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Abstract

Purpose Even though the regeneration of periodontium tissue (PDT) around dental implants was of interest in recent years,
this process was not investigated from a biomechanical point of view, to date. The purpose of this finite element study was
to assess the impact of splinting technique on the initial stability and movement pattern of a tooth-shaped dental implant
surrounded by periodontal ligament stem cells (PDLSCs) and was under occlusal forces.

Methods A composite polymeric tooth-shaped dental implant, i.e., an artificial tooth model was constructed and connected
to its adjacent teeth by two splints at the buccal and lingual sides. The displacement pattern of natural and artificial teeth
under masticatory load, their center of rotation positions, and von Mises stresses for splints were calculated.

Results Results of this study showed that splinting of a tooth-shaped dental implant can provide a tooth-like movement
for the implant under masticatory loads, by up to 3.4 um deviation in mesio-distal, 5.1 um in bucco-lingual, and 9.5 ym in
occluso-apical directions, compared with natural teeth. Also, it was shown that nickel-chrome splints have enough strength
to provide the required initial stability for the artificial tooth under occlusal forces.

Conclusion Based on this investigation, the splinting technique can provide enough stability and a tooth-like movement for a
tooth-shaped dental implant under masticatory loads. It is speculated that by mimicking the shape and movement pattern of
a natural tooth, the implant can transfer proper mechanical stimuli to the PDLSCs around its root, and consequently, would
lead to proper regeneration of PDT.

Keywords Dental implants - Periodontal ligament stem cell - Finite element analysis - Biomimetics - Biomechanical
phenomena

1 Introduction

Osseointegrated dental implant is a well-accepted rehabilita-
tion method for a lost tooth [1]. The mean survival rate of
dental implants is reported to be 94.6%, with a mean follow-
up time of 13.4 years [2]. The mechanical and biological
characteristics of an implant interface with alveolar bone
have a considerable impact on its performance and survival
rate [3]. While a dental implant connects directly to the
alveolar bone [4], a natural tooth connects to the bone via
a periodontal ligament (PDL) [5]. This discrepancy in the
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interfaces between the tooth and implant with the alveolar
bone causes different occlusal and sensory functions. Osse-
ointegrated dental implants are ankylosed, and excessive
stress concentration at their crestal region can lead to bone
loss [6, 7]. Their use is impossible in children until the com-
pletion of dental and skeletal growth [8, 9] and challenge-
able in people with jaw bone defects [10]. Also, they lack a
nervous system and proprioception [11, 12], and are more
susceptible to infection and inflammation [13, 14]. Most dif-
ficulties associated with osseointegrated dental implants are
related to the bony interface and lack of PDL between the
implant and alveolar bone.

Seo et al. found that PDLSCs have the potential to dif-
ferentiate into cementoblast-like and fibroblast-like cells in
in-vitro condition, and to form cementum-like and PDL-
like tissues in in-vivo condition [15]. Based on this finding,
some studies conducted in-vivo tests to develop PDT around
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dental implants using PDLSCs and reported that with a high
proportion of proliferated cells, a PDL-like tissue can be
regenerated [16—18]. One of the main shortcomings of these
kinds of studies was the lack of considering the biomechani-
cal aspects of the regeneration process and not considering
the important effects of mechanical stimuli on the PDLSC
fate.

It is well-known that cells fate depends on various bio-
logical, physical, and chemical parameters [19]. It has been
shown that stem cells are highly mechanosensitive and
mechanoresponsive and that their growth and differentia-
tion are affected by mechanical stimuli [20], and thus this
may present an ideal method for controlling stem cell dif-
ferentiation. Since PDL exists in a mechanically dynamic
environment, mechanical stimuli relevant to the dynamic
environment of PDL can differentiate PDLSCs into fibro-
blasts and cementoblasts cells, and consequently regenerate
the PDT [21, 22].

It was shown that dental implants, surrounded by
PDLSCs and inserted up-gingiva in the jaw bone, have a
risk of failure due to their exposure to masticatory loads
[16]. This could be due to a lack of proper initial implant
stability during the PDT regeneration process. Like the pri-
mary stability in the osseointegration process, which is a key
factor in the performance and survival rate of implants [23],
periodontio-integrated dental implants need an initial stabil-
ity before complete periodontium regeneration to bear the
occlusal force and provide a proper dynamic environment
for complete periodontium tissue regeneration.

Despite recent research relating to periodontio-integrated
dental implants, not enough attention was paid to its biome-
chanical aspects to date. The dynamic environment of the
PDL and mechanical stimuli around the tooth root are in
direct relationship to the shape and movement pattern of a
tooth [24]. In this work, it was hypothesized that the splint-
ing of a tooth-shaped dental implant, i.e., artificial tooth,
which connects the crown of the implant to the crown of its
adjacent natural teeth, can provide both the initial stability
and a tooth-like movement pattern for an implant. Moreover,
it was assumed that by mimicking the shape and movement
pattern of a natural tooth, the implant can transfer suitable
mechanical stimuli to the PDLSCs around its root, and con-
sequently, lead to the proper regeneration of PDT around
the implant. The finite element method, as an in-silico tool,
offers a powerful means for discovering new aspects of bio-
logical systems [25-28]. So, to test the validity of the above-
stated hypotheses, the finite element method was employed
to biomechanically investigate the impact of splinting tech-
nique on the initial stability and movement pattern of an
artificial tooth. In this regard, the displacement pattern of
natural and artificial teeth under masticatory loads, their
center of rotation positions, and von Mises stresses within
the splints were investigated.
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2 Materials and Methods
2.1 Construction of the CAD Model

CAD models of the mandible and three teeth, including
the 1st molar and the 1st and 2nd premolars, were created
using the CT data of a 20 years old healthy male (Fig. 1a).
The participant was provided informed consent, which was
approved by the Institutional Review Board at TUMS. The
point clouds were obtained by Mimics (V10.01, Materialise,
Leuven, Belgium), and a 3D solid structure of the mandible
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Fig.1 3D models of natural and artificial teeth constructed for the
finite element analysis: a The natural tooth model including cortical
and spongy bones of the mandible, 1st molar, and 1st and 2nd pre-
molars. b Cross-section of the 2nd premolar, which shows the four
layers of the PDT, i.e., the CDJ, cementum, PCJ, and PDL. ¢ The
artificial tooth model, including the cortical and spongy bones of the
mandible, 1st molar, 1st premolar, 2nd premolar artificial tooth, and
splints. d Cross-section of the artificial tooth, which shows the empty
space around its root. This space is empty because the PDLSCs were
ignored due to their insignificant mechanical properties with respect
to the splints. e Boundary conditions, including the area of applying
distributed load over the crown of the natural and artificial teeth, and
the restricted surfaces of the mandibular bones in all directions



The Effects of Splinting on the Initial Stability and Displacement Pattern...

721

and teeth was created by Catia (V5.R19, Dassault Systems,
Paris, France). Alveolar bone was composed of a spongy
core surrounded by cortical bone, and each tooth consisted
of enamel, dentin, and PDT. Four distinct layers were con-
structed between the root dentin and alveolar bone. These
layers, based on their proximity to the root dentin, were the
cementum-dentin junction (CDJ), cementum, PDL-cemen-
tum junction (PCJ), and PDL (Fig. 1b) [29]. All four layers
were considered to have uniform thicknesses. According to
the mean values found in the literature, the following thick-
nesses: 50 um, 150 um, 20 um, and 200 um were considered
for the CDJ, cementum, PCJ, and PDL, respectively [29-33].
Two models were constructed in this study. The first, i.e.,
the natural tooth model, was the model of a natural mandible
and teeth where each tooth was connected to the alveolar
bone via PDT (Fig. la, b). In the second model, i.e., the
artificial tooth model, the PDT of the 2nd premolar was
removed, and the material properties of 2nd premolar (its
dentin and enamel) were replaced with the material prop-
erties of a composite polymer to simulate a tooth-shaped
dental implant, the artificial tooth, which was surrounded
by PDLSCs. Two nickel-chrome splints (plates with a thick-
ness of 1 mm, width of 4 mm, and length of 17 mm) at the
buccal and lingual sides, connected the artificial tooth to
the 1st premolar and 1st molar (Fig. 1c). Since the elastic
material properties of the splints are much greater than those
of the stem cells and due to their insignificant role in the
displacement pattern of the artificial tooth, and also in order
to enhance the computational efficiency of the simulation,
the stem cells were not considered in the model (Fig. 1d).

2.2 Material Properties

Under masticatory loads, the PDL experiences large defor-
mation, and this causes the displacement of teeth [34]. A
nonlinear elastic experimental model was employed to simu-
late the large strains of the PDL under masticatory loads,
which was based on a quasi-static response of the PDL [35].
All other components and tissues were considered as linear,
elastic, isotropic, and homogenous materials (Table 1).

2.3 Finite Element Model Generation and Analysis

All simulations were performed using ANSYS (ANSYS
Inc., Canonsburg, Pennsylvania, United States). The natu-
ral and artificial teeth FE models (Fig. 1) contain 830,251
and 812,531 elements, respectively, and all the elements
were of a 10-Node tetrahedral structural solid type. The
convergence of the mesh for all models was success-
fully tested. The three Cartesian directions (X, Y, and Z)
were coincided with the mesio-distal, bucco-lingual, and
occluso-apical tooth orientations, respectively (Fig. 1).
The mesial and distal surfaces of the alveolar bone were

Table 1 Material properties used in FEA of natural and artificial teeth
models

Materials Young’s Poisson’s ratio
modulus
(MPa)
Enamel [36] 41,000 0.3
Dentin [36] 18,600 0.31
Cementum-dentin junction [29, 33, 2990 0.35
37]
Cementum [33, 37] 6800 0.31
PDL-cementum junction [29] 2000 0.35%
Cortical bone [36] 13,700 0.3
Spongy bone [36] 1370 0.3
Composite polymer 13,000 0.3
Nickle-chrome 200,000 0.3

2Value assumed in this work since it was not available in the literature

restricted in all directions (Fig. 1e). Bonded contacts were
used for all interfaces in both models, including the con-
nections between periodontium tissue layers, PDL to the
bone, cortical bone to spongy bone, and CDJ to dentin [28,
38]. Occlusal pressure was assumed to be 3 MPa, which is
equivalent to a 100 N concentrated force in occluso-apical
direction, and was applied to the natural and artificial teeth
on the uppermost surface of the crown with a total area of
33.4 mm? (Fig. le), then the displacement of 2nd natural
and artificial premolar teeth under loading and their center
of rotation (CoR) positions were calculated. It should be
noted that CoRs were calculated from a vertex at the api-
cal region of the natural and artificial teeth. Moreover,
von Mises stress, which can be used to predict the risk of
failure in ductile materials [39], was used to check whether
or not the splints construct will fail under load.

2.4 Validation of Finite Element Model

In order to compare the force—displacement pattern of 2nd
premolar in the natural tooth model with results of other
studies, and check the validity of its FE model, the occluso-
apical displacement of the 2nd premolar tooth under the
masticatory load was calculated. The predicted force—dis-
placement pattern of the 2nd premolar in the natural tooth
model at the center of crown, in comparison with other stud-
ies [40-42], is shown in Fig. 2. A maximum difference of
1.4 um (mean difference = 1.2 pm) was found between the
displacement of the 2nd premolar tooth in the present study
with the results of Maceri et al. [41], for the same forces.
The displacement pattern of the 2nd premolar under masti-
catory load in the natural tooth FE model showed reasonable
agreement with experimental and numerical results of other
studies (Fig. 2).
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Fig.2 Occluso-apical force versus displacement of the 2nd premo-
lar in the natural tooth, resulted from the FE model (Fig. 1a) caused
by distributed occluso-apical force (Fig. le), and from other studies
[40-42]

3 Results

This section encompasses results obtained for the dis-
placement pattern of the natural and artificial teeth under
masticatory load, their center of rotation positions, and
von Mises stress in splints.

3.1 Displacements of Natural and Artificial Teeth
Under Masticatory Load

The displacement of the natural and artificial teeth along
the three Cartesian directions (X, Y, and Z) caused by a
distributed load of 3 MPa are shown in Fig. 3. The dis-
placements are shown along two paths on the root of the
natural and artificial teeth, the first on the X-Z plane
(Path A) and the second on the Y-Z plane (Path B). The
maximum difference of displacements between the natu-
ral and artificial teeth models in X-, Y-, and Z directions,
respectively, along path A were 3.4 pum (mean differ-
ence=1.6 pm), 3.5 um (mean difference =1.9 pm), and
9.5 pm (mean difference =5.4 pm), and along path B were
3.2 pm (mean difference =1.6 pm), 5.1 um (mean differ-
ence=1.1 pm), and 4.5 pm (mean difference =0.5 pm). As
expected, due to the load direction, the largest displace-
ments occurred along the long axis of the tooth, i.e., in
the Z-direction. Bucco-lingual (Y) displacements in the
natural and artificial teeth, respectively, were no more than
12%, and 7% of the displacement magnitude found in the
Z-direction. In addition to the Z-direction, motion was also
observed along the X-direction in both models.
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Fig.3 Comparison of displacements of the natural and artificial teeth
along Path A (on the X-Z plane) and Path B (on the Y-Z plane). a
Representation of path A and path B at the root of the 2nd premolar
tooth, b displacements of the natural and artificial tooth along path A
(on X-Z plane), and ¢ displacements of the natural and artificial tooth
along path B (on the Y-Z plane). Displacements are shown for a dis-
tributed load of 3 MPa



The Effects of Splinting on the Initial Stability and Displacement Pattern...

723

3.2 Position of Center of Rotation of Natural
and Artificial Teeth

The natural and artificial teeth both experience a rotation
on the X-Z and Y-Z planes, under a 3 MPa occluso-apical
distributed load. The results of this work showed that the
artificial tooth’s CoR on the X-Z plane is close to that of
the natural tooth, and their difference is 60 um in the X
and 120 um in the Z directions, respectively. On the Y-Z
plane, the artificial tooth’s CoR has 140 um deviation in
the Y and 300 um deviation in the Z direction, as com-
pared to the natural tooth’s CoR (Table 2).

3.3 Von Mises Stress Within Splints

For the artificial tooth, maximum von Mises stresses in
the splints occurred at their connection regions to the
implant, as shown in Fig. 4. The maximum stress observed
in the splints under 3 MPa occluso-apical distributed load
was much less than 500 MPa, which is the critical value
of material failure for the material used for the splints
(Table 1), i.e., nickel-chrome alloy.

Table 2 Center of rotation (CoR) of the natural and artificial tooth on
X-Z and Y-Z planes

X-Z plane Y-Z plane
X-CoR Z-CoR Y-CoR Z-CoR (mm)
(mm) (mm) (mm)
Natural 1.98 7.90 0.99 3.02
tooth
Artificial 2.04 8.02 1.13 3.32
tooth
Fig.4 Distribution of von a

Mises stress in the splints of the
artificial tooth: a buccal side
and b lingual side. Maximum
von Mises stresses in the splints
occurred at their connection
regions to the implant

Lingual Side Splint ¢

Buccal Side Splint ¢

4 Discussion

Even though investigations were recently conducted on the
regeneration of PDT around dental implants using PDLSCs
[16-18], the lack of biomechanical investigations on this
topic is quite evident in the current literature. The main
scope of this work was to biomechanically assess the impact
of splinting technique on the initial stability and movement
pattern of a tooth-shaped dental implant using the finite ele-
ment method. This study was a part of another investigation
still in progress that aims at making tooth-like composite
dental implants, and testing it in animals, with the ultimate
goal of coming up with a new generation of bio-mimicked
dental implants. In this work, it was hypothesized that using
a tooth-shaped dental implant, called an artificial tooth, and
applying splinting technique, i.e., connecting the crown of
the implant to the crowns of its adjacent natural teeth, can
provide sufficient initial stability and tooth-like movement
for the dental implant. Two types of models were considered
in this study. The first, i.e., the natural tooth model, was a
model of the natural mandible and teeth in which each tooth
was connected to the alveolar bone via PDT (see Fig. 1a, b).
In the second model, i.e., the artificial tooth model, the PDT
of the 2nd premolar was removed, and the material proper-
ties of dentin and enamel were changed to the material prop-
erties of a composite polymer to simulate a tooth-shaped
dental implant surrounded by PDLSCs (see Fig. 1c). Due
to the negligible modulus of elasticity and material proper-
ties, and consequently insignificant effect of the stem cells
on the displacement pattern of the artificial tooth, they were
not considered in the artificial tooth model (see Fig. 1d).
Two splints at the buccal and lingual sides of the artificial
tooth connected its crown to the crowns of the 1st premolar
and Ist molar (see Fig. 1¢). The displacement of the 2nd
premolar natural tooth and artificial tooth under distributed
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occluso-apical loading (see Fig. le), their position of the
center of rotation (CoR), and von Mises stresses in the
splints were investigated in this study.

After investigating the displacement pattern of the natural
and artificial teeth under a 3 MPa occluso-apical distributed
load, results showed that the artificial tooth fixed by splints
followed the displacement pattern of the natural tooth, with
a maximum of 3.4 pm deviation in the mesio-distal, 5.1 um
in the bucco-lingual, and 9.5 um in the occluso-apical direc-
tions (see Fig. 3). Also, it was shown that the nickel-chrome
splints have enough strength to avoid failure under 3 MPa
occluso-apical distributed load (see Fig. 4).

PDLSCs are highly mechanosensitive and mechanore-
sponsive, and thus mechanical stimuli can affect their pro-
liferation and differentiation [43—45]. Chen et al. showed
that low-magnitude stretching of mesenchymal stem cells
(MSCs) was possibly involved in the early osteoblastic dif-
ferentiation of MSCs, whereas high-magnitude stretching
upregulated the mRNA expressions of tendon/ligament-
related genes [46]. After surrounding the root of the implant
and being inserted into the jaw bone, PDLSCs experiences
mechanical stimuli, which are in a direct relationship with
the shape and movement pattern of the implant. Sub-gingiva
insertion of an implant, covered by PDLSCs, eliminates the
movement and dynamic environment of the implant root,
and consequently, mechanical stimuli, which are essential to
cause differentiation of PDLSCs into fibroblasts. Whereas,
our study showed that a composite polymeric tooth-shaped
dental implant splinted to its adjacent natural teeth could
provide a tooth-like movement pattern, and due to its tooth-
shaped geometry, it is speculated that proper mechanical
stimuli can transfer to the PDLSCs around the implant’s
root.

On the other hand, it was shown that up-gingiva inser-
tion of a periodontio-integrated dental implant without the
use of any fixation method or splinting technique has the
risk of failure at the early stages of regeneration due to its
exposure to masticatory loads [16]. This may be due to a
lack of proper initial stability and fixation of the implant, and
accordingly, its inability to bear occlusal forces in the initial
stages of regeneration. During the first couple of days after
implant insertion, its root is only surrounded by PDLSCs,
which are mechanically weak and have a very low modulus
of elasticity [47]. Thus, using a fixation method in the early
stage of regeneration plays a crucial role in implant ability to
bear the masticatory loads. By employing von Mises stress,
as a well-known criterion for the failure of ductile materi-
als, this study showed that an artificial tooth fixed with the
splinting technique as a fixation method can tolerate occlusal
forces, and can provide the load-bearing of normal mastica-
tion right after surgery (see Fig. 4).

Primary (mechanical) stability is associated with the
macro-mechanical engagement of an implant with its
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surrounding bone [23]. After a while, the stability of the
implant improves through bone regeneration and the remod-
eling phenomena, and a micro-mechanical engagement is
achieved, which is called secondary (biological) stability
[48, 49]. Secure primary stability is positively associated
with secondary stability [50], and a dental implant needs
both types of stability throughout its lifetime to securely
engage with the alveolar bone and bear occlusal forces. In
periodontio-integrated dental implants, the stability achieved
through the application of splints, is temporary and can be
useful until the regeneration of PDT is complete. After
regeneration, the splints should be removed because the PDT
is now sufficient to provide stability for the dental implant.
Thus, the term initial stability was used in this study instead
of primary stability to correctly identify the specific kind of
stability used in the FE model.

There were some limitations in this study, which need
to be stated here. First, the performance of the implanted
constructs was investigated for just the early stage of the
periodontium regeneration, i.e., when the implant was sur-
rounded only by PDLSCs, and no other tissues were present
around the implant. Secondly, in the modeling section, the
periodontium tissue layers were considered to be uniform,
and most tissues were modeled as a linear elastic material,
which can lead to some errors in the predicted stress, as
well as in the movement pattern. Lastly, no experimental
tests were conducted for this research, and the validation of
the models used here was done by comparing it with other
studies reported in the literature.

5 Conclusion

The results of this study showed that splinting technique pro-
vides enough stability and a tooth-like movement for a tooth-
shaped dental implant under masticatory loads (see Figs. 3
and 4), and thus it can be employed during the regenera-
tion process of periodontio-integrated dental implants in
the future. This work tried to shed some light on providing
initial stability and tooth-like movement for a periodontio-
integrated dental implant using the finite element analysis. It
is hoped that this study can pave the way for other research-
ers to get involved in this field and improve currently used
dental implants using mechanobiological perspectives and
approaches.
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