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Development and Biomechanical Analysis of Immediately Loaded
Implant (1/3)
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Abstract

Experiment with rapid prototyping technique and
validation finite element model were performed to
evaluate the biomechanical behavior of an
immediately loaded mandibular implant. Also, 18
finite element models of 6 implant designs and 3
surface roughnesses with anisotropic bone material
properties were analyzed to compare the bone
stresses and the sliding at the bone-implant interface
under a vertical or lateral force of 130 N. The results
shows that bone stress (strain) of an immediately
loaded implant are heavily dependent on the implant
design and surface roughness. For improving the
initial interfacial interlocking using a threaded
implant has a higher priority than using cylindrical
or step designs with a rough surface for an
immediately loaded implant.
Keywords: immediately loaded implant, implant
design, surface roughness, bone stress (strain),
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sliding between implant and bone
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Many techniques have been used to produce
various types of microroughness structures on the
implant surface, such as sandblasting, plasma
spraying, and porous beading [1]. Although the
usefulness of a rough surface texture in implants for
immediate loading procedures has been suggested
[2], a deeper understanding is required of the effects
of surface texture of immediately loaded implants on
micromotion at the BII (Bone to Implant Interface,
BII) and the stress distribution in bone. Implant
macrodesign has been regarded as essential to the
success of an immediately loaded implant [3]. For
example: using screw-type implants enhance more
contact area in BII and improved implant stability
[3]. stepped implant and the tapered body of
threaded implant have also been proposed that
mimic the root anatomy and enhance the bony
support in spongy bone, thereby creating a favorable
load distribution [4,5]. In addition, the size and
shape of the thread might affect the stress pattern in
the surrounding bone [6,7]. Therefore, The present
study compared the biomechanical -effects of
immediately loaded implants with various designs of
implant shapes and designs of surface textures with
different roughnesses in the edentulous mandible.
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Rapid prototyping and impression modeling

A resin model of the posterior mandible was
constructed by using the rapid prototyping (RP)
technique and the impression procedures. The CAD
model of the human cortical bone created by A series
of computed tomography (CT) images of the
posterior mandible was exported as a
stereolithography file that was loaded into the 3D
printer of an RP machine (ZPrinter 310plus, Z
Corporation, Burlington, MA, USA) with zb56
binder and zCast 501 powder to create prototypes of
cortical bone (Fig. 1 a) [15]. However, because the
RP model produced by the 3D printer is a powdered




fabrication, drilling a hole and screwing an implant
into the model can break the structure. Therefore, the
cortical shell of the posterior mandible needed to be
duplicated again using alginate impressions from RP
model with temporary crown of acrylic resin
(Tempron, GC, Tokyo, Japan). Then an epoxy resin
was filled in to the core of the model of cortical shell
to produce a replica of the trabecular bone (Fig. 1 a).
A self-tapping implant (3.75 x 13 mm) (ICE®
self-tapping implant, 3i Implant Innovation, Palm
Beach, FL, USA) was then inserted into the resin
model for attaching the cylindrical abutment (implant
temporary hexed cylinder, 3i Implant Innovation)
(Fig. 1 b).

Mechanical testing

A self-developed jig was designed with an
adjustable rotational screwing device so that a
45-degree lingual oblique force could be applied in
the experiments. Each loading mode involved
applying a force of 130 N to the cylindrical
abutment using a universal testing machine
(JSV-H1000, Japan Instrumentation System, Nara,
Japan) with a head speed of 1 mm/min. Rectangular
rosette strain gauges (KFG-1-120-D17-11L3M3S,
Kyowa) were attached to the buccal and lingual
sides of the crestal cortical region around the implant
(Fig. la) using cyanoacrylate cement (CC-33A,
Kyowa). Signals corresponding to the three
independent strains ¢€,, &,, and & measured by the
three gauges comprising the rosette strain gauge
were sent to a data acquisition system (NI
CompackDAQ, National Instruments, Austin, TX,
USA) and analyzed by the associated software
(LabVIEW SignalExpress 3.0, National
Instruments). Each measurement was repeated three
times. The maximum (€y.) and minimum (€y,)
principal strains were obtained.

Finite element analysis

Six implant models (4 x 15 mm) comprising
cylindrical, stepped, v-thread, rectangular threaded,
and tapered body of threaded implants, and an
implant with two thread sizes, were constructed by
CAD software of SolidWorks (Fig. 2). All models
were combined using Boolean operations, and the
IGES format of the solid model was then imported
into ANSYS Workbench (Swanson Analysis, Huston,
PA, USA) to generate the FE model (Fig. 3) using
10-node tetrahedral h-elements (ANSYS SOLID187
elements).

Four conditions of surface textures of the BII were
simulated. In accordance with Grant et al. [1],
titanium-based surface configurations of polished,
Al O;-blasted, plasma-sprayed, and beaded porous
surfaces were analyzed. The frictional coefficients
(1) between human trabecular bone and those four
implant surface textures were approximately 0.4,
0.68, 1.0, and 1.0, respectively. These values were

then specified for the nonlinear surface-to-surface
contact elements (ANSYS CONTA174 and
TARGE170 elements) to simulate the sliding and
sticking of frictional contact behavior.

Anisotropic material properties of cortical and
trabecular bone were adopted in the FE models [8],
whereas the materials of the implant and the
prosthetic crown were assumed to be isotropic and
linearly elastic [9]. Two types of loading conditions
were simulated: (1) a vertical force applied to the
central fossa and (2) a lingual oblique force applied
at 45 degrees to the long axis of the implant on the
buccal cusp. In both cases the applied load was 130
N. The inferior surfaces of the mandibular bone
were constrained to zero displacement in the X, Y,
and z directions as the boundary condition (Fig. 3 a).

The convergence of the FE models was tested to
verify the mesh quality, with the convergence
criterion set to a change in the peak von-Mises stress
of bone for different element sizes of less than 3%.
Based on the results of the convergence test, an
element size of 0.4 mm was applied for meshing in
all FE models. In addition, to validate the nonlinear
FE model (Fig. 3 b and 3 c¢), a cylindrical abutment
was created and u at the BII was set to 0.3. The
boundary condition and the material properties
(Table 1) were identical to those in the in-vitro
experiment test.

Table 1. Young’s modulus and Poisson’s ratio of
materials of the experimental model.

Young’s modulus Poisson’s ratio

Material E (MPa) N
Resin

(Tempron, 2979 0.4
GC co.)

Epoxy 223 0.4
resin

Titanium 110000 0.3

(b)

D
Fig. 1. (a) Three-dimensional RP model of the
cortical shell (lower object) used to mode the resin
into the model of cortical bone. The epoxy resin was
poured into the core of the cortical bone to fabricate
the model of trabecular bone (upper-right object).
Strain gauges were attached to the bone surface
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around the implant on both the buccal and lingual
sides (upper-left object). (b) Self-tapping implant (D

= 4 mm and L = 13 mm) with a cylindrical
abutment.
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Fig. 2. Solid models of the (a) cylindrical, (b)
stepped, (c) v-thread, (d) rectangular threaded, (e)
tapered body of threaded implants, and (f) implants
with two thread sizes.

(@) (b)

Fig. 3. (a) Vertical loading and lateral loading were
analyzed in FE models. The boundary condition
involved fixing the inferior surface of the mandible
(arrowheads). (c) Isometric and (d) sectional views
(in the mesial-distal direction) of the validation FE
model.
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Experimental versus validated FE models

Figure 4 compares the maximum (tensile) and
minimum (compressive) principal strains of the
experimental and validation FE models in both the
buccal and lingual regions of crestal cortical bone.
The errors in strains between two models are 8%
(emax at buccal side) and 2% (en, at buccal side) as
well as 32% (emax at lingual side) and 2% (e, at
lingual side) in the lateral loading. Overall, the
experimental ~and  validation FE  models
demonstrated similar strain patterns.
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the experimental and validation FE models under the
lateral loading.

Bone stress analysis & evaluation of sliding at the
Bl

The peak von-Mises stresses of cortical bone and
trabecular bone around the 6 implants as well as the
highest sliding distances between bone and
immediately loaded implants with various roughness
surfaces were listed in Table.3. The von-Mises stress
distributions in cortical bone (Fig. 5) showed that the
stresses were highest at the crestal region around the
implant; otherwise, the high bone stresses were
found near the valley of the threads, the apex of the
implant, and the stepped areas where the implant’s
diameter changed in the stepped implant (Fig. 5).
The stress in the bone around the immediately
loaded implant was considerably higher fo r lateral
loading than for vertical loading (Fig. 6 a). The
stresses in cortical bone (144.9 MPa) and trabecular
bone (20.8 MPa) were highest in the cylindrical and
stepped implants, respectively. The stresses in bone
were more than 20% higher when using the stepped
implant in the lateral loading mode, but they were at
least 15% lower than those in the cylindrical implant
(Fig. 6). In general, bone stresses were lower in
threaded implants than in cylindrical and stepped
implants (Table 3, Fig. 6). The stress in trabecular
bone and the sliding at the BII were 17-25% and
16-48% lower in the rectangular threaded implant
than in the v-thread implant, respectively (Fig. 6 b).
The stress in cortical bone did not appear to differ
between the tapered body and the straight body of
threaded implants (with same rectangular thread).
However, the stress in trabecular bone was 15-25%
higher in the tapered body of threaded implant than
in the straight body of threaded implant (Fig. 7 a).
However, the stress in cortical bone in the tapered
body of threaded implant increased (by less than
15%) during vertical loading but decreased (by less
10%) during lateral loading except in the models
with 2 = 0.4 (Fig. 6). The stresses in cortical bone
did not differ in the implant with two thread sizes.
Nevertheless, the peak stress in trabecular bone was
about 15% lower in the implant with two thread
sizes than in the v-thread implant with # = 0.4 (Fig.
7 a). Increasing the frictional coefficient of the BII in
the cylindrical implant and stepped implant
increased the stress in cortical bone and reduced the
stress in trabecular bone, but in the threaded implant
this did not always increase the stress in cortical
bone but clearly decreased the stress in trabecular
bone (Figs. 6 b and 7 b).
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Fig. 5. von-Mises stress distributions in cortical bone
(a) and trabecular bone (b) in models with ¢ = 0.4 at
the BII under lateral loading.
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Fig. 6. Peak von-Mises stresses in cortical bone in
models with g = 0.4 at the BII under vertical and
lateral loadings (a), and in models with x = 0.4, 0.68,
and 1.0 at the BII only under lateral loading (b).
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Fig. 7. Peak von-Mises stresses in trabecular bone in
all models with g = 0.4 at the BII under vertical and
lateral loadings (a), and in models with ¢z= 0.4, 0.68,
and 1.0 at the BII only under lateral loading (b).

Evaluation of sliding at the BII

The sliding at the BII peaked (at 41.3 pum) in the
cylindrical implant at the crestal region (Table 3, Fig.
8) during vertical loading (Fig 9 a). Otherwise, a
high degree of sliding was also observed at the apex
of implant and at the threads near the apex of the
implant (Fig. 8). Sliding at the BII in both
cylindrical and stepped implants (Fig. 9 b) was at
least 20% lower for the Al,Os-blasted implant
surface (u = 0.68) than for the polished implant
surface (# = 0.4). Likewise, sliding at the BII was
more than 35% lower for the plasma sprayed (u =
1.0) and beaded porous (¢ = 1.0) implant surfaces
(Fig. 9 b). Threading the implant surface obviously
reduced the interfacial sliding at the BII (Table 3,
Fig. 9 a) during both vertical and lateral loading.
Increasing x from 0.4 to 0.68 and from 0.4 to 1.0
decreased sliding at the BII in threaded implants by
10—28% and 16—45%, respectively. Sliding at the
BII was 16—50% lower in the square-shape threaded
implant than in the v-thread implant. Using a tapered
body design slightly increased sliding at the BII
(especially during lateral loading) relative to a
rectangular threaded implant (straight-body design).
Reducing the thread pitch in cortical bone did not
significantly affect sliding at the BII relative to the
v-thread implant (Fig. 9).
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Fig. 8. Distributions of sliding at the BII in 6 implant
models with g = 0.4 under lateral loading (a), and in
cylindrical implants with & = 0.4, 0.68, and 1.0 (left
to right, respectively) under vertical loading (b) and
lateral loading (c).
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Fig. 9. Peak sliding at the BII in models with x#= 0.4
under vertical and lateral loadings (a), and in models
with = 0.4, 0.68, and 1.0 only under lateral loading

(b).

This study revealed the biomechanical
mechanisms (including bone stress and sliding at the
BIl) of immediately loaded mandibular implants

with  various implant designs and surface
roughnesses. The FE models could be limited by the
oversimplified loading conditions and the

inhomogeneous material properties of human bone.

Nevertheless, within the limitations of this study, the

following conclusions can be drawn:

1.  Both experimental and validated FE analyses
confirm that the immediately loaded implant
can induce disproportionate bone stresses
during lateral loading, which might results in a
high risk of surrounding bone loss due to

overloading resorption.

2. Adding threading to an implant can
significantly decrease the bone stress and
sliding at the BII relative to nonthreaded
implants (in cylindrical and stepped implants).

3. The stress in trabecular bone and sliding at the
BIl are lower for the rectangular threaded
implant than for the v-thread implant. Using
shorter threads in cortical bone decreases
sliding at the BII but not bone stresses.

4. The stress reduction in cortical bone and
sliding at the BII does not differ significantly
between threaded implants with tapered and
straight bodies, and stresses in trabecular bone
are higher in the tapered body of threaded
implant.

5. It is not purely advantageous for the implant
surface texture to have a high roughness (such
as produced by plasma spraying or a beaded
porous surface), since this decreases sliding at
the BII it increases the crestal bone stress
around the implant.
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