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Stress distribution in angulated bendable
one-piece and two-piece implant-supported
single crowns in the posterior maxilla: a finite
element analysis
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Abstract

Background This finite element analysis compared stress distribution and displacement in the implant-crown
complex and peri-implant bone between angulated bendable one-piece and two-piece implants supporting
posterior maxillary single crowns under standardized modeling conditions.

Methods A three-dimensional finite element model of a maxillary first molar single crown in Misch bone density
category 3 was generated. Two base models representing a bendable one-piece implant and a two-piece angulated
implant system (15°,4.1 X 11.5 mm) were each evaluated with 2 crown materials (monolithic zirconia and lithium
disilicate) and a 0.05-mm cement layer. The bendable one-piece implant was analyzed in its final post-adjustment
geometry. All component interfaces were defined as idealized bonded contacts, and a 100-N oblique load at 30° was
applied to the occlusal surface in a linear static analysis.

Results Implant von Mises stresses were markedly higher in the bendable one-piece models (518-529 MPa) than in
the two-piece angulated models (109-112 MPa), representing an approximately 4.7-times-higher stress level. Cement-
layer stresses ranged from 22 to 29 MPa and were higher in the two-piece configurations. Crown displacement

was approximately two times higher in the two-piece configurations (0.036-0.037 mm) than in the one-piece
configurations (0.018 mm). Peri-implant bone principal stresses were also higher in the one-piece models, whereas
differences between zirconia and lithium disilicate crowns were modest.

Conclusions Within the limitations of this finite element analysis, the two-piece angulated configuration was
associated with lower implant and peri-implant bone stresses than the bendable one-piece configuration, although it
showed higher cement-layer stress and crown displacement. These results represent comparative behavior within an
idealized model.

Keywords Posterior maxilla, One-piece implant, Two-piece implant, Bendable implant, Abutment connection, Finite
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Background

Osseointegrated dental implants are a predictable option
for replacing missing posterior teeth and restoring func-
tion, with evidence consistently demonstrating high long-
term survival for contemporary implant therapy [1-3].
However, predictable survival does not guarantee a uni-
form biologic and mechanical response across all clinical
sites. Clinical success still depends on a balanced inter-
action among implant design, site-specific peri-implant
bone quality, prosthetic configuration, and the direction
and magnitude of functional loading transmitted to peri-
implant tissues. This balance is especially challenging in
the posterior maxilla, where trabecular bone is often less
dense and the cortical shell relatively thin features com-
monly categorized as D3—-D4 quality within widely used
bone classifications [4]. Contemporary radiographic
assessment approaches, including cone-beam computed
tomography (CBCT)-derived grayscale/density esti-
mates, indicate that implant sites in the posterior maxilla
often exhibit lower mean density values than denser jaw
regions, underscoring the biomechanical susceptibility
of this area [5, 6]. Accordingly, biomechanical evaluation
under a D3 bone scenario is clinically relevant in the pos-
terior maxilla.

From a prosthodontic and biomechanical perspective,
implant design can be broadly discussed in terms of one-
piece and two-piece systems, and this difference becomes
more relevant in the posterior maxilla, where bone sup-
port is often less favorable. One-piece implants integrate
the abutment with the implant body, eliminating the
implant—abutment junction and associated screw, which
may streamline load transfer by removing a modular
interface. In contrast, two-piece implants provide greater
prosthetic versatility (component exchangeability and
angulation correction) but introduce an implant—abut-
ment interface that can represent a mechanically and
biologically susceptible region. Clinical trials with mid-
term follow-up have reported comparable outcomes for
one-piece and two-piece implants supporting fixed and
removable prostheses [7].

In two-piece systems, the implant—abutment interface
includes a small microgap where mechanical loading and
biologic responses can interact. Experimental and histo-
logic evidence suggests that microgap-related factors and
inflammatory cell infiltrates at this interface may be asso-
ciated with crestal bone changes [8—10]. In vitro inves-
tigations also demonstrate measurable microleakage at
the abutment-implant interface, with connection geom-
etry influencing leakage behavior [11]. These findings
align with clinical interpretations that the microgap and
its position relative to the crestal bone may contribute to
early marginal bone changes and should be considered in
system selection and restorative planning [12]. Compara-
tive evidence further indicates that implant—abutment
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connection configuration, connection geometry, and
platform-switching—based restorative strategies may be
associated with differences in marginal bone level out-
comes after functional loading [13-15].

Bone quality and loading direction remain key deter-
minants in implant biomechanics, particularly in low-
density maxillary bone. Reviews on occlusal forces and
implant biomechanics emphasize that excessive or unfa-
vorable loading can compromise the bone—implant
complex, with the crestal region and implant neck being
critical areas under bending moments and oblique forces
[16]. Accordingly, when comparing one-piece versus
two-piece systems in a posterior maxillary molar site, it is
clinically relevant to evaluate not only peri-implant bone
stresses but also implant body stresses, interface-related
stress concentrations, and restorative displacement.

Restorative material selection may further influence
the mechanical behavior of single-unit, cement-retained
implant restorations supported by one-piece or two-
piece systems. Monolithic zirconia and lithium disili-
cate are widely used CAD/CAM ceramics with distinct
elastic moduli and fracture-related properties, which
may affect stress distribution across the crown, cement
layer, and supporting implant components [17, 18]. The
cement layer is also clinically relevant because residual
excess cement has been associated with peri-implant dis-
ease, and excess cement has been identified as a potential
risk indicator for peri-implant disease [19, 20]. Overall,
cement- and screw-retained prostheses are generally
regarded as having comparable peri-implant disease risk
[21].

Finite element analysis (FEA) provides a standardized,
controllable approach to compare implant—prosthesis
systems under defined loading and bone-quality scenar-
ios, enabling focused evaluation of stress/strain patterns
and displacement behavior that are difficult to isolate in
vivo. Despite common modeling simplifications (e.g., lin-
ear elasticity, isotropy, and idealized osseointegration),
contemporary reviews conclude that comparative FEA
remains valuable for hypothesis-driven assessment of
how design and material variables influence load trans-
fer in implant dentistry [22]. Published FEA has already
compared one-piece and two-piece implants, and a
recent study has specifically investigated different incli-
nations and abutment types within a bendable implant
system. However, evidence remains limited for a poste-
rior maxillary single-crown model that directly compares
a bendable one-piece implant with a two-piece angulated
counterpart of the same nominal dimensions and angula-
tion while simultaneously evaluating zirconia and lithium
disilicate crowns under the same D3 support and loading
scenario.

Therefore, the aim of this three-dimensional finite ele-
ment study was to compare the load-transfer behavior of
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a bendable one-piece implant and a two-piece implant
restored with monolithic zirconia or lithium disilicate
cement-retained single crowns in a maxillary right first
molar site (FDI 16) with D3 bone under oblique load-
ing. Stresses in peri-implant bone, implant body, and
cement layer, as well as superstructure displacement,
were assessed. The study was intended as a standardized
comparison of final restorative geometries under identi-
cal idealized conditions, not as a full simulation of clini-
cal implant—-abutment interface mechanics.

Null hypothesis (HO): Implant design (one-piece vs
two-piece) and crown material (zirconia vs lithium disili-
cate) would not affect stress distribution in peri-implant
bone, implant body, and cement layer, nor the displace-
ment of the superstructure under oblique loading.

Methods

Study setting and computational environment

This finite element study followed a standardized digi-
tal workflow for geometry preparation, mesh genera-
tion, and numerical simulation. All preprocessing steps
and three-dimensional (3D) analyses were performed
on the same workstation (Intel Xeon E-2286, 2.40 GHz;
64 GB ECC RAM) to ensure consistency across models.
Geometric modeling was performed in Blender (version
3.3; Blender Foundation, Amsterdam, the Netherlands).
Meshing and preprocessing were performed in Altair
HyperMesh (version 2021; Altair Engineering Inc., Troy,
MI, USA), and linear static analyses were solved using a
Nastran-based solver (Altair OptiStruct, version 2021;
Altair Engineering Inc., Troy, MI, USA).

Anatomical source data and model generation

Maxillary bone geometry was derived from the Vis-
ible Human Project computed tomography dataset [23].
The image set (slice thickness: 0.33 mm) was imported
in DICOM format into 3D Slicer [24] for reconstruc-
tion and segmentation. Threshold-based Hounsfield unit
ranges were used to segment hard tissues, and the 3D
anatomical structures were exported as STL files.

STL models were imported into HyperMesh and
refined for analysis. A uniform cortical bone shell was
generated as a 2-mm layer by applying an inward oft-
set to the external maxillary surface, and the remaining
internal volume was defined as trabecular (cancellous)
bone. This two-layer representation was selected as a
commonly used simplification in implant FEA [22, 25],
in which bone is often modeled as a cortical shell sur-
rounding a cancellous core; in the present study, this
approach was used to enable controlled model-to-model
comparisons under identical bone geometry conditions.
Accordingly, the model was constructed as an idealized
posterior maxillary D3 site for standardized comparative
analysis, rather than as a reduced-ridge or defect-specific
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clinical scenario. A 3-mm mucosal layer was generated
from the external maxillary surface to represent an ideal-
ized supracrestal soft-tissue envelope under standardized
geometric conditions. This also ensured that the coro-
nal bendable segment of the one-piece design remained
within the supracrestal soft-tissue region. Rather than
being reconstructed from patient-specific CBCT data,
the mucosa was modeled as an idealized geometric layer
and was not included as an outcome evaluation region.
Teeth were modeled according to standard reference
dental morphology. A 0.25-mm periodontal ligament
(PDL) layer was generated from the external root sur-
faces as an idealized uniform interface to preserve stan-
dardized geometric conditions across the models. All
anatomical components were then assembled within a
common three-dimensional coordinate system and final-
ized for analysis.

Implant, restoration, and study model configurations
Implant components and restorations were modeled in
Blender based on the original manufacturer-provided
design data for the PROVO C (one-piece) and LEVEL
(two-piece) implant systems (Mode Implant, Turkey).
The evaluated implant systems are illustrated in Fig. la
(al-a2).

To prevent implant size from acting as a confound-
ing factor, implant dimensions were standardized in the
CAD environment (diameter: 4.1 mm; length: 11.5 mm).
This diameter was selected because it was common to the
compared systems and allowed direct size standardiza-
tion; it was not intended to represent the default implant
choice for every maxillary first molar site, where wider
implants may be preferred when anatomy permits.

For the one-piece design (PROVO C), the implant body
and abutment portion were modeled as a single inte-
grated unit. The implant was placed in the maxillary right
first molar site (FDI 16) with a 15° angulation. To achieve
prosthetic alignment, the coronal bendable segment was
modeled in its post-adjustment configuration to repre-
sent the clinically achieved restorative axis (Fig. 1b). The
model represented the implant in its final post-bending
geometry, whereas the intraoperative bending procedure
itself was not simulated. Accordingly, bending-induced
residual stress, local plastic deformation, and work-
hardening effects were not captured. Subsequent analy-
ses therefore evaluated load transfer under functional
oblique loading on the final geometry only.

For the two-piece design (LEVEL), the implant and
abutment were modeled as separate components form-
ing an implant-abutment interface; screws were mod-
eled as separate components where applicable according
to the system design. The two-piece implant was placed
in the maxillary right first molar site (FDI 16) with a 15°
angulation and restored using a commercially available
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Fig. 1 Study models and loading condition: (a) implant systems evaluated—(a1) one-piece implant (PROVO C) and (a2) two-piece implant (LEVEL); (b)
one-piece PROVO C implant placed at the maxillary right first molar site (FDI 16) with 15° angulation, with the coronal bendable segment adjusted to
realign the prosthetic axis; (c) two-piece LEVEL implant placed at site FDI 16 with 15° angulation and restored with a 15° angled cement-retained abut-
ment; (d) finite element mesh of the assembled implant-abutment-restoration complex and surrounding structures; (e) loading configuration showing
a 100-N oblique force applied at 30° to the long axis of the implant in the bucco-palatal direction to the restoration central fossa

Table 1 Base finite element models and corresponding crown-
material configurations

Base model Implant system Crown-material
configuration

M1 Mode PROVO C (one-piece)  Zirconia; Lithium
disilicate

M2 Mode LEVEL (two-piece) Zirconia; Lithium

disilicate

15° angled cement-retained abutment (Fig. 1c). This abut-
ment was selected to standardize the comparator within
the evaluated system; customized CAD/CAM abutments
were outside the scope of the present study.

A uniform 0.05-mm resin cement layer was modeled
between the inner surface of the crown and the sup-
porting abutment surface in both systems (the separate
abutment in the two-piece design and the integrated
abutment portion in the one-piece design), representing
an ideal cementation scenario consistent with commonly
used thin cement-film assumptions in implant FEA
workflows [26, 27]. Prior to analysis, mesh compatibil-
ity and interface conformity operations were performed

to ensure appropriate load transfer across assembled
components.

Two base finite element models were generated accord-
ing to implant system: M1 represented the PROVO C
one-piece design and M2 represented the LEVEL two-
piece design. Each base model was then analyzed with
two superstructure materials (zirconia and lithium dis-
ilicate), yielding four simulation configurations.The two
base models and their crown-material configurations are
summarized in Table 1.

Finite element meshing, solver, and convergence
assessment

After completion of geometric modeling, all components
were meshed in HyperMesh. Surface meshes were gen-
erated using triangular elements with a target size range
of 0.05-0.25 mm, and solid meshes were generated using
tetrahedral elements. Mesh convergence (mesh indepen-
dence) was evaluated using progressively refined meshes
until the change in peak stress values at clinically relevant
regions (peri-implant crestal cortical bone and implant
neck regions) was within 5% between successive refine-
ments. Additionally, the change in total strain energy
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between the final two mesh densities was<0.1%, consis-
tent with commonly reported implant FEA verification
approaches [27]. A representative finite element mesh of
the assembled model is shown in Fig. 1d. The assembled
FEMs were exported to OptiStruct (Altair Engineer-
ing, Inc., Troy, MI, USA), and linear static analyses were
performed.

Material properties

All materials were assumed to be homogeneous, isotro-
pic, and linearly elastic. Young’s modulus (E) and Pois-
son’s ratio (v) used in the analyses are listed in Table 2.
The elastic moduli for cortical bone (13,700 MPa) and
trabecular bone (1,370 MPa) were selected to represent
D3 bone quality as defined by the Misch classification
[4] and were supported by experimental biomechanical
measurements of bone elastic properties [28]. Material
properties for titanium, resin cement, zirconia, and lith-
ium disilicate were adopted from commonly used dental
biomechanics and all-ceramic materials literature [27, 29,
30].

Contact definitions and interface assumptions

All component interfaces were defined as idealized tied
(bonded) contacts (OptiStruct “FREEZE”), including
complete osseointegration at the bone—implant interface
and ideal adhesion at the cement—abutment and cement—
crown interfaces. This strategy ensured consistent
boundary conditions across models and allowed isolation
of the effects of implant configuration and restorative
material on load transfer. Because implant—abutment
microgap behavior, frictional contact, and abutment
screw preload were not simulated, the two-piece system
was treated as an idealized assembly with reduced inter-
face compliance. Accordingly, the analysis focused on
comparative stress distribution and displacement in the
final restorative geometries, whereas preload-dependent
stiffness, micromovement, and interface separation were
outside the scope of the present model.

Table 2 Material properties used in the analyses

Material Young's Modulus (MPa)  Pois-
son's
Ratio
Cortical bone 13,700 030
Trabecular bone 1,370 030
Titanium 110,000 0.35
Tooth structure 19,600 030
Periodontal ligament (PDL) 0.69 045
Resin cement 8,000 0.33
Zirconia 200,000 0.31
Lithium disilicate 95,000 0.23
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Loading scenario and boundary conditions

All simulations were performed as linear static analyses.
This approach was chosen to establish a controlled base-
line comparison across model configurations, but it does
not capture nonlinear contact behavior, preload-depen-
dent stiffness, material yielding, or fatigue accumulation.

A 100-N oblique load was applied at 30° to the long
axis of the implant in the bucco-palatal direction to the
central fossa of the restoration [31]. To reduce stress
singularities at the load application site, the load was
distributed across nodes within an approximately 1-mm-
diameter area. The load direction and application site are
illustrated in Fig. le. This loading scenario was selected
to provide a standardized non-axial loading condition for
comparison between model configurations.

For boundary conditions, nodes located in the supe-
rior region of the maxillary bone were fully constrained
by restricting translational degrees of freedom in the x,
y, and z directions. A global Cartesian coordinate system
was established with the x-axis oriented bucco-palatal,
the y-axis mesio-distal, and the z-axis supero-inferior.
Under the specified loading and boundary conditions,
four linear static analyses were performed.

Model size, outcome variables, and model verification
Model sizes were as follows: M1 (one-piece) included
175,217 nodes and 674,711 elements, whereas M2 (two-
piece) included 310,005 nodes and 1,196,498 elements.
Outcome measures included minimum and maximum
principal stresses (omin and omax) in peri-implant bone,
von Mises stress (ovM) in the implant and resin cement
layer, and maximum resultant displacement of the super-
structure. Peak values and stress/displacement distribu-
tions were compared between models to identify relative
differences in mechanical behavior. Because each model
represented a deterministic numerical simulation rather
than repeated experimental measurements, comparisons
were descriptive and no inferential statistical tests were
applied. The biomechanical outcomes evaluated in the
present study are summarized in Table 3.

Although experimental validation was beyond the
scope of this study, the modeling workflow, mesh refine-
ment strategy, and analysis assumptions were aligned
with commonly reported implant FEA methodologies
[27]. In addition, stress distribution patterns were quali-
tatively checked against those reported in prior compu-
tational studies employing comparable non-axial loading
conditions to confirm consistency with established bio-
mechanical principles [31].

Results

The biomechanical outcomes of the two finite element
models under the specified oblique loading condition are
summarized in Table 3. Overall, implant design produced
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Table 3 Biomechanical outcomes of the two finite element models under 100-N oblique loading (30°) at the maxillary first molar site

Model Implant System (Design)  Crown Material Bone omin Bone omax ImplantovM  CementovM Super-
(MPa) (MPa) (MPa) (MPa) structure
Displace-
ment (mm)
M1 PROVO C (one-piece) Zirconia —71.946 25012 518.240 24487 0.01789
M1 PROVO C (one-piece) Lithium disilicate —-73414 25.522 528.820 22.364 0.01793
M2 LEVEL (two-piece) Zirconia —55447 22.657 109.264 29414 0.03611
M2 LEVEL (two-piece) Lithium disilicate —56.646 23.097 111.629 26.782 0.03694
(a) - (d) -

Fig. 2 Finite element stress distribution results for Model M1 with different restorative materials: zirconia (a-d) and lithium disilicate (e-h). a, e maximum
principal stress in peri-implant bone; (b, f) minimum principal stress in peri-implant bone; (¢, g) von Mises stress in the implant; and (d, h) von Mises stress
in the resin cement layer. Within each outcome category, identical color-scale ranges were applied to facilitate direct visual comparison between the
restorative-material configurations

Fig. 3 Finite element stress distribution results for Model M2 with different restorative materials: zirconia (a-d) and lithium disilicate (e-h). a, e maximum
principal stress in peri-implant bone; (b, f) minimum principal stress in peri-implant bone; (¢, g) von Mises stress in the implant; and (d, h) von Mises stress
in the resin cement layer. Within each outcome category, identical color-scale ranges were applied to facilitate direct visual comparison between the
restorative-material configurations

the dominant differences between models, with the one-
piece model (M1), across both crown materials, showing
higher peri-implant bone principal stresses and mark-
edly higher implant von Mises stresses, whereas the two-

Stress contour maps are presented for Model M1 in Fig. 2
and for Model M2 in Fig. 3, and superstructure displace-
ment for all configurations is shown in Fig. 4.

piece model (M2), across both crown materials, exhibited
greater cement-layer stress and superstructure displace-
ment. Descriptive relative differences are reported below.

Bone principal stresses
Peri-implant bone principal stresses were consistently
higher in the one-piece model than in the two-piece
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Fig. 4 Total displacement distributions under the applied loading condition: (a) Model M1 with zirconia, (b) Model M1 with lithium disilicate, (c) Model
M2 with zirconia, and (d) Model M2 with lithium disilicate. Within each outcome category, identical color-scale ranges were applied to facilitate direct

visual comparison between the restorative-material configurations

model under both crown materials (Table 3; Figs. 2 and
3). Compressive stresses (omin) ranged from -55.447
to—73.414 MPa. The magnitude of peak compression
was approximately 30% higher in the one-piece model
than in the matched two-piece configuration, with the
highest compression observed in the lithium disilicate-
restored one-piece configuration. Tensile stresses (omax)
ranged from 22.657 to 25.522 MPa and were approxi-
mately 10% higher in the one-piece model. Within each
implant design, lithium disilicate produced only slight
increases in bone principal stress relative to zirconia.

Implant and cement von Mises stresses

Implant von Mises stress (ovM) exhibited the largest
between-model differences (Table 3; Figs. 2 and 3). The
one-piece model demonstrated substantially higher
implant ovM under both crown materials (518.240—
528.820 MPa) than the two-piece model (109.264—
111.629 MPa), corresponding to an approximately
4.7-fold increase. Cement-layer ovM ranged from 22.364

to 29.414 MPa. In contrast to the implant body, cement-
layer stresses were higher in the two-piece configura-
tions by approximately 20%, with the highest cement
ovM observed in the zirconia-restored two-piece con-
figuration and the lowest value in the lithium disilicate-
restored one-piece configuration.

Superstructure displacement

Maximum resultant displacement of the superstructure
ranged from 0.01789 to 0.03694 mm (Table 3; Fig. 4). The
two-piece models showed approximately two-fold higher
displacement (=0.036—0.037 mm) than the one-piece
models (0.018 mm), demonstrating reduced overall
rigidity of the two-piece implant—-abutment-restoration
assembly under the present idealized conditions. Within
each implant design, the effect of crown material on dis-
placement was negligible compared with the effect of
implant design.
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Discussion

This finite element study compared angulated bend-
able one-piece and two-piece implant-supported single
crowns in an idealized posterior maxillary D3 model.
The main finding was that implant configuration domi-
nated the mechanical response under the applied oblique
load: the one-piece design generated higher implant and
peri-implant bone stresses, whereas the two-piece design
showed greater cement-layer stress and superstruc-
ture displacement. By contrast, the influence of crown
material was comparatively small. Accordingly, the null
hypothesis was rejected for implant configuration, while
only a modest effect of crown material was identified
within the standardized assumptions of the present anal-
ysis. These results should be interpreted as comparative
load-transfer patterns of the final restorative geometries
under bonded-contact conditions rather than as a full
representation of true clinical one-piece versus two-piece
interface mechanics.

A 100-N oblique load applied at 30° to the implant
long axis was selected to represent a conservative func-
tional mastication scenario rather than extreme clench-
ing. Reported masticatory forces during functional
activities commonly fall within approximately 74—-167
N, supporting 100 N as a physiologic reference level for
comparative modeling [32]. This loading magnitude and
angulation are consistent with commonly used implant
FEA protocols for evaluating non-axial load transfer
under standardized conditions [33, 34]. Implant diameter
and length were standardized across designs to control
macro-geometry and minimize dimensional confound-
ing, thereby enabling a more valid comparison of the
two implant concepts under identical size conditions.
The selected 4.1-mm diameter reflects a standardized
system-specific comparison rather than a claim that this
dimension is the preferred choice for all maxillary first
molar sites. Because implant dimensions can indepen-
dently affect peri-implant biomechanics, larger diameters
and, to a lesser extent, longer implants have been asso-
ciated with lower crestal stress/strain concentrations by
increasing the load-bearing area and reducing bending
effects [35, 36].

A D3 bone scenario was selected to represent reduced-
density posterior maxillary support as described in
widely used classifications and to enable controlled com-
parisons under a clinically relevant support condition
[37]. Prior FEAs similarly show that bone quality can
meaningfully influence stress distribution patterns in
implant-supported restorations, particularly under non-
axial loading conditions [38, 39]. At the same time, the
present model should not be interpreted as a reduced-
ridge or compromised-volume anatomy specifically indi-
cating narrow implants; rather, it is an idealized support
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condition used to hold bone geometry constant across
models.

A uniform 0.05-mm (50-pm) resin cement film was
modeled to permit comparison of the luting layer under
controlled conditions, and cement-layer cvM was evalu-
ated. In implant crown simulations, increasing cement-
film thickness has been associated with higher and more
cervically concentrated stresses within the luting layer
[40]. From a clinical standpoint, cement-film character-
istics and luting-agent selection are also considered rele-
vant variables in fixed prosthodontics [41]. Implant FEAs
further indicate that prosthetic interface assumptions
and connection geometry can influence stress patterns
under non-axial loading [42]. In the present models,
the two-piece configuration reduced implant stress but
shifted relatively higher stress toward the cement layer,
suggesting a redistribution of load within the restorative
assembly under the adopted assumptions.

Under identical oblique loading, the one-piece implant
design with a bendable coronal segment produced higher
compressive peri-implant bone stresses and markedly
higher implant von Mises stresses than the two-piece
design. This pattern is broadly consistent with previous
finite element and experimental comparisons in which
one-piece or narrower implants showed less favor-
able stress concentrations under non-axial loading than
selected two-piece alternatives [43, 44].

The present results are partly in line with a recent finite
element analysis comparing one-piece and two-piece
implants, which found lower cortical bone stresses in the
two-piece model but lower crown-body stresses in the
one-piece model [45]. Similarly, in the present study, the
bendable one-piece design generated higher peri-implant
bone and implant stresses, whereas the two-piece design
showed higher cement-layer stress and greater super-
structure displacement. These combined findings indi-
cate that no single implant concept appears uniformly
advantageous across all biomechanical outcomes; rather,
the observed response depends on the component or tis-
sue assessed and on the specific modeling assumptions.

Within the same implant design, lithium disilicate
resulted in slightly higher tensile and compressive prin-
cipal stresses in the peri-implant bone than zirconia
in the present models, and the effect of crown material
remained modest compared with the effect of implant
design. Similar material-dependent differences have been
reported in three-dimensional finite element studies eval-
uating implant-supported single crowns, where changes
in restorative stiffness were associated with modest shifts
in peri-implant stress metrics under non-axial load-
ing [46, 47]. Overall, these reports support that crown
material can influence stress transfer patterns, although
the magnitude of this effect is typically secondary to the
effects of implant design and loading conditions.
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Peak implant stresses in the one-piece models (518-
529 MPa) were substantially higher than those in the
two-piece models; however, they remained below the
reported yield strength (approximately 795 MPa) and
ultimate tensile strength (approximately 900 MPa) of
Ti-6Al-4 V [48]. This comparison should nevertheless
be interpreted cautiously, because the implant material
was represented using a simplified linear-elastic assump-
tion based on elastic modulus and Poisson’s ratio, rather
than a full material model incorporating nonlinear or
fatigue behavior. Even so, the findings indicate a smaller
mechanical safety margin for the one-piece configuration
under the present loading condition than for the two-
piece configuration.

Superstructure displacement was higher in the two-
piece configurations, while zirconia tended to reduce
displacement relative to lithium disilicate within the
same implant design. This pattern is consistent with evi-
dence that multi-component implant—abutment assem-
blies exhibit measurable compliance and that abutment
micromovement can vary according to connection char-
acteristics [49]. From a material perspective, simulations
across implant-supported prosthetic materials indicate
lower deformation in stiffer restorative systems under
comparable loading [50]. A commercially available 15°
stock abutment was selected here to standardize the
comparator; customized CAD/CAM abutments, which
may alter stress transfer, warrant dedicated future study
[42]. Direct clinical corroboration of the present findings
remains limited because available comparative studies
have been conducted in different treatment contexts. In
an esthetic-zone clinical trial, one-piece and two-piece
abutments supporting single crowns were considered
equivalent with respect to peri-implant esthetics, patient
satisfaction, and oral health-related quality of life [51].
Because that study differed from the present posterior
maxillary single-crown model in implant/abutment con-
figuration, anatomical site, and loading context, it should
be regarded as indirect clinical context rather than direct
validation of the current findings.

Several limitations should be acknowledged. The
implant—abutment interface in the two-piece model was
simplified as a bonded connection without screw preload
or friction, which does not reproduce microgap forma-
tion, interface slip, or preload-dependent stiffness and
may therefore overestimate the rigidity of the assembly.
Likewise, the bendable one-piece implant was evalu-
ated only in its final post-adjustment geometry, whereas
the bending procedure itself and any associated residual
stress or local plastic deformation were not simulated.
The bone model was further simplified as a homoge-
neous, isotropic, linearly elastic D3 structure with a uni-
form 2-mm cortical layer and complete osseointegration,
allowing standardized comparison but not reflecting
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patient-specific anatomical and material variability. The
loading condition was restricted to a single static 100-N
oblique force, and more complex cyclic or multidirec-
tional loading scenarios were beyond the scope of the
present model. In addition, the comparison was stan-
dardized using a 4.1-mm implant diameter and a stock
15° cement-retained abutment; different diameters or
customized abutment designs may lead to different bio-
mechanical responses. These factors should be addressed
in future studies incorporating more anatomically real-
istic geometries, preload-dependent interface modeling,
and cyclic loading conditions.

Conclusions

Within the limitations of the present finite element
study, implant design was the primary determinant of
the observed mechanical response in posterior maxil-
lary single-crown restorations. The bendable one-piece
configuration showed higher implant and peri-implant
bone stresses, whereas the two-piece configuration
showed higher cement-layer stress and greater displace-
ment. Crown material produced comparatively small
changes within each implant design. These findings
help characterize comparative load-transfer tendencies
of the evaluated final geometries; however, they should
not be interpreted as direct evidence of clinical interface
mechanics or long-term failure risk without further vali-
dation under more detailed mechanical conditions.
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