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KEYWORDS ABSTRACT:
Dental Implants, Biomechanics plays a fundamental role in the success or failure of dental implants. Unlike natural
Biomechanics, teeth, dental implants lack a periodontal ligament and transfer occlusal forces directly to the
Occlusal Load, surrounding bone. Therefore, an in-depth understanding of mechanical load distribution, implant

design, bone quality, and prosthetic considerations is crucial for predictable outcomes. This review

Implant Design, 4 o ) . . . . . .
Stress Distribution explores the essential principles of implant biomechanics, including osseointegration, stress and
Bone Density strain distribution, implant macro- and micro-design, occlusal forces, angulation, crown-implant

Prosthetic ratio, and prosthetic planning. The influence of bone density, immediate versus delayed loading, and

Planning, Finite parafunctional habits such as bruxism is discussed. Furthermore, modern concepts such as

Element Analysis CAD/CAM, finite element analysis, short and tilted implants, and zygomatic and pterygoid

anchorage are highlighted. Clinical guidelines and preventive strategies for biomechanical
complications are provided. A clear understanding of biomechanics enables clinicians to optimize
implant planning, enhance load distribution, minimize bone loss, and improve long-term stability.
Future directions include digital simulation, smart implants, and biomechanically guided Al
planning.

Introduction planning and load management. Biomechanics refers to
the study of how mechanical forces interact with
biological tissues and implant structures. In implant
dentistry, biomechanics determines how chewing forces

Dental implantology has revolutionized modern
dentistry by providing a predictable and long-term

solution for the replacement of missing teeth. However, . . >
are transmitted from the prosthesis through the implant

implant success is not solel dependent on . . .
P Y P to the surrounding bone. Unlike natural teeth, which are

osseointegration; it also requires proper biomechanical
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supported by the periodontal ligament (PDL) that acts
as a shock absorber, implants are ankylosed directly to
bone. This rigid connection eliminates the cushioning
capacity of the PDL and transfers occlusal loads more
directly and intensely to the bone. If these forces exceed
the adaptive capacity of bone, it can lead to
microfractures, marginal bone loss, screw loosening,
prosthetic fracture, or complete implant failure. The
success of implant therapy depends on the harmonious
interaction between biological factors (bone quality,
healing potential, osseointegration) and mechanical
factors (implant design, occlusal forces, prosthetic
components). Therefore, biomechanical understanding
should guide clinicians in surgical placement, prosthetic
design, loading protocols, and occlusal adjustments.
Over the past decades, researchers such as Brunski,
Misch, Rangert, and Frost have laid the foundation of
implant biomechanics. Clinical studies and finite
element analyses have highlighted the importance of
axial force distribution, implant length and diameter,
thread geometry, and the negative effects of cantilevers
and lateral forces. Recent advancements include digital
planning, CAD/CAM abutments, short and tilted
implants, and the biomechanical use of cortical
anchorage in zygomatic and pterygoid implants. The
objective of this review is to provide a detailed,
evidence-based, and clinically relevant overview of the
biomechanics of dental implants. This article will
discuss fundamental biomechanical principles, critical
influencing factors, complications arising from
biomechanical failure, modern strategies to optimize
load distribution, and future trends. By understanding
and applying biomechanical concepts, clinicians can
significantly enhance the longevity and reliability of
implant-supported restorations.

Fundamental Principles of Implant Biomechanics

Understanding the biomechanics of dental implants
requires analyzing how different types of forces act on
implants and how the bone responds to these stresses.
Unlike natural teeth, which are suspended in the
alveolar bone via the periodontal ligament (PDL),
implants are directly ankylosed to bone. This rigid
interface eliminates the shock absorption and
proprioception provided by the PDL, making implants
more vulnerable to overload if forces are not properly
managed.
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B - bone; PDL - periodontal ligament; C - cementum; D - dentin

Fig 1: Biomechanics of Dental Implants
Types of Forces Acting on Implants

Dental implants are subjected to various occlusal forces
during mastication and parafunction. The primary types
of mechanical forces include:

Axial (vertical) forces: These are compressive forces
directed along the long axis of the implant and are the
most favourable biomechanically. Bone can tolerate
compressive stress better than shear or tensile stress.
Proper implant positioning aims to maximize axial
loading.

Lateral (horizontal) forces: These create shear stress at
the bone-implant interface. Shear forces are poorly
tolerated by bone and are the most common cause of
marginal bone loss and biomechanical failure. Lateral
forces commonly occur from improper occlusal
contacts, non-axial loading, and parafunctional habits.
Torsional (rotational) forces: These forces generate
twisting moments on the implant and can lead to
abutment screw loosening or fracture. Adequate anti-
rotational implant design and splinting can minimize
torsional loads. Bending moments: A bending moment
occurs when a force is applied at a distance from the
implant axis (e.g., in cantilever prostheses). This
produces high stress on the crestal bone and the
prosthetic components. To minimize bending, implants
should be positioned under functional cusps and
cantilevers should be reduced.

Key Principle: Axial load = Good, Shear, Tensile,
Bending = Bad
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Fig 2: Axial Vs Lateral Force
Stress and Strain in Peri-Implant Bone

According to Frost’s mechanostat theory, bone responds
differently depending on the magnitude of strain
(microstrain, pe):

e < 200 pe: No stimulus — bone resorption due to
disuse.
e 200-2500 pe: Physiologic loading — bone

maintained or slightly strengthened.

e 25004000 pe: Mild overload — microdamage and
bone remodeling.

e > 4000 pe: Pathological overload — bone resorption
and implant failure.

Successful implants maintain functional strain within
the physiologic window. Excessive occlusal loading or
poor biomechanical planning can push strain levels into
the overload zone, causing crestal bone loss.

Osseointegration and Load Transfer

Osseointegration  provides direct structural and
functional connection between the implant and bone.
The quality of this interface determines how loads are
transferred. Load distribution depends on:

o Extent of bone-implant contact (BIC)

* Bone density (cortical > cancellous)

o Implant design (threads, platform switching)
e Implant length and diameter

Cortical bone absorbs most of the initial load due to its
higher modulus of elasticity. Cancellous bone deforms
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more under load but contributes to secondary stability.
Therefore, maximizing cortical engagement (e.g.,
Bicortical Anchorage, Pterygoid or Zygoma Implants)
significantly improves biomechanics.

Fig 3: Stress in Cortical vs Cancellous

Bone Quality and Density (Lekholm & Zarb
Classification)

Bone density strongly affects implant stability and load
distribution:

e D1: Dense cortical bone — best mechanical support.

e D2: Thick cortical, dense cancellous — ideal for
implants.

e D3: Thin cortical, porous cancellous — moderate
support.

e D4: Very thin cortical, soft cancellous — highest
failure risk.

In D4 bone, shear forces must be minimized, and wider
or longer implants or cortical anchorage techniques
(e.g., bicortical, pterygoid) should be used.

Primary Vs Secondary Stability

e Primary stability = mechanical fixation at placement,
Influenced by implant design, surgical technique, and
bone density.

e Secondary stability = biological stability from bone
remodeling and osseointegration, Occurs over weeks
to months.
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o Critical biomechanical Rule: If micromotion>100-
150 pm during
encapsulation—implant failure. (Brunski, 1992)
Hence, load must be controlled, especially during
immediate loading protocols.

healing—fibrous

Implant Design and Biomechanics

The design of a dental implant determines how
mechanical loads are transmitted from the prosthesis to
the bone. Both macro-design (shape, size, threads) and
micro-design (surface texture, collar configuration) play
critical roles in stress distribution, primary stability, and
long-term success.

Implant Shape: Cylindrical Vs Tapered

e Cylindrical implants distribute load more evenly
along their length and are preferred in dense bone
(D1, D2).

e Tapered implants mimic natural tooth roots and
achieve greater primary stability in soft bone due to
wedging effect. They also reduce apical stress and are
beneficial in immediate placement or extraction
sockets.

%

Fig 4:Implant Design (Cylindrical and Tapered
Implants

Biomechanical Principle

Tapered implants convert axial forces into lateral
compression, enhancing stability—but excessive
compression may cause crestal bone loss if not
controlled.
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Implant Length

Longer implants engage more bone surface area,
increasing bone-implant contact (BIC) and reducing
stress per unit area. Traditionally, implants >10 mm
were considered ideal. However, modern evidence
shows that short implants (6-8 mm) can perform
equally well when wider diameters and proper occlusal
control are used. Key Biomechanical Point: Length
primarily improves primary stability and stress
distribution, but once osseointegration is achieved,
diameter is more important than length in load handling.

Implant Diameter

Wider implants increase surface area, decrease stress,
and improve resistance to bending. Each 1 mm increase
in diameter increases the surface area by 30-40%.
However: Very wide implants (>6 mm) may cause
cortical bone resorption due to excessive pressure.
Narrow implants (<3.5 mm) are more prone to fracture
and overloading.

Rule: Use the widest implant that bone volume safely
allows without compromising bone thickness. Minimum
1.5 mm buccal and lingual bone is necessary.

Thread Design

Thread geometry influences primary stability, insertion
torque, and load transfer.

Key parameters:

e Pitch: Distance between threads. Smaller pitch =
more threads per length = better load distribution.

e Depth: Deeper threads increase surface area but may
concentrate stress at the crest.

e Angle: V-shaped threads provide good stability;
square threads reduce shear forces and are ideal in
softer bone.

e Microthreads at the crestal region minimize marginal
bone loss by distributing stress more evenly across
cortical bone.

e Thread design is one of the most critical
biomechanical factors, especially in the crestal bone
area where most failures begin.
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Collar Design and Platform Switching

The implant collar is where the prosthesis connects and
where bone remodeling is most common.

e Smooth collar (machined): Minimizes plaque
retention but weak for bone contact.

e Microtextured collar: Promotes bone attachment but
may increase stress.

e Platform switching (smaller abutment on wider
implant platform): Moves microgap away from bone,
reducing crestal stress and marginal bone loss. This is
biomechanically proven to preserve crestal bone
structure.

Implant Surface (Micro-Design)

Surface roughening (through sandblasting, acid etching,
anodization, plasma spraying, etc.) increases bone
contact and accelerates secondary stability. SLA and
SLActive surfaces improve osseointegration speed.
Hydrophilic surfaces enhance blood contact and
healing. Clinical Importance: Rough surfaces distribute
stress more uniformly and resist micromotion during
early loading.

Implant Position, Angulation, and 3D Biomechanics

Ideal 3D Positioning

The long axis of the implant should coincide with the
direction of occlusal load. Proper 3D placement reduces
lateral forces and bending moments.

o Labial/lingual deviation — increases cantilever forces
o Mesial/distal deviation — causes off-axis loading
e Depth errors — affect crown height and leverage

Key Biomechanical Rule: “Implants should be placed
where the forces occur—NOT where the bone is
easiest.”

Implant Angulation

Axially oriented implants transmit forces vertically,
which is biomechanically ideal. However, anatomical
limitations often require angulation (e.g., maxillary
sinus, mandibular nerve). Angled implants increase
bending moment. However, tilted implants can still be
biomechanically successful if splinted and placed into
cortical bone (e.g., All-on-4 concept).
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Crown-to-Implant Ratio

Similar to crown-root ratio in natural teeth, an excessive
prosthetic height creates leverage and bending forces.
Ideal ratio: 1:1 to 1.5:1, Ratios >2:1 significantly
increase failure risk. In posterior maxilla (soft bone +
long crowns), this becomes critical.

Fig 5: Crown-Implant Ratio & Bending

Cantilever Length

Cantilevers generate very high bending moments. Each
1 mm of distal cantilever can increase force on the
nearest implant by 3—4 times.

Guidelines:

Minimize or eliminate cantilevers. Splint implants to
distribute load. Use cross-arch stabilization (All-on-4).
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Occlusal Load and Force Management

Occlusion plays one of the most critical roles in implant
biomechanics. Unlike natural teeth, implants cannot
detect excessive forces due to the absence of
periodontal  ligament  proprioception.  Therefore,
occlusal schemes must be carefully designed to
minimize harmful stresses.
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Axial Vs Lateral Loading

Axial forces (compressive): Safest and best tolerated.
Lateral (shear) forces: Most destructive to crestal bone.
Oblique forces: Cause bending moments and screw
loosening. Torsional forces: Generate rotational stress at
the implant-abutment interface. Goal: Convert all
occlusal forces as close to axial as possible.

Rotation order: "blue” (around Z) -=» “red” (around new X')

Fig 7: Occlusal Force Vectors
Implant-Protected Occlusion (IPO)

Michael Misch introduced IPO to minimize overload on
implants.  Key  principles: ~ Narrow  occlusal
table—reduces leverage. Shallow cuspal
inclines—minimizes lateral forces. Light centric
contacts—allow stress distribution. No working/non-
working interferences. Avoid heavy contacts in
excursions.

Occlusal Schemes

Choosing an occlusal scheme depends on the number of
implants and arch form: Mutually protected occlusion:
Natural teeth anterior guidance, implants posterior
support—ideal if anterior teeth remain. Group function:
Acceptable but must control lateral forces. Canine
guidance: Often avoided on implants due to high lateral
forces. Cross-arch stabilization: Best for full-arch
prosthesis (All-on-4/6).

Parafunction (Bruxism, Clenching)

Bruxism generates forces 5—6 times normal mastication.
Implants in bruxers have higher risk of fracture and
bone loss. Management strategies: Use more implants,
Increase diameter, Splint prosthesis, Use night guards,
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Reduce cantilevers, Flatten occlusion. Failure to
manage bruxism is one of the most common causes of
late implant failure.

Prosthetic Biomechanics

The prosthetic superstructure determines how forces are
transferred to implants.

Splinted vs Non-Splinted Implants

Splinted implants: Distribute forces across multiple
implants, reducing overload—ideal in soft bone or
cantilever cases. Non-splinted implants: Better hygiene
and retrievability, but each implant bears its own load
— only acceptable in strong bone with ideal occlusion.

Cantilevers

Cantilevers are the most common source of
biomechanical overload. Posterior cantilever should not
exceed 1.5x the anteroposterior spread. Reduce distal
extension.

Use cross-arch support.
Abutment Connection

External hex: More rotational freedom, higher screw
loosening. Internal hex/morse taper: Better stability, less
micromovement, improved force distribution.

Screw-Retained vs Cement-Retained

Screw-retained: More retrievable, better mechanical
control, fewer peri-implantitis risks. Cement-retained:
Better esthetics, but risk of excess cement—biological
failure risks.

Biomechanically, screw-retained prostheses are safer,
especially in full-arch cases.

Immediate Vs Delayed Loading

Immediate Loading

Advantages: Faster treatment, Preserves soft tissue
architecture, Higher patient satisfaction.

Biomechanical Requirements: High primary stability
(>30-35 Ncm torque). Minimal micromotion (<100
um). Use of splinted restorations. Avoid lateral forces
during healing. If these conditions are not met —
fibrous tissue instead of bone — failure.
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Delayed Loading

Allows full osseointegration. Safer in poor bone. Lower
biomechanical risk.

Modern protocols show immediate loading has success
rates comparable to delayed loading IF biomechanics
are respected.

Biomechanical Complications and Failure Modes

Implant failures can be biological or mechanical. Most
mechanical failures are biomechanical in origin.

Screw Loosening

Caused by: Excessive lateral forces. Poor occlusion.
Inadequate torque. Microgap micromovement. Morse
taper and angled screws reduce this risk.

Screw or Abutment Fracture
Indicates extreme overload or fatigue.
Implant Body Fracture

Rare but catastrophic. Often seen in narrow diameter
implants subjected to high forces or bruxism.

Marginal Bone Loss

Most common biomechanical complication. Caused by:
Shear forces at crest, Poor platform design, Microgap
inflammation, Excessive occlusion, Poor implant
positioning.

Prosthetic Chipping or Fracture

Occurs when occlusal forces exceed material strength,
especially with ceramics.

Modern Strategies to Optimize Biomechanics
Digital Planning and Guided Surgery

Ensures ideal 3D placement for optimal force
distribution.

CAD/CAM Customized Abutments

Precise fit—reduced micromovement—better load
transfer.

Finite Element Analysis (FEA)

Simulates stress distribution. Used to design threads,
surfaces, and prostheses. Predicts bone response before

surgery.
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Short and Wide Implants
Biomechanically effective when bone height is limited.
Tilted Implants (All-on-4/6)

Avoids anatomical structures while engaging cortical
bone. Splinting neutralizes bending moments.

Zygomatic and Pterygoid Implants

Engage dense cortical bone. Provide exceptional
support in atrophic maxillac. Excellent for immediate
loading.

Shock-Absorbing Implants and New Materials

Polymer-based damping layers. Titanium-zirconium
alloys. Surface modifications.

Clinical Biomechanical Guidelines (Summary)

e Use axial loading wherever possible

Avoid lateral and oblique forces

Place implants in ideal 3D position

Use widest and longest implants safely possible

Splint implants in soft bone or full-arch cases
e Minimize cantilevers

Control occlusion (implant-protected scheme)

Identify and manage bruxism

Aim for insertion torque >30 Ncm

Use platform switching and internal connections

Regular follow-up and maintenance
Future Directions

Smart implants with force sensors. Al-driven
biomechanical planning. 3D printed customized implant
designs. Stem cell-based shock-absorbing interfaces.
Nanotechnology for better load transfer

Conclusion

Biomechanics is one of the most critical determinants of
long-term implant success. Since implants lack
periodontal ligament cushioning, all occlusal forces are
transmitted directly to bone. Proper implant design,
ideal positioning, controlled occlusion, and prosthetic
planning are essential to direct loads axially and
minimize harmful lateral or bending forces. Modern
advancements such as CAD/CAM, digital guided
surgery, finite element analysis, and the use of cortical
anchorage in zygomatic and pterygoid implants has
significantly improved biomechanical outcomes. A deep
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understanding of biomechanics allows clinicians to
reduce complications such as bone loss, screw
loosening, and prosthetic fracture. Ultimately, the
combination of sound biomechanical planning and
precise surgical execution is the foundation of
predictable, long-term implant success.
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