores function as stress concentrators and generate a significant
increase in stress levels in scaffolds [26–28]. In addition, this
may cause the scaffolds to exhibit low fatigue resistance, which
may affect their clinical success. Recently, Yang et al. found that
in scaffolds with triply periodic minimal surface (TPMS) and
Schoen Gyroid (SG) cellular structures, the FEM can be used to pre-
dict their mechanical responses and, also, it was possible to cus-
tomize their mechanical properties for different applications [29].
On the other hand, Deng et al. found that pore architecture had
an influence on bone growth and obtained the best results using
diamond lattice unit (DIA) between four scaffolds with different
topology [16]. In other words, interconnected pores were consid-
ered to facilitate bone growth within scaffolds [18,22].

Since the parameters of the porous structures of scaffolds influ-
ence bone generation, in scaffolds for bone restoration, porosity
must be controlled in terms of percentage, degree of interconnec-
tivity, size, morphology and distribution. However, conventional
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manufacturing methods do not allow precise control of the per-
centage of porosity and the size, shape, distribution, and connectiv-
ity of pores [16]. Recent advances in the fields of medical imaging
processing and additive manufacturing (AM) processes have
allowed the development of customized scaffolds [10,30]. The
AM or 3D printing process allows the scaffold to be manufactured
in terms of shape, interconnectivity, and pore sizes, as well as vari-
ation in the mechanical properties of the material [16]. Further-
more, both the general shape and the internal structure of the
scaffold can be customized with high reproducibility and reliability
[30]. Among additive manufacturing techniques, electron beam
melting (EBM), selective laser melting (SLM), and selective laser
sintering (SLS) have been considered fast and successful methods
for the manufacture of medical implants [24,31,32]. These tech-
niques, due to their good controllability and level of precision, have
a high potential for the manufacture of porous implants [24,31,32]
such as metal scaffolds.

Furthermore, images of atrophied areas of the maxillae acquired
by computed axial tomography (CAT) or nuclear magnetic reso-
nance [10,30] allowed for precise three-dimensional (3D) images
of atrophied areas of the jaws and their defects, while their use
in AM processes allowed them to be implanted for customized
bone regeneration. Customized scaffolds allow the architecture
and dimensions of partially or completely edentulous jaws to be
recovered, and in some cases the patient can simultaneously
restore chewing function [33]. Furthermore, the placement of cus-
tom 3D printed scaffolds in atrophied maxillae can be combined
with the anchoring of dental implants during a surgical operation,
so a second operation can be avoided [7,33].

The evaluation of the biomechanical behavior of load bearing
devices is important. In this context, overloads and underloads
are known to affect the bone remodeling process and contribute
to peri-implant bone atrophy [34]. To avoid these phenomena,
the Finite Element Method (FEM) has been used in different studies
to simulate the biomechanical behavior of maxillofacial devices
[35–38]. Using this method, physical factors, such as mechanical
stress and strain, can be calculated and illustrated [36,39]. Specif-
ically, its use in endosseous dental implants has improved their
macro-design [40,41]. Furthermore, this method has been used to
evaluate the biomechanical behavior of different types of scaffolds
intended for bone regeneration [31,42,43] and also to optimize the
design of scaffolds for maxillofacial applications [35].

The main objective of this work was to evaluate by FEM the
influence of the diameter of the holes and the porosity percentage
of the custom scaffolds on stress and strain levels in a type IV bone.
For this, the customized scaffolds were fixed using a dental implant
in a partially edentulous jaw.
2. Materials and methods

2.1. Models

Medical images in DICOM format were used from a computer-
ized axial tomography (CAT) of a 46-year-old partially edentulous
man. Images were acquired in grayscale and distributed in differ-
ent anatomical sections (axial, sagittal, and coronal). They were
taken with a Siemens Sensation Cardiac 64 scanner (Siemens, Ger-
many), with a matrix size of 512 � 512 pixels, a spatial resolution
of 0.33 mm, a panoramic field of view of 48.6 cm and a spacing
between slices of 0.625 mm.

CAT images were processed in Mimics Innovation Suite 17.0
software (Materialise, Leuven, Belgium). First, using the ’Thresh-
olding’ tool, a bone mask was obtained from the apparent density
of bone tissue (Hounsfield scale, gray scale). Then the ’Edit Mask’
and ’Calculate 3D’ functions were used to refine the selected area



Table 1
Dimensions of the jaw.

Parameter Jaw dimensions (mm)

Atrophied Non-atrophied

Minimum height 23 27

Maximum height 27.6 30.1

Minimum thickness 14 12.5*

Maximum thickness 16.8 13.9

* The lower thickness values in the non-atrophic zone were probably influenced by
the fact that in this zone the canines and incisors were located.
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and obtain the 3D model of the craniomaxillofacial region of the
patient (Fig. 1a), respectively. The image of the atrophied maxilla
was modified to allow its export to the Autodesk Inventor 2016
mechanical design software (Autodesk Inc, USA) using tools ’Calcu-
late polylines’ and ’Cavity Fill from Polilynes’. Finally, the 3-matic
tool of the Mimics software was used to smooth the maxillary sur-
face and export it to the Inventor software in STEP format.

Table 1 summaries the dimensions of the jaw in the atrophied
zone (used to obtain the design of the scaffolds) and in the non-
atrophied zone of the patient for comparison. The absence of
mechanical stimuli caused a decrease in jaw height compared to
the zone supporting the canines and incisors (non-atrophic zone).

By using the software Inventor, an edentulous jaw segment
with a bone quality IV (Fig. 1b), according to the Lekholm and Zarb
classification [44] was obtained. A threaded hole (Fig. 1b) was
made in the jaw segment for the anchorage of a dental implant
(with a profile of its threads that corresponds to those of that
implant (Fig. 3a)) and customized scaffolds were also designed
(Fig. 2). From the model of the atrophied jaw segment, the archi-
tecture and cellular structure of the scaffolds were obtained in
the software Inventor. In the first design stage, a dense model
was obtained (Fig. 2a), as previously reported [45]. Three-
dimensional interconnected cylindrical holes with a previously
selected diameter and porosity percentage were incorporated into
the scaffolds, forming the cellular structure and the periodic cellu-
lar unit shown in Fig. 2b. This structure was characterized by struts
of variable thickness and sharp edges, as well as a cubic cell and a
minimal strut size (MSS) as shown in Table 2. Porosity was
obtained by incorporating a hole in the axial direction (y-axis) of
the dense model. Then, using the ‘‘Pattern” tool, holes were placed
on its surface. This process was repeated in the mesiodistal and
buccolingual directions. In all three directions, a distance was kept
between the holes that maintained the porosity level selected for
each experimental run. Finally, a hole with a conical area and
another threaded area was added for the placement of the dental
implant (Fig. 2c).

Furthermore, in Inventor software, the crown was assembled to
the dental implant and the dental implant was anchored to the jaw
(Fig. 3a). To assemble the system components, they were con-
verted to the SAT format and then exported as independent pieces
to the Abaqus CAE software. A detailed explanation of the process-
ing of CT images, obtention of the 3D model of the maxilla, export-
ing the model from the Mimic software to the Inventor software, as
well as the obtaining of the dense model of personalized scaffolds
was reported in a previous work [45].
Fig. 1. (a) Craniomaxillofacial region and partially edentulous jaw o
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The customized crown-dental implant scaffold system used in
the simulations is shown in Fig. 3a. To form the evaluated system,
a new single-component dental implant model was chosen charac-
terized by having a length of 12 mm (threaded area), a tapered
thread, a neck diameter of 3.8 mm, and a second thread in the
proximal area (close to the neck). The threads presented the fol-
lowing characteristics: rectangular profile, 1.2 mm pitch, variable
thread height (0.6 mm in the apical zone and approximately
0.2 mm in the proximal zone) and a width of 0.3 mm. The scaffold
was placed and fixed to the jaw by the dental implant in such a
way that its movements in all directions were limited.

2.2. Three-dimensional finite element analysis

The system (Fig. 3a) was exported to Abaqus / CAE software
(6.13 version, Simulia Corp.) to simulate it using FEM, considering
that living tissues adapt to mechanical loads. To evaluate the
behavior of bone systems, the von Mises equivalent stress criterion
was used. Furthermore, the von Mises strain was used to assess the
behavior of the cortical and trabecular bones. An experimental
design was obtained in StatGraphics Centurion 19, in which the
scaffolds were assigned three diameters to their holes and three
values of the porosity percentage (Table 2). The levels of both vari-
ables were selected from the results reported in different studies
[20,22,46]. Maximum values of von Mises equivalent stress
(MVMES) and von Mises strain (MVMS) were evaluated as
response variables, both in the cortical peri-implant bone and in
the trabecular bone. The distribution of these variables along the
peri-implant bone was also obtained.

The Ti6Al4V alloy was used in both the design of the scaffolds
and the dental implant, while a feldspathic ceramic was used in
f the patient and (b) jaw segment used in the FEM simulations.



Fig. 2. Models generated during the design stages of customized scaffolds: (a) solid model, (b) porous scaffold and its cellular structure, and (c) porous scaffold with a hole for
the placement of the dental implant.

Fig. 3. Simulated systems and load conditions. (a) Schematic representation of the
cross section of the simulated system, where: (1) crown, (2) dental implant, (3)
customized scaffold, (4) cortical bone, and (5) trabecular bone. (b) Boundary
conditions, load location (nodes where the load was distributed) and load
directions.

Table 3
Mechanical properties of the materials used in the simulated runs.

Materials Young’s modulus
(MPa)

Poisson
ratio

Cortical bone* [47] 13,000 0.30
Trabecular bone* [47] 690 0.30
Feldspathic ceramics [48] 82,800 0.35
Ti6Al4V dense [49,50] 110,000 0.32
Ti6Al4V with porosity of 45 % [51,52]

porosity
22,000 0.32

Ti6Al4V with 65 % porosity [52] 7000 0.32
Ti6Al4V with 80 % porosity [51] 5000 0.32

* Type IV bone quality.
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the crown. Table 3 shows the values of the mechanical properties
assigned to the different components of the evaluated systems.
All materials were assumed to be linearly elastic and isotropic,
since all volumes of materials were considered homogeneous.
Table 2
Experimental design used and scaffold parameters.

Model Scaffold Parameters

Hole dia-
meter (lm)

Porosity
vol. (%)

A 350 45
B 550 80
C 350 65
D 550 65
E 350 80
F 750 45
G 750 80
H 550 45
I 750 65

* Minimum strut size.

4

To evaluate the models, the systems were subjected to static
loads and the interactions between parts of the assembly were
defined as a tie-type (delayed load condition, complete osseointe-
gration between implants and bone tissues), using the load values
reported by Himmlova et al. (in the axial direction: 114.6 N, in the
mesiodistal direction: 23.4 N and in the buccolingual direction:
17.1 N) [53]. These loads were assumed to act on the surface of
the crown, generating forces that are transmitted to the rest of
the system. Similarly, a set of 40 nodes (colored areas in Fig. 3b)
was created in the upper area of the crown, where the loads were
distributed, representing its application at an angle of 75� with the
occlusal plane. The boundary conditions used restrict the degrees
of freedom in the x, y, and z directions and can also be seen in
Fig. 3b.

Tetrahedral elements corresponding to the C3D10 type element
from the Abaqus element library were used in the models. To
MSS* (lm) Cellular size (lm)

330 680
120 670
180 530
300 850
70 420
620 1370
130 880
680 1230
430 1180
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reduce the computing capacities to be used, the system was
meshed in a global and refined way (local mesh, with a smaller ele-
ment size) in the areas where the dental implant - maxillary bone
and scaffold - maxillary bone contact occurs. After convergence
analysis, the local and global mesh sizes were assigned 0.16 and
0.11, respectively. To perform the convergence analysis, the model
with 350 lm diameter and 65 vol% porosity percentage was
selected. Four local meshes with different amounts of elements
were made, whose values vary from approximately 1�6 � 106 –
4�3 � 106, using the same loading and boundary conditions. The
selected local mesh was 0.11 mm as shown in Table 4 (difference
less than 2 % of the MEVMS compared to the next run).

2.3. Statistical analysis

In the Abaqus/CAE software, the most loaded nodes of the areas
with the highest level of stress were determined in the cortical and
trabecular bones. Data were processed in StatGraphics Centurion
19 software (Statpoint Technologies, Warrenton, VA, USA) and
the stress range of the most loaded zones was expressed as
mean ± standard deviation. Multiple sample comparison tests
(multiple-range tests, Tukey HSD) were used to determine the
existence of significant differences between the groups for a nor-
mal population distribution and a Kruskal-Wallis test for a non-
normal population distribution. A value of p < 0.05 was taken as
a statistically significant difference.

3. Results and discussion

Different authors have already reported on FEM studies of scaf-
folds for bone applications [10,31,54–56]. It made it possible to
optimize its architecture and thereby improve its mechanical prop-
erties and in vivo behavior. Different parameters (shape, size and
interconnection of pores and porosity percentage), as well as
response variables such as mechanical properties, permeability
and cell response were evaluated [10,26,31,57]. The regeneration
of atrophied jaws and, in some cases, with the simultaneous
restoration of patient masticatory function were among the appli-
cations of these devices [33]. It could be achieved using scaffolds
fixed with dental implants. However, the evaluation of the biome-
chanical behavior of scaffolds fixed by dental implants in the max-
illa is a current problem.

Mechanical stimuli were known to improve the bone remodel-
ing process. Both stress and strain were factors that influence the
bone remodeling process [18,34,58], although overload or under-
load can affect implant osseointegration and peri-implant bone
density [34]. Overloaded endosseous implants can cause prema-
ture failure and compromise their clinical success. In the first stage
of this work, the distribution and maximum values of stresses gen-
erated in the crown, dental implant, and personalized scaffolds
were evaluated from nine experimental runs. Subsequently, the
research focused on the evaluation of the influence of the hole
diameter and the porosity percentage of the scaffolds on the stress
and strain distribution in peri-implant bone. Furthermore, the
MVMES and MVMS values were obtained in the cortical and tra-
becular bones.
Table 4
Convergence analysis for a system with a scaffold model corresponding to the
experimental run C.

Run number Elements sizes Total of elements MEVMS (MPa)

1 0.16 1 610 307 21.90
2 0.12 2 400 270 22.88
3 0.11 3 038 316 23.33
4 0.09 4 314 408 23.72
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3.1. Distribution of von Mises equivalent stress in crown, dental
implant, and customized scaffolds

The highest levels of von Mises equivalent stress in the crown
and dental implant were concentrated in the area where both con-
tacts (corresponding to the prosthetic support of the dental
implant) (Fig. 4 a, c). In the scaffold, the maximum values were
in its upper zone, mainly in areas (in the struts) close to the neck
of the dental implant (Fig. 4b). This behavior was similar to that
generated by the rest of the experimental runs.

Fig. 5 shows the MVMES generated by the nine simulated
experimental runs in the crown (Fig. 5a), dental implant (Fig. 5b)
and customized scaffolds (Fig. 5c). In the crown, stress values of
less than 35 MPa were obtained. In the case of dental implants, val-
ues of less than 300 MPa were obtained, which were significantly
lower than the yield strength of the implant material (1000–
1250 MPa in the Ti6Al4V, depending on the fabrication parameters
by selective laser melting (SLM) and a post-heating treatment)
[59]. It should be noted that in systems with scaffolds that present
80 vol% porosity percentage, the dental implant showed the high-
est values of MVMES, a result that may be related to a lower trans-
mission of loads to the porous scaffold. In addition, in general, a
decrease in the MVMES values was obtained in the scaffolds as
the percentage and diameter of the holes increased. These atypical
results could be explained by considering that the scaffolds are
part of a system that supports and transmits the applied loads. In
this context, the scaffold received a lower load from the dental
implant (Fig. 5b) and, at the same time, a higher load is transmitted
to the peri-implant cortical bone (reducing the phenomenon of
stress-shielding) (Fig. 7a). On the other hand, in the scaffolds,
MVMES values were obtained that did not exceed 20 MPa
(Fig. 5c). In general, the MVMES values observed in the crown, scaf-
fold and dental implant should not affect their performance under
static load, considering that the MEVMS levels are significantly
lower than the yield strength of its corresponding materials. How-
ever, implants for dental applications are well known to work
under cyclical loads [60]. In this sense, fatigue strength was funda-
mental to ensure the long-term performance of dental devices [56].
Specifically, scaffolds were found to have low fatigue resistance,
which depended, among other factors, on their structural design
pores, unit cell type, as well as on their porosity and the post-
manufacturing processes to which they were subjected [56].
Therefore, it would be recommended to simulate the system under
dynamic loads and perform fatigue compression tests on the scaf-
folds. It could also be suggested to consider failures due to cyclic
fatigue, associated with wrong material selection and/or implant
design. In fact, it is well-known that fatigue strength in 107 cycles
presented values 27–35 MPa and 200–430 MPa for cortical bone
and commercially pure titanium implants (obtained by a forging
process), respectively [61]. Considering this fact, it would be highly
recommended for future works to implement models that estimate
the fatigue behavior of the implant and the customized scaffolds
proposed in this work.
3.2. Distribution of von Mises equivalent stress and von Mises strain in
the cortical and trabecular bones

In general, to evaluate the equivalent von Mises stress and von
Mises strain in the cortical and trabecular bones, the maximum
values of both parameters were chosen because they had a greater
influence on the in vivo behavior of implantable dental devices.
The stress distribution in the cortical bone by the experimental
runs of the system is shown in Fig. 6a. In all simulated experimen-
tal runs, the MVMES values in the cortical bone were concentrated
in the area in contact with the threads of the dental implant.



Fig. 4. Distribution of von Mises stress generated by the experimental run D (central point of the experimental design): (a) crown (cross section), (b) scaffold and (c) dental
implant.

Fig. 5. Influence of hole diameter and porosity percentage of scaffolds on MVMES values for (a) crown, (b) dental implant and (c) scaffolds.

Jessica León de Ulloa, Jesús E. González, A.M. Beltrán et al. Materials & Design 223 (2022) 111173
MVMES in the trabecular bone was concentrated in its peri-
implant area in contact with the apical region of the dental implant
and at its interface with the cortical bone (Fig. 6c). Furthermore,
stress levels in the peri-implant bone throughout the implant body
were similar, although significant differences were observed when
comparing their values at the buccal, lingual, mesial, and distal
sites. This behavior could be related to the application of an obli-
que load.

Fig. 6b and 6d show the distribution of the strains generated by
the experimental run D in the cortical and trabecular bones. In gen-
eral, these distributions were representative of the rest of the sim-
ulated runs. The highest strain values in both bones were
concentrated in areas similar to those of stress, a result expected.
In all runs, the highest von Mises strain values were observed in
the area in contact with the threads of the dental implant. In the
case of the trabecular bone, they were observed in small regions
close to their interface with the cortical bone. Furthermore, an
6

asymmetric distribution of strains was observed in the peri-
implant bone (higher values on the left side of the dental implant
in Fig. 6d). However, this behavior must vary when changing the
direction of the load.
3.3. Effect of the diameter of the hole and the percentage of scaffold
porosity on MVMES and MVMS in the peri-implantar bone

Generally, the MVMES values obtained were lower than those
reported for human bones. In this sense, the compressive strength
of human cortical bone ranges 90–230 MPa, while that of cancel-
lous bone ranges 2–45 MPa [62]. On the other hand, several studies
suggested that high stress values can lead to peri-implant bone
absorption, even causing bone loss and implant failure
[5,34,58,63,64]. In general, MVMES values between 10 and
28 MPa were obtained in the cortical bone, while the experimental
runs F and G generated the highest values (Fig. 7a). MVMES values



Fig. 6. (a) Distribution of von Mises equivalent stress in cortical bone, (b) distribution of von Mises strain in cortical bone, (c) distribution of von Mises equivalent stress in
trabecular bone, and (d) distribution of von Mises strain in trabecular bone generated by experimental run D (central point of the experimental design).

Fig. 7. MVMES values, (a) in the cortical bone and (b) in the trabecular bone.
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were within the range recommended by Li et al. to avoid overload-
ing in the cortical bone [34]. The range of stresses necessary to
obtain adequate bone remodeling was a function of bone (cortical
or trabecular) and also of jawbone quality at the implantation site
(type I, II, III, or IV). For example, according to Li et al. for cortical
bone with a density of 1.8 g/cm3 (density used in the simulations)
it was approximately between 12 and 28 MPa [34]. Stress values
were lower than those observed with dental implants evaluated
in a previous study [39], as well as those reported in different stud-
ies when using different models of endosseous dental implants
[40,53]. Furthermore, the results of variants with a hole diameter
of 750 lm of the scaffold corroborated the effect of increasing
the percentage of scaffold porosity on the decrease in shielding
stresses. In the trabecular bone, MVMES values between 1 and
20 MPa were obtained and their maximum levels were also gener-
ated by the experimental runs F and G (Fig. 7b). In some cases,
these values were higher than those recommended for bone qual-
ity IV (approximately between 1.5 MPa and 4.2 MPa for a bone
density of 0.65 g/cm3) [34]. However, the area they occupied was
generally small and their levels were lower than those reported
for this bone quality [40].
Fig. 8. MVMS values in the cortical and trabecular bone generated by the
experimental runs.

Fig. 9. Influence of on the MVMES values (a and b) and the MVMS values (c a
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Fig. 8 shows the MVMS values in the peri-implant bone. The
strain values in the cortical and trabecular bones were generally
observed to not exceed 3000 le (strains � 10�6), except for the
experimental run F. Furthermore, small areas in the peri-implant
bone were observed in which the strain values are lower than
100 le, that can cause bone disuse [65,66], which could result in
loss of bone density and mass [58]. MVMS values were generally
higher in the trabecular bone, a behavior that could be related to
the low density assigned to this bone and the lower influence of
the scaffolds in this area.

In general, the obtained MVMS values (between 300 and 3000
le) were considered adequate for the processes of bone growth,
bone remodeling, or bone density maintenance. A sufficient trans-
fer of load to the peri-implant bone tissue was considered a key
factor in the long-term success of endosseous implants [40]. There
was a consensus that bone strain values ranging from 100 to 3000
le do not affect the peri-implant bone density [18,65,66]. When
bone strain is less than 100 le, it will lead to absorption of bone
disuse [18]. On the other hand, strains above 3000 le were consid-
ered problematic for bone, leading to a hypertrophic response,
while levels of bone strains above 4000 le could cause local over-
load and bone loss in affected areas [53].

The influence of the variables studied on the MVMES values is
shown in Fig. 9a and 9b, while its influence on the MVMS is shown
nd d). (a) and (c) in the cortical bone (b) and (d) in the trabecular bone.

Table 5
Statistically significant differences in the stress range of the most loaded zones in the
cortical and trabecular bone between the experimental runs.

Experimental run Statistically significant differences with

Cortical bone Trabecular bone

A (350–45)* C, D, E, G, H, I B, E, G, F, H
B (550–80) C, E, G, H, I A, C, D, E, F, I
C (350–65) A, B, D, F, H, B, E, F, G, H, I
D (550–65) A, C, E, F, G, I B, E, F, G, H
E (350–80) B, D, G, H, I A, B, C, D, F, G, H, I

F (750–45) A, C, D, G, H, I A, B, C, D, E, H, I
G (750–80) A, B, D, E, F, H A, C, D, E, I
H (550–45) A, B, C, E, F, G, I A, C, D, E, F, I
I (750–65) A, B, D, E, F, H B, E, H, G, F

* First number: diameter of the hole diameter (lm), second number: porosity of the
scaffold (vol.%).



Fig. 10. Stress range in the zones most loaded in cortical bone (a) and stress range in the zones most loaded in trabecular bone (b).
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in Fig. 9c and 9d. In general, the evaluated variables did not show
statistically significant influence on both response variables. How-
ever, it was found that the increase in the scaffold porosity values
produced an increase in the MVMES values in the peri-implant cor-
tical bone, although this behavior was not observed in the trabec-
ular bone. However, the three variants with a hole diameter on the
scaffolds of 550 lm did not show this behavior, as they had similar
levels of MVMES. This could probably be the reason why the poros-
ity variable did not show a statistically significant influence on the
MVMES values (Fig. 9a). However, the increase in the percentage of
scaffold porosity generated a slight decrease in the MVMS values in
the cortical bone, while its values in the trabecular bone were close
to showing a statistically significant influence and produced a
reduction in this parameter. Furthermore, an increase in the diam-
eter of the hole was shown to produce a slight increase in the influ-
ence of both response variables in a positive way.

It is well-known that the highest stress values are not concen-
trated at a point in the peri-implant bone [40,67] and that in the
overloaded area, osseointegration and bone density could be
affected. Therefore, in the present work, the stress values of the
zones most loaded in the cortical and trabecular bone were com-
pared (Table 5). Fig. 10a and b show the stress range of the most
loaded zones in the cortical and trabecular bone. In both cases, a cor-
respondence was found with the MVMES values shown by the nine
simulated runs (Fig. 7a and7b). Furthermore, itwas determined that
the experimental variant G had the highest stress range in the corti-
cal bone and statistically significant differences from the rest of the
variants, except for runs C and I (Table 5). In the trabecular bone, the
highest valueof the stress rangeof themost loadedzoneswas shown
by the experimental run F. This range presented statistically signif-
icant differenceswith the rest of the experimental runs, except forG.
However, the runs that had the lowest stress intervals in the cortical
bonewereD andH (with statistical differences from theA, C, E, F, G, I
runs andA, B, C, E, F, G, I runs respectably). In the trabecular bone, run
E showed the lowest stress rangewith statistically significant differ-
ences with the rest of the experimental runs.

In general, the experimental run I (with a hole diameter of
750 lm and 65 vol% porosity) presented the best biomechanical
behavior. However, the values of MVMES and MVMS were gener-
ally confined to small areas. Therefore, it was recommended to
determine the peri-implant bone area, generated by the experi-
mental runs, which was within the recommended ranges of both
variables to maintain bone density. Furthermore, mechanical tests
under static and dynamic compression loads and in vitro and
9

in vivo biological tests were necessary for a complete evaluation
of the scaffolds.

4. Conclusions

Through medical image processing, a three-dimensional model
of an edentulous jaw segment with IV bone quality was obtained,
which presented atrophy. On the basis of this model, the design of
the customized scaffolds was performed in such a way that it
allows recovery of the dimensions and architecture of the jaw seg-
ment. In addition, customized scaffolds fixed by a dental implant
were modeled to restore the patient’s chewing function. Simula-
tion of those systems using FEM allowed to evaluate their biome-
chanical behavior. The MVMES values obtained in the crown,
dental implant, and scaffolds should not affect their performance
under static loads.

It was determined that the use of scaffolds fixed by a dental
implant produces a decrease in the stresses and strains generated
in the peri-implant bone compared to that obtained using the tra-
ditional system of dental implants. This particular behavior was
observed in the upper region of the jaw segment (cortical bone),
an area that is generally the most loaded when endossoeus dental
implants were used. Furthermore, it was found that the simulated
variables and their interactions do not show a statistically signifi-
cant influence on MVMES and MVMS in the peri-implant bone.
However, an increase in the porosity percentage of the scaffolds
was shown to produce a slight increase in the MVMES values in
the cortical bone and a decrease in its levels in the trabecular bone.
Furthermore, it was determined that some experimental runs gen-
erated significantly higher levels in the stress range presented by
the most loaded zones. In this sense, runs G and F showed the high-
est stress levels in the cortical and trabecular bone, respectively.
On the other hand, the lowest values were presented by runs D
and H (in the cortical bone) and E (in the trabecular bone). Further-
more, higher porosity percentage values produced decreases in
MVMS values in both bones, which were higher and close to show-
ing a statistically significant influence on the trabecular bone. In
general, the biomechanical behavior obtained indicates that the
scaffolds should exhibit adequate performance in vivo.
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