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During
evolution,
tooth
morphology developed to process food with minimal energy
and ensure that induced
stresses are optimally absorbed
by the teeth, periodontal ligament, and bone.1-7 Implantsupported restorations have
been used extensively to replace
lost teeth,3-10 with long-term
success rates reported to be
between 90% and 100% after
10-year follow-up.4 However,
the prevalence of peri-implant
mucositis has reported to
range from 19% to 65% and
peri-implantitis from 1% to
47%.5 Peri-implantitis is an
inﬂammation associated with
severe bone loss that leads to
implant loss.6,11-14 Three of 5
patients
with
implantsupported maxillary overdentures have been reported to
experience peri-implant mucositis,
and
peri-implantitis

ABSTRACT
Statement of problem. When implants are applied to restore oral function, the masticatory load on
the crown will lead to stress development in all parts of the crown-abutment-implant-bone system.
An optimal design of the whole system will be important for sustained function.
Purpose. The purpose of this 3-dimensional (3D) ﬁnite element analysis (FEA) study was to evaluate
the inﬂuence of the root-analog implant (RAI) design in molar rehabilitation and bone type.
Material and methods. Twelve 3D models of single posterior implant-supported restorations were
created according to the zirconia implant design (monotype, 2-piece, or RAI) and bone type (D1, D2, D3,
and D4, according to the Misch classiﬁcation). The models were composed of cortical bone, cancellous
bone, implant, cement layers, and a monolithic ceramic crown. For the 2-piece zirconia implant model,
the titanium base, prosthetic screw, and framework were also designed. All materials were assumed to
behave elastically throughout the entire analysis. The bone was ﬁxed, and an axial loading of 600 N was
applied to the contacts on the occlusal surface of the crowns. Results for the crown and implant were
obtained in maximum principal stress, as well as the von Mises stress for the model and bone microstrain.
Results. High stress concentration was observed at the intaglio surface of the crowns near the
loading region. Regardless of the design, the stress trend in the implant was similar, increasing
proportionally to the bone type (D1>D2>D3>D4). RAI showed a homogeneous stress ﬁeld near
the values calculated for the conventional designs, but with lower magnitudes. The 2-piece
zirconia model showed the highest stress magnitude regardless of the bone type and, therefore,
the highest failure risk. All models showed a higher strain in the cortical bone than in the
cancellous bone, located predominantly in the cervical region. A strain analysis showed that
both conventional implant models presented similar behavior for D1 and D2 bone types, with an
increasing difference for D3 and D4. RAI showed the lowest strain regardless of the bone type.
Conclusions. Root-analog zirconia implants present a promising biomechanical behavior for
dissipating the masticatory load in comparison with conventional screw-shaped implants. (J Prosthet Dent 2022;-:---)
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Clinical Implications
The suitable stress distribution of zirconia rootanalog implants, in all bone types, suggests that this
implant option might be appropriate for the
replacement of molars.

occurred in 1 of 5 patients after 10 years 15 Therefore,
complications are to be expected when considering periimplant tissue stability. After 18 years, the type of prosthesis was identiﬁed as a risk factor for the development of a
peri-implant disease, as well as a history of peri-implantitis
and unfavorable load distribution.16 In addition, implantretained removable prostheses were associated with more
bone loss than other implant-supported prostheses.16
Because of the popularity of dental implants, even a
low incidence of peri-implantitis would greatly affect oral
care budgets.6 While the peri-implantitis etiology is still
not clear, the lack of a periodontal ligament and the
shape of the implant suggest that stress formation at the
implant-bone interface may play a role.3-6 Mechanical
stress loaded to bone is associated with remodeling and
might result in bone loss around the implant with
overload.7,17,18 Whether contemporary implant designs
are well designed from a biomechanical perspective is
unclear,18-28 particularly as the screw type cylinder is
more wedge-shaped than a natural tooth root.
The surface of the implant,28 its macrogeometry,6
prosthetic connection,7 taper,8 thread design,9 loading
direction,10 bone connection,11 and type23 can modify
primary and secondary stability. Implant design has been
optimized in terms of biocompatibility, strength, and
surgical handling.3,13,24-26 Therefore, different designs
emerged, including Scialom needles,24 Garbaccio bicortical implants,25 and Pasqualini universal biphasic
blades,26 until the screw-shaped design popularized by
the Brånemark protocol was adopted.13 Nevertheless,
implants were standardized with a prefabricated design
and not as a patient-speciﬁc appliance.19 Therefore, primary stability in recent extraction sockets can be achieved
by placing an implant larger than the alveolar apex or by
using an implant of greater diameter than the socket
walls.20 Based on the tooth model, root-shaped or rootanalog implants (RAIs) emerged as a treatment alternative to traditional threaded implants.20,21,29,30 RAIs were
ﬁrst described in 1969 and manufactured with polymethacrylate and without osseointegration.31 In 1992,
the concept was reintroduced in titanium alloy and with
the claim that intact sockets offered an optimal environment for implantation.31 However, information
regarding the dissipation of masticatory forces with RAIs
is scarce and controversial. Therefore, how the implant
design could modify the load dissipation through the
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bone is unclear, justifying the present study that helps
develop an implant design with optimal load distribution.
Implant placement should be dependent on a
biomechanical algorithm customized for each patient.32
Understanding how mechanical stresses and strain inﬂuence peri-implant bone loss may suggest that the
tooth model provides a suitable guide for implant design
and may help explain the prevalence of peri-implantitis.14 To investigate how restorations function, different
methodologies have been applied in an attempt to
replicate the complex conditions of the oral
cavity.6,10,13,21,22,33 Finite element analysis (FEA) uses a
mathematical analysis to model restorative systems by
differentiating their mechanical properties and subjecting
them to different evaluation conditions.10,22,27,33 FEA has
been widely used in dentistry to analyze mechanical
behaviors as an indicator of areas where stresses are
concentrated, potential areas of clinical fracture, or areas
that can inﬂuence bone remodeling. Knowledge from
FEA allows the clinical selection of more favorable procedures with improved clinical success.10,11,14,22
This study aimed to analyze the stress distributions
around zirconia implants by comparing a customdesigned RAI with a natural root shape versus a monotype and a 2-piece conventional implant considering
different bone types. The research hypothesis was that
the biomechanical behavior, that is, low stress at the
implant-bone interface, would be optimal with the RAI.
MATERIAL AND METHODS
Three-dimensional (3D) FEA was used to investigate the
biomechanical behavior of different zirconia implants.
The evaluated condition using root-analog implants was
adapted from the workﬂow described by Liu et al21 after
the surgery stage (Fig. 1). The major steps to obtain
custom dental implants were considered in the second
stage of bone maturation, after the healing period, and
with complete osseointegration. The solid bone tissue
was modeled based on a 3D structure of a sectioned jaw,
containing cortical (1.0-mm-thick) and cancellous bone
tissues22 (Fig. 2). Different zirconia implant designs for
replacing a missing molar were created by using a
computer-aided design (CAD) software program (Rhinoceros 5.0; McNeel Europe): 2-piece implant (4.1×10mm implant, Pure Ceramic Implant; Institut Straumann
AG) and zirconia abutment (4.0 mm, PUREbase Abutment; Institut Straumann AG); monotype implant
(4.1×10-mm implant and 4.0-mm abutment height;
PURE Ceramic Implant Monotype; Institut Straumann
AG); and RAI (10 mm in height) (Fig. 3). The monotype
and 2-piece models were exported to the CAD software
program and positioned in the center of the cortical bone
tissue similar to the bone-level implant concept.22 The
RAI model was created based on a human tooth
Tribst et al
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Figure 1. Workﬂow for patient-speciﬁc implants in dental applications adapted from workﬂow described by Liu et al.21 STL, standard tessellation
language.

prepared for a complete crown.33 The bone model was
replicated to receive 1 of the implant designs. A monolithic crown was cemented over the implants with a
similar external anatomy and occlusal shape, with the
intaglio surface adapted according to the adhesive area of
the abutment. All crown models had a minimal thickness
of 1.5 mm at the center of the crown and a layer of 0.1mm-thick resin cement (Fig. 3).
The geometries were imported into a computer-aided
engineering software program (ANSYS 17.2; ANSYS Inc)
as STandard for the Exchange of Product model data
(STEP) ﬁles. The parametric subdivision was created after
the mesh convergence test. Tetrahedral elements with
10% degrees of freedom for convergent values were
applied. The mesh size was based on the maximum von
Mises stress values located at the cervical bone level. The
mesh density parameters were ﬁnally standardized with
element quality deﬁned as 0.81 ±0.92, an aspect ratio of
1.80 ±0.87, an average maximum corner angle of 87.44
degrees, and a skewness average of 0.19 ±0.11. The
inﬂation option of smooth transition was applied between the solids, and the rigid body behavior was standardized as dimensionally reduced. After the meshing
Tribst et al

process, the total number of elements and nodes for
monotype (406 838 and 250 129), 2-piece (429 416 and
238 191), and RAI (357 403 and 188 726) models were
deﬁned. As boundary conditions, the load was deﬁned as
a vector in the direction of the Z-axis with 600-N
magnitude (Fig. 4). All materials were assumed to be
isotropic and linear and to have an elastic behavior and a
homogeneous structure. The contact between the
implant and bone was simulated with complete
osseointegration, and all connections were considered to
have bonded contact. The external surface of the bone
model was ﬁxed in all directions.
The static structure analysis was performed for the
function of 2 constants: elastic modulus and Poisson
ratio. The required data for the assessment were then
determined from the literature and summarized in
Table 1.22,27,32-34 The results of stress magnitude were
calculated according to the von Mises criteria (MPa) for
sectioned models. The maximum principal stress criteria
were used to investigate the tensile stress distribution in
brittle materials (zirconia implants and lithium disilicate
crowns). The microstrain (mε) criteria were used to
investigate the behavior of the cortical and cancellous
THE JOURNAL OF PROSTHETIC DENTISTRY

4

Volume

-

Issue

-

Figure 2. Modeling of jaw volumetric structure with missing molar. A, Edentulous space. B, Cross-section for bone tissue standardization. C, Implant
positioning.

bone tissues. The maximum microstrain values are
shown in Table 2. Bone type identiﬁcation followed the
classiﬁcation described by Misch18 according to the bone
density: dense cortical bone (D1), porous cortical and
coarse cancellous bone (D2), porous cortical bone (thin)
and ﬁne cancellous bone (D3), and ﬁne cancellous bone
(D4). To evidence the effect of the implant design, the
bone strain was calculated based on the Wolff Law and
bone’s structural adaptation to mechanical usage.17
RESULTS
According to von Mises stress (Fig. 5), the RAI design
presented the best stress distribution. A high stress
concentration was observed in a similar trend at the
crown intaglio surface near the loading site at the center
of the models. The fulcrum region of the cervical level of
the cortical bone tissue was also observed. Despite the
similarities, the stress magnitude in the other regions was
visible and differed between distinct implant designs and
bone types.
The stress distribution in the restoration was not
visibly affected by the bone type or implant design
(Fig. 6). Isolating the crown intaglio surface, the tensile
stress area was located near the loading application point
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and coincident to the thinnest area of the ceramic. RAI
showed a lower stress concentration at the restoration
margin. However, for all designs, the highest stress
concentration was coincident with failures starting at the
adhesive interface. In addition, higher stress levels were
observed near the restoration margin for monotype and
2-piece models but with a lower magnitude than at the
center of the crown.
Regardless of the implant, the stress trend was similar
among the models (Fig. 7), increasing proportionally to
the bone type classiﬁcation (D1>D2>D3>D4). The 2piece design showed the highest stress concentration
region, caused by the fulcrum at the abutment joint. RAI
showed a homogeneous and comparable stress ﬁeld near
the stress values calculated for the other designs. However, it showed a new stress concentration area at the
separation of the roots contacting the bone septum
instead of only at the lateral region as in the other
models. This effect was more evident for bone types D3
and D4 when the stress level magnitude increased.
The autoprobe tool from the Mechanical ANSYS
Parametric Design Language (APDL) selected the region
of highest stress magnitude, and stress peaks are summarized in Table 2. For a similar bone, the RAI showed
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Figure 3. Modeling of implant designs according to different conditions. Isometric view: A, monotype zirconia implant; B, 2-piece zirconia implant;
C, root-analog zirconia implant. Section-plane view: D, monotype zirconia implant; E, 2-piece zirconia implant; F, root-analog zirconia implant. Exploded
view of juxtaposed structures: G, monotype zirconia implant; H, 2-piece zirconia implant; I, root-analog zirconia implant.

the lowest stress magnitude. The 2-piece design showed
the highest stress magnitude, regardless of the bone
type, and, therefore, the highest failure risk in comparison to the monotype or root-analog designs. For the
bone tissue mechanical response, all models showed a
higher strain in the cortical bone than in the cancellous
bone, located predominantly at the cervical level.
Figure 8 displayed the 2D view of microstrain contour
lines, showing a less-promising behavior for D4 bone
tissue, regardless of the implant. Strain results (Fig. 9)
showed that both the conventional models presented a
similar behavior for D1 and D2 bone tissues, with
increasing difference as the bone tissue became more
ﬂexible. RAIs showed the lowest strain regardless of the
bone; the strain in D3 and D4 trabecular bone was
Tribst et al

similar to the strain in D1 and D2 when a conventional
implant was used. The peak cortical strain, however, was
below that of the nonanatomic models, suggesting the
absence of lamellar bone modeling. Values of unwanted
alveolar resorption were not calculated for all simulated
conditions.
DISCUSSION
This study evaluated the effect of implant design and the
type of bone contacting implant surfaces on stress formation. From the biomechanical point of view, using a
root-analog design to replace a missing molar properly
dissipated the masticatory load. Therefore, the study’s
hypothesis was accepted.
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Figure 4. A, Model exported to computer-aided engineering software program. B, Fixation support deﬁned at lateral sides of bone tissue. C, Mesh
division after reﬁnement. D, Loading condition applied at occlusal contact points in Z-axis direction.

Table 1. Mechanical properties of materials and structures simulated
Material/Structure

Elastic Modulus (GPa)

Poisson Ratio (v)

Table 2. Stress peaks in implant ﬁxture and in crown according to
implant design and bone type

Titanium13

110

0.3

Implant
Design

Zirconia11

200

0.3

Monotype

Lithium disilicate14
Resin cement12

Bone
Type

Stress in Implant
Fixture (MPa)

Stress in
Crown (MPa)

D1

4.52

65.42

82.3

0.22

D2

12.83

65.41

7

0.28

D3

40.33

65.39

Cortical bone D115

13

0.3

D4

57.20

65.20

Cortical bone D215

13

0.3

D1

8.57

64.89

Cortical bone D315

13

0.3

D2

18.14

64.90

Cortical bone D415

13

2-Piece

0.3

D3

49.54

65.29

Trabecular bone D115

9.5

0.3

D4

62.88

65.28

Trabecular bone D215

5.5

0.3

D1

3.80

64.70

Trabecular bone D315

1.6

0.3

D2

10.71

64.65

Trabecular bone D415

0.69

0.3

D3

34.83

64.59

D4

49.34

64.58

Because of the development of digital dentistry with
computer-aided
design
and
computer-aided
manufacturing and improved medical imaging, the
root-analog design can be used to address speciﬁc
needs.35 Although RAIs require a more complex workﬂow, they can be successfully used to reduce the
discrepancy between the synthetic implanted root and
the individual tooth-extraction socket.36,37 However, the
mechanical impact of this treatment option has not
previously been investigated. The present results suggest
a similar mechanical behavior for the crown but a better
THE JOURNAL OF PROSTHETIC DENTISTRY

Root-analog

prognosis for implant and bone. Because osseointegration is the healing mode when an RAI is inserted in the
tooth socket after immediate extraction, direct contact
between the bone and RAI31 was simulated in the present study.
Most studies have used titanium alloy for root-analog
implants.9,10,29,37 Although considered as a nonallergenic
material, allergic reactions to titanium have been reported.38,39 In addition, expectations regarding esthetics
are growing, making the use of zirconia dental implants a
Tribst et al
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Figure 5. von Mises stress distribution according to different implant designs and bone type. Monotype implant design and bone: A, D1; B, D2; C, D3;
D, D4. Two-piece design and bone: E, D1; F, D2; G, D3; and H, D4. RAI and bone: I, D1; J, D2; K, D3; L, D4.

Tribst et al
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Figure 6. Maximum principal stress (tensile) distribution in crown intaglio surface according to different implant designs and bone type. Monotype
implant design and bone: A, D1; B, D2; C, D3; D, D4. Two-piece design and bone: E, D1; F, D2; G, D3; H, D4. RAI and bone: I, D1; J, D2; K, D3; L, D4.

promising alternative11 with favorable mechanical, biological, and esthetic properties.8 The most common designs for zirconia implants are monotype or 2-piece, with
a shape similar to that of conventional titanium implants
with threads.11 The treatment using a zirconia RAI
immediately after tooth extraction has been reported as
minimally invasive, respecting the underlying anatomy,
saving time and cost, and resulting in improved esthetics
leading to increased acceptance among patients.8 However, this technique is restricted to the atraumatic
extraction of a periodontally sound tooth with adequately
deep sockets, sufﬁcient bone support, and no periapical
pathology.8 This condition was simulated in the present
study.
RAIs showed the lowest stress level between the
evaluated implants, probably because it has a higher
volume and contact area (163.15 mm2) to dissipate the
masticatory load than the other implants (48.08 mm2).
The difference between 2-piece and 1-piece implants was
that the fulcrum and titanium base were acting as a more
ﬂexible joint than the solid structure. This behavior corroborates data from a previous FEA study11 comparing 1piece and 2-piece zirconia implants. A literature review
on RAIs reported that studies with FEA showed that
THE JOURNAL OF PROSTHETIC DENTISTRY

zirconia implants produced higher stress values on
trabecular bone, protecting the cortical bone.40 The authors reported that RAIs had high strain in cancellous
bone and reduced values in cortical bone compared with
the other implants. A 2-year follow-up of RAI
implantation reported an unchanged peri-implant marginal bone level and soft-tissue parameters without
bleeding on probing.40 In addition, the authors stated
that the single-stage implant approach led to early
functional loading, allowing osseointegration while preventing alveolar resorption.8 A 10-year follow-up clinical
report of the ﬁrst posterior RAI manufactured with a Ti6Al-4V alloy and implanted in humans reported that the
RAI maintained dimensional stability of the peri-implant
soft tissues without crestal resorption.9 The authors
attributed the favorable outcome to the perfect match of
the implant structure with the walls of the socket, the
correct patient selection, a good surgical protocol, and the
less-invasive implant insertion technique.9 The present
study complements these ﬁndings because the reported
factors seem to be associated with osseointegration in the
early stage; however, to keep the bone height stable,
optimal distribution of the masticatory load should be
achieved. Therefore, another factor of clinical success is
Tribst et al
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Figure 7. Maximum principal stress (tensile) distribution in implant structure according to different implant designs and bone type. Monotype implant
design and bone: A, D1; B, D2; C, D3; D, D4. Two-piece design and bone: E, D1; F, D2; G, D3; H, D4. RAI and bone: I, D1; J, D2; K, D3; L, D4.

the optimal loading distribution when the implant shape
follows the nature of the roots.
Even if the RAI is not popular because of difﬁculties
in the fabrication process, the dental community
should understand its beneﬁts, including improved
esthetics, function, and mechanical behavior.41 FEA
has been applied to compare the stress ﬁelds of periimplant bone around root-analog and screw-shaped
conventional zirconia implants.42 The study revealed
Tribst et al

that RAIs (with ﬂaps) resulted in better stress distribution in the cortical bone than conventional implants.
Their model was created based on a nonspeciﬁc singlerooted tooth without a crown. Similar to the present
study, the results showed that conventional implants
tended to induce some high-stress areas, evidenced by
the high values of stress for very small volume fractions. In addition, the authors calculated strain values
above 4000 m-strain for implants with threads;
THE JOURNAL OF PROSTHETIC DENTISTRY
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Figure 8. Bone tissue microstrain contour plot exhibiting relationship
between ﬁtted response of bone type and bone tissue mechanical
response.

however, they considered that these results were not
representative.
When comparing RAIs with a natural tooth, the
natural tooth presents the best stress distribution as the
periodontal ligament absorbs the loads placed on the
tooth during mastication and distributes them to the
surrounding bone.41,42 This favorable effect leads to a
more uniform stress distribution in the bone and surrounding structures.42 Because the missing periodontal
ligament cannot be recovered, RAIs can be assumed to
behave almost like an ankylosed tooth, without the
beneﬁts of the periodontal ligament but keeping the
bone shape as it was before the extraction and improving
the load dissipation to the bone.
A follow-up of 31 RAIs reported a survival rate of
94.4% at 18.9 months after the surgery.43 The individual
sensation, at rest or in function, was rated as 89.1%, and
the esthetic perception was evaluated as 91.6%. According to the authors, the inﬂuence of implant and
abutment portion location on marginal bone remodeling
and a more reliable evaluation of the 3D resorption
processes would be of interest.43 The present study
showed the 3D mechanical response of a posterior RAI,
suggesting that, in the future, a mechanical analysis
could be performed before the surgical stage to elucidate
whether an RAI would beneﬁt each patient. Supporting
the use of a mechanical analysis, previous in vitro studies
concluded that stress is a promotional effect of mechanical loading on osteoblast proliferation,44 as well as
THE JOURNAL OF PROSTHETIC DENTISTRY
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Figure 9. Bone microstrain scatterplot according to bone type (D1, D2,
D3, and D4) and monotype (MT), 2-piece (TP), and root-analog (RA)
implant designs.

enhancing osteoclast precursor cells.45 This means that
the load-induced strain is closely related to alveolar
resorption and formation in cortical bone46 and alveolar
bone tissues47 as an effect of the mechanotransduction
phenomenon. Therefore, the bone cell activity related to
alveolar resorption and formation is dependent on the
local strain associated with implant loading48 and could
be beneﬁted by the theoretical analysis of stress and
strain. Limitations of 3D FEA included that all the factors
in the oral medium were not considered, that all crowns
were modeled with an ideal bond strength and adaptation, and that this study simulated a molar tooth with
speciﬁc shape and anatomy. Further studies should
elucidate the effect of different anatomies, bone maturation stages, parafunctional loading, fatigue effect, and
alternative biomaterials.
CONCLUSIONS
Based on the ﬁndings of this 3D FEA study, the following
conclusion was drawn:
1. The biomechanical behavior of the zirconia rootanalog implant (RAI) for molar rehabilitation suggests that it is more promising for masticatory load
dissipation than conventional screw-shaped
implants.
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