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COMPARATIVE 3D FEM ANALYSIS OF THREE
DIFFERENT DENTAL IMPLANT SHAPES

This paper presents the results of numerical mogdelising the finite element
method of three implants. Geometric models of irlial parts of the analyzed
system (implant, abutment and screw) and the stdrdadels of the bone and the
crown were built in the Ideas NX environment. Or thasis of real geometric
models the fully three-dimensional numerical modeése built. The calculations
for different implant systems were carried out gsMARC/Mentat commercial
software. The numerical models of each system sbos$ifive deformable bodies
being connected to each others. Modeling was choig in two stages. The first
stage includes the modeling of the stresses ibdne-implant-abutment-screw as-
sembly. The preload of models was set so thatxtee stress in the screw core is
equal to 75% of yield stress of material from whible screw was made. In the
second stage the model with assembly stresseseiras lbaded with oblique force
on the crown with values in the range from 0 to Bb0An analysis and compatri-
son of stress distributions and values of stresasalysed implant systems were
carried out. This investigation shows the meanihgfiluence of the shape of im-
plant of an abutment on distribution and valuestadss, load capacity of individu-
al implant systems, and furthermore, stress incsstssue.

Key words: dental implants, 3D numerical analysis, load, stdistribution

1. Introduction

Osseointegrated dental implants have been accepted as onenodjtnre
treatment concepts for restoring completely and partiallyhtetius patients
over the last three decades [1-3]. These osseointegrateahimphve to support
the partial or full structure for dental replacement.tmother hand dental im-
plants replace the lost physiological functions. The suppoeteth tand implants
is inherently different. Tooth is viscoelastically supported in the bone gpirogn
an elastic deformation pattern, while the implant, due totiifess, is fairly
more rigid [4]. A dental implant system consists of an imipthat is surgically
implanted in maxilla or mandible, and an abutment that matéstiaé implant

1 Autor do korespondencji/corresponding author: Staw Kut, Rzeszow University of Techno-
logy, 8 Powstacéw Warszawy Avenue, 35-959 Rzeszow, Poland, {&¥) 8651558, e-mail:
stan_kut@prz.edu.pl
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once the implant successfully osseointegrates to the bone. Dgpend the
specific system used, an abutment can include a machined connectioe mec
nism within itself or can be clamped onto the implant by means abatment
screw. The dental prosthesis is then fabricated over the abutmegeneral, the
success of the treatment depends on many factors affectirigptiee-implant,
implant—abutment and abutment—prosthesis interfaces [5-6]. In Bualoithe
long-term treatment concept of a dental implant, there aeraeactors which
play a great role in clinical success, such as: reiigbihitial stability of the
implant—abutment interface and long-term osseointegration thatipsolasting
incorporation into the bone and depends on implant design features suah as
terials, geometry and fixation methods. The last two factorslacementioned

in [4-7]. Despite the success of dental implants reported \@sanumber of
articles there are significant problems noticed in dentplant systems such as
screw loosening and bone resorption. In order to prevent the loosening, a preload
is applied to the retaining screw even that many trials are notoadlieninate its
occurrence, and marginal bone resorption around implants is silbigable.
The aim of this study was to assess the role of implant/abujwiahdesigns
with occlusion loads transferred to the surrounding bone media ti&rfgnite
element method.

2. Numerical models and materials

Three-dimensional geometric models of individual components of difree
ferent analyzed systems of dental implants performed in l¥agrogram are
shown in fig. 1. Due to the plain symmetry of the analyzed systernalf of
geometry was built. This allowed reducing complexities of $tenated issue
and shortening the computation time, without affecting the accufathe re-
sults obtained by modeling. Geometric model of each systen®(figonsists of
bone, implant, abutment, screw, and the crown. Geometric model bbtiee
and the crown was made equal for all tested implant systentsilidoshape of
the bone and the crown has been simplified in relation to natural bisesim-
plification was made because the precise mapping of the shahe oftural
bone and the crown for comparative studies of different sydtasmso signifi-
cant effect on the results, a model can greatly simplifynthmerical analysis of
mechanical system. While modeling the geometric models, iayartattention
has paid to accurate copying of the shape and dimensions of thetjntipéan
screw and the abutment in individual systems (fig. 1.). Thisspecially im-
portant for comparative studies. The tested systems chosentsoba in the
same group of measurements differ mainly in the shape of filaritrabutment
connection. As a consequence of modeling, geometric models ofdunaliv
components are made so that the numerical model after diaticetizan in-
clude as many relevant details of construction as phases, utidgrautrays.
Insignificant details have been omitted during the discretization ohtuel.
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Fig. 1. Implant systems which have been chosethor
test: a) Ankylos, b) Astra Tech, c) Xive

Z fixed displacement

ﬁ{q\s&ﬂr}'conmct

Fig. 2. The exemplary geometric Fig. 3. Boundary conditions and the
model of the analysed system Astra place of load application

Tech: 1 — crown, 2 — abutment,

3 —screw, 4 —implant, 5 — bone

Numerical models and calculations of studied implant systeens won-
ducted using the MSC MARC/Mentat system. Three-dimensional, resoes
ric, 10-node tetrahedron elements 127 were used to the discoetiaatndivid-
ual parts of the numerical model [8]. Each edge forms a parapothat four
nodes define the corners of the element and a further six nefies the posi-
tion of the ,midpoint” of each edge. This allows for an accurafgesentation
of the strain field in elastic analyses. Applying 10-node elesneihthe second
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order compared with four-node elements of the first order enatnle precise
copy of the shape of the geometrical model and reduce the inflaktienum-
ber of elements on the sensitivity of the numerical solutiors @lhdows obtain-
ing good results by modeling with a much smaller number of fingments.
The total number of finite elements in each numerical models was about 24 000.

Analyzed cases constitute the typical contact issue. Nurheniodels of
individual systems consist of five deformable bodies (bone, impddmitment,
screw and crown). In all cases, glue contact type has besnligstd between
the abutment and the crown and between the implant and the boneeBet
remaining surfaces of deformable bodies encountering oneself @atohithe
type touching was accepted described with Coulomb’s law. The \adlihe
friction coefficient between these surfaces was assune@.36 [9]. Boundary
conditions have been assumed so that from the outermost the tdresteeme
nodes of bone was blocked, while in the plane of symmetrynansyric contact
was assumed (fig. 3.). In all cases, the system was loadealdey P applied
to the crown at an angle of 4 the range from 0 to 250 N. Place and manner
of application of the load to the model in the form of the forcealesP, =
= P, = P cos 48 are presented in fig. 3.

Knowledge of materials, from which they were made individual elements of
implant systems and their mechanical characteristics, i®dbis of modeling
success. In practice, dental implants are manufactured fromutitaalloy.
Commercial pure titanium, Ti-6Al-4V and Ti-6Al-4V ELI have basig been
developed for structural materials although they are stileby used as repre-
sentative titanium alloys for implant materials. Recenilyfree a + S type al-
loys such as Ti-6Al-7Nb and Ti-5Al-2.5Fe have appeared as implargrials
[10]. In addition, V and Al freex + S type alloys composed of non-toxic ele-
ments like Ti-15Sn-4Nb-2Ta-0.2Pd and Ti-15Zr-4Nb-4Ta-0.2Pd have been de
veloped [11]. Low modulus alloys are nowadays desired because theenobdul
alloys is required to be much more similar to that of bone. Aty alloys have
been, therefore, developed or are developing mainly in the USATh&Y: are
composed of non-toxic elements like Nb, Ta, Zr and so on. Pure titanium and Ti-
6AI-4V type alloys are also the main implant materials indéetal field. How-
ever, titanium alloys used as dental implant materials arsaime as those for
surgical implant materials. The alloys for other dentsdge like crown, clasp
and so on has somewhat different compositions compared with those for surgical
implant materials except for Ti-6Al-4V and Ti-6Al-7Nb. They amegeneral
processed by casting and superplastic forming.

The aim of these conducted investigations is comparing theeitfe of the
shape of different systems of dental implants. For this resynassumed that
individual elements of all studied systems were carried ouhtosame materi-
als. They assumed that the implant, the abutment and the scrévedradhade
of titanium Ti-6Al-4 V alloy [10]. For these elements to modeliag, elasto-
plastic material model without strain hardening phenomenon was adopted. F
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remaining elements (the cortical bone, the cancellous bone armdoilie) an
elastic model of material was accepted. Mechanical propeatiendividual ma-

terials used in modeling are presented in the tab. 1.

Table 1. Material properties used in the finitenedat model

Element of the model Youn?l\/fpn;?dulus Poisson’s ratio Yle[:\(ﬂjs;aess
Implant, abutment,
abutment screw [10] 110000 03 729
Crown [13] 66900 0.29
Compact bone [14] 13760 0.3 -
Cancellous bone [14] 7930 0.3

Preliminary stresses are playing a very important roirect functioning
of the implant system, incurred as a result of tightertiegimplant to the abut-
ment clamped by means of an abutment screw. Too high value dafitihe
stress can affect the bone tissue which is very unfavor@ie.of the main
complications is the inflammation of the peri-implant tissumalled peri-
implantitis. Moreover the high value of preliminary stresseombination with
stresses originating from occlusal forces can trigger insglbdeé permanent
plastic deformations of the abutment screw or the implant. Ontkiee band,
excessively low values of assembly stress can lead toetied of combined
elements under the influence of variable loads, and hence tod#struction.
Therefore it is very important at the time of mounting thejuer So that to
make the implant-abutment joint correct, the screw should alvayisitially
stretched irrespective of occlusal forces (chewing fora&%jle burdening the
implant system, the preliminary tension in the screw should rotofalero or
did not cross the border of the screw’s plasticity. The fatie screw depends
on the type of the abutment. Conducted investigations [13] showedghmal
preliminary loading of the screw after the assembly should beyi&léh stress
of material from which it is made. Therefore, the strength mves preload of
each system established so that the initial stress iootigewas about 547 MPa.
For example, the screws with a diameter of core of 1.2 nstrgA ech system)
the value of preload force was 618 N.

While modeling preliminary stresses in the system were ddggered to
this purpose exploiting abilities of the contact of the type gloetlis purpose
the screw was divided into two deformable bodies, and a evaslkcreated be-
tween them. After starting calculations in the firsjppsseirfaces are moving to
themselves and then they are being glued together, what im#ered ar-
rangement assembly stresses are arising as a restltToiisize of gap was
such that the surface of the tightening of screw surface ésdstcess in the core
of the required values indicated above.
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3. FEM simulation results

Performed numerical modeling allowed to appoint disintegrationsralnd
ues of stresses appearing in individual areas of componentpaitgdied im-
plant systems. A comparative analysis of stresses wasctaut for individual
parts of the system. First an analysis of the effect ofyie of the implant sys-
tem on bone tissue was conducted. From the relation between ttteveften-
sion and the loaé (fig. 4.) results, that the impact of the type of the implant
system on the size of stresses which are transferred to teeiowary signifi-
cant. The figure 5. presents the values of stresses tradsfertiee bone in the
most loaded site A. For the lo&d= 0 N initial stress occurring in the system is
a result of an implant abutment joint tightened with avgcRreload (assembly)
all the time impacts on bone regardless of the load of etteatlusal forces.
Therefore, their value is very important and is approximately 13.5 MPa for Xive
10.5 MPa for Ankylos and 8.5 MPa for Astra Tech. After applying IBate
value of stresses increases. The largest increase indghe galue was observed
for the Astra Tech (fig. 4. — red line), and lowest for Xiveeén line). In all
cases, the tension rising in proportion with the load. When #gHo= 100 N
the intensity of stress in the most loaded place of bofe Bnkylos 69%, and
for Astra Tech system up to 153%, higher in comparison with Xive system.

220

204 - - A ey~ . —— Ankylo:

Xive

20 S i B et il i Bl | —&—Astra Tech|~ —
. T T

0 15 30 45 60 75 % 105 120 135 150
implant load P [N]

Fig. 4. The relation between the effective streaadferred to the
bone and the load for studied systems

Further comparative analyses of disintegrations and stregsees in
abutments of implants and individual screws of implant systems were cartied ou
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using the non-dimensional standardized tension in the form of theatiod
k = (effective stresslyield stress).

If (0 <k < 1) the material deforms in the elastic rang&.4f1 then the sub-
stitutive load reaches a value ghsticizerload equal to yield of material of
which the structural element is loaded. In cases wkerel the material plas-
tically deforms, which leads to permanent deformation of stratelements. In
endurance analyses of structural elementskthmlicator with the help of one
numerical value is announcing the possibility of using the tayrgapacity of
individual elements of the structure. In order not to allowh&omaterial plasti-
cizing, and hence causing long-lasting deformations of the steucheself, the
value of an indicator should be k< 1. Therefore, the use of such a normal-
ized stress index k is very comfortable, which was usetidnabalysis of re-
search results presented in this work.

Figure 5. presents the stress distribution and the values ofaliweth
indexk in the abutments of analyzed systems after a lo®3=0200 N. One can
see the large impact of component foRyecausing bending of the system and
consequently stress concentration on the valuds-ofl (Ankylos and Astra
Tech systems). In case of the Ankylos system relativelysithall size of the
implant abutment interface caused the great concentratiomestas which is
biggest in the action area of stresses from the bending (jeettew color). This
is the most dangerous place in the abutment under load so ¢hat bie plasti-
cized. It is similar to the case of an implant abutment joidtstfa Tech system.
Stress from bending forces is concentrated, and this pattéonce can lead to
permanent deformation of the abutment in the area of greatest ghlaes (yel-
low color). Much better situation is in implant abutment jadfitthe system
Xive. In this case, the indicator k does not exceed the value of 0.7 (fig. 5.).

!
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1.0 0.8 0.6 0.4 0.2 0

Fig. 5. Comparison of distributions of the normetiz
stress index k in abutments after loBd=(200 N) for dif-
ferent implant systems: a) Ankylos, b) Xive, c) rst
Tech
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Implant abutment connection form is designed so that both the load from
the component axial ford®, and the bending force distributed on a large surface
area of contact which substantially reduces the level egstiSimilarly is in the
case of implants, in which the stresses are a resuiedfpact of load applied
to the crown and the connecting screws (fig. 6.). As welthas,case may be
areas plasticized with the greatest values of strvdsish are loaded with force
P = 200 N have already reached the value of lodaly1 in the Ankylos and
Astra Tech systems. In addition to the shape of the implant coomevith the
abutment, a screw has the significant impact on capacity cfystem, whose
task is to merge with the rest of the implant system, @rigg and keeping pre-
liminary stresses (assembly). Initial stresses in thewsciores should be large
enough so that while loading tooth crowns with the strength of iaésdress is
not reduced to zero. The absence of this condition may lead tenlogsthe
connection, which is unacceptable.

b) c) .
0.6 04 0.2 0

1.0 0.8

a)

Fig. 6. Comparison of disintegrations of the noireal
stress indeX in implants of individual systems: a) An-
kylos, b) Xive, c) Astra Tech; load@ =200 N

Figure 7. presents the stress distributions and deformatioegaofined
implant systems under the impact of load valBes 200 N. Ankylos system
is the least resistant to the transfer of bending forces.wlakest element in
this system is a screw, which is the earliest part phedticized, with power
P~ 100 N. Astra Tech system (fig. 7c), compared with Ankylos system (fig. 7a),
demonstrates greater resistance to lateral forces. Ircdbis, stress from the
bending is transmitted by the conical surfaces. However, inogetse power
P ~ 200 N may plasticize most loaded areas (yellow), and consequeadiyd
the deformation of the system. The most resistant to theféramisboth axial
and lateral loads is Xive system (fig. 7b). In this caselahéP = 200 N does
not cause significant deformation of the system, and stresssvate below the
yield point k < 1). The shape of the abutment and the implant cause tbeas for
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transmitted by the screw is considerably smaller than irottner analyzed sys-
tems.

Fig. 7. Comparison of the deformation and distri-
bution of the normalizek index for different
values of loads for individual systems: a) Anky-
los, b) Xive, c) Astra Tech

4. Conclusions

These studies demonstrated that in case of oblique load most benefltial bo
in the aspect of applied load on bone tissue, as well as thengacapacity and
the stiffness is implantological system Xive. It caansfer loads a little bit
above 200 N without significant deformations. The shape of the connecta in thi
system is so designed that big gradients of stresses do not appear. Holaes/er
the most complex shape of the connector, which can influence on inaccofacies
performing connection between the implant and the abutment. AnkyltsTsys
can transmit high axial loads, but is the least resistarstéoal loads. Applied
obliqgue power with thé =~ 100 N value can trigger permanent deformations in
this system. The weakest element in this system is a sareich first can be
subjected to yield and trigger further permanent deformatiorfeeafytstem. The
Astra Tech transfers both axial and lateral forces. Hewekie conical shape of
the connector can, at great axial loads cause stretchingieeand thus it re-
duces the preliminary tension triggered by the screw. Thedrisequence may
lead to implant connection loosening. Lateral forces cause condelstedsses
concentration and straining the screw, moreover it significaatuces the car-
rying capacity of the system, which for the modeled coincidera= skghtly
less than 150 N.
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BADANIA POROWNAWCZE TRZECH RO ZNYCH KSZTALTOW
IMPLANTOW DENTYSTYCZNYCH Z ZASTOSOWANIEM 3D MES

Streszczenie

W pracy przedstawiono wyniki modelowania numeryggn®IES trzech systemoéw implan-
tologicznych. Modele geometryczne poszczegoélnyactbadanych uktadéw (implantgdznik,
sruba) oraz standardowe modelesdioi korony zostaly utworzone w programie Ideas N¥a
podstawie modeli geometrycznych zbudowano tréjwyavie@ modele numeryczne badanych
systemdw. Symulacje numeryczne poszczegoélnych mgsteimplantologicznych przeprowadzo-
no za pomog komercyjnego oprogramowania MARC/Mentat. Model eayozny kadego sys-
temu skiadat si z pieciu ciat odksztatcalnych pgtzonych ze sab Analizg numeryczg dla po-
szczegolnych systemow implantéw przeprowadzono véoiiwetapach. Pierwszy obejmowat
modelowanie nageen montaowych. Obcizenie montaowe bylo zadawane w taki sposob, aby
napezenia osiowe w rdzeniéruby wynosity 75% granicy plastyczém materiatu, z ktérego jest
ona wykonana. W drugim etapie model zegpsymi napgzeniami montaowymi byt obcizany
na koronie ukénie sik w zakresie warti od 0 do 250 N. Dokonano analizy oraz poréwnania
rozktaddw i wartéci napezen wyskpujacych w badanych systemach implantologicznych. Bada-
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nia wykazaly znaccy wptyw ksztattu implantu orazdznika na rozktad i poziom nagen oraz
nosnos¢ poszczegoélnych systemow implantologicznych, adala napgzenia w tkance kostnej.

Stowa kluczowe:implanty dentystyczne, analiza numeryczna 3D, gulediie, rozktad nageen
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