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Abstract

Background/Objectives: Low-density cancellous bone can amplify crestal cortical strain around
implants because trabecular support is reduced. Osseodensification (OD) compacts trabecular bone
and may create a peri-osteotomy densified zone, but its strain-level effects in osteoporotic-like bone
are unclear. Given that osteoporosis/osteopenia in aging populations reduce trabecular support and
can increase crestal cortical loading, this study tested whether an OD-inspired peri-implant densified
trabecular zone lowers high-tail crestal cortical strains versus conventional drilling in an
osteoporotic-like cancellous model. Materials and Methods: A 3D finite element mandibular
posterior segment (2.0-mm cortical shell and D4 cancellous core) was modeled with a 4.3x11.4-mm
titanium implant and a cemented monolithic zirconia crown. CD used a 4.0-mm osteotomy in D4
bone. OD used the same osteotomy plus an axially varying concentric densified shell (D1—D3
radially) with minor buccolingual cortical expansion. The implant-bone interface was bonded. Static
100 N loads were applied axially and obliquely (45°). Outcomes were eeq, emax, and emin,
summarized as mean top-10 nodal values. Results: OD reduced crestal cortical strains under both
loads. Axial loading: eeq 1470—1210 pe (-17.7%), emax 1420—1150 pe (-19.0%), | emin| 900—683 e
(-24.1%). Oblique loading: eeq 3370—3040 pe (-9.8%), emax 2510—2310 pe (-8.0%), |eminl
3040—2770 pe (-8.9%). Oblique loading produced higher cortical strains than axial loading in both
models. Conclusions: OD-inspired peri-implant densification attenuated high-tail crestal cortical
strain demand in this osteoporotic-like model, whereas off-axis loading remained the dominant
driver of elevated strain. These findings support occlusal/prosthetic strategies that minimize oblique
forces and warrant experimental and clinical validation.

Keywords: dental implants; osteoporosis; bone density; finite element analysis; biomechanical;
mandible

1. Introduction

Bone-anchored devices are widely used across medicine, ranging from fracture fixation and
spine instrumentation to craniofacial reconstruction and dental implant rehabilitation [1]. Despite
differences in anatomy and loading environments, these systems share a common biomechanical
determinant of success: stable load transfer at the bone-implant interface. In low-density cancellous
(trabecular) bone, reduced structural support may increase local deformation and interfacial
micromotion, which can compromise fixation and predispose to loosening or failure—phenomena
well recognized in osteoporotic fixation contexts [2,3].
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Osteoporosis is a prevalent systemic skeletal disease and a leading contributor to fragility
fractures in adults over 50 years of age [4]. With demographic aging, osteoporosis/osteopenia and
related pharmacotherapy are increasingly encountered in patients seeking implant-based oral
rehabilitation [5,6]. Systematic reviews and meta-analyses generally report no consistent reduction
in dental implant survival attributable to osteoporosis alone, although modest differences in peri-
implant marginal bone level changes have been observed across cohorts and the overall certainty of
evidence remains limited [7,8]. In routine practice, risk assessment is also influenced by antiresorptive
medications (e.g., bisphosphonates or denosumab) and their association with medication-related
osteonecrosis of the jaw (MRON]J), highlighting the clinical value of understanding how low-density
cancellous bone conditions can alter the local mechanical environment at the bone—implant interface
[9-11].

In implant dentistry, low-density cancellous bone is a major risk factor for reduced primary
stability and unfavorable early mechanical conditions [12]. Osseodensification (OD) was introduced
as an alternative osteotomy preparation concept that compacts cancellous bone rather than removing
it, with the intent of creating a localized densified peri-implant layer and improving mechanical
purchase. Experimental work has reported increases in primary stability metrics and peri-implant
bone mineral density and bone-to-implant contact when OD is compared with conventional
subtractive drilling [13-15].

From a mechanobiological perspective, bone is a mechanosensitive tissue whose structure and
mass adapt to the prevailing mechanical environment. The mechanostat framework proposed by
Frost provides a widely used conceptual model linking tissue-level mechanical strain to bone
modeling/remodeling responses, and it has been discussed in relation to osteopenia and osteoporosis
[16-18]. In this context, strain-based descriptors can be clinically informative because they provide a
direct measure of the local mechanical stimulus acting on cortical and cancellous compartments
adjacent to an anchor device.

Although OD has been evaluated experimentally and clinically in terms of stability-related
outcomes, the strain-level implications of an OD-associated densified peri-implant zone—especially
under low-density (osteoporotic-like) cancellous conditions —remain insufficiently quantified using
robust, distribution-aware post-processing [13,14,19]. A mechanostat-oriented strain mapping
approach may help clarify whether peri-implant densification meaningfully shifts cortical entry-
region strain concentrations and cancellous peri-implant strain patterns under functional loading
directions [20].

Therefore, the aim of this study was to perform a mechanostat-informed, distribution-aware
(high-tail) finite element evaluation of peri-implant densification inspired by osseodensification in an
osteoporotic-like low-density cancellous bone model. Strain outcomes were summarized under axial
and oblique loading.

2. Materials and Methods

Model Overview

A three-dimensional finite element model was developed to examine how an osseodensification-
inspired peri-implant densified bone layer influences local strain distributions in a low-density
(osteoporotic-like) cancellous mandibular segment under static loading. Two preparation conditions
were evaluated: conventional drilling (CD) and osseodensification (OD). All modeling parameters
were held constant between conditions except for the presence of the densified peri-implant zone and
the minor cortical expansion described below.

Bone Segment Geometry

A posterior mandibular segment corresponding to the first molar region was created in
SolidWorks 2024 (Dassault Systemes, Vélizy-Villacoublay, France). The segment was idealized as a
rectangular block measuring 20 mm (mesiodistal) x 8 mm (buccolingual) x 22 mm (vertical). A
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uniform 2.0-mm cortical shell surrounded a cancellous core. Gingival soft tissue was not included to
reduce computational complexity and to focus the analysis on peri-implant bone mechanics. To avoid
an artificially continuous cortical region at the segment ends, the mesial and distal cut faces were
modeled without cortical coverage, while maintaining the cancellous core continuity.

Osteotomy Conditions

Two (primary) osteotomy preparation conditions were defined, with additional factor-isolation
models to separate the mechanical contributions of peri-osteotomy trabecular densification and
cortical expansion.

In the conventional drilling (CD) condition, a cylindrical osteotomy (4.0 mm diameter) was
created and centered within the trabecular compartment. The cancellous bone was assigned low-
density (D4) properties to represent a low-modulus trabecular substrate, while the cortical shell
geometry and material properties were kept identical across all models.

In the osseodensification (OD) condition, the osteotomy diameter was maintained at 4.0 mm. To
model OD-related compaction, a concentric circumferential densified trabecular shell was added
along the osteotomy wall, consistent with histologic descriptions [13,14]. Specifically,
osseodensification was modeled as a concentric, circumferential densified shell surrounding the
implant osteotomy. The shell thickness was axially varying to mimic the reported gradient along the
osteotomy, measuring 0.5 mm at the lateral (coronal) aspect and 1.0 mm at the apical aspect [13,14].
The native cancellous core in both models was assigned D4 properties to represent osteoporotic-like
low-density cancellous bone; in the OD model, the peri-osteotomy shell was graded D1—D3 from
inner to outer. To represent a stepwise increase in bone quality adjacent to the osteotomy, the
densified shell was subdivided radially into three equal-thickness cancellous zones arranged from
the osteotomy wall outward as D1 — D2 — D3. Thus, each zone thickness equaled 0.5/3 mm laterally
and 1.0/3 mm apically, while preserving the same zonal order (D1 inner, D3 outer) throughout the
shell. The term “osteoporotic-like” therefore refers to the low-modulus trabecular compartment (D4),
while the cortical shell was kept constant across models to isolate the effect of peri-osteotomy
trabecular densification. Additionally, a 0.2 mm buccolingual cortical expansion was incorporated in
the OD model, increasing the external buccolingual dimension from 6.0 mm to 6.2 mm, in line with
localized outward deformation reported during OD despite the limited intrinsic compressibility of
cortical bone [13] (Figure 1).

Figure 1. Finite element model geometries used in the analyses. (A) Conventional drilling (CD) model and (B)

osseodensification (OD) model showing the implant-abutment-crown assembly embedded in the bone block
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(cortical and cancellous bone). The models differ in the osteotomy preparation protocol (CD vs OD), while all

other geometric and material parameters were kept identical.

Implant—Restoration Assembly

A titanium dental implant (4.3 mm x 11.40 mm) with a thread cylindrical body and internal hex
connection was modeled and positioned centrally within the bone segment, equidistant from the
buccal and lingual cortical plates. A straight titanium abutment (6.5-mm diameter) with a 3.0-mm
transmucosal height was connected to the implant via a modeled abutment screw reproducing the
internal thread engagement geometry. A monolithic zirconia crown with mandibular first molar
morphology was digitally designed and cemented to the abutment to approximate clinical loading
transfer through a definitive restoration.

Material Properties

All materials were modeled as homogeneous, isotropic, and linearly elastic, as commonly
adopted in implant finite element studies for comparative mechanical analyses. Material properties
for titanium alloy (Ti-6Al-4V), zirconia, cortical bone, and cancellous bone were assigned according
to the literature [21] and are summarized in Table 1. In the OD model, the densified trabecular layer
was assigned a higher Young’s modulus than the native trabecular core, consistent with micro-CT
and histomorphometric evidence indicating increased peri-osteotomy mineral density/compaction
after OD [13,22].

Table 1. Material properties.

Material Modulus of elasticity (GPa) Poisson’s ratio (v)
Cortical bone 14.8 0.30
Cancellous bone D1 9.5 0.30
Cancellous bone D2 5.5 0.30
Cancellous bone D3 1.6 0.30
Cancellous bone D4 0.69 0.30
Titanium (implant, abutment) 110 0.35
Zirconia 210 0.33

Meshing and Convergence

The assemblies were imported into ANSYS Workbench 2024 R2 (ANSYS Inc., Canonsburg, PA,
USA). A tetrahedral mesh was generated with a 0.1-mm global element size and locally refined at the
implant—crestal cortical region, where higher strain gradients were anticipated. In general, reducing
element size (i.e., increasing mesh density) via progressive mesh refinement improves numerical
accuracy and supports convergence toward an accurate solution, albeit at increased computational
cost [23]. Mesh convergence was evaluated using three progressively refined global element sizes
(0.5, 0.3, and 0.1 mm). Convergence was confirmed when the change in the peri-implant strain
outcomes between successive refinements was <5%, and the 0.1-mm mesh was therefore adopted for
all simulations. The final model comprised 5,837,993 nodes and 3,315,070 elements.

Contact Definitions and Boundary Conditions

Continuity between cortical and cancellous bone, and between densified and native cancellous
bone in OD models, was enforced using shared nodes to preserve geometric and material continuity.

The implant-bone interface (cortical and trabecular) was defined as perfectly bonded,
representing an idealized osseointegrated condition. For the two-piece implant configuration, the
implant-abutment and abutment-screw interfaces were assigned bonded. The crown-abutment
interface was also treated as bonded to represent a cemented connection. Screw preload was not
modeled; interfaces were idealized as bonded to isolate the effect of peri-implant densification.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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To prevent rigid body motion and approximate fixation of the mandibular segment, the mesial
and distal ends of the bone block were fully constrained in all degrees of freedom. The inferior surface
was also fixed, providing global stabilization during load application. This constraint scheme was
chosen to suppress rigid body motion and to provide consistent boundary conditions across models;
outcomes were interpreted comparatively (OD vs CD) rather than as absolute physiologic
magnitudes.

Loading Conditions

Two static loading configurations were simulated to represent posterior occlusal loading. For
axial loading, a 100 N vertical force was applied perpendicular to the occlusal surface at the central
fossa, distributed over an approximately 1 mm? contact area. For oblique loading, a 100 N force was
applied at 45° to the implant’s long axis and directed X, y, and z axes; it was applied over the same
~1 mm? central fossa contact area and resolved into orthogonal components along the global
coordinate axes.

Outcome Measures and Strain Post-Processing

Primary outcomes were strain-based metrics in the peri-implant cortical region, including
Equivalent (von Mises) elastic strain (€eq), maximum principal elastic strain (emax; tensile), and
minimum principal elastic strain (emin; compressive).

To reduce the influence of localized numerical spikes arising from geometric transitions, contact
edges, or mesh-related singularities, results were not interpreted using single-point maxima. Instead,
strain data were exported from ANSYS Workbench and processed externally. For each region of
interest, a high-tail descriptor was calculated as the mean value of the 10 nodes exhibiting the highest
strain magnitudes, thereby mitigating the effect of numerical artifacts while preserving sensitivity to
peak mechanical demand. Post-processing was performed using Microsoft Excel (Microsoft Corp.,
Redmond, WA, USA).

All strain values were reported as dimensionless strain (mm/mm) and additionally expressed in
microstrain (pe) for interpretability (pe = strain x 106). Comparative evaluation between CD and OD
models was performed by examining the magnitude and spatial distribution of strain fields under
axial and oblique loading, supported by contour maps and percentile summaries.

3. Results

The results are presented as comparative cortical strain outcomes for the CD and OD models
under axial and oblique loading. Detailed findings are reported by strain metric in the following
subsections.

3.1. Cortical Bone Strain Outcomes

Peri-implant cortical bone strain was consistently lower in the OD model than in the CD model
under both loading directions (Table 2; Figures 2-5). Strain concentrations were located primarily in
the crestal cortical bone surrounding the implant. Values are reported in microstrain (ue), where 1
pe = 106 strain (mm/mm).

Table 2. Mean high-tail peri-implant cortical bone elastic strain under axial and oblique loading (top-10 node
averaging). Values are reported in microstrain (ue). Negative values indicate compressive strain. For eeq and
€max, the mean of the 10 nodes exhibiting the highest strain values within the cortical region of interest (ROI) was
computed. For emin, the mean of the 10 nodes exhibiting the most negative (i.e., most compressive) strain values
was computed. Percentage change (A%) was calculated as (OD — CD)/CD x 100 for €eq and &max. For emin, A% was
calculated using strain magnitudes: (IOD| - ICDI)/ICDI x 100.

Strain measure Axial loading Oblique loading
(cortical bone) CD (ue) OD (ue) A% CD (ue) OD (ue) A%
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Equivalentvon Miseselastic 1,70 1210 a77% 3370 3040 -9.8%
strain, €eq
Maximum principal elastic strain,
. 1420 1150 -19.0% 2510 2310 -8.0%
Minimum principal elastic strain, 900 683 241% 3040 2770 -8.9%

Emin

CD, conventional drilling; OD, osseodensification. For €eq and emax, high-tail strain was defined as the
mean of the 10 highest nodal values; for emin, as the mean of the 10 most compressive nodal values.
Percentage change (A%) was calculated as described in the Methods.

Axial Loading
2000
1470 1420
1210 1160

il I. ..

1500

1000

500

-1000 -683
-800

1500

Equivalent von Mises Maximum principal Minimum principal

elastic strain, £_eq elastic strain, e_max elastic strain, £_min
mCD 1470 1420 -900
= 0D 1210 1150 -683
mCD mOD

Oblique Loading

4000 3370 3040
3000 2510 2310

2000

S
0

-1000

-2000

-3000
-4000 -3040 2770
Equivalent von Mises Maximum principal Minimum principal
elastic strain, e_eq elastic strain, e_max elastic strain, e_min
mCD 3370 2510 -3040
= 0D 3040 2310 -2770
mCD m0OD

Figure 2. Mean peak peri-implant cortical bone elastic strain under (A) axial and (B) oblique loading for CD and
OD models. Values are reported in microstrain (pie); negative values indicate compressive strain. For each

outcome, the mean of the 10 nodes representing the high-tail response (as defined in Table 2) was computed.
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Cortical Bone Equivalent von Mises Elastic Strain

Axial Loading

oD
CD/ - .

Figure 3. Cortical bone equivalent (von Mises) elastic strain (geq) contours for CD and OD models under (A) axial

Obligue Loading

and (B) oblique loading. Contours are displayed in mm/mm (1 mm/mm = 10° pie).

Cortical Bone Maximum Principal Elastic Strain

Models

Oblique Loading

Axial Loading

OD
CD/ - -

Figure 4. Cortical bone maximum principal elastic strain (emax) contours for CD and OD models under (A) axial

loading and (B) oblique loading. Contours are displayed in mm/mm (1 mm/mm = 10° ue).

Cortical Bone Minimum Principal Elastic Strain

Models

Axial Loading Oblique Loading

OD
CD/ - -
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Figure 5. Cortical bone minimum principal elastic strain (emin) contours for CD and OD models under (A) axial
loading and (B) oblique loading. Contours are displayed in mm/mm (I mm/mm = 10° pe); negative values

indicate compressive strain.

3.2. Equivalent (von Mises) Elastic Strain

Under axial loading (100 N), the mean high-tail eeq decreased from 1470 pe in CD to 1210 pe in
OD (A =-260 pe; —17.7%). Under oblique loading (100 N at 45°), eeq decreased from 3370 ue (CD) to
3040 pe (OD) (A =-330 pe; -9.8%) (Figure 3).

3.3. Maximum Principal (Tensile) Elastic Strain

For axial loading, emax decreased from 1420 pe (CD) to 1150 pe (OD) (A =-270 pe; -19.0%). For
oblique loading, emax decreased from 2510 e (CD) to 2310 pe (OD) (A =-200 pe; -8.0%) (Figure 4).

3.4. Minimum Principal (Compressive) Elastic Strain

Compressive strain magnitudes were lower in the OD model. Under axial loading, emin
changed from -900 pe (CD) to -683 pe (OD), corresponding to a 24.1% reduction in compressive
strain magnitude (leminl). Under oblique loading, emin changed from -3040 pe (CD) to —2770 pe
(OD), corresponding to an 8.9% reduction in |emin| (Figure 5).

4. Discussion

This finite element analysis investigated whether an osseodensification (OD)-inspired peri-
osteotomy densified trabecular zone can meaningfully shift peri-implant strain demand in a low-
stiffness (“osteoporotic-like”) cancellous environment. Under both axial and 45° oblique loading, the
OD model consistently reduced high-tail strain metrics in the crestal cortical region compared with
conventional drilling (CD), with a larger relative effect under axial loading (~18-24% depending on
metric) and a smaller but directionally consistent effect under oblique loading (~8-10%). These
findings support the biomechanical plausibility that locally increasing peri-implant trabecular
stiffness —conceptually consistent with OD-associated densification —can partially offload the crestal
cortical collar, a region widely recognized as a mechanical hotspot under bending-dominant loading
[16,24].

Mechanostat-Informed Interpretation of Peri-Implant Strain Magnitudes

Interpreting peri-implant strain in the context of bone mechanoregulation is useful when it is
framed as a relative stimulus indicator rather than a direct surrogate for clinical failure. Frost’s
mechanostat framework proposes broad strain “windows” in which bone tends to maintain, model,
or remodel, with increases in modeling becoming more likely as strains enter the ~1500-3000 e range
in vivo (noting that such thresholds are conceptual and context-dependent). For reference, commonly
cited mechanostat thresholds were considered: disuse (<~50-100 pe), adapted window (~1000-1500
pe), overload (~1500-3000 pe), and pathological overload (2~3000 pe); fracture/failure has been
reported only at substantially higher strain levels (often >~15000 pe) [16,25].

In the present model, oblique loading drove the crestal cortical region into a higher strain regime
than axial loading, consistent with the expectation that lateral components generate bending
moments and concentrate deformation cervically. Within this framework, the OD-inspired
densification shifted high-tail crestal cortical strains downward under both load directions,
suggesting a mechanical environment with a reduced probability of operating in a high-strain
“upper-tail” state—particularly relevant when bone quality is low and trabecular load sharing is
diminished.

Experimental mechanobiology further indicates that skeletal adaptation is sensitive not only to
strain magnitude but also to features of the stimulus such as cycle structure and rest insertion, and

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.1272.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 February 2026 d0i:10.20944/preprints202602.1272.v1

9 of 13

that adaptive responses can behave in an approximately monotonic/near-linear manner across broad
ranges between disuse- and high-strain conditions [17].

Accordingly, the present results should be interpreted as evidence of a directionally favorable
redistribution of strain demand at the crestal cortical region rather than as a predictor of marginal
bone loss or a “safe/unsafe” threshold exceedance.

Relationship to the Osseodensification Evidence Base

OD has primarily been positioned as a site-preparation approach intended to preserve and
compact bone, creating a densified layer at the osteotomy wall and improving mechanical
engagement—effects that have been supported by preclinical and clinical observations. Histologic
and/or micro-CT-supported reports have described peri-osteotomy densification patterns and
improved stability-related outcomes consistent with the conceptual mechanism of OD [13,14,26].

In vivo, a multicenter controlled clinical trial reported higher insertion torque and favorable
temporal stability quotient (ISQ) behavior with OD relative to subtractive drilling across varying
implant designs and site characteristics [15]

Systematic syntheses likewise conclude that OD tends to improve primary stability surrogates
and may increase local densification markers, while emphasizing heterogeneity in protocols,
outcomes, and the relative scarcity of long-term, hard-endpoint clinical evidence [19,27,28].

Within this context, the present study contributes a complementary, strain-based perspective:
rather than focusing on insertion torque or ISQ as primary endpoints, it quantifies how a densified
peri-osteotomy zone may alter functional strain demand in the crestal cortical collar. Mechanically,
increasing peri-implant trabecular stiffness promotes improved load sharing around the osteotomy
wall and may reduce the concentration of deformation at the cortical crest, particularly when the
loading direction is predominantly axial. The smaller effect under oblique loading is also
mechanically intuitive: bending moments amplify crestal deformation even when trabecular support
is stiffened, implying that densification may not fully mitigate off-axis overload.

Why the Crestal Cortical Region Is a Critical Area in Low-Density Cancellous Bone

When cancellous stiffness is reduced, the cortical shell can bear a disproportionate share of load,
increasing local strain gradients at the crestal collar under functional loading. This theme is consistent
with broader orthopedic discussions of fixation mechanics in osteoporotic bone, where reduced bone
quality can amplify interface deformation demands [2,3].

In implant dentistry, this concept also intersects with immediate/early loading biomechanics,
where excessive implant-bone micromotion has been implicated in fibrous encapsulation risk and
where stable mechanical conditions are emphasized as a prerequisite for predictable osseointegration
[29,30].

Although the present simulations assumed a perfectly bonded (osseointegrated) interface, the
observed reduction in high-tail cortical region strains in the OD model supports the hypothesis that
a densified peri-osteotomy zone could provide a mechanical “buffer” in compromised cancellous
environments —while still leaving oblique loading as the dominant driver of peak crestal strain
demand.

Clinical Implications and Cautious Translation

Clinically, OD is often selected in low-quality bone to enhance primary stability. The present
findings provide a plausible mechanical complement: if peri-osteotomy densification increases
effective local stiffness, crestal cortical strain concentrations under functional loads may be reduced,
potentially moderating mechanically driven remodeling stimuli at the cortical collar [15,16].

However, translation should remain cautious. A static, linear-elastic, fully bonded model does
not account for time-dependent remodeling, viscoelasticity, partial integration, or cyclic fatigue.
Moreover, posterior bite forces can substantially exceed 100 N depending on patient factors and
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measurement conditions; therefore, the present loads should be interpreted as standardized
comparative probes rather than as patient-specific physiologic maxima [31].

From a clinical biomechanics” standpoint, the strong load-direction dependence observed here
reinforces that occlusal and prosthetic strategies that reduce off-axis forces (e.g., occlusal scheme
optimization, cusp guidance control, cantilever management, and stiffness/splinting considerations)
remain fundamental adjuncts to any osteotomy-based approach.

Limitations and Future Research Directions

Several limitations typical of implant FEA should be acknowledged. First, bone was modeled as
homogeneous, isotropic, and linearly elastic, and the mandibular segment geometry and boundary
constraints were simplified. Second, complete osseointegration was assumed via a perfectly bonded
implant-bone interface; this is appropriate for evaluating post-integration load transfer but does not
represent early healing conditions where frictional contact, partial integration, and micromotion are
central. Third, loading was static and applied at a single occlusal contact region; in vivo loading is
cyclic and multi-contact, and stimulus history (including rest insertion and frequency structure)
influences adaptation [17]. Fourth, the OD condition was idealized by prescribing a graded peri-
osteotomy material zone and a minor cortical expansion; this captures the intended mechanical
consequence (increased peri-implant stiffness) but does not simulate the drilling process, potential
microdamage, thermal effects, or patient-specific heterogeneity in densification patterns.

Future studies should therefore (i) incorporate CT-based heterogeneous material mapping and,
where feasible, anisotropys; (ii) evaluate a range of densified-zone thicknesses/gradients and modulus
ratios to quantify robustness; (iii) add cyclic loading and/or mechanobiologic remodeling
formulations; and (iv) compare bonded versus frictional/contact interfaces to estimate micromotion
and early-stage stability metrics. Finally, validation against experimental strain measurements or
calibrated low-density cancellous bone analog models would strengthen translational
interpretability. Broadly, adopting reporting structure consistent with contemporary in-silico
guidelines (RIFEM) and implant-FEA best-practice recommendations would further improve
reproducibility [24,32].

5. Conclusions

Within the limitations of this idealized, fully osseointegrated finite element model representing
osteoporotic-like low-density cancellous bone, an OD-inspired graded peri-implant densified
trabecular zone consistently reduced the high-tail crestal cortical region strain response under both
axial and 45° oblique loading, with a larger relative reduction under axial loading (~18-24%) than
under oblique loading (~8-10%). Oblique loading remained the dominant driver of elevated crestal
cortical strains, underscoring that off-axis load management is central in low-density cancellous bone
even when peri-implant densification is achieved. Overall, these findings provide biomechanical
support for the plausibility of peri-implant densification as a strategy to attenuate crestal cortical
deformation, while highlighting the need for experimental validation and standardized, distribution-
aware post-processing to improve reproducibility and clinical translation.
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Abbreviations

The following abbreviations are used in this manuscript:

BMD Bone mineral density

CD Conventional drilling

D1-D4 Cancellous bone density classes (Lekholm & Zarb classification)
FEA Finite element analysis

1SQ Implant stability quotient

MRON]  Medication-related osteonecrosis of the jaw
OD Osseodensification

ROI Region of interest

€eq Equivalent (von Mises) elastic strain

Emax Maximum principal (tensile) elastic strain

€min Minimum principal (compressive) elastic strain
ue Microstrain (107 strain)
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