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3-D Numerical Analysis of the Stress State Caused by Short-Term Loading of a
Fixed Dental Implant containing a “PDL-Like” Nonlinear Elastic Internal Layer

Francesco Genna, Corrado Paganell?, Stefano Salgarelld, Pierluigi Sapelli?

Abstract: We study the mechanical behavior of a prgrecision, however), but to simply state that they are far
totype osseointegrated dental implant containing a tHrom “optimal”, owing (i) to their very high stiffness and
internal layer, designed in such a way as to simulate ttig to the search for full osseointegration.

existence of the periodontalligament (PDL). Experimegyom a strict mechanical viewpoint we can define as op-
tal stress-strain curves suggest that the behavior of #}ga| an implant which, after obviously fulfilling the ba-
PDL can be simulated by means of a compressible hypg: mechanical and biological standards for its own self,
elastic constitutive model, at least for short-term loadingg;ses in the surrounding bone, upon loading, stress and
We have adopted one such a model to describe the @ain states equal to those existing in the natural arrange-
chanical behavior of the internal layer in the prototyp@ent (tooth plus periodontal ligament — hereafter short-
implant design, studied by means of several 3-D Finiged as PDL — plus bone). Taking this viewpoint, it is
Element analyses. The results indicate that the presegggjous that practically all the conventional implant de-

of such a nonlinear internal layer is quite significant, igigns used in the professional practice are not optimal.

terms of stress redistribution, specially for all the Ioa(k list of “non-optimal” features of conventional implants

ing/b_oundary condjtions_ in\_/o_lving a strong static indel'ncludes the following items:
terminacy. It remains still difficult to assess whether the

stress redistribution produced by the studied implant isl. the strong contrast between the stiffnesses of bone
beneficial in terms of bone behavior, owing to the lack of  and implant, responsible of a non-natural stress dis-
knowledge of the real mechanical fields which develop tribution in the bone:

in the tooth-PDL-bone system under loading. _ _ _
2. the absence of the periodontal ligament, responsible

keywords: Osseointegrated dental implants; periodon-  of both a non-natural stress distribution and of an
tal ligament; nonlinear finite element analysis. utterly non-natural prosthesis mobility;

3. the existence of threads, frequent in practice, both
1 Introduction at the bone-implant interface and internally (con-
nection screws). Threads act inevitably as a source
of stress concentration, non-natural in the surround-
ing bone as well as very dangerous in terms of life
of the implant itself, a mechanical part subjected
to repeated cyclic loading (see for instance Genna,
2003);

This work is motivated by the observation that, in a
purely mechanical sense, the commonly adopted designs
of fixed, osseointegrated dental implants appear to be
quite poor. By this we do not intend to challenge the
clinical success of such designs (difficult to quantify with
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The primary responsible for the large difference betweshown both by the mobility curves reported for instance
the behavior of a healthy tooth-PDL-bone system aimiParfitt (1960), and by the experimental work done by
one including an osseointegrated implant is the absenBaJph (1982), Pini (1999) and Pini et al. (2000).

in the latter, of the PDL. Indeed, the concept of intr@on|y the IMZ idea has produced widespread clinical ap-
ducing a “soft” component into the design of a dentgjications. Nevertheless, the particular geometry of such
implant, to somehow compensate for the absence of figesign makes it appealing more for stresping than
PDL, is not new. Rieger et al. (1989) propose the Ug stress redistribution purposes. The promising results
of a “soft” implant altogether, in order to minimize thgyptained in terms of stress distribution in Richter et al.
stresses in the bone. Buser et al. (1990) have explo{€d90) are based on a completely wrong numerical model
experimentally the possibility of inserting an implant dipyt, most importantly, are obtained by defining the exter-
rectly into a retained apical root tissue, in such a way g actions on the implant as a prescribed displacement,
to maintain the PDL around the root and possibly devel@ghich clearly overemphasizes the effect of the IMZ de-
new cementum and new connective tissue fibers arowigh as noted also in Brunski (1992)If one applies a
the implant. The design of an implant including a stresgyrce on a IMZ implant, such as done, for instance, in
absorbing, non-void element inside the fixture structupgyimes et al. (1992), one finds very little difference in
has been studied, at a very simple numerical level, fy stress state computed around the implant, specially
van Rossen et al. (1990), but has apparently receivedilitthe case of purely axial loading, with respect to that
tle further attention. The use of a so-called “intra-mobil(g)mputed for a standard design. The only obvious advan-
element”, made of soft material, placed between fixtutgye of the IMZ implant is the improved mobility, which

and abutment, is the recipe of the IMZ implants, studigfakes it appealing as a support for implants partially sup-
by several authors (Richter et al., 1990; Holmes et glorted by natural teeth.

1992; Lill et al., 1988, among others) and used in prag- | lem is that for all th | h h-
tice. Mejier et al. (1995) analyze a design including general problemis thatfor all these analyses the touc

f laced at the interf bet b q Sone is missing, i.e., the desired optimal (i.e., very sim-
SOt layer placed at the Ihtertace between on“e and I 1o the real one around a healthy tooth) stress distri-
plant. Clift et al. (1995) study the insertion of a “flexibl

. Y : ) ution in the bone. Therefore, even having the possibil-
internal post” in the fixture, an empty space designed.

n . . . . .
RN .ﬁ of performing very refined numerical analyses, it still
such a way as to cause a stress redistribution in the j };v P g very y

) : mains very unclear how the “optimum” implant de-
bone, upon loading (specially transversal), from the N€&f4n should transmit stresses and strains to the jaw bone
of the fixture towards the inner parts of the bone.

around the implant, and any attempt at designing a modi-
All'this effort does not seem to have caused much praged implant, with the purpose of producing an “a priori”
tical effects. We feel there are several reasons, besi@fined stress state, should be considered with great cau-
those connected with clinical, biological, and technologipn, The only feasible alternative appears therefore to try
ical factors, for looking with caution to the results pregg construct an implant resembling as closely as possible

sented in the above-quoted work. No “in vitro” expefihe “natural” configuration, i.e., the tooth-PDL system.

Iment can suppc_Jrf[ a hew !mp_lant design, which, therxla- this purpose the basic idea proposed in van Rossen et
fore, before a clinical application can only be evaluate

b ¢ ical simulati | tof th . (1990) seems the most promising. In this work we
y means ofnumerical simufations. fn most ot the wo Zjdopt precisely such an idea and, starting from a stan-
a

summarized above, the numerical (Finite Element) mo rd implant design (threaded fixture, connection screw

?IS adqpted are tyv_o-dmensmnal, based on the assumiRg abutment), we propose a prototype modified design,
tion of linear elasticity for all components; they are ther

fore inadequate both in terms of geometry (see. for ?A'/hose novelty consists in the inclusion within the fix-
. : ure of a soft layer made by a material resembling as
stance, Corradi and Genna, 2003) and of material mod- y y g

eling. The real behavior of the PDL, which the “soft”
ComponaﬂsShonobmouﬁyrepmﬂucetobnngthennJFBMD”h”mmg”@““sﬁﬁyacma“mwwwrmeamm”Ona
lant closer to optimality. is in fact nonlinear viscoelastic single tooth/prosthesis, deriving from the masticatory force exerted
P . P _y’_ . " by the jaw muscles, is more aforce or a displacement (this depends
In particular, the nonlinearity of the stress-strain curve ofgp, the stiffness of all the parts involved in such a process: it would

the PDL, even for short-term loading, is very strong, asbe quite an important task, albeit difficult, to try and quantify this
aspect).
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closely as possible the PDL. We study numerically, ihe purely mechanical aspects implied by the presence
means of 3—-D, nonlinear Finite Element analyses, the ef-such a device. Several other extremely important top-
fect of several load types on the stress state both in ibe will not be considered here, most notably (i) biolog-
implant and in the surrounding bone. Particular atteital/biocompatibility aspects; (ii) viscous effects or, in
tion is given to the choice and description of the materigkeneral, long-term loading effects; (iii) dynamic effects,
to be used for the internal soft layer acting as a stres#giose analysis would require, as an essential factor, the
absorbing/redistributing device. damping properties of the PDL-like layer, very difficult

The choice of such a material should be guided by af/assess; (iv) technological problems.

available data concerning the mechanical behavior of tlhés also important to make it clear that in this work
PDL. The lack of such data has so far led to try and studie do not suggest a specific material to be used for the
the PDL, in numerical models, adliaear elastic mate- stress-absorbing internal layer (some possible ideas will
rial with suitably chosen elastic moduli. At the light ofbe given, however, in the sequel), but we vaksume to

the strong nonlinearity of the PDL behavior, such an idésve available a material whose mechanical, short-term
appears difficult to apply, as proved by the informatiobehavior is essentially analogous to that experimentally
given in Rees and Jacobsen (1997), that literature valmesasured for bovine PDL.

for Young’s modulus of the PDL range from 0.07 to 175@)ny a single, freestanding implant will be studied, even
MPa — a clear indication of inadequacy of the linegf as obvious, and pointed out by several authors, one of
elasticity assumption. In the same paper the indicatigit most beneficial effects of a correctly designed intra-
can also be found that the PDL should be treated as@agpile element of any shape would be noted in the case
incompressible or almost incompressible material, withg prostheses partially supported by natural teeth. This
suggested Poisson's ratio usually greater than 0.45. Oghjse requires, in our opinion, a careful analysis in itself,
few authors (Andersen et al., 1991; Williams and Edjnce, in the case of multiply supported prostheses, a sin-
mundson, 1984) leave space for different assumptionsgle supporting fixture could be subjected to loads which
Very few experimental results are available concerniggn hardly appear on a freestanding implant, such as
the mechanical behavior of human PDL. One of theparely tensile axial ones. This issue is outside the scope
is given in Ralph (1982), but only in terms of forceof the present work and is the subject, together with oth-
displacement curves, with a tensile strength found at ars, among those quoted above, of work in progress.
average of 2.4 MPa. More information is given in recent
work by Pini (1999) and Pini et al. (2000), which de-
scribes the results of experiments performedbovine
PDL. Uniaxial stress-strain curves are reported, both for

tension/compression and shear tests. These results ¢ re 1 shows a section of the Finite Element model
firm the qualitative observations which can be deducgffie stygied modified implant. The modification, with
from the earlier experiments of Parfitt (1960) and Ral%spect to a standard implant design, is the thin layer
(1982), and indicate f[hat even .for short-t_erm loading ”@hown in dark blue in Figure 1), whose minimum thick-
PDL behaves as a highly nonlinear medium. Moreovey, o i of about 0.2 mm, made of a material matching as
there is a strong suggestion that the PDL should be C%sely as possible the behavior of the PDL and, at the

sidered as a compressible material, even if the same guk,q time, having enough strength to survive the applied
thor furnishes, in this respect, contradictory mformatlo&temal actions for several millions of cycles.

(Pini, 1999; Natali et al, 2000)'_ _As starting data, for the choice of such a material, we
Here we study the effect of an internal layer of a nonlifg, e sed the experimental curves, obtained for bovine
ear “PDL-like” material, defining its properties in such BDL, given in Pini (1999) and Pini et al. (2000). Two
way as to match typical experimental stress-strain CUNgs1, crves, giving the uniaxial tension/compression and
among those reported in Pini (1999) and Pini et alpear gtress-strain behavior, respectively, are shown in
(2000). This work is only a first approach to the studiq ;re 2. The mathematical modeling of the behavior de-
of a modified implant containing @onlinear SWess- uipaq by the curves of Figure 2 is a very difficult task,
absorbing element, and it is aimed only at highlightingqiaj1y in a continuum, three-dimensional context. In

Geometry, Materials, and Loading of the Modi-
fied Implant
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Figure 1: Sectioned view of the modified implant de- &
sign. In the standard design the internal layer (in dark & os
blue) is absent. %
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=
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fact, Gei etal. (2002) have proposed to simulate the pres ~ ~>°
ence of the PDL in healthy teeth by meansmigrface
finite elements. In this paper we are interested indetail: %5 o0 o5 10
of the stress state also inside the PDL-like layer, and, a Green—Lagrange strain [-]
a consequence, we must model it by means of contin- (a)
uum finite elements, requiring a continuum constitutive Shear test
model. Previous work based on the same experiment: o Puni e al (0000

results proposes either the use of an ad-hoc defined h
perelasticity law (Pini, 1999; Pietrzak, 1997; Pietrzak et
al., 1998) or, more simply, the use of the Ogden hyper:
elastic, incompressible constitutive model (Natali et al., gg
2000).

In this work we have used a hyperelastic constitutive lawE

: L : . =
allowing for compressibility of the material. This has &
been done both on the basis of the conclusions reached g o
Pini (1999), and to avoid the inevitable numerical prob- &
lems arising when straining too much a thin layer of in-
compressible material. We have used the compressib
hyperelasticity model of StakKers (1986), based on the
following equations.

Denoting withF the deformation gradient (we use here a

standard continuum mechanics symbology, explained it 0.0 - - - : - -
. : . o 0.00 0.10 0.20 0.30

detail, for instance, in Malvern, 1969), withits deter- Shear sifan [

minant, withB the symmetric left Cauchy—Green defor- (b)

mation tensor Figure 2 : Experimental uniaxial stress-strain behavior
. of bovine periodontal ligament (from Pini, 1999; Pini et
B=FF (1) al., 2000): (a) tension/compression; (b) pure shear.

(the symbol denotes the matrix transposition operation),
with 11 andl, the first two invariants of tensd, defined
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as With these numerical values of the parameters the
1 Stordkers hyperelastic model becomes unstable (and
1 =tr[B]; l2= > (If —tr[BB]) (2) therefore amenable to yield multiplicity of solutions or

no solution at all) for deviatoric nominal strains of the

(the symboltr[-] indicates the trace of a tensor, i.e., th@fder of 0.1 and volumetric nominal strains of the order
sum of its diagonal terms), this model assumes the e unity: FhIS is a warning about its practical applicability
tence of a strain energy potentidlof the form over a wide range of loads.

The other parts of the implant are made by either pure
U= U(ly,12,J) (3) grade 3 titanium or titanium alloy (Ti-6Al-4V), charac-

_ _ _ terized by the following material parameters, obtained in
from which the Cauchy stresss obtained as follows: oy Japoratory from uniaxial tension tests:

2 ou ou ou ou e grade 3 titanium: Young's modulus = 106000
T=-DEV||{=—+I11— |B—=—BB| + —1I 4 . .

J [<6I1 h 6I2> ol ] " 0J @) MPa; Poisson’s modulus= 0.31, yield stresgry =
242 MPa; tensile strengthy = 1045 MPa; uniaxial

where the symbol DEY] indicates the deviatoric part plastic strain at failure? = 0.025:

of its argument, andl is the unit tensor. The Stakers

model assumes a strain energy functitindefined in  © titanium alloy Ti-6Al-4V: Young's modulusE =

terms of principal stretchek, ;11 as follows (neglect- 114000 MPa; Poisson’s modulus= 0.31; yield

ing thermal effects): stressoy = 852 MPa,; tensile strengttip = 939
MPa; uniaxial plastic strain at failui] = 0.045.

N2Wl o o o sa 1 : , :
U= Zl—% [Af" FAN AT =34+ S (3P 1) (5) We modeled these materials as elastic-plastic, governed
=1 i B by a hardening von Mises yield criterion. In defining the
wherea; and i are N parameters, depending on thinternal friction between the various contact surfaces we

material choice, which must be determined from expdlave used a friction coefficiept= 0.40 as suggested in
iments. The further material paramefgiis related to Sakaguchl_and Borgersen (1995)._The interface between
Poisson’s ratio by the following relation: bone apd implant has been considered fully osseointe-
grated, i.e., the two surfaces have been modeled as fully
B ©) connected to each other.
1+20 Figure 3 shows the complete numerical model of the jaw-
implant system. This model, despite its complexity (due
to its own geometry, the nonlinearity of materials, the ex-
There is no need here to go into more details of thistence of unilateral contact with friction, different length
model, available in the library of the Finite Element codgcales, etc.), is still quite crude. Its main approximations
ABAQUS (Hibbitt et al., 2001). The calculation of itsconsist in the boundary conditions (the lateral edges of
parameters has been done by prescribing a best fit W{B pone are fully fixed) and in the lack of simulation
the experimental uniaxial curves of Figure 2; to obtaing¥ ejther the teeth adjacent to the implant or their alve-
solution of this best fit problem we had to stopNe=3 ¢, Corradi and Genna (2003) have discussed the signif-
terms in the sum of eq. (5), and the corresponding Raance of these and other assumptions; since we are here
rameter values are the following: interested essentially in the comparison of the stress state
around the implant arising from two implant designs, we
a1=7.904;  02=1528;  0oz=-57 have not pursued the goal of defining a really “good”
= —0.08838;  pp =0.2394; M3 = —0.05693  model. It is important, however, to recall that the lack of
v=0.35 modeling of adjacent teeth/alveoli undoubtedly reduces
the validity, in an absolute sense, of the results presented
Note that, in order to match the experimental curves iof the following Section, even if they should definitely
Figure 2, the material, governed by the $iafs model be significant in terms of comparison between the two
and assumed to be isotropic, is definitely compressiblalesigns examined.

in whichv — 0.5 impliesf — oo.
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that (i) the axial load value is quite high for a single im-
plant, and is used here essentially to highlight the be-
havior of the studied system under limit conditions; (ii)
likewise, the accompanying transversal action of case 3,
equal to one half of the axial one, thus corresponding to
a resultant force inclined by 3Grom the axis of the im-
plant, is an extreme case. In particular, it appears to be
almost impossible to have such high forces — specially
this transversal component — on a single freestanding
implant replacing an incisor; again, these actions have
been chosen as limit conditions; (iii) the intensity of the
purely transversal load defined by condition 2 above, on
the contrary, should represent, according to several au-
thors (forinstance, Brunski, 1992), a reasonable value for
Figure 3: External view of the full Finite Element meshsuch an action. Note also that the use of a force type load-
of the implant inserted in a model of a portion of the javwing conditionis expected to produce differences, between

the standard and the modified implant designs, smaller

than those caused by a mixed or a pure displacement one;
n@,us, the results presented in the next Section must be
“conservative”.

We have used the following material data for the bo _
considered as isotropic linear and elastic (from Meijer 8pnsidered as
al., 1995): All the above-listed loading conditions are applied after
a first loading step in which the tightening of the inter-
e cortical bone: Young’s modulug = 13700 MPa; nhal screw is prescribed. This preloading is here simu-
Poisson’s coefficient = 0.3; lated by applying, inside the screw, a self-equilibrated,
axial tension stress of about 500 MPa, corresponding, for
e spongious bone: Young’'s moduléis= 1370 MPa; the studied screw type (M2), to a tightening torque of 30
Poisson’s coefficient = 0.3. Ncm.
All these loads are defined as short-term static load-
The model of Figure 3 has been discretized into 995¢y. No dynamic effects are taken into account, even if
4—noded tetrahedra, for a total number of 23909 nodegeir analysis, in the presence of a stress-absorbing layer,
The total number of unknowns, including Lagrangewould be quite interesting. No viscous effects, essential,

multipliers arising from the unilateral contact descriffor instance, in the analysis of orthodontic loads, are con-
tion, amounts to 70560. Such a model has been stdghered either.

?ed under three different loading conditions, all definefihe Finite Element analysis has been performed by
in terms offorces applied on the top of the abutment: means of the commercial code ABAQUS (Hibbitt et al.,
2001), taking into account unilateral contact with fric-
tion and in a regime of large displacements and large
strains. This last option, clearly useless for all the stiff
parts of the system, is forced by the use of the hypere-

3. a combined load whose axial component is eng§tic constitutive law describing the behavior of the in-
to 300 N and transversal component is 150 N. THhernal layer. All the nonlinearities (plasticity, hyperelas-

transversal component, orthogonal to the axis of tHE!Y: contact, large strains) are dealt with by means of
implant, is included in the sagittal plane, directe Newton—Raphson iterative solution scheme, with no

particular care taken for handling possible instabilities
which, however, have had no apparent effect on the anal-
gs reported in the sequel.

1. apurely axial load of 300 N;

2. apurely transversal load of 20 N;

from the lingual to the labial side.

These load values are average values among the huge'v
riety of data available in the literature. It is safe to say
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3 Finite Element Analysis Results The subsequent Figures (5, 6, and 7) show the stress state
in the bone surrounding the implant, always in terms of

The results described in this Section refer to the comp&comparison of von Mises stress contours between the

ison of the mechanical fields arising both in the implaf{’C designs. These Figures do not show the effect of the
and in the bone, under loading, between the basic and igtening of the screw alone, but, in this respect, it suf-
modified implant designs. The results are presented §§S 10 say that the inclusion of the PDL-like layer in
contours of von Mises equivalent stresses (a scalar mii Implant design has the effect of practically annihilat-

sure of the “global” stress intensity at a point), all showi9 all the s_elf-eguilibrated stresses_ in the. bone, due_to
in MegaPascals. such an action; in the standard design, this same action

. . . creategermanent stresses whose peak value is of about
Figures 4 concern the implant only, and illustrate the re- 0 MPa

sults of the analyses in an axial section of the implant,

Figures 4a and 4b refer only to the effect of the scréwdUres S refer to a top external view of the model; Fig-
preloading due to its tightening. Figure 4a shows resu{&eS 6 10 a section of the model with a sagittal plane and
for the standard design, and Figure 4b the correspondfrigUres 7 to a section of the model with a frontal plane
ones for the modified design. The effect of the soft ifONtaining the implant axis, and orthogonal to the pre-
ternal layer is of substantially relieving the stresses in tf&us one. All the Figures refer only to the transversal
screw, at the price of somewhat increasing the stres@8d the mixed loading conditions, i.e., those creating the
in the internal part of the fixture. This part, however, i@rgestdlfferences between the two designs.

not much more stressed than in the standard design; niétéhe case of the axial loading condition, in fact, the
that there is also the possibility, if deemed necessary,sifess state in the bone is scarcely altered by the pres-
using a material with a higher strength than the gradeeBce of the internal layer; the peak stress is of about 130
titanium considered here, since the internal part of tMPa in both designs, in the top surface of the cortical
fixture does not contact the bone, and, therefore, it H@ne, caused by the threads. This substantial insensitiv-
no requisites of good osseointegration (even if, from tlify of the peak stresses in the jaw bone to the presence of

corrosionistic viewpoint, bimetallism might be a disac@ stress-absorbing/redistributing deviaeder purely ax-
vantage). In any event, the peak stress of about 500 MBdoading conditions, has been noted by several authors
is within the working range of the material. The externéfor instance, Clift et al., 1995; van Rossen et al., 1990,
part of the fixture, connected to the bone, is practica®c.)-

unloaded, which is not the case with the standard desiguith reference to the results displayed in Figures 5 to 7

Figures 4c (standard design) and 4d (modified desighg following points are worth a comment:

refer to the axial loading condition. The situation for the
screw is practically unchanged with respect to the previ- 4
ous loading condition; it is apparent that, despite a mod-
erate increase of the stress in the internal part of the fix-
ture (from 400 to 500 MPa), the modified fixture design
is able to withstand this load. The same comments ap-
ply to the results for the remaining loading cases (purely
transversal and mixed), not shown for the sake of brevity.

The addition of the soft layer within the fixture causes a
reduction by a factor of 2 of the magnitude of the plas-
tic strains (from 0.005 to 0.0025) in the first two loading
conditions, and an increase by the same amount (from
0.025 to 0.045) for the third one. These plastic strains
are localized close to the threads of the connection screw,
and are to be looked with some attention even in the stan-
dard design, since they might be the cause of low-cycle
fatigue in these parts (Genna, 2003).

in the case of the purely transversal load the effect of
the internal layer is quite significant. The maximum
stress in the bone is reduced, by the presence of the
internal layer, from about 90 to about 30 MPa, and
all the other stress peaks associated to the standard
design are likewise greatly reduced. For instance,
the maximum stresses in the spongious bone are cut
from 6.5 to 1 MPa. There are probably two rea-
sons for this large difference, also with respect to the
first loading condition: one is the increased static in-
determinacy of the considered geometry, under the
transversal loading condition, with respect to the
purely axial one; a second is the wholly different
stiffness exhibited by the PDL-like layer material
under the low transversal load, with respect to that
mobilized by the high axial load;
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Figure 4 : Comparison of von Mises stress contours in an axial section of the implant for the standard and modified
implant designs. (a, c) refer to the standard design; (b, d) to the modified design. (a, b) are for the internal screw
preloading case only; (c, d) for the axial loading condition.
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+g -
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+0.000e+00

000e+00

Vert. load 300 N +
transv. load 150 N

Standard design

Vert. load 300 N +
transv. load 150 N

Modified design

() (d)
Figure 5: Comparison of von Mises stress contours in a top view of the jaw bone, for the standard and modified
implant designs. (a, ¢) refer to the standard design; (b, d) to the modified design. (a, b) are for the transversal loading

condition; (c, d) for the mixed (axial + transversal) loading condition.
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+1.875e+01

-667et0l

Transversal load 20 N
Modified design

+0.000a+00 +0.0002+00

(@) (b)

8, Mises
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transv, load 150 N
Standard design
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transv. load 150 N

Modified design

667e+01
+1.250a+01
+8,333a+00
+4.167a+00

+0.0002+00 +0.000a+00

(c) (d)
Figure 6 : Comparison of von Mises stress contours in a section of the jaw bone with the sagittal plane, for the
standard and modified implant designs. (a, ¢) refer to the standard design; (b, d) to the modified design. (a, b) are
for the transversal loading condition; (c, d) for the mixed (axial + transversal) loading condition.
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. +5.000a+
R rE T Standard design +4.583e+01 - .
+3.750e+01 +4.1672+01 Modified design
+3.333e+01 +3.750a+01
+2.917a+01 +31333a+01
+2.500a+01 12:817er01
Rt +2.0832+01
+1.250a+01 +1.667a+01
+8,333et00 +1.250a+01
4.1672+00 +B.313e+0D
10,0008 +4.167a+00
pPARa Y +0.0002+00

(c) (d)
Figure 7 : Comparison of von Mises stress contours in a section of the jaw bone with a vertical plane orthogonal
to the sagittal plane, for the standard and modified implant designs. (a, c) refer to the standard design; (b, d) to the
modified design. (a, b) are for the transversal loading condition; (c, d) for the mixed (axial + transversal) loading
condition
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¢ for the third loading condition the differences be4 Discussion and Open Problems
tween the two designs are still remarkable. The

presence of the internal layer causes (i) a different

shape of the stress contours in the top surface of e dW_'Sh ttr? blggfll_y comrlpent ablou;[. the sollgmflcanceﬂof
cortical bone (Figures 5¢ and 5d) and (ii) a doublin udying the as a finear elastic mediim, as often

of the stress peak in the top threads of the bo und in the apparently scarce literature devoted to this

which goes from about 230 to 485 MPa. Also th Sue (see also, for further references, the review paper
stress distribution inside the cortical bone is differ?Y Mackerle, 1998). Beside the analyses discussed in the

ent in the two situations. On the contrary, in th revious Section, we have also tried to study the effect of

spongious bone the peak von Mises stress goes frb internal layer in the modified implant design by treat-

: . Ing it as linear elastic, using, for its Young’s modulus, the
about 9 MPa, in the case of the standard implant, ¥ : ! o
P valueE =50 MPa. Rees and Jacobsen (1997) suggest this

about 5 MPa in the presence of the internal layer; , . .
ealue, for Young's modulus of the PDL, in order to obtain

these peaks occur close to the neck of the fixture’ . : :
but high stress values exist also at its bottom paﬁ.gOOd match with experimental results for tooth mobil-

In the case of the modified design a further peéW't#S'n?] a z_gt n_umderl_ca!l mloo‘l‘el, Zr,],d n?ti thaj[ oth;r
of stress occurs, in the spongious bone, also in tfEtNOrs have obtained similarly “good: matches, in a o=

middle portion of the threads, an indication of stre%% context, ”by using: = 40 M_Pa. Itis obvious that the
redistribution absent in the standard design. goodness” of such a match, in the presence of a strongly
nonlinear behavior, depends on the loading level, and that

it is therefore a fictitious goodness.

The results obtained by our linear elastic modeling of the
It is interesting to observe that, in the presence of the it layer (not illustrated here for the sake of brevity) are
ternal layer, the peak stresses in the bone around the ¥@mjficantly different from those described in the previ-
plant tend tancrease, under high loads, with respect tagys Section, obtained adopting a nonlinear model. The

those computed in the case of a standard design. A siglyest differences appear for the transversal loading con-
ilar tendency has been found also in Gei et al. (2008)tion, under a “small” load.

in the analysis of a healthy tooth-PDL-bone system ugy, . paper by Rees and Jacobsen (1997) quotes experi-
der axial and transversal loading, comparing models w

. i ental results obtained by applying either a transversal
and without the PDL. The presence of the PDL, simy y applying

lated as a nonlinear interface whose behavior is that ﬁ-ad of 2.5 N or an axial load of 20 N. These are low
L load levels, expected to make the PDL work in a small
lustrated in Figure 2, seems to cause exactly the sam

: . : : Bain regime, where it has an extremely low stiffness;
effects, in the jaw bone, as those illustrated here in ter

. ) : ) s surprising that, in order to match the experimen-
of comparison between two differentimplant designs. tal displacement values, they need such a high value for
In the internal layer itself, under the worst loading condifroungvs modulus as 40 or 50 MPa. Indeed, if one com-
tion (the rather extreme mixed one) the highest von Misggtes the tangent longitudinal stifiness of bovine PDL,
stress is of about 10 MPa, whereas, under the other loags numerically differentiating the experimental results
the peak stress is of about 3.5 MPa and 4 MPa (axial ajidigure 2a, one can see that the peak tangent modulus
transversal, respectively). These values are of the sapgfie never exceeds 25 MPa, both in tension and in com-
order of magnitude as those expected in reality withi}ession (Figure 8). The vall= 50 MPa for the PDL
the PDL seen as a continuum material, considering thattherefore overstiff (not to speak of values like 1750
according to the results of both Ralph (1982) and PiRjpa found in the literature, according to Rees and Ja-
(1999), the tensile strength of the PDL is of about 2&psen, 1997); it seems reasonable to ascribe to the 2-D,
MPa (see also Figure 2). plane strain numerical model used in Rees and Jacobsen
Finally, we point out that, as expected, the global m¢1997) the cause of this apparent contradiction (unless
bility curves obtained for the modified implant desigthe bovine PDL is much less stiff than the human one,
match reasonably well, at least qualitatively, the experitich seems doubtful). We could not get access to the
mental ones for teeth reported in Parfitt (1960) and Brupaper quoted in Rees and Jacobsen (1997), which sug-
ski (1992). gests the valu& = 40 MPa for the PDL Young's mod-
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Uniaxial tension/compression behavior Once agreed about the stiffness requirements — the
Tangent Young modulus material should somehow follow the same stress-strain
curve as the real PDL — a first necessity is that the in-
ternal layer, in a design like that of Figure 1, be made
of a material capable to transmit tensile tractions at its
interfaces. This is evident both from the results of the
analyses illustrated in the previous Section, and from the
consideration that, in the case of a multiple implant pros-
thesis, a single fixture could be subjected to purely ax-
ial tensile loads. A second necessity concerns the stress-
carrying capacity of this material, which must be appre-
ciable. The maximum von Mises stress computed here
= in the layer (about 10 MPa, for a quite extreme loading
- ™ Logarithmic swain -] * condition, however) agrees well with the values found in
Figure 8: Tangent longitudinal stiffness for bovine periMeijer (1995) for the peak stresses in a stress-absorbing
odontium, computed numerically from the experimenti@yer interposed between fixture and bone (4 to 7 MPa
results of Pini (1999). for different stress components). Any material chosen
for such a use should be expected to work at these stress
levels for a long time, under repeated loading conditions,
without suffering any damage.

ulus within the context of a 3-D numerical analysis, arfdther requirements should consider also the damping
cannot therefore try and understand how this still higefoperties, essential in the definition of the response un-
value can yield a good match with experimental resultgler dynamic actions. Unfortunately (i) there is absolutely
It thus appears that it is impossible to obtain consi89 indication whatsoever, presently, about the damping
tent results by treating the PDL (or its “equivalent” soff"oPerties of the PDL and (ii) even in the case these were
layer in our prototype implant design) as a linear elastf@OWn. it would be quite a task to match them in an
medium, for any load range and for any load type. Sucﬁglflual material. This aspect is really far from being .
conclusion has been reached also in Gei et al. (2002) V\}'irtﬁctable at the present state of the research, and we will

reference to the numerical analysis of the PDL treated'$d 2dd anything more aboutit here.
an interface. A candidate material, for this application, could be some

Coming back to the mechanical effects of a nonlineﬁillicone’ or siliconic rubber, provided that it guarantees
stress-absorbing element, it is easy to understand, #1999 @dhesion properties with titanium. - There is no
from the results illustrated in Figures 4 to 7, that they af@Cc€ here to treat this aspect in detall,uqut o give a
specially important (i) in the presence of prescribed dig[st indication, we can observe that the “Silastic” sili-

tortions, which cause self-equilibrated stresses; (ii) in tif8"€ used in aesthetic surgery has a stress-strain curve

presence of prescribed displacements (not studied hefg§empling that of Figure 2a, even if its strength in ten-

(iii) for very small loads, when the stiffness of the interS10" IS 100 low (about 5 MPa), and we do not know much
nal layer is most different from that of the surroundin§ther about its long-term mechanical properties under
materials; (iv) in general, in the presence of loading cofCli¢ loading. o _ _

figurations farthest from the statically determined one.A great deal of attention is obviously required when con-

As said in the Introduction, we do not propose, in this p§id€ring the biological aspects, which may prove even
per, a specific material able to reproduce the behaviorBP'e decisive than the mechanical ones in terms of the
PDL and, at the same time, fulfilling all the other requirélho'_Ce of .the materla.ll.. Clgarly, a k_ey issue from the bi-
ments necessary in a fixed dental implant (both techrgggg|caI/b|ocompat|b|I|ty V|ewp0|nt_ is the interface be-
logical/mechanical and biological/clinical). Here we cal{'¢en the PDL-like layer and the internal/external parts
only give some indications, at the light of the foresed® the fixture, which, at least in the prototype design of
requirements, and only from the mechanical viewpoint '9U"€ 1. is exposed to the intra-oral agents and has to

250

=== True (Cauchy) stress

—— Tangent longitudinal stiffness

150

50

True stress; tang. long. stiffness (MPa)
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be either accessible for cleaning or fully impregnable to we are still in early stages of the research in this
such agents. particular field;

Finally, coming back to mechanical/technological as-5 in anv case. under anv load. the presence of a PDL
pects, if one wants to retain the internal screw as a con-" . vy ’ y ’ P L
like internal layer would be extremely beneficial in

nection device between fixture and abutment, one has to the case of prostheses partially suoported by natural
study a means of tightening it without straining the soft teeth. f bp' P y supp y a
internal layer, and of guaranteeing, after the tightening, eeth, Tor obvious reasons.

both appropriate mobility, between the osseointegra . . o
and the upper parts of the fixture, and full contact, unotlzgus’ even without the possibility of quantitatively guar-

all loading conditions, between abutment and fixture. ant_eelng that by using Sl.JCh a device one ml_ght reach an
optimal implant design, it appears that the introduction

of a PDL-like layer would undoubtedly help improving
the basic implant design used nowadays, at least in terms

The analyses illustrated in this paper aim to show that Of the mechanical fields inside the bone.

Several research lines in the directions indicated by these

1. astress-absorbinginternal layer in a fixed dental insenclusions are currently being pursued by this research
plant can be quite effective in terms both of streggoup. Experiments are under way on pig PDL, in a con-
redistribution/absorption and in terms of restoring &olled environment; since the pig denture is more simi-

mobility close to natural, as long as it is designefdr to the human one than the bovine one, we expect to
and studied in such a way as to behave as closelygigain more reliable information than what available so
possible as the human PDL; no assumption of linefar. From the computational viewpoint we have already
elasticity has meaning, in this respect; started to study an efficient way to model the effect of the

) ] o resence of the PDL on the stress state and the mobility in

2. in the case of a single, freestanding implant, Sgﬁéalthy teeth (Gei et al., 2002), but this approach, based
jected to external forces, the effect of such an igy, yhe yse of an interface finite element, does not allow
ternal layer, in terms of stress diffusion in the bong,q 14 49 into details of the stress state into the PDL it-
surrounding the fixture, depends on several aspeiSy - \jore understanding of this should come from the
and is expected to be maximum for transversglye|opment of a micromechanical model of the PDL,

loads, and minimum, if not negligible at all, undef, j,qrance based on nonlinear beam theory, whose de-
purely axial loads; velopment is currently under way (preliminary results in

3. the effect of a layer with a stiffness much differE€reimuter, 2001).

ent from that of the surrounding parts is particu- o
larly important in the presence of self-equilibratefcknowledgement:  Work done within the research

stresses, and, therefore, is expected to help to sigRfeject “Criteri di progetto per impianti dentali ottimiz-

icantly reduce both the axial stress in the connectié@t Mspetto alla stabikt biomeccanica dell'interfaccia

screw caused by its tightening and the self-stres@i$0-impianto”, financed by the ltalian Ministry of Ed-

induced by geometric misfits; ucation, University, and Research (MIUR).

The Finite Element code ABAQUS has been run at the

4. even if the results shown here confirm that the prgSepartment of Civil Engineering, University of Brescia,

ence of an internal PDL-like layer alters signifiynder an academic license.

cantly the stress state in the jaw bone, it still re-

mains very d|ff|(_:ult_ to.e_lssess if s_uch alterations AR terences

good or bad (or insignificant), until a thorough un-

derstanding of the real stress state existing arounédadersen K. L., Mortensen H. T., Pedersen E. H.,

healthy tooth, under all possible loading conditiond/elsen B. (1991), Determination of stress levels and

is reached. In this respect refined Finite Elemeptofiles in the periodontal ligament by means of an im-

analyses, taking into account both a realistic geomproved three-dimensional finite element model for var-

etry and a realistic material description, will helpious types of orthodontic and natural force systenis.

5 Conclusions
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