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All-ceramic restorations can solve many esthetic problems associated with
implant-supported prostheses. This study evaluated stress concentration and
distribution in implant abutments under normal masticatory forces using
computer simulations. Two-dimensional finite element analysis was used to
study four different abutment-restoration combinations using Branemark
implants. The models considered two positions of the fastening screw, two
positions of the crown margins, cemented versus screw-retained prostheses,
and clinical loads of 200 N. Models having screws on top of abutments had
the lowest stresses (3.1 [0 4.8 MPa) and best stress distribution. Screw-
retained prostheses and short crown margins increased overall stresses (9.9 to
11.4 MPa). Int ] Prosthodont 1996;9:254-260.

ppearance plays an important role in the lives

of most people, especially professionals, and
any restoration with less than optimal esthetics will
probably not be acceptable. Osseointegrated den-
tal implants have earned an excellent reputation
for biocompatibility, predictability, and function
throughout the past decade.'” However, there
is potential for esthetic improvement. Implant-
supported prostheses rely heavily on metallic

*Assistant Professor, Department of Prosthodontics, School
of Dentistry, University of North Carolina at Chapel Hill,
Chapel Hill, North Carolina.

**Assistant Professor, Department of Prosthodontics, School
af Dentistry, University of Athens, Athens, Greece:
Visiting Assistant Prafessor, Department of Prosthodontics,
Schaol of Dentistry, Albert Ludwigs University, Freiburg,
Germany.

***Clinical instructor, Department of Prosthodontics, School
af Dentistry, University of Narth Carolina at Chapel Hill,
Chapel Hill, North Carolina.

****Professor and Chairman, Department of Prosthodontics,
Schoal of Dentistry, Albert Ludwigs University, Freiburg,
Germany

*****Professor, Section Head of Rinmaterials, Department of
Operative Dentistry, School of Dentistry, University of
Warth Caralina at Chapel Hill. Chapel Hill, North
Carolina

Reprint requests: Dr George Papavasiliou, 25 Bouziani Str,
17234 Athens, Greece

The International Journal of Prosthodontics

254

components (abutments, screws, overstructures) for
strength in large, complete arch restorations such
as those that are fixed-detachable.* For smaller
restorations, especially single-tooth replacements,
these may not be necessary. Single-tooth replace-
ments involve smaller functional loads in the ab-
sence of cantilevers® and normal occlusal loads are
shared with the adjacent natural teeth.

Ceramic materials are acceptable for veneering
implant-supported prostheses,* and their use
greatly improves the esthetics of implant restora-
tions. Nevertheless the prostheses still have a metal
framework that may cause esthetic problems at the
cervical third of the prosthesis where the metal ce-
ramic overstructure joins the implant.® The optical
problem of metal ceramic implant restorations is
the same as that of the conventional prosthesis.”
All-ceramic restorations could solve these esthetic
problems, but until recently dental ceramics lacked
adequate strength. The introduction of sintered sys-
tems such as In-Ceram (Vita Zahnfabrik, Bad-
Sickingen, Germany) provided dentistry with a
stronger all-ceramic material® that could withstand
the functional requirements of most small conven-
tional or implant-supported prostheses.

The remaining problem for implant restorations is
to minimize inaccuracies in prosthesis fit.* The fit of
prefabricated (machined) implant components is
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Fig 1a Two-dimensional schematic of model design for FEA
model |.

usually excellent.'® However, this has been less fre-
quently found with cast overstructures. Inherent
problems with casting techniques and castable ma-
terials'' often necessitates sectioning and soldering
of frameworks for implant-supported restorations to
minimize misfit.

A copy-milling technique (Celay, Mikrona,
Schreitenbach, Switzerland) has been proposed®'?
to solve the problem of fit for ceramic abutment
implant restorations. In this approach In-Ceram
blocks are used to machine the framework of the
restoration and provide an esthetic prosthesis, min-
imizing exposed metal components. The strength
of these restorations is promising.®

The purpose of this study was to evaluate the
mechanical behavior of four previously described®
designs of copy-milled implant overstructures
under normal masticatory forces using two-dimen-
sional finite element analysis (FEA).

Methods

Finite element analysis has found many applications
in dental research during the last decade.'*'* The
method gives the operator the ability to simulate
many situations with minor modifications of an ini-
tial computer model and without the time and ex-
pense required for the construction and testing of
real life models. An overview of the method has
been previously published.'> This investigation used
COSMOS/M FEA computer software (Version
1.65A, Structural Research and Analysis, Santa
Monica, CA) to examine stress levels and distribu-
tion for two-dimensional (2D) computer models of
osseointegrated implants restored with different

Fig 1b  Two-dimensional schematic of model design for FEA
model 1.

abutment and restoration designs. Two-dimensional
FEA offers good simulation for structures that are
axisymmetric, as were most models in this study.
Limitations of the method compared to three-dimen-
sional (3D) FEA arise when nonaxisymmetric mod-
els are evaluated, and from the fact that only one
plane of stress distribution is examined. Finite ele-
ment analysis models can be loaded at any point
and in any direction. A 200-N load was applied to
all models in an oblique (45-degree) direction at the
boundary between the occlusal and the middle
thirds of the lingual surface. The loading angle and
position were chosen to comply with those in the
paper by Tripodakis et al,® where bench-top models
with the same designs were tested. This was done to
allow comparison of the results of the two studies.

A Branemark implant (Nobelpharma USA,
Westmont, IL) 11 mm long and 4 mm in diameter
was modeled as being osseointegrated to normal
cortical and cancellous bone. Four different abut-
ment-restoration combinations were simulated as
overstructures to the implant. The abutment designs
varied, but the restoration geometries were as similar
as possible so that resulting stress and stress distribu-
tions could be assigned to the abutment differences.

Two models (1, Il) (Figs 1a and 1b) used a design®
with a screw channel wide enough to contain the
screw head within the abutment. A stainless steel
disk was seated on an internal rounded shoulder by
the screw head to help stabilize the abutment. An ex-
ternal rounded shoulder was placed at a level lower
than the internal one to complete the design. For
model | (Fig 1a), the shoulder was used as the margin
for an all-ceramic crown cemented on the abutment.
For model 1l (Fig 1b), ceramic veneering material was
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Fig 1¢ Two-dimensional schematic of model design for FEA
model [l

Fig 2 Key nodes of interest for stress analysis: at the inter-
face among the implant, the screw, and the ceramic abutment
(1 and 2), at four points in the mass of the ceramic abutment
(3, 4, 5, and 6), and at the internal cormners of the screw head
(7 and 8).

Table 1 Mechanical Properties (Modulus, Poisson’'s
Ratio) for Oral Tissues and Prosthetic Materials in FEA
Evaluations

Poisson's

Modulus ratio Literature
Material (E)MPa) (v reference
Cortical bone 13,700 0.30 18
Cancellous bone 7,930 0.30 19
Titanium 102,195 0.35 20
Type |1l gold alloy 91,000 0.35 21
Feldspathic porcelain 82,800 0.35 22
Composite cement 12,500 0.35 23
In-Ceram 364,000 0.33 24
Stainless steel 200,000 0.30 25

The International journal of Prosthodontics

Fig1d Two-dimensional schematic of mode! design for FEA
model IV,

simulated as being fired directly onto the abutment.
The screw access hole was left empty. In clinical sit-
uations the hole is filled with a thermoplastic mater-
ial and sealed with resin composite, but this proce-
dure does not contribute strength to the design.

In another abutment design (Fig 1c) the screw
head was placed above the abutment so that an in-
ternal shoulder was not necessary. The screw head
was used to fasten a stainless steel disk covering
the occlusal end of the abutment. An all-ceramic
crown was simulated as being cemented onto the
abutment. The last model (Fig 1d) used an abut-
ment design similar to models | and I, except for
the use of an external rounded shoulder placed at
a higher level than the internal design, which pre-
cluded the simulated cemented crown from em-
bracing the area of the screw head.

The four models included from 313 to 376 ele-
ments. In this study, quadrilateral plane stress ele-
ments were used. The interfaces between materials
were continuous. For each model, fixation of the
bottom of the bone section was applied. The fixa-
tion was chosen away from the area of interest to
avoid interferences with the results of the study. A
convergence test was performed where the number
of the elements was doubled and then tripled to as-
sure the proper mesh density. For all three mesh
densities stress distributions were practically identi-
cal, and stress values differed at the third or fourth
decimal point. For ease of model construction the
simplest mesh was used in the study. In each de-
sign the simulated crown was a maxillary central
incisor luted using resin composite cement. All
models were loaded at the boundary between the
occlusal and the middle thirds of the palatal
surface (see Fig 3). Young's modulus and Poisson’s
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Fig 3a Stress contour plots for FEA model |.

Fig 3¢

Siress contour plots for FEA model Il

ratios were used to define the mechanical proper-
ties for each element in the simulated structures
(Table 1).

Stresses and deformations were calculated for
every node of each model with FEA. Reporting all
this information would be beyond the purpose of
this investigation. Stress plots typically are used'
to provide an overview of the stress distribution
and resolved stress levels involved. In addition to
stress plots, stress values for specific nodes in re-
gions of special interest were reported. These
nodes (Fig 2) were located: at the interface along
the implant, the screw, and the ceramic abutment
(1 and 2), at four points in the mass of the ceramic
abutment, (3, 4, 5, and 6), and at the internal cor-
ners of the screw head (7 and 8) (Fig 2).
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Fig 3b Stress contour plots for FEA model II.

Fig 3d Stress contour plots for FEA model IV.

Stress levels were reported for each of the eight
nodes according to the Von Mises criteria'® (equiva-
lent stress). This type of analysis is very helpful for
FEA studies because it determines the total state of
stress for the specific node.' The stresses reported in
the results tables indicate the local sensitivity of each
model to the applied loads.'” The use of statistical
analyses is very limited for FEA studies*® because the
results of the models’ calculations are invariant.

Results
Figures 3a to 3d represent the stress distributions
for the four models. The stress plots are color

coded. Corresponding resultant stress levels are
given at the right of each plot.
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Table 2 Stress Values (MPa) for Specific Nodes for Models | to IV

Key Location of key Moosl

nodes nodes I Il n w

1 Facial interface along 8.0 75 66 8.1
fixture/screw/abutment

2 Lingual interface along 74 9.0 72 7.1
fixture/screw/abutment

3 Facial internal comer 6.2 114 31 57
of screw head

4 Lingual internal comer 6.5 9.9 48 6.0
of screw head

5 Inside copy-milled 140 15.1 154 16.4
ceramic abutment

6 Inside copy-milled 13.0 122 143 14.4
ceramic abutment

7 Inside copy-milled 8.7 79 10.0 9.4
ceramic abutment

8 Inside copy-milled 8.1 8.9 25 8.1
ceramic abutment

In model | (Fig 3a), stresses were concentrated in
the cervical area of the restoration, just below the
screw head and within the ceramic abutment.
There was little stress in the crown except in the fa-
cial region of the cemented crown-abutment inter-
face. There were high stresses concentrated in the
gingival end of the implant and in the cortical
bone surrounding that area.

In model Il (Fig 3b), stresses were greater than
for model I. High stresses occurred in the screw
head, the restoration, and the abutment. The mid-
dle third of the facial region of the restoration in
front of the screw access hole encountered the
most stress and produced a diagonal stress distribu-
tion pattern toward the cervical of the palatal side.
The stress patterns in the implant and the surround-
ing bone were similar to model I.

For model 11l (Fig 3c), stress patterns differed
from those for model | in two areas. Stresses in the
cervical area of the screw (where the screw head
was located in model 1) were lower by approxi-
mately 2 MPa. The same was true for the area
around the screw head.

For model IV (Fig 3d), high stresses were con-
centrated along the area of the restoration not cov-
ered by the crown. That area included the cervical
area of the abutment, the screw, and screw head.
There was also more stress concentration in the
crown at the point of load application and the fa-
cial surface.

The: i Joumal of F s

The stresses at the nodes of interest are presented
in Table 2. For nodes 1 and 2 (junction of implant/
abutment/screw), stresses were similar for all mod-
els (6.6 MPa to 9.0 MPa), with the highest stresses
reported for model II. For nodes 3 and 4 (inner cor-
ner of screw head) stress values varied among mod-
els. The lowest values (3.1 MPa to 4.8 MPa) were
for model 1l, where the screw was placed on top of
the abutment. The highest values (9.9 MPa to 11.4
MPa) were reported for model Il and were 2 to 3
times higher than the ones for model Ill, and almost
double the values for models | and IV. For nodes 5
to 8 (inside the ceramic abutment) stress values
were similar for all madels (7.9 MPa to 10.0 MPa).

Discussion

The stress levels and distributions were grossly simi-
lar in spite of some notable differences among the
four models. High stresses were always distributed to
the superior portion of the implant and the surround-
ing cortical bone. High stresses always occurred in
the prosthesis perimeter at the junction with the im-
plant. Moderate stresses were associated with oc-
clusal regions of the prosthesis where the loading
originated. Low stresses were associated with the fa-
cial and palatal regions of the prosthesis that were
formed using veneering porcelain. The major differ-
ences between models were associated with the re-
gion of prosthesis attachment to the implant.
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All abutments were simulated as being made
from the same material, so that the ones revealing
the highest stresses would indicate sites more
prone to fracture. The probability toward fracture
was primarily governed by amount and location of
stress. The most critical area was at the screw/
implant/abutment junction (keynodes 1 through 4)
where most failures occurred. Based on the stresses
revealed by the prosthesis attachment to the im-
plant and the interfacial values reported in Table 2,
the order of susceptibility to fracture for the models
was |1 > IV > 1> Il

Models Il and | had very similar and favorable
stress distributions. High stress concentrations (8.1
MPa to 10.0 MPa) were still observed at the cervi-
cal part of the ceramic abutment, Model Il showed
less stress concentration around the screw and the
screw head (3.1 to 4.8 MPa and 6.2 to 6.5 MPa,
respectively) than model 1. Placement of the screw
head on top of the ceramic abutment had previ-
ously been suggested as resulting in more favor-
able stress distribution,” inasmuch as preloading
would produce compression and thus negate any
tensile stresses created during intraoral function.
The predominantly ceramic abutment seemed to
distribute stresses well. Although the screw was
placed in a less favorable situation in model 1lI
than in model | (as a result of its increased length),
this did not adversely affect the stress distribution.

In model IV the margin of the crown was located
coronal to the level of the screw head. This re-
sulted in greater stress concentration in the cervical
area of the ceramic abutment versus models | and
l1l. By not embracing the abutment, the crown ex-
posed this area to potential tensile stresses that
could be detrimental to the ceramic material. The
stress levels were only slightly greater than for the
other models, but the difference between model IV
and models | or Il was that greater stresses were
concentrated more along the thinnest area of the
abutment around the housing of the screw head.

Model 1l had the least favorable stress distribu-
tion. Greater stress occurred in the screw head (2 to
3 times higher than for the other models) and on
the facial region of the restoration. This tended to
produce a diagonal stress distribution pattern. This
has been shown to be detrimental by Tripodakis et
al,® who used fracture tests with similar abutments.
In actual clinical situations there would not be a
gap between the facial and lingual surfaces because
the access hole for the screw has sidewalls. For that
reason, evaluation of this model with 3D FEA could
offer further understanding of the stress distribution.

The filling material that is usually a resin com-
posite did not add to the integrity of the restoration.

Conclusions

Within the parameters of the project design and
within the limitations of two-dimensional finite ele-
ment analysis the following conclusions can be
made:

1. All designs produced maximum stresses in the
coronal end of the implant, in cortical bone,
and in the region of the abutment-restoration
attachment.

2. Cemented restorations distributed less stress to
weak areas of the abutments than those restora-
tions that were screw retained.

3. Placement of the screw head on top of the
abutment led to lower stress values than when
the screw was located inside the abutment.

4. A crown margin located incisal 1o the screw
head resulted in increased stress at the cervical
area of the abutment.
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Li Abstract

Microscopic evaluation of bone-implant contact between hydroxyapatite,
bioactive glass, and tricalcium phosphate implanted in sheep diaphyseal
defects

A principal concern of investigators studying material implantation is whether direct contact
of the implant with living bone is achieved. This study compared the histomorphology of the
bone-implant interfaces between host bone and three implanted ceramic materials, hydroxy-
apatite (HA), bioactive glass (BG), and tricalcium phosphate (TCP). To compare the inter-
faces between ceramic implants and host bone in vertebrates, 20 x 20 mm cylinders of HA
(Cremascoli, Milan, ltaly), BG (prepared according to the Hench procedure as modified by
Pazzaglia et al) and TCP (B247, DePuy, Warsay, IL, USA) were implanted in segmental de-
fects of the tibia of 18 adult sheep. The sheep were killed 16 weeks after implantation.
Three types of visible bone-implant contacts were identified microscopically. The trabecular
weblike bone—implant contact noted with tricalcium phosphate seemed superior to the
disseminated patchy bone-implant contact with bioactive glass and the buttressed bone-
implant contact with hydroxyapatite in regard to both bone ingrowth and bioresorption of the
implant material. A larger amount of remodeled bone was observed around TCP implants
than around HA or BG implants. No inflammatory reactive cells were observed on the inter-
face between any of three ceramic implants and bene. The authors concluded that the mi-
croscopic differences in the bone-implant interfaces between HA, BG, and TCP were chiefly
d ined by they physicoch nical properties on the surface of the materials themselves.
Furth re, the mechanical gth, geometry, and porosity of implantable ceramic mate-
rials should also be considered before the materials are introduced for clinical application.
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