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Abstract The aim of this study was to investigate con-
ventionally and early loaded titanium and titanium-zir-
conium alloy implants by three-dimensional finite ele-
ment stress analysis. Three-dimensional model of a dental
implant was created and a thread area was established as
a region of interest in trabecular bone to study a localized
part of the global model with a refined mesh. The peri-
implant tissues around conventionally loaded (model 1)
and early loaded (model 2) implants were implemented and
were used to explore principal stresses, displacement val-
ues, and equivalent strains in the peri-implant region of tita-
nium and titanium-zirconium implants under static load of
300 N with or without 30° inclination applied on top of the
abutment surface. Under axial loading, principal stresses
in both models were comparable for both implants and
models. Under oblique loading, principal stresses around
titanium-zirconium implants were slightly higher in both
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models. Comparable stress magnitudes were observed in
both models. The displacement values and equivalent strain
amplitudes around both implants and models were similar.
Peri-implant bone around titanium and titanium-zirconium
implants experiences similar stress magnitudes coupled
with intraosseous implant displacement values under con-
ventional loading and early loading simulations. Titanium—
zirconium implants have biomechanical outcome compara-
ble to conventional titanium implants under conventional
loading and early loading.

Keywords Early dental implant loading - Titanium -
Titanium—zirconium alloy - Dental implant - Finite element
stress analysis

1 Introduction

Osseointegration has been defined as the presence of struc-
tural and functional bone around a load-carrying implant
[8]. This direct, ankylotic relationship between bone and
implant without intervening connective or fibrous tissue
could be confirmed at the light microscopy and ultrastruc-
tural levels [24, 29]. Osseointegrated dental implants are
widely used for the rehabilitation of edentulous patients
with predictably high success rates in the event certain
preconditions, such as a suitable host, biocompatible mate-
rial, optimum primary stability, careful implant surgery
following a specific and strict protocol, and an appropri-
ate interface healing time, are fulfilled [4]. Of these, load-
ing protocols for implants have been amended to meet
clinical expectations toward shortening the edentulous
period [37]. Accordingly, early loading of titanium rough-
surfaced dental implants placed without advanced surgi-
cal approaches has become a clinical routine. Apart from
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advances in loading protocols, the strength of conventional
titanium implant material has been altered by conversion
into a novel titanium-zirconium (TiZr) alloy lately, origi-
nally to improve the fatigue performance of narrow-diam-
eter implants. The idea behind this approach is to have
narrow-diameter implants presenting similar mechanical
properties with standard diameter titanium implants toward
critical treatment planning. With this, it is assumed to have
less advanced surgical techniques to shorten healing time
and decrease risk of biologic complications as well. The
high-strength TiZr alloy consists of more than 99.6 % tita-
nium and zirconium, mainly in a monophasic a-structure,
with up to 10 % «o/f permitted in the raw material and has
Young’s modulus slightly lower than titanium [6]. While
the TiZr alloy implant has showed higher removal torque
values in an animal study [16], the information regarding
bone-to-implant contact seems inconclusive so far [16, 32].
Therefore, appropriate timing for the functional loading
of TiZr implants remains unclear. Nevertheless, the short-
term effectiveness (up to 24 months) of conventionally,
immediately, and early-loaded TiZr alloy narrow-diameter
implants shows favorable biologic outcome [2, 6, 10].

As a living material, bone is uniquely capable of
responding and adapting to mechanical cues that influence
its size and shape [15, 21]. Therefore, defining the mechan-
ical environment around peri-implant tissues for different
loading protocols and/or implant materials is a gateway
to better understanding the mechanisms of osseointegra-
tion [35]. Owing to demanding nature of animal studies,
numerical simulations have been employed to investi-
gate the biomechanics of orthopedic and dental implants.
Moreover, analysis based on computational simulations are
more capable to reveal additional information compared
to on-site testing with localized predetermined conditions
such as with strain gauges [9]. Individualized finite ele-
ment modeling with or without automatic mesh generation
[34, 36] and implementation of animal/human stress/strain

Fig. 1 Modeled dental implant
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or histomorphometric data [5, 12, 25, 35] have been used
to optimize the resolution and numerical accuracy of finite
element analyses. So far, the time-dependent biomechan-
ics of titanium implants under different loading conditions
has been investigated by numerical analysis [5, 12, 38].
Recently, peri-implant bone remodeling around TiZr alloy
implants with different designs has been evaluated with
time-dependent finite element analyses [13]. The informa-
tion has yet to be expanded for better understanding of bio-
mechanical behavior of TiZr alloy implants. Therefore, the
purpose of this study was to investigate conventionally and
early loaded titanium and TiZr alloy implants by means of
numerical analysis employed at a region of interest.

2 Materials and methods

Numerical models were generated to investigate the peri-
implant mechanical events around conventionally loaded
implants with 12 weeks of interface healing and early
loaded implants after 4 weeks of interface healing. The
loading simulations as well as the bone parameters were
designed and modeled according to the histologic, histo-
metric, and morphometric data around a rough-surfaced
implant presented elsewhere [1, 5, 7].

2.1 Submodeling of a global model

The submodeling procedure described previously has been
followed [3]. In brief, an implant thread with surrounding
trabecular bone tissue was modeled with a refined mesh
based on the solution from a global model of a soft tis-
sue level dental implant dimensions with @ 4.1 x 12 mm
[Regular Neck Standard Plus (043.033S); Institut Strau-
mann, Basel, Switzerland) and its solid abutment (048.541;
Institut Straumann)] with a coarse mesh, where node-based
technique was applied (Fig. 1). Macro-geometry of the
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Fig. 2 Peri-implant area of
model 1. ROI: Elements in
yellow color represent bone
marrow; n-ROI and a-ROI:
Elements in light blue color
represent mature bone (color
figure online)

Fig. 3 Peri-implant area of
model 2. ROI: Elements in yel-
low color represent bone mar-
row; n-ROI: Elements in light
blue color represent mature
bone; a-ROI: Elements in red P
color represent mature bone,
green color represent lamellar
bone, brown color represent

parallel fibered bone, and pur- >

ple color represent woven bone
(color figure online)

implant and integrated abutment surface design was cre-
ated using a 3D CAD design software (Catia V5, 3DS Das-
sault Systemes, Vélizy-Villacoublay, France) according to
the disclosed dimensions on implant transmucosal neck/
intraosseous body parts, thread pitch/angle, and abutment
height/angle at product catalog and information documen-
tations (Institut Straumann). The implant was aligned ver-
tically in the center of a rectangular prism representing
trabecular bone with 1-mm-thick cortical bone. The dis-
placements were derived from the global analyses and used
for the submodel analyses. Two submodels with refined
meshes representing 12 weeks (model 1) and 4 weeks
(model 2) interface healing were modeled for simulation of
conventional and early loading conditions, respectively.

2.2 Peri-implant remodeling of bone

Two regions of interest (ROI) were defined referring to
implant surface: adjacent (a-ROI) and near (n-ROI) in the
peri-implant region. a-ROI was defined to simulate dif-
ferent states of bone—implant interface with a width of
0.25 mm adjacent to implant surface. The remaining area
resting in 0.9-mm-wide peri-implant bone was assumed to
be neighboring constant bone support (n-ROI). Generation
of the trabecular bone and the element selection process for
a-ROIs was based on histomorphometric data in the vicin-
ity of implant thread. The procedure is explained in detail

elsewhere [3]. Mature bone was considered for the ele-
ments at the n-ROIs. Consequently, model 1 and model 2
were associated with different skeletal tissue components at
the a-ROIs [7] (Figs. 2, 3).

2.3 Preprocessing, analyses, and postprocessing

Modeling and analysis/visualization procedures were
carried out using MSC.Marc.Mentat 2003 (MSC Soft-
ware Corporation, Los Angeles, CA, USA) and Abaqus
6.5.1-Abaqus/Viewer (Simulia, Providence, RI), respec-
tively. The global model with a coarse mesh was created
using 3D second-order tetrahedral elements (Abaqus Ele-
ment Library: element type C3D10) with ten nodes, with
25,165 and 41,886 numbers, respectively. Element density
was increased within a mesh convergence analysis, and the
elements numbers mentioned found to be adequate for the
simulations in this study. The element quality was veri-
fied for free of distortion using Abaqus standard element
quality criteria. Then, a 2D finite element mesh generation
was performed for the submodels following an approach
described previously [3]. The material properties of the
materials and tissues implemented are presented in Table 1.
All materials were assumed to be homogenous, isotropic,
and linearly elastic. Either contact or bond relationships
were implemented between the elements in a-ROIs and
the implant surface, based on the peri-implant healing
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state. 3D finite element model conversions were under-
taken by 360° axial rotation of the planar models followed
by visualization and verification of the 3D submodels with
second-order triangular prism and brick elements (Abaqus
Element Library: element type C3D15 and C3D20). An
element quality check was applied to the global model
and the submodels, and no distorted element was detected.
The implants and their loading status were analyzed under
static load of 300 N with or without 30° inclination applied
on top of the abutment surface, where submodel analy-
ses were run separately. The boundary conditions for the
global model were established by fixing the entire rectan-
gular bone prism in all degrees of freedom in -x, -y, and -z
directions and were set far enough from the region of inter-
est, according to Saint-Venant’s principle [33] to minimize
its effect at the bone—implant interface. Submodels used
the displacements from the global analysis as a boundary

Table 1 Material properties utilized in the analyses

Material Young’s modulus  Poisson’s ratio References
(GPa)

Cortical bone/ 22.5 0.3 [26]
mature

Trabecular bone/  2.11 0.3 [28]
woven

Trabecular bone/ 3.8 0.3 [20]
parallel fibered

Trabecular bone/ 6.6 0.3 [22]
lamellar

Trabecular bone/ 13.4 0.3 [26]
mature

Commercially pure 114 0.369 [23]
titanium

Titanium—zirco- 100 0.3 [18]
nium alloy

load seed. Maximum and minimum principal stresses, total
displacement, and equivalent total strain developed at the
elements in the a-ROIs were recorded separately to cal-
culate the mean for each bone type at mid-planar section.
In addition, the highest values at a-ROIs were calculated.
Apart from output scalars, distribution characteristics in the
n-ROIs were also evaluated visually.

3 Results
3.1 Quantification of outputs at a-ROIs

Under axial loading, the minimum and maximum princi-
pal stresses in model 1 and model 2 were similar for both
Ti and TiZr implants. The mean minimum and maximum
principal stresses in model 1 and model 2 were similar, and
the highest maximum principal stresses in model 2 were
slightly higher than those of model 1 (Table 2). Oblique
loading resulted in higher stress fields around both type
of implants in both models. Under oblique loading, the
minimum and maximum principal stresses around TiZr
implants were slightly higher than those around Ti implants
in model 1 and model 2. Comparable stress magnitudes
were observed for model 1 and model 2, although mean
maximum principal stresses were slightly higher in model
2 (Table 3). The mean and highest total displacement val-
ues for Ti and TiZr implants were similar in model 1 and
model 2. The mean total displacement values for TiZr
implants were lower than those for Ti implants in model
1 under axial and oblique loading, although displacement
values for the implants studied were below 1 um. The mean
and highest total displacement values in model 2 were
similar for both Ti and TiZr implants and also to model
1 values. Equivalent strains around TiZr implants were

Table 2 Minimum and maximum principal stresses around model 1 and model 2 under axial loading

Model 1

Model 2

Light blue trabecular ~ Red trabecular Green trabecular

Brown trabecular Purple trabecular Light blue trabecular

Mean Highest Mean Highest Mean Highest Mean Highest Mean Highest ~ Mean Highest
Minimum principal stress
Ti—Zr

—5.13 —17.98 —4.92 —13.28 —1.62 —6.08 —-1.20 —3.06 —1.01 —3.66 —4.76 —17.75
Ti

—4.99  —17.65 —4.84 —13.18 —1.53 —5.91 —-1.10 —2.95 —-0.92 —3.48 —4.59 —17.64
Maximum principal stress
Ti-Zr

3.54 15.61 3.68 12.42 2.07 12.12 1.15 5.46 0.80 5.53 3.41 17.45
Ti

3.57 15.65 3.75 12.51 2.11 12.33 1.20 5.81 0.84 5.79 3.45 17.54
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Table 3 Minimum and maximum principal stresses around model 1 and model 2 under oblique loading

Model 1 Model 2
Light blue trabecular ~ Red trabecular Green trabecular Brown trabecular Purple trabecular Light blue trabecular
Mean Highest Mean Highest Mean Highest Mean Highest Mean Highest  Mean Highest
Minimum principal stress
Ti—Zr

—-8.23 5731 —7.83 —33.18 —3.26 —19.98 —2.53 —13.06 —-1.99 —16.40 —8.18 —57.18
Ti

—7.83  —55.63 —7.49 —33.14 —2.99 —19.03 —2.31 —12.37 —1.80 —15.40 —7.71 —55.50
Maximum principal stress
Ti—Zr

6.35 28.55 6.42 26.93 3.71 17.59 2.45 13.77 1.81 11.19 6.69 28.89
Ti

6.09 27.45 6.17 25.53 3.58 16.95 2.36 12.81 1.75 10.55 6.40 27.80
Table 4 Total displacement and equivalent total strain in model 1 and model 2 under axial loading
Model 1 Model 2

Light blue trabecular ~ Red trabecular Green trabecular

Brown trabecular Purple trabecular Light blue trabecular

Mean Highest Mean Highest Mean Highest Mean Highest = Mean Highest Mean Highest
Total displacement

Ti—Zr

0.00614 0.00898  0.00452  0.00903  0.00399  0.00890  0.00399  0.00898 0.00393  0.00896 0.00700  0.00903
Ti

0.00846 0.00891  0.00865  0.00895  0.00867  0.00884  0.00866  0.00890 0.00865  0.00889 0.00853  0.00895
Equivalent total strain

Ti—Zr

0.00050 0.00130  0.00050  0.00105  0.00043  0.00112  0.00050  0.00105 0.00070  0.00162 0.00047  0.00133
Ti

0.00049 0.00128  0.00049  0.00109  0.00049  0.00107  0.00068  0.00159 0.00043  0.00112 0.00046  0.00131

comparable to Ti implants in both models under axial load-
ing and oblique loading (Tables 4, 5).

3.2 Qualification outputs at n-ROIs

Stress, displacement, and strain distribution in model 1
and model 2 were indistinguishable for both Ti and TiZr
implants under both loading conditions. Under axial and
oblique loading conditions, displacement contour plots
display identical bone deformation for both models and
implant types (Figs. 4, 5).

4 Discussion

The Young’s modulus of the implant material has long been
a topic of research interest in the field of orthopedics and

dentistry. As the elastic modulus of the implant and the
bone are different, stress transfer between an implant and
surrounding bone is not homogeneous. This phenomenon,
defined as stress shielding, might reduce the stimulation
of peri-implant bone tissue and could explain bone atro-
phy and sometimes loosening of hip implants and fracture
of the bone [19]. Concerning dental implants, there has
not been any published evidence of implant failure caused
by stress shielding, although studies on the consequences
of Young’s modulus have been undertaken by numeric
analyses. While Rieger et al. [27] recommended the use
of tapered dental implants with a high Young’s modulus,
Hedia [17] reported that reduction in the Young’s modulus
of the implant could reduce the stresses in the cortical and
trabecular bone by 16 and 15 %, respectively. In an animal
and numerical validation study, Stoppie et al. [30] found
that a titanium-coated high-density polyethylene implant
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Table 5 Total displacement and equivalent total strain in model 1 and model 2 under oblique loading

Model 1 Model 2
Light blue trabecular ~ Red trabecular Green trabecular Brown trabecular Purple trabecular Light blue trabecu-
lar

Mean Highest Mean Highest Mean Highest Mean Highest Mean Highest Mean Highest
Total displacement
Ti-Zr

0.00588 0.01637  0.00436  0.01592  0.00368  0.01524  0.00372  0.01530  0.00366  0.01530  0.00664  0.01637
Ti

0.00806 0.01606  0.00837  0.01563  0.00802  0.01499  0.00811  0.01504  0.00810  0.01504  0.00813  0.01606
Equivalent total strain
Ti—Zr

0.00086 0.00342  0.00084  0.00230  0.00084  0.00242  0.00110  0.00260  0.00152  0.00421  0.00089  0.00344
Ti

0.00082 0.00332  0.00081  0.00229  0.00079  0.00230  0.00103  0.00242  0.00142  0.00396  0.00084  0.00333

with low Young’s modulus (1 GPa) had higher bone mass
in the peri-implant zone after 6 months of loading than
titanium implants, which was attributed to anabolic strains
experienced in peri-implant bone. In the present study,
the Young’s modulus of the TiZr alloy implant (100 GPa)
was slightly lower than the titanium implant (110 GPa),
and this resulted in a stress field comparable to conven-
tional titanium implants. While the effect of this difference
was not observed during axial loading, where comparable
stresses were recorded, the slightly higher compressive
and tensile stresses observed in the periphery of TiZr alloy
implants under conventional and early loading might be
related to relatively lower Young’s modulus of this alloy.
It is unknown whether the slight increase in stresses under
oblique loading would lead to anabolic effects and increase
in bone mass around the periphery of TiZr implants, as
histomorphometric bone-to-implant measurements for con-
ventionally and early loaded TiZr implants has not been
undertaken so far. Concerning the unloaded state, however,
both types of implants show comparable outcomes. Four-
week histomorphometric bone-to-implant contact results
of one study showed comparable outcomes for TiZr and
titanium implants [16], whereas a statistically insignifi-
cant slight delay was observed for TiZr implants in another
animal study [32]. Eser et al. [13] presented similar peri-
implant bone remodeling properties around TiZr implant
under immediate loading conditions in comparison with
Ti implants using computer simulation based on a time-
dependent algorithm. Overall comparably, the outcomes
of the current study suggest that peri-implant stresses and
equivalent strain amplitudes particularly at the vicinity of
TiZr implants experienced under axial and oblique load-
ing are similar to Ti implants under conventional load-
ing and early loading at the focused area. Therefore, in
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interpretation of this outcome for clinical practice, evi-
dence-based loading protocols for titanium dental implants
may be applicable to novel titanium-zirconium alloyed
dental implants [14].

The amount of axial/lateral displacement of a loaded
implant can be influenced by several factors such as its
design and the density of host bone. At the experimental
level, this displacement can be measured directly by dis-
placement sensors or may be predicted means of numeric
analysis. The critical threshold of displacement above
which fibrous encapsulation and failure of the implant
occurs is probably above 150 um [31], as generally inter-
preted, although there is not any sound evidence in the
context or dental implants. In the present study, the only
difference detected in displacement values was that mean
displacement values of TiZr implants were lower than those
for Ti implants in model 1 under axial and oblique loading.
Considering that other displacement values were very close
and all values were below 1 um, the biologic effect of this
difference would be negligible under conventional load-
ing and early loading. In addition, considering the Young’s
modulus of the implants tested, the outcome will also be
negligible, as Stoppie et al. [30] could not establish any cor-
relation with relative micromotion and tissue response to
loaded titanium-coated high-density polyethylene implants
with low Young’s modulus (1 GPa) or titanium implants.
Thus, bone deformation findings around TiZr implants sug-
gest that the overall stiffness of implant—bone complex may
represent similar intraosseous implant stability behavior for
titanium implants [11]. From this aspect, biomechanical
stability of novel titanium—zirconium alloyed implants is
clinically acceptable for functional loading conditions.

Due to increasing difficulties in experimental study
designs both preclinical and clinical, use of in silico
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Fig. 4 Displacements at paral-
lel sides in model 1 for titanium
implant (a and b) and for tita-
nium—zirconium alloy implant
(c and d) under axial loading.
Displacements at parallel sides
in model 2 for titanium implant
(e and f) and for titanium—zir-
conium alloy implant (g and h)
under axial loading
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Fig. 5 Displacements in model
1 for titanium implant under
oblique loading at compression
(a) and tension sides (b) and
for titanium—zirconium alloy
implant at compression (c) and
tension sides (d). Displacements
in model 2 for titanium implant
under oblique loading at com-
pression (e) and tension sides
(f) and for titanium—zirconium
alloy implant at compression (g)
and tension sides (h). Tension
side: side of load application,
compression side: the opposite
side of load application
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approaches has a potential to premise recommendations
on practices. However, the data obtained under such condi-
tions should always be concerned with regard to complex-
ity of living systems. Therefore, outcomes from studies
lacking in internal and/or external verification should be
followed cautiously for correct clinical interpretations.

5 Conclusion

Within the confines of this study, it is predicted that implant
material (conventional titanium vs. titanium-—zirconium
alloy) and the loading state (conventional loading vs. early
loading) leads to comparable biomechanical outcomes.
The new titanium-zirconium alloy with higher mechanical
strength and relatively lower Young’s modulus might show
similar stress/strain fields and intraosseous displacement
values like conventional titanium implants under both con-
ventional loading and early loading conditions.
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