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Abstract

This research presents the design and finite element analysis (FEA) of a novel chamber-anchored dental implant
intended for use in compromised bone conditions characterized by low density or limited vertical (alveolar) height.
The concept introduces a minimally invasive fixation approach in which a sub-apical cavity is prepared using an
expandable reamer and subsequently filled with a fast-setting, osteoconductive Calcium Phosphate Cement (CPC),
forming a geometric interlock that enhances primary stability. Two simulation stages are conducted. The first
investigates the influence of key design and procedural parameters, including chamber geometry, CPC material
properties, and implant channel dimensions, to demonstrate system versatility and parameter interactions. The
second stage compares the finalized chamber-anchored design against a commercially used short implant under
obligue masticatory loading conditions guided by 1SO 14801. The results indicate that the proposed design achieves
comparable or improved peri-implant stress distribution, supporting its potential as a graftless alternative for stable
implant placement in challenging clinical scenarios.

Keywords: Dental implants, FEA, Chamber anchorage, Stress analysis, Fatigue prediction
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Chapter 1. Introduction

The history of dental implants, though not in the form that we know today, can actually be traced to the times before
the current era. Back then, ancient people used carved seashells, stones, or precious metals to replace missing teeth.
Later in the Middle Ages, evidence of experimentation with implantation using allografts or xenografts was found.
Whether for aesthetic or more practical reasons, these previous iterations were often the causes of infections,
resulting in the deaths of patients. It was during World War II that the foundation of today’s dental implantology
was produced, in the form of sub-periosteal implants. [1,2]

Differing from traditional endosteal implants, they are not directly inserted into the bone. These kinds of implants
are designed to rest on top of the jawbone, but beneath the periosteum (connective tissue covering the bone). They
comparatively provide less stability and durability and are more prone to infection or inflammation; however, they

are still in use in some rare cases. [2,3]

In 1957 it was discovered by Per-Ingvar Branemark that Titanium (Ti) did not cause a negative reaction and that
bone could effectively grow onto it. This phenomenon was named ‘osseointegration’ and further studied in both
human and animal subjects. In 1965, the first Ti dental implant was successfully placed into a patient's jaw, after
which Branemark started a company to double down in that direction. In the early 1980s, his flagship design of a
screw-like dental implant became the standard. Throughout recent decades there have been many developments in
the field of dental implantology. Implant features (like thread patterns) have been further optimized by different
companies. Many discoveries regarding proper surface treatment, coatings, alternative materials, and so on further
boosted implants’ success rate to make it the reliable solution it is seen as today. Its core design hasn't really

changed, however (except the division into multiple parts), largely staying the same since the '80s. [1, 3, 4]

Therefore, the present study investigates whether the introduction of a CPC-filled sub-apical chamber and design
changes made to take advantage of that, can improve peri-implant stress distribution—particularly in the thin
cortical bone layer—and enhance primary mechanical stability compared with a clinically established short implant

design.



Chapter 2. Clinical Problem

2.1 Traditional Dental Implants & Their Limitations

Conventional dental implants are predominantly endosseous, screw-type fixtures manufactured from commercially
pure titanium or titanium alloys. Clinically established designs typically feature lengths of approximately 11-13 mm
and diameters in the range of 3.5-4.5 mm, and are inserted into a cylindrical osteotomy prepared to closely match
the implant geometry. Primary mechanical fixation is achieved through thread engagement and lateral compression
of the surrounding bone during insertion, with load transfer occurring mainly in the crestal cortical layer due to its
higher stiffness. This design paradigm has demonstrated high long-term success rates under favorable anatomical

conditions.

The currently well-known, conventional design does a great job for the most part. However, this kind of design
relies very heavily on the cortical (outer) layer of the bone, leading to lower primary stability in some cases. This is
especially true for patients with lower bone quality [Figure 1] for whom the success rate is compromised.

Danse Cortical Porous Cortical / Thin Cortical / Fine Trabecular
Coarse Trabecular Fine Trabecular

Figure 1. Diagram of Misch classification for bone quality showing decreasing proprtions of Corticcal-to
Cancellous(trabecular) bone

Bone quality is typically categorized into four types (D1-D4). As the classification moves from D1 to D4, there is a
gradual reduction in both mechanical strength and the cortical-to-cancellous bone ratio. While cortical bone (outer
layer) is stiff and capable of providing substantial mechanical support, cancellous bone (inner layer) is structurally
weaker and offers limited resistance to implant loading. Because of that, the typical success rate drops from the
typical 95-98% to around 85-90%, due to insufficient support of cancellous bone of the maxilla. [5, 6]



300

i\l h"\\de Pr|'

welpem ASTRATECHA013 74.4 89.1 1545 271

Figure 2. Results of FEM study showing increased in Von Mises Stress in Cortical bone layer with decreasing bone quality. [42]

Although this absolute reduction in success rate may appear modest, its clinical implications are substantial. Implant
treatment is typically planned under optimal conditions by experienced clinicians, and reported success rates
therefore reflect carefully selected cases. When viewed in relative terms, the observed decrease corresponds to an
approximately three- to five-fold increase in failure incidence. This disproportionate rise indicates a distinct clinical
gap in which conventional implant strategies fail to provide predictable outcomes, particularly in anatomically or
biologically compromised sites. Consequently, the problem cannot be dismissed as marginal, but rather represents a

relevant and insufficiently addressed limitation of current treatment approaches.

On top of that, there are multiple anatomical conditions like Alveolar Ridge Atrophy [seen in Figure 3] or Inferior
Alveolar Nerve Proximity that severely limit possible space for dental implants. Traditional implants, which as
mentioned before are usually 11 to 13 mm in length, are usually too long in those cases. To overcome the bone
deficiency, the conventional approach mandates using a bone augmentation or grafting procedure, which are quite
unpredictable. Both Maxillary Sinus Augmentation and Vertical Ridge Augmentation are extremely risky
procedures. The former is especially dangerous, with some studies presenting risks of complications as high as 25%
of sinus membrane perforation. On top of that, there are possibilities of wrong graft resorptions, nerve injuries, and
various infections.

The success of a surgical procedure is not the end of all things. Patients are further delayed from restoring their oral
health by a lengthy recovery period, which usually takes from 6 to 9 months. Lastly, procedures like that are also
expensive. Maxillary Sinus Augmentation costs $1,500 to $5,000 USD per side and Vertical Ridge Augmentation
tends to be slightly cheaper at $500 to $3,000 USD per site price range. The actual price depends on grafting
materials used and surgical complexity of the specific case. Nevertheless, his means that most of the people would
either be unable to afford them off the bat or unwilling to pay huge amounts of money. [7, 8, 9, 10]
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Figure 3. Diagram showing healthy alveolar ridge and atrophy progression after different time periods

The central clinical problem presented here is the lack of a predictable, minimally invasive, single-stage implant
solution for patients presenting limited vertical bone or low bone density. This is not some small minority of cases,
however, as bone density gets worse with age, and most elderly people would qualify to be put into that category.
Current reliance on aforementioned surgical procedures introduces unacceptable risks, comparably high morbidity,
lengthy treatments, and increased costs. In this paper, | would like to explore currently available solutions, as well as
propose mine. The premise of the Chamber-Anchored Dental Implant is supposed to provide a procedure as well as
a fixation mechanism that is less reliant on bone quality and threads, while providing superior primary stability. Its
reliability and exact influence on stress distribution will be however further tested using FEM (Finite Element
Method). [11]

2.1.1 Primary Stability and Performance in Low-Quality Bone

Primary stability is defined as the initial mechanical integrity of the implant—bone system, characterized by its
resistance to relative displacement under applied loading prior to the establishment of osseointegration. In
biomechanical terms, it represents the effective stiffness of the implant—bone interface and its ability to suppress
micromotion during the early healing phase. Commonly cited contributors such as insertion torque, thread geometry,
and bone compression should therefore be regarded as design and procedural variables influencing interface

stiffness, rather than primary stability itself.

In low-density bone, reduced elastic modulus and compressive strength of the trabecular structure result in increased
local deformation under functional loads. This leads to elevated micromotion amplitudes at the interface, even in the
4



presence of adequate cortical engagement. Experimental data indicate that micromotion exceeding approximately
50-100 um impairs bone formation and favors fibrous tissue development, thereby, as seen in [Figure 4]
compromising osseointegration. Consequently, the mechanical environment during the initial post-placement period

becomes a critical determinant of implant success.

Fibrous tissue

Successful itermediate formation
osseointegration Risk Zone — failure
[ <50 ym ] | 50-100pm | [ >100-150 pm ]

Primary
Stability

Primary -

Stability

FIBROUS TISSUE FORMATION /
OSSEOINITEGRATION IMPLANT FAILURE

Figure 4. Diagram presenting theoretical micromotion ranges and potential failure mechanism through fibrous tissue formation.

Clinical observations consistently show that implants placed in low-quality bone exhibit a higher incidence of early
failure, typically occurring before or shortly after prosthetic loading. Given the short time scales involved and the
high fatigue resistance of titanium-based implant systems, such failures cannot be reasonably attributed to material
fatigue or structural fracture. Instead, they are primarily associated with insufficient primary stability and loss of

mechanical fixation during early healing. [13]

Although experimental studies have suggested that osseointegration is compromised when interfacial micromotion
exceeds approximately 50-150 um, this range should not be interpreted as an absolute failure threshold. Clinical and
computational studies have demonstrated successful osseointegration at substantially higher micromotion levels,
particularly when favorable biological conditions, controlled loading, and osteoconductive implant surfaces are
present. Consequently, micromotion is best understood as a risk-modulating parameter rather than a deterministic

criterion for implant failure. [47]



2.2 Available solutions

2.2.1 Short Implants

Short implants are implants with a reduced length, typically shorter than 8 mm (some definitions use less than 6
mm). They are designed for areas with limited bone height, in order to avoid bone grafting procedures. Their lack of
length is usually compensated for by a larger diameter and more aggressive threading patterns. They boast minimal
invasiveness compared to the aforementioned procedures and reduced morbidity. They are also cost-effective and, in

most cases, have comparable survival rates (95-98%) to traditional implants. [12]

Deriving most of its stability from an enlarged thread, however, means that most of the stress is going to be
distributed to the cortical bone. In cases with lower bone quality, this layer is much thinner and most often unable to
bear the load. Even without fracture, lack of initial stability might lead to peri-implantitis and implant failure. In
such cases, particularly D4 bone of the posterior maxilla, survival rates have been reported to decrease to
approximately 85-90%, reflecting a substantially higher incidence of early failure. Thus, this design is inherently
sensitive to the patient's bone quality. [13, 20]

Although the recovery period is much shorter than with grafts, these kinds of implants usually require a strictly
controlled non-loading period during which the implant achieves osseointegration and bone trauma caused by

aggressive threading heals.

2.2.2 Tilted (Angled) Implants

Tilted implants are essentially conventional endosteal implants that are intentionally placed at an angle (usually 30—
45°) relative to the alveolar ridge. That is done in order to avoid either the maxillary sinus or the inferior alveolar
nerve, depending on whether they are used in the maxilla or in the mandible. They boast high success rates and often
enable immediate loading. Even though precise angulation and splinting are needed, the surgical complexity of the

procedure is not that high. [14]

The tilt of an implant causes, however, an extremely unfavorable local stress distribution, introducing bending
moments and shear forces. This makes that concept basically unusable for single-tooth replacements. For full-arch
prostheses and multi-implant systems, tilting does have some biomechanical advantage in terms of increasing the
anterior-posterior (A-P) spread (reduction in prosthetic cantilevers). All-on-4 and All-on-6 systems are excellent
examples of the usage of angled implants. Due to tilted implants engaging denser anterior cortical bone or the

nasal/anterior sinus wall, their sensitivity to bone quality is lower. [14, 15, 16]



2.2.3 Zygomatic Implants

Zygomatic implants are extra-long (30-55 mm) endosteal implants that, instead of the alveolar ridge, are anchored
in the zygomatic bone (cheekbone). They are used when the maxilla is severely resorbed and there is insufficient
bone for conventional and maybe even short implants. As with other mentioned procedures, the use of zygomatic
implants lets the patient avoid going through bone grafting. On top of that, the zygomatic bone provides excellent
support, leading to high primary stability and 94-97% survival over 10+ years. At the same time, it is the least
sensitive to changes in bone quality of the jaw. The biggest disadvantage is the very extensive and complicated
surgery the patient must undergo, requiring highly specialized and experienced surgeons. [17, 18]

Zygomatic implants are not, however, used for single-tooth replacements, due to both unfavorable stress distribution
due to angulation as well as the disproportionate surgical invasiveness required. Just like Tilted Implants, they are
used in splinted prostheses (e.g., All-on-4 or All-on-Zygoma). [18, 19]

Zygomatic Implant &5
approx. 40 mm N

Tilted
Implant
Standard Short approx. 14 mm
Implant Implant
approx. 12 mm  approx. 7 mm

[T T[T T[T [T T[T TTTT T
0 10 20 30 40 50 mm

Figure 5. Comparison of lengths and positioning of different types of dental implants

2.2.4 Other alternatives

In addition to short implants, several alternative implant strategies have been developed for cases involving severely
compromised bone quality or reduced alveolar height. These solutions are typically reserved for complex or
advanced clinical scenarios, are technically demanding, and are used far less frequently for single-tooth

rehabilitation; therefore, they are only briefly outlined here.

7



Pterygoid implants are long implants anchored in the dense pterygoid process behind the maxilla. Similarly to
Zygomatic implants, they provide strong posterior support and are technically demanding.

Trans-sinus (trans-antral) implants traverse the maxillary sinus and engage the anterior sinus wall or nasal floor.

Basal or cortical implants utilize the dense basal cortical bone instead of the resorbed alveolar ridge; however, the

surgical procedure is demanding.

Subperiosteal Implants, in their modern form, are custom-made from 3D imaging. Placed beneath the periosteum,

they offer a last-resort option for extreme atrophy cases where no endosteal anchorage is possible at all.

2.2.5 Clinical Niche in Reduced Bone Quality

Summing up, there appears to be a small niche for single-tooth replacements in cases with both reduced bone height
and lowered bone quality simultaneously. Solutions that provide angled support are meant for multi-prosthesis
systems. Short implants over-rely on aggressive threading, making them highly sensitive to changes in bone quality,

and their survival rate is more unpredictable in D3 and D4 bones. [20]

2.3 Applicable Standards

Dental implants - just like all the other types of implants - need to be highly regulated to ensure their long-term

safety as replacements of natural tooth roots.

e 1SO 16443 standardizes implant terminology and dimensional definitions.

e 1SO 10993 governs biological evaluation, confirming material biocompatibility.

e ASTM (F67 & F136) specify required mechanical properties and chemical composition for pure titanium,
as well as titanium alloys.

e 1SO 19227 regulates cleanliness and contamination control

e 1SO 11737/ 1SO 11137 define sterility validation and sterilization processes.

e 1SO 13485 requires the manufacturers to maintain quality management systems in accordance with its

rules.

Within different parts of the world, local countries’ medical device regulations must also be complied with. All
those regulations together ensure that dental implants demonstrate consistent results and are clinically safe before

they can be authorized for the market.



2.3.1 Dynamic Fatigue Testing: 1SO 14801

The mechanical endurance of endosseous dental implants is most commonly evaluated according to 1ISO
14801:2016, which defines a standardized dynamic fatigue test intended to represent worst-case masticatory loading
conditions. The primary objective of this standard is not to reproduce physiological chewing in detail, but to provide

a conservative and reproducible framework for comparing implant designs under bending-dominated loading.

Loading device A

Abutment
Nominal bone level
Dental implant body

Hemispherical

4" loading member
Specimen holder\

Figure 6. 1SO 14801 Test Rig diagram with 3mm exposed neck simulating marginal bone loss.

In the 1ISO 14801 test configuration, the implant is rigidly embedded in a supporting medium that simulates bone
support with advanced marginal bone loss. A portion of the implant neck is intentionally left exposed, creating a
cantilever effect that amplifies bending moments at the crestal region. The implant is loaded at a prescribed
inclination angle—typically 30 degrees relative to its long axis—to generate a combined axial and lateral force
component. This oblique loading configuration is specifically chosen because it produces higher stresses than purely

axial loading and is therefore considered a worst-case scenario.

Cyclic loading is applied through a hemispherical loading cap positioned above the implant platform. The load is
sinusoidal and applied at frequencies typically ranging from 2 to 15 Hz, until either structural failure occurs or a
predefined number of cycles—commonly five million—is completed. The outcome of the test is a fatigue strength
value or survival assessment, along with identification of dominant failure locations, most often at the implant neck

or connection region. A schematic representation of the 1SO 14801 test setup is shown in [Figure 6].
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While ISO 14801 provides a robust and widely accepted framework for fatigue testing, its test geometry inherently
assumes implant configurations with sufficient length to develop a pronounced bending lever arm above the
simulated bone level. This assumption is consistent with traditional implant designs, where overall lengths typically
range from 10 to 13 mm. In such cases, the exposed implant portion (3mm) and oblique loading generate substantial
bending moments that meaningfully challenge the implant—abutment system.

However, this configuration is not representative of short dental implants. Due to their reduced length, short
implants inherently exhibit a smaller bending lever arm, altered stress distributions, and different dominant failure
mechanisms. Applying the unmodified 1ISO 14801 boundary conditions to short implants may therefore overestimate
bending stresses in some regions while underrepresenting clinically relevant load transfer to the surrounding bone.
As a result, the standard test setup does not fully capture the mechanical behavior of short implants, particularly in
low-density bone where anchorage mechanisms differ substantially from those of conventional designs.

For these reasons, although 1SO 14801 remains the reference standard for fatigue assessment and regulatory
comparison, its direct application to short implants and alternative anchorage concepts requires careful adaptation.
In the present study, fatigue performance is evaluated using conditions derived from 1SO 14801, while adjusting
geometric and boundary parameters to better reflect the mechanical environment of reduced-length implants and the
anchorage mechanisms under investigation. The applied loading direction, magnitude, and cyclic nature remain
consistent with the worst-case philosophy of the standard, ensuring comparability, while enabling a more

representative fatigue prediction for short and chamber-anchored implant designs. [21]

2.3.2 1SO 14801 Adjustment & Verification

2.3.2.1 Standard test configuration adjustment for short implant

As discussed previously, the 1ISO 14801 test setup prescribes a fixed 3 mm vertical exposure of the implant above
the embedding medium to simulate advanced marginal bone loss and to generate a worst-case bending moment at
the implant neck. While this assumption is appropriate for conventional implants, its direct application to short
implant configurations introduces a disproportionate reduction in effective implant support and an unrealistically

amplified bending scenario.

In the present study, the 3 mm simulated marginal bone loss was therefore removed. This decision was motivated by
two factors. First, the investigated clinical scenario already assumes reduced vertical bone height rather than
progressive peri-implant bone loss. Second, eliminating the exposed implant neck avoids introducing a geometric

condition that is not representative of short implant placement and anchorage mechanisms.

To preserve comparability with 1SO 14801 and to maintain an equivalent bending lever arm, the hemispherical
loading member was elongated by 3 mm. This modification ensures that the distance between the load application
10



point and the simulated bone level remains unchanged relative to the standard configuration. As a result, the induced
bending moment acting on the implant is preserved, while the unrealistic marginal bone loss simulation is avoided.
All other boundary conditions, including loading direction, constraint definitions, and contact assumptions, were
kept identical to those prescribed in 1ISO 14801.

This adjustment allows the study to remain consistent with the conservative philosophy of the standard while

improving mechanical relevance for short implants and alternative anchorage concepts.

2.3.2.2 Verification of Loading Direction and Fatigue Cycle Assumptions

Functional occlusal loads during human mastication are not directed purely along the vertical axis. Biomechanical
studies of masticatory trajectories show that occlusal contact angles include significant lateral and forward—
backward components before contact, with reported incidence angles often falling in the approximate 15°-30° range
relative to the vertical direction. This indicates that human occlusal loading is inherently oblique, and thus the 30°
loading angle used in the adjusted fatigue analysis represents a conservative worst-case assumption, capturing the

non-axial nature of physiological chewing forces. [44]

ISO 14801 also prescribes five million loading cycles, which is commonly interpreted as representing approximately
five years of clinical service. To verify this assumption, reported mastication data were examined. Human chewing
studies indicate an average of approximately 600—700 chewing cycles per meal, with considerable inter-individual
variability. Assuming a conservative dietary pattern of 4.5 meals per day and 700 chews per meal, the resulting

estimate is approximately 3150 chewing cycles per day, corresponding to ~1.15 million cycles per year. [45, 46]

Under these assumptions, five million cycles would correspond to approximately 4.3-4.5 years of functional use,
rather than a full five years. This suggests that the cycle count specified in 1SO 14801 is not excessively
conservative when mapped to real mastication frequency. However, this apparent reduction in conservativeness is
partially compensated by other worst-case assumptions inherent to the standard and to the present study, including
the oblique loading angle, simplified boundary conditions, and constant-amplitude cyclic loading. Taken together,
these factors justify the continued use of the 1SO-derived cycle count for comparative fatigue evaluation under

adjusted geometric conditions.
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Chapter 3. Proposed design idea and surgical procedure

3.1 Chamber-Anchored Dental Implant

The chamber-anchored dental implant concept, shown in [Figure 7] was developed to address the limitations
encountered when short implants are placed in atrophic jaws and low-density (D3-D4) trabecular bone. Standard
endosseous implants’ primary stability is achieved through mechanical engagement between implant threads and
surrounding bone. In this setting, however vertical bone height is reduced, the available cortical thickness is
minimal, and cancellous bone alone cannot provide sufficient resistance to micromotion. Consequently, short
implants—although currently the only graftless solution—experience reduced survival rates in low-density bone

primarily due to low achievable primary stability.

The chamber-anchoring concept directly targets this mechanical deficiency. Instead of relying on cortical thread
engagement, a sub-apical chamber is created within the cancellous bone and filled with Calcium Phosphate Cement
(CPC). Once hardened, this chamber mechanically supports the apical implant region, increasing the total fixation
surface and allowing stability to arise from an area that is normally too weak to contribute. With load distributed
apically rather than concentrated on the thin crestal cortex, the implant’s mechanical environment becomes less

dependent on cortical bone quality and height.

Critically, this apical anchorage approach intends to enhance primary stability, not merely long-term
osseointegration. Cement solidification resists early micromotion, providing a platform capable of supporting
immediate or early loading if mechanical behaviour proves favourable. Over time, CPC is resorbed and replaced by
bone tissue, meaning the chamber has the potential to transition from a mechanical anchor to a biological fixation

Zone.

Thus, chamber anchoring offers a way to bypass the current trade-off between vertical bone volume and primary
stability, potentially enabling implant placement in anatomies traditionally requiring short implants, grafting, or

sinus lifting.
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Figure 7. Diagram showing conceptual design of a Chamber-anchored Dental Implant along with all its components.

3.1.1 Chamber-Anchoring Procedure

The surgical workflow for chamber anchoring, shown in [Figure 8] follows the same initial trajectory as
conventional implant placement. A pilot osteotomy (1) is initiated at the planned implant site and progressively
enlarged through sequential drilling. This establishes the implant’s trajectory and ensures the system remains
compatible with existing clinical instrumentation. Once the osteotomy reaches the required diameter, the procedure

diverges from standard placement.

In the final step, an expandable reamer (2) is introduced to create a sub-apical cavity beneath the osteotomy floor. Its
bladed section expands only after passing through the initial cylindrical pathway, enabling material removal
exclusively in the cancellous region without widening the crestal entrance. Throughout this phase, debris and blood

are periodically aspirated to maintain visibility and reduce contamination complexity. If non-manual driven reamers
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are used, torque and rotational speed must be carefully controlled to prevent overheating and subsequent bone
necrosis, although the current design concept emphasises manual application to avoid this risk altogether.

Following cavity preparation, the inner chamber surface is treated with a hemostatic agent to limit blood infiltration
(3). Next, CPC is introduced into the prepared space (4). The cavity is filled while ensuring minimal air entrapment
and maintaining uniform pressure to promote structural homogeneity. Once filled, the implant is inserted (5) to its
final depth, embedding the apical segment into the unset CPC mass. Precise positioning is required to ensure
intimate contact between implant surfaces and cement, enabling CPC to form a mechanically interlocked base
beneath the implant apex during solidification. Steps (4) and (5) could be done in reverse order, depending on final

implant design (with or without cement injection channel), however this will be considered in the next chapter.

As CPC begins to harden, it is expected to provide resistance to axial displacement and rotational micromotion. Any
excess cement expressed coronally is removed prior to closure. The remaining surgical steps, including suturing and
postoperative management, follow standard dental implant protocols. Because cancellous bone regions are vascular
and CPC undergoes structured solidification, postoperative loading would need to be clinically controlled to avoid
microfracture or early cement disturbance. When complete, the anchor chamber becomes an integrated load-bearing
structure that transfers force through a deeper apical support region, rather than concentrating it along the crestal
cortical margin. After a couple months, CPC is entirely resorbed and replaced by a native bone (6).
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Figure 8. Diagram of Chamber-Anchored Implant surgical procedure

3.1.2 Procedural Options for CPC Placement

Two procedural approaches can be used to integrate the CPC chamber with the implant apex. Both achieve the same

final state - a hardened cement chamber providing mechanical support - but differ in workflow and clinical priority.
Variant 1: Cement Injection Before Implant Placement

In this workflow (step 4, then step 5), the chamber is filled with CPC first and the implant is immediately inserted
into unset cement.

The greatest challenge here is a strict timing dependency between the surgical sequence and the working time of
CPC. Once mixing begins, the cement has a finite period in which it remains injectable and manipulable; any delay
during implant insertion, alignment, repositioning, or unexpected surgical complication risks partial setting. Partial
setting before implant seating would compromise chamber uniformity, reduce cement—-implant contact, and possibly

create voids—ultimately undermining primary stability rather than enhancing it.
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On the positive side, this variant avoids specialized implant geometry and channel systems, meaning it is simpler to
manufacture and more compatible with existing implant shapes. However, the outcome remains highly sensitive to

timing, operator speed, and cement consistency.
Variant 2: Implant Placement First, CPC Injection Through Internal Channel

In this approach (step 5, then step 4), the implant is fully positioned and stabilised inside the osteotomy before the

cement is introduced. CPC is then delivered through a channel engineered inside the implant body.

The key advantage here is mechanical control over cement distribution. Because the implant is already fixed in its
final position, the cement no longer needs to accommodate implant insertion movement and is allowed to
polymerise undisturbed. In addition, working time sensitivity is reduced: minor delays during surgery do not risk

premature setting because the injection can occur as the final step.

This configuration also reduces the chance of cement unintentionally coating implant threads or osteotomy walls.
Since CPC enters from apical implant region and fills the chamber upward, contact is isolated to the apical region

where mechanical anchoring is desired.

The trade-off lies in engineering complexity. Internal channels demand structural modification, create potential
stress risers, require sealing, and complicate implant manufacturing. This approach’s effect on structural integrity of
implant is further considered in [Chapter 4.1.3]. The instrument set must also include a cement delivery system
capable of operating through the implant lumen. Nonetheless, if these engineering barriers can be overcome, this
workflow offers a more controlled cement interface and removes the most significant drawback of Variant 1—

cement working time sensitivity.

3.2 Technical and Clinical Feasibility Considerations

3.2.1 Calcium Phosphate Cement

This material is a self-setting, bioactive ceramic. It is composed mainly of calcium phosphate phases. Through the
process of low-temperature dissolution—precipitation reaction, it hardens, forming hydroxyapatite (HA) or related
calcium-deficient apatites. Since the 1980s, CPC has been widely used in various surgeries: orthopaedic,
craniofacial, and maxillofacial. It serves as a bone substitute (injectable or moldable), known for adapting to
complex defects and hardening in situ. On top of that, it integrates naturally with bone tissue. Lastly, because of its
structural similarity to bone mineral, CPC shows excellent biocompatibility, osteoconductivity, and gradual

remodeling capacity. [22]

For chamber-anchoring, CPC is particularly valuable. Unlike polymeric or resin-based fillers such as PMMA, CPC

sets at physiological temperature without exothermic reactions or volumetric shrinkage. This prevents thermal or
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mechanical stress on the surrounding bone. Rather than relying solely on mechanical interlock, it forms a chemical
bond with bone. Modifications to factors like the powder-to-liquid ratio, particle size, or composition, allow us to
control the material’s physical and mechanical properties. These parameters influence setting time, porosity,

compressive strength, and resorption rate. [23, 27]

Additional additives can further tailor CPC performance. For example, reinforcement with collagen fibers improves
tensile and flexural strength, as well as biological affinity. Toughness and bioactivity can also be increased through
other additives, such as chitosan, hyaluronic acid, or bioactive glass particles. Through such modifications, CPC can
be customized to provide controlled solidification, improved strength, and strong bonding in implant-anchoring

chambers. This makes it a promising material for dental applications, especially in the presented conditions. [24, 25]

However, CPC has several limiting disadvantages, including its brittleness and low tensile strength. The setting
reaction is moisture-dependent, and variations in humidity or blood contamination can affect both hardening time
and final strength. The latter of which will be further taken into consideration in [Chapter 4.1.4]. Additionally, CPCs
show limited resistance in terms of fatigue loading; however, that is only a short-term concern in our case, as it will
gradually be resorbed and replaced by bone in a matter of around 8 weeks. Resorption rate can also vary depending
on formulation, as well as local biological conditions. To overcome all those issues, ongoing research mostly
focuses on reinforcing CPC with fiber, designing polymer-ceramic composites, or other nanostructured
modifications. [22, 23, 26]

3.2.2 Expandable Reamer

Currently available expandable reamers, such as those described in patents like US 2001/0034526 A1, have
collapsed diameters typically around 5 mm. They were originally developed for use in large bones—such as femur
or humerus—where both the access channels and target cavities are relatively wide. The same patent, however,
explicitly notes that smaller diameters are technically feasible. This suggests that further miniaturization could safely
reduce the collapsed size without compromising the expansion mechanism. In this case, it would be desirable to

decrease that diameter to around 4 mm or lower. [28]

In cortical or load-bearing bones, mechanical demands on the cutting system are high. However, in the case of
Chamber-Anchored Implants, only low-density cancellous bone within the alveolar ridge must be cut. This
drastically lowers the requirements (in terms of both structural stiffness and torque) for the potential miniature
version. The combination of advancements in high-strength stainless steels or titanium alloys and precision
manufacturing techniques (e.g., wire EDM) further support the feasibility of miniaturization. Compact, yet
mechanically reliable, expandable reamers for intraoral use are thus assumed to be producible. Therefore, while
existing clinical tools remain at the 5-6 mm scale, adaptation of the design principles to dental-scale anatomy is

credible. The aim is to yield a functional reamer capable of safely operating through a 4 mm pilot access, suitable
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for controlled cavity formation in cancellous jawbone. Below in [Figure 9] a picture of already existing expandable
reamer, designed for use in core decompression procedures. [28, 29]

Figure 9.Stryker. (n.d.). X Ream Percutaneous Expandable Reamer [Product image]. Stryker. [43]

3.2.3 Blood Control

Bone is a living, vascular tissue, and any intraosseous cavity formed there will bleed. That bleeding is often brisk
from cancellous bone and may contaminate or dilute CPC, altering its handling and early setting. Practical measures
to control intraosseous bleeding fall into two complementary categories: surgical hemostasis and

material/formulation strategies.

For surgical hemostasis, common and reliable options include local pressure and suction to evacuate blood, topical
hemostatic dressings (gelatin sponges such as Gelfoam, oxidized regenerated cellulose like Surgical, or collagen
sponges), topical thrombin or fibrin sealants, and direct bipolar cautery or bone wax for focal cortical oozing (with
the caution that bone wax may impede bone healing and should be used judiciously). Autologous concentrates
(PRP/PRF) can accelerate clot formation and healing but introduce biologic fluid that may interact with cement
setting; tranexamic acid applied topically or systemically can reduce oozing; careful use of vasoconstrictor-
containing local anesthetic reduces capillary flow during the procedure. Temporary isolation with a resorbable
membrane or temporary packing until hemostasis is achieved also keeps the chamber dry for CPC delivery. [30, 31,
32]

Material strategies represent two parallel concepts: minimize CPC's exposure to blood and make the CPC more
blood-tolerant. Minimizing exposure includes the above surgical techniques plus active drying (suction and light
gauze/packing), placing CPC after primary hemostasis or after using a topical clot-promoter, and considering a thin
resorbable collagen barrier to separate the cement from immediate blood flow during initial set. Strategies to

increase the robustness of CPCs include adopting higher initial viscosity and cohesion formulations (higher powder-
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to-liquid ratio or cohesive additives) and incorporating setting accelerants (e.g., phosphate-rich liquids) to shorten
the working/setting window so the cement can gain strength prior to any significant washout. Polymer-modified
CPC or the addition of biopolymers like chitosan, gelatin, or low-percent collagen fibers can enhance its cohesion

and resistance to blood contamination; these changes can affect resorption kinetics and should be validated.

Finally, avoid those strategies which trade short-term hemostasis for impaired long-term bone regeneration, such as
the excessive use of bone wax, and document the use of hemostatic agents, since these may affect both CPC setting
and subsequent histological remodeling. [33, 34]

3.2.4 Material Choice

Titanium alloys have been the gold standard for dental implants for decades. That is due to their excellent
biocompatibility, corrosion resistance and high mechanical strength. They demonstrate predictable osseointegration,
which is a critical factor for a long-term clinical success. On top of that, they are supported by a vast body of
research, making them the default material for most implant systems, including this study. Recently, zirconia has
emerged as a promising alternative, offering favorable aesthetics, lower bacterial adhesion, and good

osseointegration, which has led to increasing clinical adoption in selected cases. [35, 36]

Chapter 4. FEA Methodology

The study has been divided into two parts. First, initial study has the objective of roughly providing proof of concept
for chamber-anchoring, as well as studying changes in peri-implant stress distribution depending on different
paremeters. The second and final part aims to finalize the design and compare it to the already available solution in
the form of a short dental implant. Both parts have been prepared using the same methodology of creating models
using SolidWorks (Dassault Systémes, Vélizy-Villacoublay, France), exporting them to STEP files and then creating
simulation in ANSYS Workbench 2025 R1 (ANSYS Inc., Canonsburg, PA, USA), using Static Structural module.
Output Maximum Von Mises stresses of each relevant element of the model (Implant, Cortical Bone Layer,
Cancellous Bone Layer and Chamber) were compared in both parts. All materials, presented in [Table 1] have been

assumed as isotropic, with material properties defined through Young’s Modulus and Poisson’s Ratio.

19



Table 1. Physical properties of materials for bone quality D2 and D4, used in both FEA studies

D2 (Initial Study) D4 (Final Study)

Young's Modulus Poisson's Young's Modulus Poisson's

[Gpa] ratio [-] [Gpa] ratio [-]
Titanium Alloy 110 0.35 110 0.35
Porcelain 68.9 0.28 68.9 0.28
CPC 24 0.26 2.5 0.26
Cortical Bone 13.7 0.3 3 0.3
Cancellous Bone 1.37 0.31 0.4 0.31

For both abutment and implant itself, Ti-6Al-4V Titanium alloy has been chosen. Porcelain was material chosen for
the prosthesis. Bone layer properties reflect a fairly good quality D2 in the initial study and are more typical for low
quality D4 for final study. As for Calcium Phosphate Cement, it has been chosen near the upper end of what is
currently possible for injectable low porosity brushite CPC formulations, however variability of bone cement
mechanical properties was also considered in [Chapter 4.1.3]. According to findings there, even with suboptimal

properties, effect of chamber-anchoring is still prevalent, although to a lesser degree.

Stress analysis was used as the primary evaluation metric because von Mises stress is the standard output for
comparing load transfer patterns in dental implant FEA and aligns with prior literature. Strain distributions are
directly derived from stresses through linear elastic constitutive relations; therefore, under a linear elastic, isotropic
material assumption, stress-based interpretation reflects strain behavior proportionally. Both cortical bone and CPC
are brittle materials however, so for the final consideration Maximum Tensile Stress has been considered instead,
being a more indicative result in this case. All contacts were defined as bonded to simulate full osseointegration and
reduce computational variability. Majority of results are however shown in comparison to a reference model of an

already established, commercial short implant design.

This study employed static structural analysis under both linear and non-linear assumptions based on simulation.
Although 1SO 14801 defines fatigue testing procedures for dental implants, the standard is optimized for evaluating
implant fracture strength, not peri-implant bone behavior or primary stability. It does not account for short implants,

stress distribution in peri-implant zone and bone layer interactions, all of which are main subject of this study.

Because the objective of this work was a comparative evaluation of peri-implant stress distribution and the
mechanical feasibility of the chamber-anchoring concept, fatigue behavior was assessed indirectly based on static

analysis results under adjusted loading and boundary ISO conditions described in Chapter 2.3.2. This approach is
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commonly used for preliminary biomechanical evaluation, where peak stress magnitudes and distributions serve as
indicators of potential fatigue performance. A full cyclic fatigue analysis remains a subject for future work once the

design is fully optimized and FEA acts only as initial indicator for experimental viability.

4.1 Proof of concept study

4.1.1 Geometrical Models

Models [Figures 10 and 11] for initial study were prepared, based on Li et al. (2017), reproducing the study. Same
results were achieved; however, mesh convergence was not satisfying and required an increase in mesh resolution.
The reference model was then shortened to reflect the stress distribution of a short (6mm) implant, and the cortical
layer was made thinner to reflect lower bone quality conditions. Finally, two new models were introduced to test the
chamber-anchoring idea, one with just a bone cement chamber and other one with an additional through hole to

provide better mechanical interlock of an implant. [37]

Figure 10. Cross-sections of different models. From left to right: Long, Short, Chamber-Anchored, Chamber and hole.

Reference Implant has a diameter of 4mm and total length of 14.5mm and subcrestal depth of 11mm, which is then
shortened to 6mm for other versions. For all models. the implant head sticks out 3.5mm and its dop surface has
2.25mm diameter. On top of it small conical part reflecting the abutment is also modeled, which has height of
3.2mm. Additionally, cylindrical prosthesis made of porcelain is mounted on that abutment, so that its top surface is
positioned 8.7mm from the bone level. That is done to increase the lever distance of the oblique component of the

force and simulate a more believable loading environment.

For the bone domain, the cortical bone was defined as a rectangular geometry (23mm high 13mm wide) with 3mm
corner fillets. This geometry was then extruded over a 12mm distance to approximate the space between adjacent

teeth. The cortical layer has a uniform thickness of 0.5mm beneath which is the cancellous bone.
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Figure 11. 3D model of reference implant for an initial study embedded in bone

4.1.2 Mesh, Settings and Boundary Conditions

As briefly mentioned before, reference model’s results accuracy was not reliable, thus the meshing method was
changed back to PrimeMesh and element size was significantly decreased. Mesh density (Number of Nodes) was
determined based on Stress Convergence study.

Stress Convergence [Implant]
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Figure 12. Stress Convergence study results for initial testing setup
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The area of interest, which consisted of just proximity to the implant and chamber, constituted only a very miniscule
part of the whole model. Due to this, to decrease computational load greatly, general element size was set to 0.5mm.
As all maximum stresses occur in contact regions between modeled bodies Face Sizing was used on all relevant
surfaces as to decrease the element size there to 0.15mm. At the same time elements inside implant body have also
been reduced to that size. This resulted in around 1.3 million nodes in each model.

As for boundary conditions [Figure 13], an oblique force of 100N at a 30 degrees angle was applied, according
to 1SO 14801, to the top face of the prosthesis. Both mesial and distal sides of the bone model have been fixed.

Figure 13. Boundary Conditions setup on a initial study along with a screenshot of a meshed model cross-section.
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4.1.3 Initial Results & Main Findings

There were no issues in terms of solution convergence, and results of a simulation can be seen in [Figure 14] below:

Von Mises Stresses [MPa] in different zones

Chamber Long Implant ShortImplant Anchored hole
Implant 189 203 187 190
Cortical bone 83 102 72 72.6

Cancellous bone Cancellous
bone 6 6.97 5.6 6.8
Chamber 63 65.3

Cortical bone

Implant

[=]

50 100 150 200
B Chamberand hole M Chamber-Anchored B Shert Implant B Long Implant

Figure 14. Bar chart of Maximum Von Mises Stresses [MPa] in different parts of the assembly. Table in top right shows exact
numerical values.

As can be seen [Figure 14], maximum von Mises stresses for the short model have risen visibly in all the simulated
elements. This was to be expected, as the shorter length of an implant also means a much smaller contact surface,

even though a large majority of the stresses are distributed in the upper parts of the model.

[Figure 14] shows that the introduction of the CPC chamber alleviated some stresses from both the inner and outer
bone layers. While the cancellous bone was more mildly affected, the cortical layer noted as much as a 29.4% drop
in maximum von Mises stress magnitude. This signifies a major positive influence of the bone-cement chamber on
peri-implant stress distribution. In short implants, low initial stability and over-reliance on cortical bone stiffhess are
a major cause of implant failure. A decrease in stresses in that layer lowers both the probability of fracture as well as

peri-implantitis caused by bone strain.

A model with a through-hole presents a small decrease in how overall stresses are distributed. That, however, could

be potentially compensated for by increased pullout strength and will be investigated further.

What could be a point of contention here is the fact that, in the experimental models, the implant assembly took up
significantly more space due to the presence of the chamber. This situation is not only advantageous for new
models, but in practice may often be impossible due to limited space in the jaw. This factor will be taken into

account and considered in subsequent simulations in [Chapter 4.2].
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4.1.3.1 CPC Mechanical Properties Variability Effect

Bone cement can have various physical properties depending on its formulation. This fact should also be taken into
account, as more robust formulations might not be suitable in terms of either preparation or injectability. Another
factor to consider are additives, which in exchange for better recovery or other qualities, often decrease mechanical
properties of CPC. Because of this, influence in variability of bone cement’s mechanical properties on effectiveness
of chamber-anchoring was taken into account for.

In order to do that Young’s Modulus was varied between 2.5 to 30 GPa to show the changes in maximum stresses in

cortical bone.

. Influence of CPC Stiffness on Cortical Bone Stresses
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Figure 15. Effect of CPC mechanical properties variability on effectiveness of chamber-anchoring. Maximum stress in cortical
bone always occurred on the compressive side.

We can see that along with increase in CPC'’s stiffness, stresses in cortical layer decrease. As was previously shown
in [Figure 14], maximum stress in cortical layer was 102 MPa without the introduction of bone cement chamber. In
comparison to that, even the lowest value of 2.5GPa for E, decreases that maximum stress by 16.7%. In comparison,

for the highest value of 30GPa for Young’s Modulus, we achieved 30.4% drop in cortical bone stress.
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In addition to that, maximum stresses in the CPC chamber were investigated and shown in [Figure 16], which has
proven to be perhaps the most significant finding of the initial study.

Maximum Stresses in CPC Chamber
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Figure 16. Maximum Stresses in CPC Chamber with possible CPC Tensile Strength Range highlighted

As can be seen in [Figure 16], with an increase in bone cement stiffness, the maximum von Mises stress also
increases. Consequently, tensile stress increases as well, which is especially concerning since bone cement’s tensile
strength being many times lower than its compressive strength. With a red dotted line, a rough range of possible
tensile strength for lower-stiffness formulations has been highlighted. Higher end of tensile strength is mainly
achieved through the addition of polymer chains, such as collagen or PLGA, into the mix. Although higher-stiffness
formulations are more beneficial in terms of peri-implant stress distribution, they remain out of reach until a
potential breakthrough in bone cement formulations and tensile strength reinforcement is achieved. For now, the

optimal formulation would present the lowest possible stiffness combined with the highest possible tensile strength.
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4.1.3.2 CPC Chamber Shape Effect

Variation in chamber shape showed a moderate effect on peak stress values; however, no clear or robust trend could
be identified. In practice, chamber geometry is difficult to control, as it is formed intraoperatively and depends
heavily on surgical technique. Additionally, peak stresses were predominantly localized near the coronal chamber—
implant transition region, that is highly sensitive to small geometric irregularities. Due to its limited predictability
and poor clinical controllability, chamber shape was considered a design parameter of secondary importance.

Small Medium Big Rounded Cubic Asymmetric

Figure 17. Different chamber shapes that were tested during the initial study.

Table 2. Maximum Von Mises Stresses in different Peri-Implant zones depending on CPC chamber shape

Maximum Von Mises Stresses [MPa]
Small Medium Big Rounded Cubic Asymmetric
Implant 190 187 194 190 187 187
cortieal g7 72 69 78 73 77
bone
Cancellous
6.3 5.6 7 5.9 6.2 26
bone
Chamber 74 63 62 66 57 84
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4.1.3.3 Injection Channel Effect

Chamber-anchored implants may be designed either for insertion into a pre-filled CPC chamber or for cement
delivery through an internal injection channel, highlighted in [Figure 18]. While the former approach is assumed
throughout most of this study, the structural implications (shown in [Figure 19]) of incorporating an injection
channel were evaluated to assess its feasibility.

CPC injection channel
diameter

Figure 18. Expected position of CPC injection channel
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Figure 19. Effect of cement injection channel diameter on maximum stresses in an imlant.
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Effect of cement injection channel diameter on increase of maximum stress within the implant were highlighted in
[Figure 19]. The results indicate that channel diameter has a negligible influence on peak stresses up to
approximately 1.2 mm. For lower-stiffness CPC formulations (=0.5-15 GPa), which exhibit higher flowability, a
channel of about 1 mm is sufficient and does not measurably compromise implant integrity. In contrast, stiffer CPC
formulations (20-24 GPa) are associated with reduced flowability and may require larger channels, potentially
approaching 2 mm in diameter. At such dimensions, stress levels begin to increase, indicating a trade-off between
injectability and structural robustness. As already shown in [Chapter 4.1.3.1] with current technology only least stiff
formulations can feasibly transfer loads without great risks, thus we can conclude that channel diameter (around

1mm) shouldn’t have much of an influence on the solutions’ viability.

Furthermore, the mechanical impact of the injection channel can be further mitigated through a two-piece implant
design, in which the abutment occupies the coronal region of the implant, which in this case remained empty.
Overall, the findings confirm that an internal injection channel is structurally feasible, provided its diameter is

selected in accordance with the mechanical properties of the chosen CPC formulation.
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4.2 Proposed Design study

4.2.1 Geometrical Models

Figure 20. Screenshot of updated model assembly as well as meshed cross-section.

The final study once again assumed a thickness of 0.5mm for the cortical bone layer. Overall bone geometry was
changed [Figure 20], however, to more realistically reproduce human bone anatomy. A cross-section of mandibular
bone in an area between the first and second molar was taken and traced in SolidWorks and then scaled to the given
measurements 25 mm vertical height) found in Tunis et al (2017). This was then extruded 10mm laterally and

divided into both cortical and cancellous layers. [38]
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A reference short dental implant [Figure 22] has been chosen in the likeness of ITI Straumann soft-tissue level,
4.1 x 6 mm (Institut Straumann AG, Basel, Switzerland), largely based on two different Yuan et al. (2023) studies,
which described its dimensions. [39, 40]

Prosthesis

[Porcelain]

Abutment
[Titanium Alloy

Anchoring
amber
[CPC]

Figure 21. Diagram presenting parts of the assembly and materials they were assigned.

An abutment has been created to rest on top of it with a height of 4.7 mm and a top diameter of 3.2 mm. The
prosthesis was changed to a simplified geometry of a 3D scan of the first molar, publicized online by University of
Dundee. Its top surface has been flattened out to simplify Boundary Condition (BC) enforcement. It has been cut at
the bottom to match the abutment and placed so that top surface of prosthesis is distanced 10mm from the bone

surface. This distance was adjusted to simulate force lever and height of a 2" Maxillary molar. [41]

The CPC chamber was decided to closely follow the volume taken by the reference implant, expanding only
downward by 0.5 mm. The influence of that discrepancy was also considered, however, and will be further
investigated and shown amongst results.

A couple of different solutions have been proposed, as seen in [Figure 22] and tested for chamber-anchored implant
geometry, based on previously seen implant designs. A major change in design, however, came from a distinct
insertion method. With the additional purpose of differentiating from classical implant designs, grooves (revolve

cut-outs around the implant axis) have been used instead of typical, helical threads.
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ITI Straumann soft-tissue level, 4.1 X 6 mm
(Institut Straumann AG, Basel, Switzerland
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Figure 22. Straumann reference implant implant (left) and some of the tested design ideas.
4.2.2 Mesh and Boundary conditions

Mesh settings were largely unchanged, apart from removal of implant Body Sizing setting, critical regions were still
more accurately refined using face sizing. In this case, however, the outer bone sizing method was set to Cartesian to

ensure more reliable mesh generation, as other methods proved problematic in ANSY'S.

Mesh resolution was determined based on Total Strain Energy and stress convergence tests carried out on the

reference model. Accordingly, all vulnerable regions were assigned an element size of 0.1 mm. [Figure 20]

For main test, a 30° oblique load of 100 N was applied to the top of the prosthesis, while the lateral surfaces of the
bone domain were fully constrained. All the proposed models were compared among themselves first, to possibly
find the best novel solution. The reference model was then evaluated and subsequently compared with itself and
novel test model with a CPC chamber. The configuration exhibiting the most promising results was further analyzed
both without and with a through-hole placed at different positions to assess its influence on stress distribution in the

peri-implant region.

In addition, a pull-out strength test was performed by applying an increasing axial force to simulate implant
extraction. The failure criterion for this test was defined as reaching the ultimate strength in the cortical bone,
according to Mohr-Coulomb failure criteria. Hole placement has been tested to see influence of hole positioning on
stress distribution. Stiffer (24GPa) CPC formulation has been used for idea comparison and hole placement

simulations.
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Chapter 5. Results
5.1 Results — Design ideas
First, all the design ideas were compared among each other to see which idea should be further developed. Majority
of design ideas presented subpar results (as seen in [Table 3]) in terms of stress distribution. It is proposed that the

main reason for that were cut-outs, as they effectively decreased the diameter of the implant root. In fact, for most

models the highest stress inside implant occurred at a first cut-out.

Table 3. Full Camparison of Maximum Von Misses stresses [MPa] between different design ideas.

A B C D E F

233 2284 316 180 150 136.7
Implant
Cortical Bone 67.5 64.5 63 49 48 47
Cancellous

5.35 5.53 53 53 53 55
Bone
Chamber 69.3 62.2 72 65 69 50

As shown before, the introduction of the CPC-filled effectively reduces the stresses experienced in the cortical bone
layer and, to a lesser degree, in the cancellous bone as well. This effect, can be seen for all trials, with various degree
of effectiveness. Depending on the implant and groove shape, maximum stress in cortical bone differs widely.
However, in almost all cases we can also observe an unreasonable increase in maximum stress of the implant. Idea F
was definitely the best among all of them and presents the lowest stress inside the CPC chamber, which is also a

point of concern. Thus, only design idea F will be considered further.
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5.1.1 Through hole relevance

Idea F was re-made with a through-hole designed to provide a more robust mechanical interlock. Two hole position
angles were selected: one perpendicular (named pivot) and one parallel (named axial) to the horizontal component
of the oblique force. For each of the angles, three variants were tested: a low position, a high position, and a long
variant in which the slot-shaped hole continues through almost the entire length of the endosteal portion of the
implant.

Figure 23. Cross-section of different hole configurations. Going from left to right, pivot low, pivot high, pivot long and axial low.

Table 4. Maximum Von Mises stresses for different hole position configurations

NO HOLE PIVOT PIVOT HOLE AXIS

HOLE PIVOT HIGH LONG AXIS HIGH

Implant 136.7 141.5 148.9 145 150.7 162.4
Cortical Bone 47 48.3 48.5 48.7 48.5 48.7
Cancellous

Bone 55 55 5.5 5.43 5.5 5.4

Chamber 50 52.5 52.5 53 517 593
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Although the through hole as a feature of implant design has been core part of the chamber-anchoring idea, [Table
4] clearly shows that such notion brings no benefits in chewing-like loading scenario. Maximum stresses in all
modeled parts are increasing due to introduction of this feature. However, because initial idea assumed this kind of
interlock being more useful for the pull out strength, tests at varying loads in Axial Tension were performed, results

for which can be seen in [Figure 24]
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Figure 24. Axial tension with different hole position variants in Pivot hole model.

As can be seen in [24], no matter the hole position, Stress curves for cortical bone (which is out most critical
element) follow roughly the same patch, even being slightly more favorable for “No hole” variant until right before

the yield limit is reached.

On top of that, pull out strength test was conducted, in a resorbed CPC scenario to finally determine through hole
viability, whose results can be seen in [Figure 25]. For that pull out test, cortical bone Yield Strength has been set
for 80MPa, Tensile Ultimate Strength to 60MPa and Compressive Ultimate Strength to 120 MPa. Because cortical
bone is a very brittle material, Mohr-Coulomb failure criterion, that is much more suitable for this type of materials

was considered for its failure.
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Figure 25. Load-Displacement curve and Safety factor for cortical bone in implant variants without and with through hole in
apical region. First failing node has been highlighted.

As can be seen in [Figure 24] both with and without the through hole, cortical layer follows almost the same load-
displacement curve. In both cases mathematical solver destabilized and diverged soon after reaching 1000N load.
Local failure at a singular node (which for both cases occurred in the same position) was reached slightly earlier for
model without a hole. This could be caused by some inconsistency in solver mathematical model or due to slight
differences in meshing, however this further proves lack of benefits from introducing a through hole into the implant
design.

5.1.2 Bone depth consideration

As mentioned, however, in all the studied cases, the cavity goes slightly deeper (0.5 mm) than the reference implant
does. To account for and correct that variable, we can choose one of two solutions: either reaming the chamber
slightly higher or shortening the implant to keep the distance between the implant and the bottom of the chamber
constant. Both solutions were simulated, and the results can be seen in [Figure26]: In this case Straumann with the

chamber positioned as in all previous studies was used as the reference to alternate chamber/implant configurations.
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Figure 26. Maximum stress in different model parts for alternative chamber configurations. "Repositioned" stands for a variant
where whole chamber has been moved up and 'Shortened' corresponds to shortened implant length

This study shows that stresses inside the implant rise in both cases when we account for depth of CPC chamber
(width-wise bounding box for chamber and Straumann implant was almost the same). Cortical bone stresses are
largely the same however to the reference (short implant with deeper CPC chamber), meaning that core effect of the

chamber-anchoring solution is kept, even when accounting for depth.

5.1.3 Groove relevance & Full CPC resorption

Due to previously proven irrelevance of through hole as a feature, it has been deemed necessary to compare if the
grooves enabled by a new insertion procedure (implant not required to be screwed in) provide any benefits to the
overall design of an implant. That’s to make sure that any design changes in that regard are even relevant in the first
place, or if just the implantation procedure is beneficial. In theory thread, due to its helical nature, would introduce
more shear stresses while transferring load into the bone, while grooves having regular cross section would lead to
more compression which is more favourable stress mode to the bone. Idea F model was changed so that same cut-

out profile was instead cut along a helix path.

At the same time, because CPC will be resorbed into the organism in a couple of weeks, to get a better
understanding of long-term implications of both configurations. Scenario where all the CPC was replaced by

cancellous bone was also introduced.
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Table 5. Comparison of Groove and Thread as main features, as well as influence of Resorption (CPC or native bone scenario)
on maximum stresses in tested elements

Groove Groove Thread Thread

CPC bone CPC bone
Implant 159 164 171 204
Cortical 514 64 50.4 62.5
Cancellous 5.28 5.5 5.32 5.4
Chamber Area 18.6 5.78 18.7 5.78

We can see that with resorption of bone cement, stress in cortical layer has risen significantly. Part of that is a very
conservative assumption that new cancellous bone would have the same properties as the old, surrounding one. In
practice, due to Wolff’s law, new bone tissue should be more resistant. [Table 5] also shows that contrary to
expectations, both thread and groove seem to have very similar effect on maximum stress inside bone (both cortical
and cancellous). However, stress in implant is higher for the thread variant. This cannot be considered as conclusive
evidence of groove superiority, as thread was not adjusted or designed in any special way that would optimize the
model. Different thread/cut-out profile might be also more beneficial when used for threads or grooves. Using
grooves however brings some benefits to the table, enabling less invasive insertion methods as well as easier time
machining. This kind of part can easily be turned, which is much faster than producing a complicated thread,

possibly leading to cheaper cost of production of such implant.

To assess the effectiveness of chamber itself and design changes it has been decided to run a study with reference
implant and bone chamber and then compare with it without CPC chamber and with own design.
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5.2 Results — final comparison

Own Design Straumann (Commercial)

Figure 27. Comparison of stress distribution contours between own and reference model.
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Figure 28. Comparison of maximum stresses and highlighted stress changes with standalone chamber introduction (orange) and
change of design to proposed one (dark blue).

Just introducing the CPC chamber visibly decreases the maximum stress in cortical bone, which is the most critical
factor for implant primary stability. By doing only this, a 17.2% decrease in the maximum stress within the cortical
bone can be observed. With the proposed design, this difference increases further to a substantial 33.5%, which may
signify a drastic improvement in implant primary stability.
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This change is, however, accompanied by an increase in the implant’s maximum stress by 40.7%. From the
standpoint of static loading, this represents a reasonable trade-off, as the titanium implant remains far from reaching
its yield strength, it could be argued that this increase in implant stress might influence long-term outcomes. Because
of this, proposed idea’s fatigue response has to be tested. As mentioned previously, cortical bone is brittle, thus Von

Mises stress is not the best measure of its performance.

Straumann | Own Design lmpn;;;ment
Tensile Max
[Mpa] 65.1 494 24.12
Compressive
Max 113.7 76.2 32.98
[Mpa]
Max
Displacement | 3.97E-05 3.53E-05 11.07
[m]
MaxsStrain |, gepop | 1.72602 39.92
[m/m]

Straumann

Figure 29. Maximum Tensile and Compressive stresses along with Maximum Displacement and Strain at a singular node in
cortical bone layer.

In [Figure 28] we can see a set of more representative results in terms of primary stability effectiveness for cortical
bone. Both tensile and compressive stress have decreased significantly. Micromotion in cortical bone layer has
decreased by 11% and maximum strain around implant, which is main measure of bone damage decreased by 40%.
This overall signifies a substantial increase in implant’s early life stress distribution. Fatigue performance

verification becomes the last point of doubt.

40



5.3 Proposed Design Fatigue Life Prediction

Because of increased Maximum Von Mises Stress inside the implant, fatigue life of the design naturally becomes a
concern. Due to that, adjusted I1SO 14801 test that was previously described in [Chapter costam] has been simulated
in ANSYS.

F

Figure 30. Meshed model of a test rig for dynamic fatigue testing with elongated Loading Member.

Goodman Fatigue Theorem was used to assess the predicted life cycles, due to its inherent conservativeness. As ISO
14801 doesn’t explicitly state load magnitude, two loading cases were simulated. First one assumed sensible
chewing load and cyclic load magnitude was set to 250N. In second case we assume exaggerated load with applied
force of 400N.
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Figure 31. Fatigue simulation stress distribution and Predicted Lifetime Cycles for 250N at full and decreased fatigue strength
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Figure 32. Fatigue simulation stress distribution and Predicted Lifetime Cycles for 400N at full and decreased fatigue strength

As seen in [Figure 30] and [Figure 31] proposed design complies with the requirement of 5 Million cycles described
by 1SO 14801 for both cases. In exaggerated loading case, however that requirement is just barely fulfilled. This
loading scenario would require always chewing with close to full force and eating hard foods only, which seems
quite unlikely. On the other hand in a sensible loading scenario, proposed design seems to be entirely safe, with
fatigue hotspot being visible only with drastic fatigue strength factor reduction.
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Chapter 6. Discussion & Conclusions

6.1 Discussion

Through extensive experimental and simulation studies, the concept of chamber-anchoring has demonstrated
consistent benefits in implant performance, particularly in reducing loading on the thin cortical layer of the bone—a
critical factor in early implant failure. The introduction of a CPC-filled chamber consistently lowered peak cortical
bone stresses across all simulations. The cortical shell is the main determinant of primary stability, and excessive
cortical loading is strongly associated with implant failure. Mechanically, the chamber transforms the implant into a
dual-support structure: in conventional short implants, almost all load is transferred through the crestal cortical ring,
generating high compressive and bending stresses. The chamber creates a second load-bearing region deeper within
the cancellous bone, where CPC acts as a stiff inclusion, sharing the load and increasing the effective moment arm
of support. This reduces bending at the crest, spreads stresses across a larger volume of bone, and explains why all
chamber-anchored variants—regardless of CPC stiffness—show improved cortical stress profiles.

Importantly, the beneficial effect is independent of the exact CPC formulation. Even low-stiffness CPC exceeds the
mechanical properties of cancellous bone, and higher-modulus formulations provide incremental improvements.
Beyond purely mechanical benefits, the introduction of CPC opens multiple avenues for implant enhancement.
Variations in CPC composition allow for modulation of handling properties, setting time, and injectability, which
can improve surgical ease and reduce procedure variability. Furthermore, additives could extend the functionality of
the implant: bioactive ions such as strontium or magnesium could enhance osteoconductivity and accelerate bone
healing, while antibiotics or anti-inflammatory agents could be incorporated for localized drug delivery, reducing
the risk of post-operative infection. Growth factors or stem-cell carriers may further accelerate osseointegration,

offering potential improvements in both short-term recovery and long-term implant success.

From a design perspective, geometry remains a key factor in performance. Initial designs proposed through-holes for
mechanical interlocking, but multiple FEA simulations have shown that these holes increase stress concentrations
without improving pullout strength, likely because the chamber itself already provides a strong interlock. Groove
geometries, however, have shown partial benefit in stress distribution. Unlike threads, which may increase implant
surface area but require complex machining and introduce micro-stress concentrations at thread roots, grooves
provide stress redistribution while being simpler and cheaper to manufacture. This cost reduction arises because
grooves can often be milled in a single pass or created through standardized tooling, whereas threads require multi-
step tapping or rolling, precise control, and potentially tighter tolerances. In addition to machining simplicity,
grooves reduce the risk of debris accumulation during production and insertion, and they are less sensitive to

manufacturing variability—a significant advantage for reproducibility and patient safety.

43



Simulation studies also highlight the importance of preserving effective root diameter. All alternative designs (A-F)
underperformed relative to the reference design because cut-outs reduced the second moment of area. Since bending
stresses scale inversely with the second moment of area, even minor reductions in root diameter drastically increase
implant stresses and negate benefits from modified geometry in that area. Design F, which preserved more material
at the neck, consistently performed better. Moreover, simulations adjusting for slightly deeper cavities demonstrate
that the cortical stress reduction is not merely due to increased CPC volume but represents a true load-sharing effect,

reinforcing the robustness of chamber anchoring under realistic surgical conditions.

Looking forward, long-term performance remains a critical consideration. While high-cycle fatigue is not a concern
for CPC, low-cycle fatigue under immediate or early loading should be evaluated to ensure safety. Similarly, the
performance of chamber-anchored implants should be validated under both non-resorbed and fully-resorbed bone

scenarios to account for variability in patient physiology.

In summary, chamber-anchored implants offer a mechanically sound and clinically promising strategy to reduce
cortical stress, enhance primary stability, and potentially enable smoother recover. The integration of CPC allows
not only mechanical reinforcement but also functional enhancements through bioactive, pharmaceutical, or
regenerative additives. Design optimization, particularly groove geometries that are mechanically beneficial, cost-
effective, and simpler to produce—further increases the feasibility of this approach. Future studies should continue
to explore CPC formulations, additive functionalities, and long-term biomechanical performance to maximize both
patient outcomes and procedural efficiency. Practical experiments are however a necessity, as all current interactions

were inferred from a body of knowledge and not yet tested in a living organism.

6.2 Conclusions

Although this study did not identify a definitively superior implant geometry, it provides strong support for the
chamber-anchoring concept. The introduction of a CPC-filled sub-apical chamber consistently reduced peak stresses
in cortical bone, validating the underlying mechanical rationale and indicating a potential for improved primary
stability across a range of bone qualities. Overall, chamber-anchoring emerges as a promising strategy for dental

implant stabilization in clinically challenging bone conditions, warranting further validation.
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