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Individualized titanium mesh holds many advantages over conventional mesh. There are few reports in the literature about the
effect of mesh pore size and mesh thickness on the mechanical properties of titanium mesh. This study is designed to develop an
individualized titanium mesh using computer-assisted design and additive manufacturing technology. This study will also explore
the effect of different thicknesses and pore sizes of titanium mesh on its mechanical properties through 3D FEA. According to this
study, the mechanical properties of titanium mesh increased when the thickness decreased (0.5 mm to 0.3 mm). With an increase
in mesh diameter (3 mm to 5 mm), the mechanical properties of mesh decreased. The diameter of titanium mesh has less influence
on its mechanical properties than does the thickness of the mesh. Titanium mesh with a thickness of 0.4 mm is strong enough and
causes less stimulation to mucosa; therefore, it is more suitable for clinical use. In addition, parameters of titanium mesh should be

decided clinically according to bone defect size, defect location, and force situation.

1. Introduction

Adequate bone volume in both horizontal and vertical di-
mensions plays a vital role in achieving long-term aesthetic
and functional results in implant dentistry [1]. However, in
our daily work, many patients suffer from horizontal or
vertical bone deficiency, especially in cases of long lasting
edentulous ridges or bone defects caused by trauma.
Resorbed alveolar bone is often not sufficient to place dental
implants during a prosthetic-driven procedure and fre-
quently jeopardizes the successful outcome of an ideal
implant placement. To achieve appropriate positioning of
dental implants, a number of augmentation strategies have
been developed to augment new bone growth, including
distraction osteogenesis, block bone graft, and GBR. The
process of distraction osteogenesis is complex, and com-
pensatory bone resorption after the surgery cannot be
avoided because it frequently leaves undesirable tissue
scarring [2]. Autogenous onlay bone grafting is an advan-
tageous technique for alveolar reconstruction because of its

ability to provide sufficient bone volume and because of its
biocompatibility. Therefore, it still remains the gold standard
in reconstructive surgery. Nevertheless, the preference for
this method is lessened due to the need for a donor site to
harvest an autogenous bone graft, surgical complications,
the need for delayed implant placement, and compensatory
bone resorption after surgery [3]. GBR is one of the most
utilized methods, which uses a barrier membrane to isolate
the growth of soft tissue while promoting the priority of
bone tissue growth [4]. The area with the bone defect is filled
with an autologous bone or bone compensatory material.
The bone graft material may not be close to the bone defect,
and the defective anatomy and macrostructure of the bio-
material has a substantial influence on new bone formation.
In order for augmentation procedures to be successful, it is
imperative to stabilize the graft during healing, support the
osteogenic potential of the graft materials, and close the
primary soft tissue. A series of animal and clinical studies
have shown that GBR can predictably facilitate bone re-
generation in critical-sized bone defects [5-7]. However, it is
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hard to maintain a desired bone shape and volume during
the entire healing period for GBR especially for large
bone defects. Displacement and compression of the graft
material have been cited as relevant during the post-
operation period [8].

Since the introduction of Ti-mesh in 1969, titanium
mesh has received close attention and has been used ex-
tensively in the reconstruction of oral and maxillofacial
bone defects [9, 10]. Several advantages of titanium mesh
have been suggested. Titanium mesh is rigid enough to
maintain bone shape and volume, which is a basic pre-
requisite for any bone regeneration process. In addition,
the pores of titanium mesh play a significant role both in
maintaining vascular supply to a grafted defect from the
overlaying periosteum and in improving tissue integrity
[11]. However, manual shaping and bending, trimming,
and fixation are required to apply conventional titanium
mesh according to the individual defect. These processes
are manually challenging, time-consuming, and highly
influential with respect to the regenerative outcomes
[12, 13]. Furthermore, the corners and edges of these cut
and bended meshes can cause damage to the gingiva and
mesh exposure site [14].

During the past decade, rapid developments have been
made in CBCT technology and in additive manufacturing
technology. These developments have accelerated the
manufacture of complicated three-dimensional (3D) metal
devices [15, 16]. Personalized titanium mesh manufactured
by digital modelling and 3D printing technology can enable
optimal fit between the mesh and the anatomical shape of the
alveolar bone. It can also reconstruct the 3D volume and
position of the bone accurately and allow the operation to be
planned in advance. By avoiding manual shaping and
pruning during the operation, the duration of the operation
can be greatly shortened.

An important criterion for the success of titanium mesh
seems to be its mechanical strength that can withstand the
desired load and space maintenance which is affected by its
thickness and pore size properties. However, the stiffness of
Ti-mesh may cause irritation to mucosa, resulting in
membrane exposure. Accordingly, a proper thickness and
pore size must be balanced with the likelihood of irritation
when using Ti-mesh. The usual available thicknesses of ti-
tanium mesh range from 0.1 to 0.6 mm and have no uniform
specifications, neither does the pore size [17-23]. The
thickness and pore size of titanium mesh could influence the
amount of new bone generated beneath the mesh; therefore,
careful selection of the appropriate pore size and thickness
can play a critical role in isolating the growth of soft tissue
and promoting bone tissue growth. The purpose of this study
was to design an individualized titanium mesh and to ex-
plore the effect of titanium mesh with different thicknesses
and pore sizes on its mechanical properties. In the present
study, we have designed and manufactured a customized
titanium mesh based on computerized tomography (CT) of
individual patients. The designed titanium mesh with dif-
ferent diameters and thicknesses were explored based on
their mechanical strength through a three-point bending test
and FEA.
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2. Materials and Methods
2.1. Three-Point Bending Tests

2.1.1. Preparation of Test Specimen. Nine groups of standard
titanium mesh specimens with diameters of 3.0 mm, 4.0 mm,
or 5.0 mm and thicknesses of 0.3 mm, 0.4 mm, or 0.5 mm
were designed using 3-Matic software (Figure 1); the length
of the sample was 40 mm, and the width was 10 mm. The
data were converted to a stereolithography (STL) file and
were transferred to an SLM-RP molding machine Laser-
CUSING® (Concept Laser GmbH, Germany). Finally, the
SLM products were obtained (Figure 2).

2.1.2. Standard Specimens Mechanical Testing. The me-
chanical strength of titanium mesh was analysed using three-
point bending tests on standard specimens. After the etching
treatment and the polishing procedure, bending strength was
tested using GB/T14452-93. Nine groups of specimens were
fabricated with five specimens printed for each group (Fig-
ure 2). The three-point bending tests were done on a universal
mechanical tester (C43.104.MTSLtd., China). The strided
distance (L) was 10 mm. The compressive load was vertically
applied at a rate of 1 mm/min. Constant pressure was applied
until the specimen was destroyed. The peak force value of the
bending or breaking of each specimen was recorded. The load
displacement curve was generated, and the bending strength
was calculated. The results were shown as the mean + standard
deviation. Data were analysed statistically with analysis of
variance (one-way ANOVA) (SPSS 13) followed by a Tukey’s
post hoc analysis using a significance level of p <0.05.

2.2. Customized Design for Titanium Mesh. Cone-beam
computerized tomography (CBCT) scans were taken of a
patient, with the patient’s approval. The patient had anterior
teeth missing due to trauma, leaving a large bony defect.
Based on Digital Imaging and Communications in Medicine
(DICOM) data of the CBCT scan, a model of the patient’s
anatomy was established. The software package Mimics 17.0
(Materialise, Leuven, Belgium) was utilized to convert the
slice data into a 3D model of the patient’s bone tissue, using
the system’s built-in threshold function. The 3D model of the
patient’s mandible anatomy generated in the Mimics®
software is demonstrated in Figure 3. The 3D model created
in Mimics was saved as an STL (standard tessellation lan-
guage) file for further processing of the mandible and to
construct the titanium mesh model (Figure 4(a)). Steps
involved in customized titanium mesh design were as follows:
First, the missing teeth were arranged based on the patient’s
adjacent and opposite teeth (Figure 4(b)). Second, to de-
termine the required bone volume (horizontally and verti-
cally), the virtual surgical procedure placed the implants in the
atrophic edentulous area. Two implants (diameter of 3.4 mm
and length of 10mm) were arranged on the basis of the
planned position of the missing teeth where insufficient bone
was available (Figure 4(c)). Third, after the virtual positioning
of the dental implant, virtual bone augmentation (horizon-
tally and vertically) guided by the three-dimensional ideal
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FIGURE 1: Model of standard specimens with different thicknesses and diameters in 3-Matic: (a) thickness: 0.3 mm, diameter: 3 mm; (b)
thickness: 0.4 mm, diameter: 3 mm; (c) thickness: 0.5 mm, diameter: 3 mm; (d) thickness: 0.3 mm, diameter: 4 mm; (e) thickness: 0.4 mm,
diameter: 4 mm; (f) thickness: 0.5 mm, diameter: 4 mm; (g) thickness: 0.3 mm, diameter: 5 mm; (h) thickness: 0.4 mm, diameter: 5 mm,; (i)

thickness: 0.5 mm, diameter: 5 mm.
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FiGure 2: SLM product of standard specimens with different thicknesses and diameters: (a) thickness: 0.3 mm, diameter: 3 mm; (b)
thickness: 0.4 mm, diameter: 3 mm; (c) thickness: 0.5 mm, diameter: 3 mm; (d) thickness: 0.3 mm, diameter: 4 mm; (e) thickness: 0.4 mm,
diameter: 4 mm; (f) thickness: 0.5 mm, diameter: 4 mm; (g) thickness: 0.3 mm, diameter: 5 mm; (h) thickness: 0.4 mm, diameter: 5 mm,; (i)

thickness: 0.5 mm, diameter: 5 mm.

location of the implant was taken (Figure 4(d)). To inhibit the
biological formation of pseudoperiosteum, an overcontouring
of 1.5mm of bone volume was devised in order to cover the
titanium mesh. Finally, the titanium mesh was designed using
Geomagic Studio software (Geomagic Company, NC, USA)
and the 3-Matic software (Figures 4(e) and 4(f)). The shape of
the mesh weave was made as a triangle in order to increase the
contact area between the titanium mesh and the bone tissue.
To remove the possibility of creating a pathway for the
penetration of bacteria, the mesiodistal end of the titanium
mesh was separated from the adjacent tooth by at least 2 mm.
In addition, the edge of the mesh was designed as smoothly as
possible to avoid postoperative mucosal exposure due to the
tension of the flap. The screw holes for fixing the device were

also designed in the same manner. The diameter of the holes
was set to 1.7 mm. Two holes on the buccal side and one on
the lingual side were made for inserting the miniscrews with
which to affix the titanium mesh to the underlying cortical
bone and cancellous bone. Nine groups of individualized
titanium mesh with diameters of 3.0 mm, 4.0 mm, or 5.0 mm
and thicknesses of 0.3 mm, 0.4 mm, or 0.5 mm were designed
using 3-Matic software and Geomagic Studio software in the
same manner (Figure 5).

2.3. Standard Specimens FEA. The 3D geometries of the
standard specimens were imputed to ANSYS software to
simulate the three-point bending test. Nine groups of 3D FE
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FIGURE 3: Preoperative CBCT scan and the 3D model of the patient’s mandible.

(b)

FIGURE 4: Steps involved in customized titanium mesh design using 3-Matic® and Geomagic Studio®: (a) mandible model; (b) arranged
missing teeth; (c) arranged dental implant; (d) virtual bone augmentation; (e, f) models of titanium mesh.

models of standard titanium mesh of different diametersand  2.4. Individual Titanium Mesh FEA

thicknesses were built (Figure 6). The applied force was 30 N

in an axial direction. The data regarding stress, strain, and ~ 2.4.1. Model Design. The 3D geometries of the mandible
displacement of the titanium mesh were outputted for  including the cortical bone and the cancellous bone were
further analysis. modeled using Geomagic Studio software. The bone graft
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FiGure 5: Individual titanium mesh with different thicknesses and diameters: (a) thickness: 0.3 mm, diameter: 3 mm; (b) thickness: 0.4 mm,
diameter: 3 mm; (c) thickness: 0.5 mm, diameter: 3 mm; (d) thickness: 0.3 mm, diameter: 4 mm; (e) thickness: 0.4 mm, diameter: 4 mm; (f) thickness:
0.5 mm, diameter: 4 mm; (g) thickness: 0.3 mm, diameter: 5mm; (h) thickness: 0.4 mm, diameter: 5 mmy; (i) thickness: 0.5 mm, diameter: 5 mm.
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FiGURe 6: 3D FE models of standard specimens: (a) back view; (b) top view.

material that filled in bone defects was generated using 3-
Matic software. The mucosa covering the mandible with an
average thickness of 2mm was also generated using Geo-
magic Studio software. The titanium screws used to affix the
titanium mesh to the underlying cortical bone were designed
by SolidWorks® 12.0 (SolidWorks Corporation, Velizy-
Villacoublay, France). The model of titanium mesh and
bone graft was meshed in 3-Matic and formatted with a .cdb
file for further processing. The geometries of the cortical
bone, cancellous bone of mandible, mucosa, and titanium

screws were then calculated using the FE software ANSYS
(Swanson Analysis System Co., Houston, TX, USA). Nine
groups of 3D FE models of individualized titanium mesh
with different diameters and thicknesses were built (Fig-
ure 7). The total number of elements and nodes is listed
in Table 1. The titanium mesh and titanium screws were
made of Ti6Al4V titanium alloy. The material properties of
cortical bone, cancellous bone, mucosa, soft callus, and ti-
tanium alloy were taken from the literature and are listed in
Table 2 [24-26].
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FiGure 7: 3D FE models of individual titanium mesh: (a) cancellous bone model; (b) cortical bone model; (c) mucosa model; (d) titanium
mesh model; (e) mesh detail containing the titanium mesh, cortical bone, and cancellous bone; (f) mesh detail containing the titanium mesh,

bone graft, cortical bone, and cancellous bone.

TaBLE 1: Number of elements and nodes.

Materials Elements Nodes
Cortical bone 80044 18680
Trabecular bone 47076 11721
Titanium mesh 36757 11994
Titanium screws 41298 8609
Graft bone 218362 65596
Mucosa 28204 8527
TaBLE 2: Material properties.

Materials Young’s modulus (MPa) Poisson’s ratio
Cortical bone 15000 0.3
Trabecular bone 1500 0.3
Titanium alloy 110000 0.3

Soft callus 0.2 0.167
Mucosa 1 0.37

2.4.2. Contact Management and Loading Conditions. To
simulate the intraoral situation precisely, the cortical bone
was bonded to the cancellous bone, and the mucosa and the
bone were considered fixed together. The titanium mesh was
affixed to the underlying cortical bone using titanium
screws, and the interface between bone and titanium screws
was presumed fixed. However, the interface between tita-
nium mesh and screws was not presumed fixed, nor was the
junction of titanium mesh and cortical bone, in order to
simulate the early stage of healing. The mandibles were
constrained by the temporomandibular joint (TM]) and
masticatory muscles. These muscles include the temporalis
and masseter muscle attachments at the lateral surface, and
attachments for the digastric, temporalis, lateral pterygoid,

and medial pterygoid muscles on the medial surface [24]. A
functional loading force of 100N in an axial direction was
applied. The data regarding stress and displacement of the
titanium mesh were outputted for further analysis.

2.5. Fabrication of Designed Individualized Titanium Mesh.
The data regarding customized mesh in a stereolithography
(STL) file for bone augmentation were directly fabricated
using a LaserCUSING® (Concept Laser GmbH, Germany).
Finally, the SLM products were obtained (Figure 8).

3. Results

3.1. Three-Point Bending Test. The peak force value (N) and
three-point bending strength (MPa) of the standard speci-
mens are shown in Table 3. As the thickness of the titanium
mesh increased, the maximum force value and the bending
strength of the titanium mesh increased. When the diameter
increased, the maximum force value and bending strength of
titanium mesh decreased (Figure 9). The bending strength of
the 0.5 mm group was highest, and the 0.3 mm group was
lowest. There was a significant difference in bending strength
among the different mesh thickness groups (p <0.05). The
bending strength of the 3 mm group was highest, and the
5mm group was lowest. There was also a significant dif-
ference in bending strength among the different mesh di-
ameter groups (p <0.05).

3.2. Standard Specimens FEA. With continual application of
a force of 30 N, the maximum values of the three evaluated
parameters (deformation and von Mises stress and strain) of
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FIGURE 8: SLM product of individual titanium mesh.

TaBLE 3: The maximum force value (N) and three-point bending
strength (MPa) (n =5, x+s).

Diameter Thickness ~ Maximum force  Bending strength
(mm) (mm) value (N) (MPa)

3 0.3 8.00+0.71 266.83 £23.59
3 0.4 20.74+0.85 380.01 +21.24
3 0.5 42.71+£0.81 512.54 +9.66
4 0.3 6.97£0.56 232.26 +18.58
4 0.4 18.53+£1.03 347.50£19.33
4 0.5 37.03+£1.08 44422 +12.98
5 0.3 5.26+0.74 178.00 +20.99
5 0.4 13.37+£0.26 250.77 £4.81
5 0.5 7.58 £0.91 330.94£10.88

the standard specimens were compared within the different
diameter and thickness settings. The maximum stress value (in
MPa), strain value, and deformation value in each model are
displayed in Figure 10. Among the nine models evaluated in this
study, the maximum stress value, deformation value, and the
maximum strain value were observed in specimens 5mm in
diameter and 0.3 mm in thickness. The minimum stress value,
deformation value, and the minimum strain value were ob-
served in specimens 3 mm in diameter and 0.5 mm in thickness.
The results showed that the maximum value of stress and strain
as well as the deformation distributions had increased when the
thickness decreased (0.5 to 0.3 mm). In addition, the level of
stress, strain, and the deformation distributions increased with
the increase in mesh diameter (3 to 5mm).

3.3. Customized Titanium Mesh FEA. The pattern of stress
distribution was similar for all models (Figure 11). The von
Mises criteria showed stress concentration of the titanium

mesh on the crest of the alveolar ridge and at the labial side
near the top of the alveolar ridge. However, the increase of
mesh thickness generated less concentrated stress, and the
maximum stress level decreased. All models presented a
similar pattern of strain distribution with contour lines of
different colours representing mesh strain (Figure 12). The
results showed that the high strain value increased when the
thickness decreased. Furthermore, the high level of strain
increased with the increase in mesh diameter. As shown in
Figure 13, the displacement distribution patterns are shown as
contour lines of different colours to represent mesh dis-
placement with the bite force of 100 N. The increase of the
mesh diameter (3 to 5 mm) tends to increase the displacement
tendency. However, the increase of mesh thickness (0.3 to
0.5 mm) tends to decrease the displacement tendency. Among
the nine models evaluated in this study, the maximum stress
value and the maximum strain value were observed in
specimens 5mm in diameter and 0.3 mm in thickness. The
minimum stress value and the minimum strain value were
observed in specimens 3mm in diameter and 0.5mm in
thickness. Compared with change in thickness, the stress,
strain, and displacement of titanium mesh did not increase
much with the change of the pore size of the mesh (Figure 14).

4. Discussion

The current approach presented an innovative multidisci-
plinary protocol for designing individualized titanium mesh
based on prosthetically guided bone regeneration. We have
designed a customized titanium mesh from a patient’s CBCT
scan dependent on the desired implant positions. The four
main advantages of this system were as follows. (i) Extensive
indications: current commercial flexible titanium meshes



kK

50 - |

40 1

30
otk

Fmax (N)

10

Diameter 4 Diameter 5

Diameter 3

I Thickness 0.3
Thickness 0.4
[ Thickness 0.5

(a)

40 seoteskok .
~ 30 4 Fokk ok |M|
Ei F_______4 ko
o 20 A = .
ns
w0l
_

Thickness 0.3

Thickness 0.4 Thickness 0.5

- Diameter 3

Diameter 4
- Diameter 5

(c)

Journal of Healthcare Engineering

ok sk ok

_ ko kK
600 kekskok
ok kok ko
gf ok ko F_______+
\2/ 400 -
<
o
o
=
s
£ 200
<
o
L
o)
0
Diameter 3 Diameter 4 Diameter 5
I Thickness 0.3
Thickness 0.4
I Thickness 0.5
(b)
kdkk
Hkkok
Hkkok F____+
600 _ % 3k 3k k|
ok ok
sfoskoskok F—————4
< *
E kKK F__4
< 400
= *%
2
z
s
£ 200
<
o
L
=)
0 -
Thickness 0.3 Thickness 0.4 Thickness 0.5
- Diameter 3
Diameter 4

P Diameter 5
(d)

FIGURE 9: (a, ¢) The maximum force values and (b, d) bending strength values in standard specimens (one-way ANOV A with Tukey’s post

hoc analysis, p <0.05).

need to be fixed by implant and cannot be applied in cases of
severe bone deficiency. The customized titanium could be
used in various types of bone defects, especially those with
large bone deficiency. (ii) The individualized titanium mesh
fitted securely to the morphology of the alveolar bone, so the
surgeon did not need to trim or bend the mesh during the
operation. (iii) The individualized titanium mesh designed
on the desired implant position allowed a definite size and
volume of augmentation. This could minimize the required
amount of harvested or synthetic graft material. (iv) Round
and blunt edges of the customized titanium mesh were
developed to prevent mucosal irritation, resulting in a re-
duction of mesh exposure after operation.

The study explored the effect of different thicknesses and
pore sizes of titanium mesh on its mechanical properties.
Following surgery, numerous types of compressions may

arise if the titanium mesh does not work as a stiff box,
potentially caused both by the impact of an unexpected food
block and muscle movement. The deformation of titanium
mesh during the healing period can cause detrimental and
unfavourable variations in the planned augmented bone,
thus influencing the overall augmented bone quality and
volume. Therefore, the titanium mesh must be stiff enough
to sustain pressure from the overlying flaps, muscle
movement, or mastication loading until the blood clot
underneath the membrane has matured enough to support it
[12].

Regarding the optimal thickness of the titanium mesh,
the three-point bending test and the FEA results showed that
the mechanical properties were enhanced when the thick-
ness increased, whether it was a standard sample or per-
sonalized titanium mesh. The FEA results of individualized
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FIGURE 10: (a) Maximum stress values, (b) maximum strain values, and (c) maximum deformation values in standard specimens.

titanijum mesh indicate that the largest von Mises stress
value of titanium mesh with a thickness of 0.3 mm is over the
yield strength of titanium alloy (o =780-950 MPa) [27],
suggesting that the titanium mesh 0.3 mm in thickness may
be fractured and is not safe for bone augmentation. The FEA
results of individualized titanium mesh indicate that the
maximum stress on titanium mesh with the thicknesses of
0.5 and 0.4 mm are under the yield strength of titanium alloy
(0=780-950 MPa) [27], suggesting that titanium meshes 0.5
and 0.4 mm in thickness are safe for bone augmentation. The
thinner titanium mesh may result in less mucosal irritation
which can lead to exposure of the mesh. Therefore, the
appropriate thickness of a titanium mesh must be rigid
enough to maintain space for bone regeneration and should
be balanced with the likelihood of irritation. The thickness
should not adversely influence its ability to integrate with the

surrounding tissue when using titanium mesh for GBR [28].
Titanium mesh with a thickness of 0.4 mm can not only bear
enough strength but also lead to less stimulation of mucosa;
therefore, it is more suitable for clinical use.

Membrane pores were considered to play an essential
role in maintaining blood supply and in facilitating bone
regeneration and soft tissue healing [29]. However, in
conventional titanium mesh, these multiporous properties
created sharp edges when the material was manually shaped
or bent and may offer a simple pathway for microbial in-
vasion into the healing site [30]. The effect of pore size on the
osteogenesis of titanium mesh is controversial. One study
advocated that macroporous (in the millimetre range)
membranes promoted greater bone regeneration and pre-
vented significant soft tissue ingrowth compared with mi-
croporous membranes [22]. Another study indicated that
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F1GURE 12: Strain distribution of customized titanium mesh with different diameters and thicknesses: (a) thickness: 0.3 mm, diameter: 3 mm;
(b) thickness: 0.4 mm, diameter: 3 mm; (c) thickness: 0.5 mm, diameter: 3 mm; (d) thickness: 0.3 mm, diameter: 4 mm; (e) thickness: 0.4 mm,
diameter: 4 mm; (f) thickness: 0.5 mm, diameter: 4 mm; (g) thickness: 0.3 mm, diameter: 5 mm; (h) thickness: 0.4 mm, diameter: 5 mm,; (i)
thickness: 0.5 mm, diameter: 5 mm.



Journal of Healthcare Engineering

0.10421
0.10357
0.092233
0.068391
0.05647
0.04548
0.034489
0.023499
0.012509
0.0015183

0.10792
0.10716
0.10642
0.076507
0.046596
0.037497
0.028397
0.019298
0.010199
0.0010991

0.13425
0.13282
0.12899
0.096459
0.063925
0.046821
0.035241
0.02366
0.01208
0.0004996

(g)

0.038267 0.019146
0.037128 0.019035
0.033422 0.018538
0.028869 0.01564
0.020521 0.013248
0.016777

0.010855

0.0084632
0.0060709
0.0036787
0.0012865

0.013033
0.0092889
0.005545
0.0018011

0.042947
0.042854
0.041932
0.035261
0.028589
0.023122
0.017654
0.012187
0.0067196
0.0012522

0.042947
0.042854
0.041932
0.035261
0.028589
0.023122
0.017654
0.012187
0.0067196
0.0012522

0.042852
0.042812
0.041132
0.030717
0.021173
0.014114
0.010971
0.0078272
0.0046837
0.0015403

0.026843
0.02675
0.026424
0.022678
0.018932
0.015186
0.011849
0.0085121
0.0051752
0.0018383

(h) @

11

FiGure 13: Deformation distribution of customized titanium mesh with different diameters and thicknesses: (a) thickness: 0.3 mm, di-
ameter: 3 mm; (b) thickness: 0.4 mm, diameter: 3 mm; (c) thickness: 0.5 mm, diameter: 3 mm; (d) thickness: 0.3 mm, diameter: 4 mm; (e)
thickness: 0.4 mm, diameter: 4 mm; (f) thickness: 0.5 mm, diameter: 4 mm; (g) thickness: 0.3 mm, diameter: 5 mm; (h) thickness: 0.4 mm,

diameter: 5mmy; (i) thickness: 0.5 mm, diameter: 5 mm.
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FIGURE 14: Response graphs of (a) maximum stress, (b) maximum strain, and (c) maximum deformation values of individual titanium

mesh.

microporous (in the micron range) titanium mesh had some
potential for greater bone regeneration [19]. The three-point
bending test and the FEA results demonstrated that the
mechanical properties weakened with the increase in mesh
diameter, whether it was a standard sample or individualized
titanium mesh. In the range of 3-5mm, the diameter of
titanium mesh has less influence on its mechanical prop-
erties. Further animal or clinical research should be directed
towards identifying the mesh pore size that would inhibit
excessive soft tissue ingrowth and facilitate bone ingrowth in
ridge augmentation procedures.

For the anterior teeth with a single tooth missing, a
titanium mesh with a thickness of 0.3 mm could be chosen
and patients should be told not to bite hard objects. For the

patients with thin mucosa, in order to reduce the exposure of
the titanium mesh, a thin titanium mesh should be selected.
For multiple tooth defects, especially in the posterior teeth, a
thicker titanium mesh should be chosen to prevent the ti-
tanium mesh from breaking. Therefore, parameters of ti-
tanium mesh should be decided clinically according to defect
size, defect location, and force situation.

5. Conclusion

The stiftness of Ti-mesh can maintain space better than other
membrane and is conducive to the shaping of bone-grafting
materials but may result in mucosal irritation that leads
to exposure of the membrane. The custom-made titanium
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mesh offers greater advantages over commercial meshes by
shortening the duration of surgery and eliminating the risk
of postoperative infections. Within the limitations of this
research regarding the optimal thickness of the titanium
mesh, the results indicate that the titanium mesh with a
thickness of 0.4 mm is more suitable for clinical use. Re-
garding the optimal pore size of the titanium mesh, the
diameter of titanium mesh had less influence on its me-
chanical properties. Further animal or clinical research
should be directed towards identifying an optimal mesh pore
size that would inhibit excessive soft tissue ingrowth and
facilitate bone ingrowth in ridge augmentation procedures.
Otherwise, the parameters of titanium mesh should be
decided clinically according to defect size, defect location,
and force situation.

Data Availability

All data included in this study are available upon request by
contacting the corresponding author.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.

Acknowledgments

Thanks are due to Shanghai Reborn Medical Technology Co.
Ltd. for Ti mesh 3D printing. This work was supported by
the National Natural Science Foundation of China (Grant
No. 11872135, 31871464), the Medical Scientific Research
Foundation of Health and Family Planning Commission
of Chongging (Grant Nos. 2017XMSB00012079 and
2017MSXMLO073), the Medical Scientific Nurture Research
of the Stomatological Hospital of Chongqing Medical
University (Grant No. PYM201605), the Chongqing Re-
search Program of Basic Research and Frontier Technology
(Grant No. cstc2015shmszx10008), Science and Technology
Committee of Yubei District in Chonging (2015(%£)01), Pro-
gram for Innovation Team Building at Institutions of Higher
Education in Chongqing in 2016 (No. CXTDG201602006), and
Chongging Municipal Key Laboratory of Oral Biomedical
Engineering of Higher Education.

References

[1] C.J. Haggerty, C. T. Vogel, and G. R. Fisher, “Simple bone
augmentation for alveolar ridge defects,” Oral and Maxillo-
facial Surgery Clinics of North America, vol. 27, no. 2,
pp. 203-226, 2015.

[2] B. Le, M. D. Rohrer, and H. S. Prassad, “Screw “tent-pole”
grafting technique for reconstruction of large vertical alveolar
ridge defects using human mineralized allograft for implant
site preparation,” Journal of Oral and Maxillofacial Surgery,
vol. 68, no. 2, pp. 428-435, 2010.

[3] C. Sbordone, P. Toti, F. Guidetti, L. Califano, A. Santoro, and
L. Sbordone, “Volume changes of iliac crest autogenous
bone grafts after vertical and horizontal alveolar ridge aug-
mentation of atrophic maxillas and mandibles: a 6-year

4]

[5

(6]

[7

(8]

(9]

(10]

(11]

(12]

(13]

(14]

(15]

[16

(17]

Journal of Healthcare Engineering

computerized tomographic follow-up,” Journal of Oral and
Maxillofacial Surgery, vol. 70, no. 11, pp. 2559-2565, 2012.
N. Donos, N. P. Lang, I. K. Karoussis, D. Bosshardt,
M. Tonetti, and L. Kostopoulos, “Effect of GBR in combi-
nation with deproteinized bovine bone mineral and/or
enamel matrix proteins on the healing of critical-size de-
fects,” Clinical Oral Implants Research, vol. 15, no. 1,
pp. 101-111, 2004.

R. E. Jung, M. Herzog, K. Wolleb, C. F. Ramel, D. S. Thoma,
and C. H. F. Himmerle, “A randomized controlled clinical
trial comparing small buccal dehiscence defects around dental
implants treated with guided bone regeneration or left for
spontaneous healing,” Clinical Oral Implants Research,
vol. 28, no. 3, pp. 348-354, 2016.

G. I. Benic and C. H. F. Himmerle, “Horizontal bone aug-
mentation by means of guided bone regeneration,” Peri-
odontology 2000, vol. 66, no. 1, pp. 13-40, 2014.

G. Pellegrino, G. Lizio, G. Corinaldesi, and C. Marchetti,
“Titanium mesh technique in rehabilitation of totally eden-
tulous atrophic maxillae: a retrospective case series,” Journal
of Periodontology, vol. 87, no. 5, pp. 519-528, 2016.

N. Donos, L. Kostopoulos, and T. Karring, “Alveolar ridge
augmentation using a resorbable copolymer membrane and
autogenous bone grafts. An experimental study in the rat,”
Clinical Oral Implants Research, vol. 13, no. 2, pp. 203-213,
2002.

P. J. Boyne, M. D. Cole, D. Stringer, and ]. P. Shafqat, “A
technique for osseous restoration of deficient edentulous
maxillary ridges,” Journal of Oral and Maxillofacial Surgery,
vol. 43, no. 2, pp. 87-91, 1985.

R. Levine and B. McAllister, “Implant site development using
Ti-mesh and cellular allograft in the esthetic zone for
restorative-driven implant placement: a case report,” In-
ternational Journal of Periodontics & Restorative Dentistry,
vol. 36, no. 3, pp. 373-381, 2016.

S. Her, T. Kang, and M. J. Fien, “Titanium mesh as an al-
ternative to a membrane for ridge augmentation,” Journal of
Oral and Maxillofacial Surgery, vol. 70, no. 4, pp. 803-810,
2012.

Y. D. Rakhmatia, Y. Ayukawa, A. Furuhashi, and K. Koyano,
“Current barrier membranes: titanium mesh and other
membranes for guided bone regeneration in dental applica-
tions,” Journal of Prosthodontic Research, vol. 57, no. 1,
pp. 3-14, 2013.

L. Ciocca, S. Ragazzini, M. Fantini, G. Corinaldesi, and
R. Scotti, “Work flow for the prosthetic rehabilitation of
atrophic patients with a minimal-intervention CAD/CAM
approach,” Journal of Prosthetic Dentistry, vol. 114, no. 1,
pp. 22-26, 2015.

W. Becker, B. E. Becker, J. Mellonig et al., “A prospective
multi-center study evaluating periodontal regeneration for
class II furcation invasions and intrabony defects after
treatment with a bioabsorbable barrier membrane: 1-year
results,” Journal of Periodontology, vol. 67, no. 7, pp. 641-649,
1996.

S. Gupta, “3D printing in dental implantology,” Dentistry-
Open Journal, vol. 4, no. 1, pp. el-e3, 2017.

L. Bai, L. Li, K. Su, A. Bleyer, Y. Zhang, and P. Ji, “3D re-
construction images of cone beam computed tomography
applied to maxillofacial fractures: a case study and mini re-
view,” Journal of X-Ray Science and Technology, vol. 26, no. 1,
pp. 115-123, 2018.

C. E. Francischone, J. C. de Oliveira, L. Z. Ribeiro, F. Z. do
Prado, and B. S. Sotto-Maior, “Bone augmentation of the



Journal of Healthcare Engineering

(18]

(19]

[20]

[21]

(22]

(23]

(24]

(25]

[26]

(27]

(28]

(29]

(30]

atrophic anterior maxilla for dental implants using rhBMP-2
and titanium mesh: histological and tomographic analysis,”
International Journal of Oral & Maxillofacial Surgery, vol. 44,
no. 12, pp. 1492-1498, 2015.

L. Ciocca, G. Lizio, P. Baldissara, A. Sambuco, R. Scotti, and
G. Corinadesi, “Prosthetically CAD-CAM guided bone aug-
mentation of atrophic jaws using customized titanium mesh:
preliminary results of an open prospective study,” Journal of
Oral Implantology, vol. 44, no. 2, pp. 131-137, 2018.

Y. D. Rakhmatia, Y. Ayukawa, Y. Jinno, A. Furuhashi, and
K. Koyano, “Micro-computed tomography analysis of early
stage bone healing using micro-porous titanium mesh for
guided bone regeneration: preliminary experiment in a canine
model,” Odontology, vol. 105, no. 4, pp. 408-417, 2017.

T. Sumida, N. Otawa, Y. Kamata et al., “Custom-made tita-
nium devices as membranes for bone augmentation in im-
plant treatment: clinical application and the comparison with
conventional titanium mesh,” Journal of Cranio-Maxillofacial
Surgery, vol. 43, no. 10, pp. 2183-2188, 2015.

S. H. Lee, J. H. Moon, C. M. Jeong et al., “The mechanical
properties and biometrical effect of 3D preformed titanium
membrane for guided bone regeneration on alveolar bone
defect,” BioMed Research International, vol. 2017, Article ID
7102123, 12 pages, 2017.

R. Gutta, R. A. Baker, A. A. Bartolucci, and P. J. Louis, “Barrier
membranes used for ridge augmentation: is there an optimal
pore size?,” Journal of Oral and Maxillofacial Surgery, vol. 67,
no. 6, pp. 1218-1225, 2009.

L. Ciocca, M. Fantini, F. De Crescenzio, G. Corinaldesi, and
R. Scotti, “Direct metal laser sintering (DMLS) of a cus-
tomized titanium mesh for prosthetically guided bone re-
generation of atrophic maxillary arches,” Medical ¢ Biological
Engineering ¢ Computing, vol. 49, no. 11, pp. 1347-1352,
2011.

B. Sarrafpour, M. Swain, Q. Li, and H. Zoellner, “Tooth
eruption results from bone remodelling driven by bite forces
sensed by soft tissue dental follicles: a finite element analysis,”
PloS One, vol. 8, no. 3, Article ID 58803, 2013.

F. R. Verri, J. J. Santiago, D. A. Almeida et al,, “Three-
dimensional finite element analysis of anterior single
implant-supported prostheses with different bone anchor-
ages,” Scientific World Journal, vol. 2015, article 321528,
10 pages, 2015.

A.-M. Pobloth, S. Checa, H. Razi et al., “Mechanobiologically
optimized 3D titanium-mesh scaffolds enhance bone re-
generation in critical segmental defects in sheep,” Science
Translational Medicine, vol. 10, no. 423, article eaam8828,
2018.

C. V. Haden, P. C. Collins, and D. G. Harlow, “Yield strength
prediction of titanium alloys,” JOM, vol. 67, no. 6, pp. 1357-1361,
2015.

J. Behring, R. Junker, X. F. Walboomers, B. Chessnut, and
J. A. Jansen, “Toward guided tissue and bone regeneration:
morphology, attachment, proliferation, and migration of
cells cultured on collagen barrier membranes. A systematic
review,” Odontology, vol. 96, no. 1, pp. 1-11, 2008.

D. Weng, M. B. Hurzeler, C. R. Quinones, A. Ohlms, and
R. G. Caffesse, “Contribution of the periosteum to bone for-
mation in guided bone regeneration. A study in monkeys,”
Clinical Oral Implants Research, vol. 11, no. 6, pp. 546-554, 2000.
M. Degidi, A. Scarano, and A. Piattelli, “Regeneration of the
alveolar crest using titanjium micromesh with autologous bone
and a resorbable membrane,” Journal of Oral Implantology,
vol. 29, no. 2, pp. 86-90, 2003.

13



