Global Clinical Engineering Journal mﬂ

GlobalCE
This paper is part of the Special Issue on Design and Manufacturing in Biomedical Engineering
Guest Editor: Dr. Jashanpreet Singh, University Center for Research and Development, Chandigarh University, Punjab, India.
Prof. Dr. Chander Prakash, University Center for Research and Development, Chandigarh University, Punjab, India.

Received August 14, 2025, accepted October 22, 2025, publication date for online-first December 21, 2025.

Review

Next-Generation Smart Biomaterials in Dental Implantology:
Titanium and Emerging Alternatives

Aastha Palta’, Prachi Palta? and Virinder Kumar'*

1 University Centre for Research and Development, Chandigarh University, Mohali - 140413, Punjab, India.
2Department of Physics, Chandigarh University, Mohali - 140413, Punjab, India.

“Corresponding author: virinderkumars@gmail.com; virinder.e18785@cumail.in

ABSTRACT

Background: Tooth loss affects approximately 3.74 billion people globally, with 7% of the population aged 20 years or older
experiencing complete edentulism. Traditional prosthetic solutions present significant limitations, including poor retention
and accelerated bone loss. Contemporary dental implantology has undergone substantial evolution since 2020, incorporating
advanced biomaterials, multifunctional surface modifications, and digital Al-driven workflows to address these clinical chal-
lenges Objective: This review synthesises recent advances in dental implant materials, surface technologies, design method-
ologies, and clinical protocols published between 2020 and 2025, with an emphasis on emerging biomaterials and intelligent
digital approaches that enhance osseointegration, survival rates, and personalised patient outcomes. Material and Methods: A
comprehensive literature review was conducted examining established implant materials (commercially pure titanium, B-type
titanium alloys, yttria-stabilised tetragonal zirconia polycrystal), emerging bioactive and bioresorbable systems (magnesium
alloys, polylactic acid/B-tricalcium phosphate composites), surface modification strategies, digital technologies, artificial intel-
ligence applications, mechanical complications, biological complications management, and clinical loading protocols. Results:
Contemporary titanium implants with sandblasted, large-grit acid-etched surfaces achieve 96-99% five-year survival rates,
while metal-free zirconia systems demonstrate survival rates of 94-97%. Emerging -type alloys and bioresorbable systems
show promising preclinical and early clinical results. Immediate and early functional loading protocols deliver comparable
outcomes to conventional delayed loading when primary stability criteria are met. Al-assisted diagnostics achieve greater than
98% accuracy in anatomical segmentation and over 90% predictive accuracy for implant failure. Peri-implantitis remains a pre-
dominant challenge with 44% recurrence rates despite surgical intervention. Conclusion: Next-generation dental implantology
represents a paradigm shift toward predictable, personalised care through synergistic integration of biomaterial innovation,
digital workflows, and artificial intelligence. While established materials demonstrate reliable long-term success, bioresorbable
and bioactive systems offer regenerative potential requiring optimisation of degradation kinetics and mechanical durability.
Addressing peri-implantitis recurrence and standardising clinical endpoints for emerging technologies remain critical priorities
for achieving consistent long-term clinical success.
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1. INTRODUCTION

Tooth loss represents one of the most significant global
health challenges, affecting approximately 3.74 billion
people worldwide, who suffer from various oral disorders.
The World Health Organization estimates that complete
tooth loss affects approximately 7% of people aged 20
years or older globally. Meanwhile, periodontal diseases
are a leading cause of tooth loss, affecting around 1.07
billion individuals, with prevalence rates reaching up to
12,498 per 100,000 population in certain regions.' This
substantial burden varies significantly across socioeco-
nomic levels, with low- and low-middle-income regions
experiencing disproportionately higher rates of edentulism
and periodontal disease (Figure 1).*°

FIGURE 1. Bar chart showing dental implant success rates across
patient factors and risk categories (the data were taken from
Beschnidt et al.).” (Permission under the Creative Commons
International Attribution CC BY-NC-ND 4.0 license)
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The clinical and psychosocial consequences of tooth
loss are profound, encompassing impaired masticatory
function, compromised speech, rapid alveolar bone resorp-
tion, and diminished quality of life. Traditional prosthetic
solutions, including removable partial and complete den-
tures, often present limitations such as poor retention,
discomfort, accelerated bone loss, and reduced chewing
efficiency. These shortcomings have driven the global
dental implants market to unprecedented growth, with
market valuations projected to reach $12.6-18.79 billion
by 2030-2032, reflecting a compound annual growth
rate of 6.9-8.4%.%-12 Since 2020, dental implantology
has transformed, driven by the convergence of emerging
biomaterials, multipurpose surface modifications, and
digital, Al-driven workflows. Metal-free, esthetic solu-
tions now include high-performance ceramics, such as
yttria-stabilized tetragonal zirconia polycrystal (Y-TZP),
which has a low bacterial affinity and 94-97% five-year
survival rates. Additionally, B-type titanium alloys (e.g.,
Ti-35Nb-7Zr-5Ta) achieve bone-like elastic moduli (65
GPa), thereby reducing stress shielding and maximizing
load transfer.3-¢ Bioresorbable systems using magnesium
alloys and polylactic acid/B-tricalcium phosphate compos-
ites provide gradual load transfer to regenerating bone,
potentially eliminating the need for secondary retrieval
surgery in select cases (Figure 2).17-%!

Concurrent advances in surface functionalization,
such as micro-roughening through sandblasted large-grit
acid-etching (SLA) up to nano topographic coatings (e.g.,
nanostructured hydroxyapatite [HA]) and carbon-based
films (e.g., graphene, diamond-like carbon, carbon na-
notubes) similarly boost the bone-to-implant contact
value from 50-60% at the 3 months mark, to a height of
75% within 8 weeks, while simultaneously conferring
antibacterial capabilities. Growth factors, such as BMP-2
and leukocyte-platelet-rich fibrin (L-PRF), are utilised in
bioactive coatings to promote osteogenesis, providing
an additional method for stimulating bone growth. Still,
ironically, their clinical translation is hindered by regula-
tory requirements.??-2¢ At the same time, digital technol-
ogies have also allowed unprecedented precision, with
cone-beam computed tomography (CBCT) and intraoral
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scanning being used to input the computer-aided design
(CAD)-based planning, resulting in additive manufacture
of patient-specific implants, usually made of metal or
polymer-ceramic composites, with reasonable success
rates even in severe defects.?’32 The emerging technol-
ogy of artificial intelligence (AI) has simplified diagnosis,
automated the segmentation of nerves and evaluation of
bone quality, and forecast the success of implants with an
accuracy of > 0.90, favouring individualised, risk-adapted
approaches.**-** These synergistic advances are supported
by a more sophisticated knowledge of osseointegration
as an immune-modulated and foreign-body equilibrium:
once implanted, the adsorption of proteins on the oxide
surface guides macrophage polarization to the regenera-
tive M2 phenotype, whereas mesenchymal stem cells and
endothelial progenitors facilitate vascularization and bone
deposition of the matrix, while the directed micromotion
has led to osteogenic pathways such as Wnt/B-catenin.
Adding all of them, the developments are helping in taking
implant dentistry to a more predictable and biologically
harmonious, and personalised future.3¢37

FIGURE 2. Comparative anatomy of natural tooth and dental
implant attachment mechanisms demonstrating fundamental
biomechanical differences.?® (Permission under the Creative
Commons International Attribution CC BY-NC-ND 4.0 license)
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2. MATERIALS AND SURFACE TECHNOLOGIES IN
DENTAL IMPLANTS

Over the past five years, advancements in biomaterials
and surface engineering strategies used in dental implants
have led to improvements in their integration, longevity,
and patient outcomes. Such developments include clas-
sical metals and ceramics, as well as newer bioactive and
bioresorbable systems, and complex surface modification
methods.?*!

2.1. Established Metals and Ceramics

Titanium (Ti) is considered the gold standard because
it has been proven to be biocompatible, mechanically
strong, and corrosion-resistant. Commercially pure tita-
nium (cp-Ti) has an elastic modulus of approximately 110
GPa and exhibits long-term survival rates of 95-98% at
5 years. Surface finishing or SLA protocols also enhance
the directness of the breast surface, increasing bone-to-
implant contact (BIC) by 50% to 60% within 3 months.
Titanium-SLA implants exhibit survival rates as high
as 96-99%, and some immediate loading regimes have
achieved rates of up to 99.5%. Titanium alloys of -type
(e.g.,, Ti-35Nb-7Zr-5Ta) with a lower elastic modulus and
closer to that of natural bone (about 65 GPA) would mitigate
the stress shielding effect and distribute occlusal loading
more efficiently, perhaps allowing maintenance of bone
health in treated sites otherwise compromised. Such alloys
are biomechanically interesting, but their properties are
mainly based on in vitro and finite element studies.*>*3
Y-TZP represents an alternative, metal-free solution with
better esthetics and a bacterial-resistant survival rate
0f 94-97% at 5 years.***¢ Moreover, the gingival tissues
surrounding zirconia implants exhibit more organized
collagen fibers and shallower sulcus depths than those
surrounding titanium implants, which may enhance soft
tissue attachment (Figure 3) and improve aesthetic out-
comes. However, the inherent brittleness of the material
remains a limitation that must be carefully considered
when designing prosthetics. Polymers such as polyeth-
eretherketone (PEEK) and ultra-high molecular weight
polyethene (UHMWPE) have low elastic moduli (34 GPa),
radiolucency, and retrievability, which make them useful
in specific clinical situations, notably for patients with
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metal allergies.*’>! They have non-compatible bioinert
surfaces that necessitate functionalizing these surfaces
using plasma treatments or bioactive coatings to confer
osseointegration. Abutment reinforcement enhances the
mechanical properties with the addition of carbon fibres.
Table 1 presents the comparative properties and perfor-
mance of implant materials. Table 2 summarizes practical
indications, trade-offs, and selection cues, clarifying when
each system is preferred based on esthetics, biomechanics,
hypersensitivity, and loading strategy.

FIGURE 3. Zirconia and titanium implant systems differ in com-
ponent architecture and material behaviour, directly influencing
prosthetic flexibility, mechanics, and esthetics.>? (Permission
under the Creative Commons International Attribution CC BY-
NC-ND 4.0 license)

TABLE 1. Comprehensive material properties and clinical
performance of dental implant systems.

TABLE 2. Summary of clinical selection cues for titanium versus
zirconia implant systems.

Dimension Titanium Implants Zirconia Implants
o High-aesthetic anterior
Broad indications, g .
. . . R zones, thin/translucent
Primary including posterior zones, .
ST .. mucosa, patients
indication limited bone volume, and

complex prosthetics

prioritizing metal-free
options

Evidence-based
and ecosystem

Extensive long-term
data; broad component
ecosystem; versatile
connection options

Growing evidence base,
fewer component variants,
improving but more
constrained prosthetic
options

High fracture toughness
and fatigue resistance;

Lower fracture toughness;

Mechanical . avoid high cantilevers and
. reliable for narrow- .
behaviour . excessive torque; favour
diameter and angulated .
straightforward load paths
abutments
1l-suited for immedi
Well-su te.d ° e(-i ate/ Prefer delayed or carefully
. early loading under high . .
Loading . selected immediate
functional demand when L. .
protocols loading in low-risk,

stability thresholds are
met

straightforward cases

Aesthetics and
soft tissue

Possible grey shine-
through in thin biotype;
can be mitigated with
zirconia abutments and
soft-tissue management

Excellent mucosal
colouration and low plaque
affinity; favourable soft-
tissue aesthetics in thin
biotypes

Hypersensitivity/
allergy

Rare metal
hypersensitivity; consider
alternatives in sensitized
individuals

Metal-free pathway
suitable for
hypersensitivity concerns
if prosthetic demands
allow

Connection and
torque

Robust connections

with higher torque
ceilings; broad restorative
flexibility

Torque limits generally
lower; connection design
selection critical; cautious
with complex restorations

Peri-implant

Mature strategies; surface
options to reduce biofilm;

Lower plaque
accumulation tendencies
are reported, requiring

hygiene maintenance protocols . :
. rigorous maintenance and
well established .
monitoring
Heavy occlusal load. . L .
¥ ocelusa ? High aesthetic priority, thin

parafunction risk, biotype, metal sensitivit

When preferred narrow/angulated needs, pe, Y,

immediate placement/
provisionalization

simple prosthetic designs
with minimal cantilever

Practical cue

Choose when mechanical
reliability and prosthetic
flexibility are paramount

Choose when mucosal
aesthetics and metal-free
solutions are primary goals
and biomechanics are
favourable

2.2. Emerging Bioactive and Bioresorbable Systems

The latest developments in dental implantology have

Material 5-Year Survival Highlights Clinical Outcome
Advanced Proven
Commercial pure 0 connector biocompatibility,
O 95-98% :
titanium designs for surface
stress control roughness
99.5% Success ?glllcgrl?r-less
_— 000 2 : ,
Titanium-SLA 96-99% Wlth'lmmedlate immediate
loading .
loading protocols
) Favourable Ez%lfﬁig
B-Ti35Nb7Zr5Ta | in vitro/early cortical stress biomechanical
distribution .
stress sharing
Superior BIC Metal-free
Y-TZP zirconia 94-97% after acid aesthetics, low
etching bacterial affinity
Carbon fiber
reinforcement; Osteoconduction,
PEEK & Limited data bioactivation controlled
UHMWPE A
research degradation
ongoing
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focused on enhancing bioactive and bioresorbable materials
to address the shortcomings of conventional long-term
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implants, including stress shielding and the potential for
a durable foreign body, as well as the need for a second
surgery to remove the implant. The systems aim to interact
with the local biological environment. They are envisioned
to be biologically active, encouraging tissue regrowth
with eventual biodegradation over the same time frame,
as the increasing load is transferred to the newly growing
bone (Figure 4). Mg alloys are among the most promising
groups of biodegradable metals used in dentistry in the
form of implants and screws.>*** With elastic moduli that
approach that of the cortical bone (about 45 GPa), these
alloys offer more physiologically relevant conduction of
loads and reduce stress shielding. Mg is bioresorbable as
it undergoes corrosion in physiological fluids. However,
they are vulnerable to rapid corrosion rates, which can
cause premature failure and undesirable local reactions
unless properly controlled. In response to this, hybrid
coatings of HA and PLA have been designed to balance
degradation rates with osteoconductivity.>>*¢ These coated
Mg implants promote early bone formation and already
form the basis of preclinical and early clinical studies with
applications as fixation screws and small load-carrying
implants. Polymers like PLA, combined with 5-trical-
cium phosphate (5-TCP), have gained momentum as a
bioresorbable scaffold for alveolar ridge augmentation
and the healing of craniofacial defects. Such composites
may be manufactured accurately using 3D printing tech-
nologies at the point of care to provide patient-specific
anatomically conforming meshes or plates. PLA-B-TCP
constructs provide osteoconduction, supporting the
attachment of cells and intracellular bone formation, in
addition to biodegrading into lactic acid, which is naturally
metabolised.®”*® Owing to their bioactivity and mechan-
ical support, these materials are adequately positioned
to be used as a bone defect filling material without poor
integration, especially in the case of complex anatomical
areas. Functional surface coatings of commercially avail-
able implant materials have included bioactive glasses
(BG) to augment bone bonding and protection against
peri-implantitis.>*-¢! BGs provide calcium (Ca?*) and
phosphate (PO,*") ions in situ, creating a HA-like layer
on the implant surface. This mineralised layer enhances
osseointegration and simultaneously increases the local
pH, forming an antimicrobial environment that prevents
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FIGURE 4. Illustration of bioactive glass coating facilitating
bone regeneration and tissue engineering in dental implants.°?
(Permission under the Creative Commons International Attri-
bution CC BY-NC-ND 4.0 license)

bacterial colonisation—an essential factor in avoiding
peri-implant infections. Preliminary clinical and in vivo
observations demonstrate the potential of BG coatings
to mitigate the phenomenon of biological complications
without compromising mechanical stability. There have
been attempts to utilise nanostructured bioactive films
and growth factors, such as bone morphogenetic protein-2
(BMP-2) and platelet-rich fibrin derivatives, to achieve
faster early osseointegration and vascularisation. How-
ever, regulatory, stability, and cost issues restrain their
broad adoption.

Collectively, these new bioactive, bioresorbable sys-
tems signal a trend toward a more dynamic, structurally
biologically integrated dental implant that can enhance
regeneration and reduce the long-term presence of a
foreign body. They have great potential for patients with
poor bone quality and multifaceted defect geometries,
as well as those requiring minimally invasive treatment.
Moreover, Mg and polymer-ceramic systems (e.g., Mg
alloys, PLA-B-TCP scaffolds) still face limited early-phase
load-bearing capacity and sensitivity to corrosion/
hydrolysis, which can precipitate rapid strength loss,
gas formation, or dimensional changes before sufficient
osseointegration takes place. Their elastic and fatigue
performance under cyclic occlusal loads remains inferior

J Global Clinical Engineering Vol.7 Issue 4: 2025
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to titanium in most posterior or parafunctional contexts,
with tighter constraints on implant diameter, connection
torque, and cantilever length. Clinically, this necessitates
careful case selection (low load, temporary support, or
adjunctive scaffolding), meticulous control of degradation
kinetics through coatings, and avoidance of high imme-
diate loading requirements until durable, standardized
mechanical and in vivo longevity data are established.
Among the ideas for future research priorities, one may
mention optimising degradation kinetics to coincide with
healing timelines, enhancing mechanical durability during
the critical initial period, and testing long-term clinical
effectiveness in cohorts with large numbers of patients.

2.3. Surface Modification Toolbox

Surface engineering has played a significant role in re-
ducing the incidence of failure and enhancing integration by
enabling the design and manipulation of implant surfaces’
topography and surface chemistry, thereby facilitating the
bonding of implants to bone and minimising biological
adverse events. Table 3 outlines the key strategies for
surface modification.

TABLE 3. Strategies of surface modification.

Surface Bone . .
i Time to . Evidence
Technique [Roughness| Implant Benefits Limitations
Load Level
(Ra, pm) |Contact (%)
Dual-acid 04-3.5 45-60 3 Months Hydropblllc Variable acid High
etch micro-pits protocols
SLA . . .
(sandblast |2.5-3.0 | 50-60 3 Months | Clinical gold | Possible grit |,
X standard residue
+ acid)
Plasma- Osteoin- Brittleness, .
sprayed HA 2194 155-70 2 Months | 4, crive delamination | T1igR
Nanostruc Biomimetic | Manufactur
1.2-3.5 60-75 2 Months |Nano -ing Moderate
-tured HA .
topography | complexity
Carbon
coatings
(diamond-
like carbon < Antibacterial, | Limited
[DLC], Variable |44-63 N improved long-term Emerging
Months ]
carbon mechanics data
nanotubes
[CNT], and
graphene)
Fullerene +40% Cell Thin uniform Experi
. i /A Early stage
C60 film proliferation film -mental
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Surface Bone . .
) Time to . Evidence
Technique [Roughness| Implant Benefits Limitations
Load Level
(Ra, pm) |Contact (%)
Growth
Low-
factors Increased 6 Accelerated | Regulatory 4
— mode
(BMP-2, BIC Weeks healing hurdles ‘
rate
L-PRF)

Strategies based on the synergistic use of micro- and
nano-scale surface modifications can potentially maximise
the biological response at the implant interface. The most
widely used titanium implants in clinical practice are
currently micro-roughened SLA, with reported survival
rates of up to 99%. Nano-topographical characteristics,
such as nano TiO, nanotubes, further enhance cellular
reactions, resulting in accelerated osteointegration, as
demonstrated by laboratory studies. Hydroxyapatite-based
bioactive coatings directly enhance attachment to bones,
and antibacterial measures, involving silver nanopar-
ticles, hinder the formation of biofilms and reduce the
risk of peri-implantitis. Finally, carbon-based films, such
as diamond-like carbon (DLC) films, exhibit mechanical
durability and biocompatibility, resulting in a low volume
of wear debris and avoiding chronic inflammatory reac-
tions. This range of surface modifications demonstrates
the tendency of multifunctional implants to be used at the
optimal level of bone integration, as well as those that are
stable in a longitudinal perspective.

FIGURE 5. Five-year survival rates of contemporary dental implant
materials and loading protocols, based on recent literature (data
taken from a previous study).®® (Permission under the Creative
Commons International Attribution CC BY-NC-ND 4.0 license)
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2.4. Survival Outcomes

According to recent clinical studies and meta-analyses,
there are better survival rates for established implant
generations (96-99% for modified titanium and 94-97%
for zirconia), and promising results have been obtained
for emerging materials based on these findings. However,
these results are yet to be confirmed (Figure 5). Essentially,
immediate and early loading regimens yielded similar
success to conventional delayed loading, with reviews
indicating that appropriate primary stability is established
by insertion torque and implant stability quotient (ISQ).

The cp-Ti implants have consistently recorded reliably
high survival rates of 95-98%, which have been maintained
for atleast 5 years. We increased osseointegration by in-
troducing micro-roughened surfaces, including SLA etched
treatments, extending survival rates to 96-99%.5%° Good
evidence of the maturity and reliability of such materials
and surface technologies is evident in titanium implants
with SLA surfaces, evidenced by impressive cumulative
success rates of as high as 99.5% when loaded immediately,
as opposed to the few years prior when loaders could not
approach such winning percentages of titanium implants
with SLA (Sandblasted, Large-grit, Acid-etched) surfaces.
Although B-type titanium alloys, such as Ti-35Nb-7Zr-5Ta,
remain primarily in the research and early clinical stages,
they are promising due to their bone-matched elastic
properties. Despite substantial evidence, large-scale sur-
vival is delayed; finite-element simulations and in vitro
studies suggest positive biomechanical implications that
can be applied to enhance longevity in challenging clinical
settings. Y-TZP ceramic implants offer a competitive option
on a case-by-case, metal-free basis, with a reported 5-year
survival rate of 94-97%.5°-%% Acid etching, laser texturing,
and other surface treatments facilitate an increased BIC
of surface-treated implants, with some showing greater
early osseointegration parameters than titanium implants.
Another factor contributing to the significant clinical
success of zirconia is that this oxide is biologically inert,
thereby reducing the risk of bacterial attachment. Mg
alloy, polymer-ceramic (e.g., PLA/B-TCP), and bioactive
glass coatings are in the early stages of adoption with
positive preclinical and pilot clinical outcomes.®*”° The
combination of osteoconductivity with their degrada-
bility offers a new paradigm in the success of implants,
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particularly in complex defects and sites that require the
gradual transfer of load to the growing bone.

Table 1 illustrates the clinical outcomes and success
factors of dental implant materials and techniques. Treat-
ments that increase surface roughness, bioactivity, and
hydrophilicity are directly related to bone integration
rates, resulting in faster and stronger integration, thereby
overcoming material-specific survival rates. The imme-
diate and early loading protocols, previously deemed
riskier, now show survival results comparable to those
of conventional delayed loading, with primary stability
measures including insertion torque values of 40 N cm
and a reported ISQ of 70. Short implants (< 8 mm) under
immediate loading have also demonstrated a cumulative
success rate of over 98%, making sinus augmentation
and additional surgeries unnecessary. Short implants (<
8 mm) can achieve high success when primary stability
and occlusal control are optimized, offering a minimally
invasive alternative to augmentation; however, their
reduced crown-to-implant ratio elevates bending mo-
ments, making connection design, splinting strategy, and
occlusal scheme critical. Narrow implants (< 3.5 mm)
expand indications in thin ridges but face higher risks of
mechanical complications (screw loosening and fracture)
under parafunction or cantilevered loads; high-toughness
titanium and internal conical connections mitigate these
risks better than brittle ceramics. With zirconia, one-piece
narrow designs require cautious case selection due to
their lower fracture toughness; two-piece zirconia nar-
rows torque ceilings and enhances prosthetic flexibility.
For bioresorbable or hybrid systems, diameter/length
constraints amplify early-phase strength limitations and
degradation-related variability, reinforcing a preference
for low-load, anterior, or interim indications until long-
term datasets mature. Practical guidance has been added
on stability targets, splinting, cantilever avoidance, and
material-connection matching to support evidence-based
use. These survival data provide compelling evidence that
contemporary implant materials, advanced surface mod-
ifications, and optimized clinical protocols consistently
deliver high long-term success rates, particularly when
combined with rigorous patient selection and stability
criteria. Current studies are being conducted to refine
these emerging bioresorbable systems and increase the

J Global Clinical Engineering Vol.7 Issue 4: 2025
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clinical application of new alloys and intelligent coatings.

3. DESIGN AND FABRICATION TECHNIQUES IN
DENTAL IMPLANTS

The innovations in designing and fabrication utilised
in dental implantology over the last half-decade have
helped to enhance the precision of surgical practice,
improve implant success, and yield better patient out-
comes. This can mainly be attributed to digital workflow,
new additive manufacturing processes, biomechanical
optimisation, and emerging personalised and competent
implant philosophies.

3.1. Digital Technologies and Al Integration in
Implantology

Over the past five years alone, disruptive shifts toward
digitally enhanced workflows in dental implantology have
incorporated the latest imaging technology, Al, and the
power of additive manufacturing to deliver new levels of
precision, efficiency, and individualised patient outcomes.
Such workflows encompass the entire treatment sequence,
from diagnosis and surgery planning to guided surgery
and restoration with prosthetics. At the centre of these
innovations are digital imaging and scanning, primarily
using CBCT and intraoral scanners. CBCT provides a 3D
high-resolution image of the patient’s maxillofacial anat-
omy, outlining essential structures such as nerves and
sinus cavities, as well as bone density levels necessary for
implant placement.”*"”® Fast and comfortable, requiring
no discomfort of taking emergency impressions, intraoral
snappers generate veritable digital casts of the dentition
and soft tissues within a few seconds, and the patient ex-
perience is significantly improved. The volumetric imaging
data input is analysed using sophisticated Al algorithms,
which automate anatomy segmentation, detect nerves, and
identify bone structure in seconds. This enables precise
virtual planning of the implants’ positions, angulation,
and depth, thereby minimising the risk of nerve damage
and ensuring optimal load distribution.”*78 Surgical
guides for running surgical procedures are printed in 3D
using an additive manufacturing technique using resins
(Figure 6). These face-to-face guides fit the teeth or gum
comfortably and guide implant osteotomies exactly as
planned, minimizing surgical errors and operation time.

J Global Clinical Engineering Vol.7 Issue 4: 2025

FIGURE 6. A 3D printer fabricates a customised dental im-
plant model, demonstrating advanced personalised implant
manufacturing technology.”® (Permission under the Creative
Commons International Attribution CC BY-NC-ND 4.0 license)

In restorative stages, CAD/computer-aided design
(CAD) and CAM technologies plan and manufacture exactly
fitting crowns and bridges digitally, machining or print-
ing them. Optimisation algorithms based on Al improve
prosthesis fit, occlusion, and aesthetics, and prompt a
40% decrease in laboratory turnaround time. Additive
manufacturing has also enabled the manufacturing of
patient-specific implants (PSIs). Porous lattice titanium
alloy (Ti-6Al-4V) implants manufactured via powder
bed fusion offer advantages, including porous lattice
structures, that encourage osseointegration and provide
custom mechanical properties.®-#2 Complex bone defects
require reconstruction using resolvable scaffolds produced
by extrusion 3D printing over ceramic-polymer-based
implants, such as PLA/B-TCP. Clinical reports have shown
a success rate of approximately 87% for such intricate
maxillofacial applications employing these individual
implants. Tables 4 and 5 outline the key phases, technol-
ogies, and clinical benefits of digital workflows and 3D
printing in contemporary dentistry, with a specific focus
on dental implants.
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TABLE 4. Digital workflow stages and technologies in dental

implantology.
St Technology e
age Used Description Benefits
Cone-beam : .
P . computed High-resolution Precise bone
D 1§1tal !maging tomography (31D _atmlatom);hand assessment
and scanning (CBCT), igital mou comfort
intraoral scanners models
. Ir_nplan( . Optimized
Virtual treatment | CAD software, simulations with lacement. risk
lannin Al algorithms nerve and bone P PR
P g g : : reduction
quality mapping
3D-printed Resin-based 3D Custom guides Surgical accuracy,

surgical guides

printing

for precise drill

reduced time

direction

Crowns and Improved
CAD/CAM for | Digital milling bridges are aesrt)hetics faster
prosthetics and printing designed and restoration

fabricated digitally

TABLE 5. 3D Printing Techniques, Materials, and Clinical Out-
comes in Implant Dentistry.

Clinical
3D Printi Material
Tecl:rlllil Lneg :}:el;;a Application Advantages Success/
1 Outcome
0,
Powder 87% .

. L. . Porous structure, | Success in
bed fusion Titanium Patient- mechanical maxillofa
(selective alloy (Ti-6Al- | specific metal .

. strength, cial
laser 4V) implants . o
melting) biocompatibility | reconstru
ctions
Extrusi ..
xirusion Resorbable . . Promising
printing Polymer- Patient-specific, | . .
. scaffolds . integration
(Arburg ceramic and alveolar osteoconductive, in pilot
plastic free | (PLA/B-TCP) | degradable P
forming) augmentation studies
Widely
. . Custom Precision fit adopted, it
Resin-based | S 1 . §
SBSI?in?iile :Jliricraesins surgical reduces surgery | enhances
P £ |8 guides time placement
accuracy

Artificial intelligence in dental implants has also trans-
formed the workflow, enabling automation, precision, and
prediction across diagnosis, planning, surgical guidance,
and prosthesis planning, as shown in Table 6. Generative
design algorithms combine Al and subsequent optimisation
of implant macro- and micro-geometries, relying on pa-
tient-specific finite element models. Such designs promote
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a balance between mechanical strength, stress utilisation,
and osseointegration topographical details, downplaying
the planning bias and enhancing great functional results.
These customised implants also precisely fit irregular or
damaged bone structures when used in conjunction with
additive manufacturing, providing enhanced load transfer
and reducing micromotion. Robots equipped with Al-based
navigation software strengthen the accuracy of surgery,
as demonstrated by pilot studies, which show accuracy
in implant placement within 0.5 mm. The reason is that
these systems reduce variability caused by hand, lessen
trauma, and allow partial invasive procedures. Allowing
Al to provide feedback on-the-fly to correct the drilling
trajectory and depth can maximise primary stability and
prevent the encounter of anatomical hazards. In addition
to surgery, Al perfects the architecture and adaptation
of prosthesis parts, including abutments and caps. Algo-
rithms can maximise occlusal contacts, marginal fit, and
esthetic outcomes, minimising the need for adjustments
and remakes. This saves as much as 40% of chair time and
minimises patient dissatisfaction by improving function
and cosmesis.

TABLE 6. Al Applications in Dental Implantology: Functions,
Benefits, and Performance Outcomes.

Al A /
.. Description Benefits ceuracy
application outcome
. Automated nerve Enhances >98% Accuracy
Anatomical and bone structure .
. . accuracy, reduces | in nerve
segmentation | detection in CBCT . . . .
risk identification
scans
. Prediction of . High predicti
Bone quality redietion o Personalizes 16l precictive
bone density and . . accuracy (AUC >
assessment implant choice
morphology 0.90)
. . F ts th S t L.
Failure risk lil(zZ:TiC}?SOSd o::im lant zrr;lz)zralsized risk Predictive models
prediction ood ot imp P with AUC > 0.90
complications management
. Real-time Al-guided Imp roves Placement
Surgical . precision, o
D implant placement . accuracy within
navigation durine sureer reduces surgical 0.5 mm (pilot)
g surgery trauma ' P
. 3 o Lo
Pro'sthetlc Al fine-tunes Better fit, reduced 40% reduction in
design abutment and crown chair time lab turnaround
optimization | morphology time
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FIGURE 7. Timeline of transformative technological develop-
ments in dental implantology, highlighting the convergence of
digital workflows and advanced biomaterials (the data were
taken from a previous study).®® (Permission under the Creative
Commons International Attribution CC BY-NC-ND 4.0 license)

These technological developments in digital imaging,
Al 3D printing, and CAD/CAM technologies have brought
dental implantology to an era of customised, efficient, and
highly predictable treatment (Figure 7). They decrease
operative complications, streamline implant placement,
reduce treatment duration, and enhance aesthetic and
functional outcomes. Advances in the future are expected
to be presented by augmented and virtual reality in serv-
ing as intraoperative guidance, generative Al in designing
implants, and additional incorporation of bioactive ma-
terials in the context of digital fabrication.

3.2. Mechanical Failure and Wear in Dental Implants

The long-term success of dental implants is still a fac-
tor of mechanical failure and wear. Although the future
holds promise for improvements in biomaterials, implant
design, and surgical procedures, complications such as
screw loosening, ceramic chipping, implant fracture,
and wear-induced corrosion still occur at varying rates,
which can ultimately undermine the integrity of osseoin-
tegration and prosthetic stability. This is one of the most
frequent mechanical complications in 6-12% of implants
within 5 years. It is generally caused by micromovements
between the implant and the abutment interface, com-
monly resulting from prosthetic misfit or inadequate load
torque generated during installation. The loosening of
screws may cause microleakage of bacteria, peri-implant
inflammation, and prosthetic failures.?*#° Mitigation
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measures involve optimising screw preloading through
torque control, internal hex, or tri-channel connectors
to enhance mechanical interlocking and minimise mi-
cro-movement, as well as fine digital processes for aligning
the fit of parts. Ceramic chipping is a typical complication
in zirconia-based restoration. It is encountered in most
cases (4-8%), often in conjunction with parafunctional
habits (e.g., bruxism), occlusal loading, or less-than-ideal
prosthetic framework design. There has been a significant
reduction in the use of monolithic zirconia crowns that
do not require bonding layers of ceramics. Moreover, the
personalisation of occlusal forces distribution with the
help of occlusal analysis and occlusal adjustment guided
by Al ensures the prevention of risks associated with
chipping and posterior restoration.

FIGURE 8. Causes of titanium release during dental implant
preparation, implant, and maintenance stages.”® (Permission
under the Creative Commons International Attribution CC
BY-NC-ND 4.0 license)

Although relatively uncommon (< 1%), implant fractures
may be initiated by overload, particularly in implants with
narrow diameters or poor bone quality. B-type titanium
alloys produce more elastic moduli, unlike other types of
alloys; the closer they are to those in the bone, the less the
stress concentrations and hence the possibility of fracture
(Figure 8).°2-%° Another effective preventive measure is
prosthetic splinting, which decompresses occlusal forces
and spreads them to several implants. Table 7 presents
common failure modes in dental implants, including
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prevalence, causes, and mitigation strategies. The release
of titanium particulates due to wear or corrosion has been
suspected of inducing peri-implant inflammation and
peri-implantitis. The sources of wear debris could be mi-
cromotion between the implant and abutment or abrasion.
To minimise the release of particles and biological impact,
wear and chemical degradation resistance are improved
by surface coatings, such as zirconia or carbon-based films
(DLC and graphene). They are also antibacterial in nature
and help fight the presence of biofilms.

TABLE 7. Common Failure Modes in Dental Implants: Preva-
lence, Causes, and Mitigation Strategies.

. 5-Year . e e q
Failure Mode Primary Causes | Mitigation Strategies
Prevalence
. . Preload optimization,
. Micromotion, . .
Screw loosening | 6-12% . internal-hex/tri-
component misfit
channel connectors
Bruxism, Monolithic zirconia
Ceramic chipping | 4-8% framework crowns, Al-balanced
design occlusal design
Overload, narrow | B-type alloys,
Implant fracture <1% . B-typ L OYE
diameter prosthetic splinting
. o . Zi ia/carb
Wear debris/ Titanium particle 1rc9n1a carbon
. - coatings for wear
corrosion release .
resistance

Finite-element analyses have played a significant role in
identifying stress concentration zones and making design
adjustments to distribute loading more evenly. Implant-
abutment connections, such as Morse-taper, improve
the dispersal of forces to the cortical bone.* Still, they
can increase stress within components of the abutment,
requiring the patient to choose with caution. Problems in
mechanical failure often occur due to biological and pros-
thetic factors, indicating that more integrated treatment
solutions should incorporate biomechanics, materials
science, and treatment strategies to address these issues.
The current standard of care involves prevention through
optimised implant design, accurate surgical placement
facilitated by digital workflow, and prosthetic planning
that is also accurate based on Al analysis.
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3.3. Bioactive and Bioresorbable Implants in Dental
Implantology

Recent trends in the development of dental implants
over the last 5 years have led to the conception of bioac-
tive and bioresorbable materials as a crucial technology,
focusing on accelerating the speed of biological adhesion
and reducing the long-term foreign body burden. These
advances signify a paradigm change toward nonactive,
fixed objects to activate interactive systems that enable
bone growth and support bone remodelling at the same
rate of healing. Mg alloys have been a preferred choice of
biodegradable dental implants because their elastic mod-
ulus (about 45 GPa) is similar to that of the cortical bones,
effectively avoiding stress shielding effects. Mg alloys can
biodegrade through an orderly corrosion process, thereby
liberating Mg ions that are known to induce bone tissue
development and angiogenesis.”’~1°! Nonetheless, rapid
corrosion presents issues such as local gas formation
and early mechanical failure. To address this, synthesised
methods for complex hybrid coatings that consist of HA
and PLA have emerged (Figure 9). Such coatings slow the
biodegradation rate and promote osteogenesis, stabilizing
implant function during the critical early osseointegration
phase. Early animal and pilot human studies have demon-
strated positive findings regarding implant fixation and
bone regeneration, particularly for small load-bearing
and screw-like implants.

FIGURE 9. Laboratory setup for testing orthopaedic implants
with fluid systems to evaluate bone formation on implant sur-
faces.!®? (Permission under the Creative Commons International
Attribution CC BY-NC-ND 4.0 license)
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A combination of PLA and B-TCP has gained popular-
ity in producing bioresorbable scaffolds using advanced
3D printing technology.®*1° The composites serve as
osteoconductive scaffolding for alveolar ridge distension
and craniofacial remodelling. Patient-specific geometries
can be printed in 3D to enable an accurate anatomic fit,
thereby accelerating the integration of functions. These
materials resorb over time into natural metabolites
(e.g., lactic acid) and gradually transfer the loads to the
regenerating bone while acting as temporary mechanical
support. Components of surface coatings, such as BG, fa-
cilitate bone bonding by dissolving and releasing calcium
and phosphate ions, thereby encouraging the growth of
an HA-like mineral layer.”-11% This mineralised layer can
promote osseointegration and raise the local pH, creating
an antimicrobial environment that prevents bacterial
colonisation and peri-implantitis (Figure 10). Preliminary
clinical and animal studies suggest that BG coatings could
be used to minimise biological complications due to their
minimal impact on mechanical performance.

To further accelerate early bone growth and vascu-
larisation of implants, an experimental coating has been
developed that incorporates osteoinductive factors, such
as BMP-2 and L-PRF (Figure 11).''2"1'% They are promising,
but regulatory hurdles, manufacturing costs, and difficulty
achieving stable formulations with predictable controlled
release kinetics constrain their clinical translation. Table
8 presents the emerging biodegradable and bioactive
systems for dental implantology.
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FIGURE 10. Optical and scanning electron microscope (SEM)
images of mesoporous bioactive glass scaffolds showing porous
microstructure relevant to bioresorbable bone implants.!!!
(Permission under the Creative Commons International Attri-
bution CC BY-NC-ND 4.0 license)

FIGURE 11. Microscopic and spectroscopic characterization of
nanocrystalline coatings on Ti-6Al-4V implant screw, showing
surface morphology and chemical fingerprinting relevant to
bioactive implant coatings.'?’ (Permission under the Creative
Commons International Attribution CC BY-NC-ND 4.0 license)
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TABLE 8. Emerging biodegradable and bioactive systems for
dental implantology.

Material/ Current
Key Properties Advantages Status/
System .
Evidence
Preclinical &
. Elastic modulus Bone-matched pilot clinical;
Magnesium . . .
about 45 GPa; stiffness; osteogenic | coatings
alloys . .
biodegradable ion release moderate
corrosion
PLA/B-TCP Osteoconductlv@ PatlenF-spemﬁc Early clinical
composites polymer-ceramic 3D-printable use in alveolar
blend scaffolds; resorbable | grafting
Bioactive glass fon 2r+e1ease _ Enhar.lces . Clinical trials
coatings (Ca**, PO4*); osseointegration; oneoin
& antimicrobial resists infection gomng
Growth factor . . Accelerates Experimental;
Osteoinductive . .
films (BMP-2, . . . healing; stimulates | regulatory
biological coatings o
L-PRF) vascularization challenges

Using bioactive and bioresorbable implants helps
eliminate the disadvantages of permanent dental implants,
including chronic foreign body reactions and the need for
removal interventions. They are most appropriate to use
when it involves patients with impaired bones or defective
combinations, and then a gradual transfer of the load and
increased regeneration is essential. Nonetheless, issues
persist in altering degradation by modifying degradation
rates to correlate with bone healing chronologies and
providing adequate mechanical support at the initial stage
of implantation. Acquiring further long-term safety and
efficacy would require larger clinical trials. Key hurdles
include regulatory complexity for combination products
(device plus drug/biologicals) requiring robust and stand-
ardized evidence of long-term safety, controlled release
profiles, and manufacturing consistency; scalability and
quality control for surface functionalization (batch-to-batch
reproducibility, sterilization compatibility, and shelf-life);
clinical validation gaps, that is, paucity of large, prospec-
tive, multi-center trials with harmonized endpoints and
cost-effectiveness data; integration challenges with the
existing digital workflows and component ecosystems; and
reimbursement, procurement, and training constraints
that slow adoption. These factors necessitate the coor-
dinated generation of clinical evidence, clear regulatory
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pathways, and robust manufacturing/QA frameworks to
enable the routine use of these technologies.

3.4. Personalized Implants and Al-Driven Design in
Dental Implantology

A combination of Al and individualised design strat-
egies has significantly transformed dental implantology,
enabling the provision of personalised approaches to
treatment that consider each patient’s anatomy, biology,
and risk factors. Over the five years between 2020 and
2025, Al-enhanced technologies have progressed from the
research phase into a clinical application phase, enhancing
diagnostic accuracy, implantation, treatment planning,
and outcome prediction. Patient-specific implants are
now utilising advanced manufacturing methodologies
to optimise fit and functionality. The latest Al protocols
can now achieve stunning accuracies (> 98%) in robotic
tooth counting, defining implant types, and detecting an-
atomical landmarks (Figure 12). The built-in capabilities
enable chair-side real-time diagnostics, which minimize
human error and streamline the workflow. For example,
neural networks identify nerves and anatomical struc-
tures on fixed-scan CBCT with an almost perfect accuracy
essential for avoiding surgical complications. Al models
incorporate a variety of patient variables, such as bone
quality, systemic conditions, and loading regimes, to

FIGURE 12. An optics-guided robotic system integrates robotic
arms, optical tracking, and navigation software to enhance
precision in dental implant surgery.?® (Permission under the
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predict implant success rates and the risks of biological
complications.?-12” The AUC values of machine learning
classifiers are larger than 0.90 in terms of discriminatory
power to predict peri-implantitis, implant failure, or
mechanical complications. This prognostic ability allows
data-driven individual treatment planning, informed
consent, and optimisation of clinical decision-making.

Table 9 summarizes the primary Al technologies
currently applied in dental implantology, outlining their
clinical applications, associated benefits, and docu-
mented performance metrics. The result of blending Al
and personalised implant design is the creation of highly
customised treatment plans that can enhance surgical
safety, improve the success of prosthetic implants, and
increase the postoperative durability of implants. The Al
workflows are helpful because they help reduce operator
variability, thereby speeding up clinical processes and
supporting informed decision-making about complex
issues. Individual-tailored implants using additive man-
ufacturing processes can better match patient anatomy,
enhancing primary stability and biomechanical perfor-
mance, primarily when used in compromised or unusual
bone models.

TABLE 9. Al technologies in dental implantology: applications,
clinical benefits, and performance.

Al Technol t.
Application Area l\?lce tll:((: dogy/ Clinical Benefits (Z:cf::_:lce;

. . . > 989
Anatomical Deep learning Precise nerve and 0 nef;:ccuracy
segmentation neural networks | bone mapping segmentation

. . A > 989

Implant Machine learning inlllt?;litted 1:8§1 ation
classification classifiers plant type classtcatio

recognition accuracy

. . . S
Predictive risk Multivariate Al Risk st.ratlﬁcatlon .AUC 09 0
. for peri- in predictive

modelling models . e

implantitis/failure | performance

. Al-driven Personalized, Improved
Generative . . . . .

. . finite-element optimized implant | biomechanical
implant design L . o
optimization geometries load distribution
. . Al-guided real- Sub-0.5 . ..
Robotic-assisted »-guided red u mm Pilot clinical use
. time surgical placement
Navigation success
control accuracy
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Al Technology/ Outcome/
Application Area Clinical Benefits
PP Method Accuracy
Reduced
. . . Up to 409
Prosthetic design | Al-based occlusal | adjustment P &
s . . . reduced lab
optimization and fit adjustment | time; improved .
. turnaround time
aesthetics

Expanded opportunities in the future include contin-
uous learning of Al algorithms that improve over time
and with the accumulation of clinical data, as well as
utilising augmented reality (AR) to create intraoperative
visualisation. These smart, closed-loop implants can mon-
itor and adapt in real-time. Regulatory frameworks and
broad clinical validation are the most essential aspects
that need improvement and development. Specifically, Al
solutions often entail non-trivial upfront and recurring
costs (such as software licenses, hardware, and integra-
tion with imaging/records), which can be prohibitive for
small or resource-limited practices. Effective use requires
staff training in data acquisition quality (CBCT/intraoral
scans), workflow integration, and interpretation of model
outputs, along with ongoing calibration and updates. Ac-
cessibility is uneven due to variable Internet infrastructure,
interoperability with existing systems, and data privacy
and consent requirements; reimbursement pathways
are still evolving. To promote equitable deployment, the
text highlights phased implementation (pilot modules
with measurable ROI), vendor support/education, and
preference for interoperable, standards-compliant tools
that integrate with the current imaging and CAD-CAM
pipelines. Over the past five years alone, disruptive shifts
toward digitally enhanced workflows in dental implantol-
ogy have incorporated the latest imaging technology, Al,
and the power of additive manufacturing to deliver new
levels of precision, efficiency, and individualised patient
outcomes. Such workflows span the entire treatment
sequence, from diagnosis and surgery planning to guided
surgery and restoration with prosthetics.

4. CLINICAL LOADING CONCEPTS IN DENTAL
IMPLANTOLOGY
The implant loading protocol, including the timing and
method of placing the prosthetic crown or denture into a
functional occlusion, has undergone considerable changes.
The clinical intervention ensures the most advantageous
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osseointegration, reduces complications, and promotes
patient satisfaction, which in turn depends on a shorter
treatment period. Various loading protocols have been
broadly categorised into three: immediate loading (pros-
thetic restoration is placed within 1 week of implant
positioning); early loading (loading that occurs after 1
week to 2 months after implantation); and conventional
(or delayed) loading, in which restoration is not placed up
to 2 months to allow extended healing before functional
loading.!?*-132 It is now known with reasonable certainty
that survival with immediate and early loading can be
equivalent to conventional loading as long as specific
stability criteria have been fulfilled according to recent
systematic reviews and consensus guidelines. These are
an insertion torque of at least 40 N-cm, or typically around
this value, to achieve mechanical fixation, and an ISQ of at
least 70, as tested by resonance frequency analysis, which
indicates that the implant is stable. The 3D and 6D gain
measures, which minimise micromotion that may interfere
with osseointegration, make these thresholds essential,
thus allowing for safe and functional early loading. They
significantly reduce the time patients live without teeth,
thereby enhancing their overall quality of life, enabling
them to eat comfortably, speak clearly, and restore their
smile and social confidence more quickly. This restoration,
carried out promptly, improves psychological well-being
and comfort. Furthermore, since secondary surgeries are
usually minimized with immediate or early loading pro-
tocols, the treatment does not become cumbersome, with
a drastic decrease in patients’ overall morbidity. Special
attention should be paid to short implants (< 8 mm), the
immediate loading of which under appropriate stability
conditions is associated with cumulative success rates
exceeding 98%. Such implants often eliminate the need
for sinus augmentation or excessive bone grafting, espe-
cially when treating atrophic maxillae, making treatment
significantly easier.’**'** Table 10 presents the definitions,
typical survival rates, and key inclusion criteria for the
three primary loading protocols in implant dentistry.
Notably, the loading scheme is to be made considering the
quality of the bone, general patient factors, and anatomy.
Al-driven risk assessment and modern digital imaging mo-
dalities are commonly incorporated into clinical practice
to individualise loading strategies and maximise outcomes
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at the individual level. These developments have elevated
implant loading practices from a conservative, long-term
process to an objective, evidence-based methodology
that balances the biological wound-healing process and
patient-based efficiency and comfort.

TABLE 10. Dental Implant Loading Protocols: Definitions,
Survival Rates, and Key Inclusion Criteria.

. e Typical Survival Key Inclusion
Loading Protocol Definition Rate (%) Criteria
Immediate Prosthesis in Insertion torque >
Joadin occlusion < 1 98-100 40 N cm; ISQ >

& week 70

Restoration Adequate prima
Early Loading between 1 week | 97-99 s tabgit P v
and 2 months Y
Conventional Restoration after No spemﬁc
. 96-98 stability
loading >2 months .
requirement

Clinicians must pay close attention to the primary
stability by measuring torque, ISQ, and patient-specific
factors (bone quality, systemic health, and smoking).
Protocols applicable to immediate and early loading are
implemented successfully and without jeopardising the
longevity of implants when the criteria are followed. Im-
proved technology includes Al-based predictive models,
CAD-CAM fabricated prostheses, and robotic devices that
assist in planning treatment and facilitating a smooth tran-
sition from implant positioning to its ultimate restoration,
which further positively influences accelerated loading.
The current research aims to optimise biomaterials and
surface treatments to allow further acceleration and
stability of osseointegration, which in turn could expand
indications toward immediate loading. Using biosensors
on implants to measure loading forces and track healing
in real-time promises to play a role in the near-term use
of dynamic, patient-specific loading programs. Table 11
summarizes the loading thresholds, timing definitions,
and clinical recommendations for implant-supported
restorations.
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TABLE 11. Loading thresholds and clinical recommendations for different implant loading protocols.

Protocol

Timing Definition

Primary Stability Thresholds

When to Recommend

Typical Notes

Immediate loading

Prosthesis in occlusion within 1
week of implant placement

Insertion torque > 40 N-cm;
ISQ>70

Single units or splinted cases
with excellent bone quality,
intact socket walls, controlled

Prefer nonfunctional occlusion
if borderline; ensure a
protective occlusal scheme and

occlusion, and an experienced

atient compliance
operator p P

Immediate restoration (non- Provisional placed within 1

Insertion torque > 30-35 N-cm;

Aesthetic zones where soft

. . . Strict soft diet; frequent follow-
tissue support is desired, but

. < a5 oo
occlusal) week, kept out of occlusion ISQ > 65-70 functional loading risk is high up and RFA monitoring
L . . Good bone density and primary . ..
> om-
Early loading Restoration in occlusion at 1 Insertion torque > 3540 N-cm; stability: sites without graft Verify the rising ISQ trend

week—2 months

ISQ > 70 at loading visit

. . before loading
immaturity

Conventional (delayed) loading | Restoration after > 2 months

No fixed torque/ISQ, prioritize
complete uneventful healing

Compromised bone quality,
extensive augmentation,
systemic risk factors, or low
initial stability

Consider staged increases
in function and progressive
occlusion

Short implants (< 8 mm) under

immediate/early loading As above

1SQ > 70

Insertion torque > 40 N-cm;

Atrophic ridges where grafting
is to be avoided and stability is
confirmed

Favour splinting and carefully
controlled occlusion

5. MANAGEMENT OF BIOLOGICAL
COMPLICATIONS IN DENTAL IMPLANTS

Although advances in materials and surgery indicate that
dental implantology is becoming more efficient, clinical and
biological complications, especially peri-implant diseases,
including peri-implant mucositis and peri-implantitis, re-
main a significant issue in the field of dental implantology.
Peri-implant mucositis is an inflammatory process that
affects the non-sensitised (soft) tissues surrounding an
implant, causing the latter to bleed on probing, but with no
bone loss, and is reversible when properly addressed and
maintained. On the contrary, peri-implantitis is a condition
characterised by both inflammation and progressive bone
loss around the implant. Peri-implantitis encompasses
10-20% of both patients and implants within a 5-10-
year period.!*’-1*° Prevention and early detection are the
first steps for proper management. Proactive measures
can be taken to reduce the number of diseased cases by
educating patients about oral maintenance, controlling
risk factors such as smoking and systemic diseases, and
providing professional patient care tailored to the risk
profile, which significantly minimises disease incidents.
Peri-implant mucositis and early peri-implantitis are
typically treated using nonsurgical management as the
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first line of therapy, aiming for mechanical debridement
with plastic or titanium curettes, ultrasonic equipment,
and glycine powder air-polishing to safely eliminate bio-
film without harming the implant surface. Photodynamic
therapy, although potentially helpful in a limited way, is a
potential adjunctive therapy that, when combined with an
antibiotic regimen and antiseptics, such as chlorhexidine
irrigation, can reduce microbial count. Although persistent
nonsurgical treatment usually resolves mucositis, surgery
is typically required for peri-implantitis in most instances.
Surgical management may be performed through surgery
of the access flap, allowing for the visualisation and clean-
ing of the implant surface with mechanical assistance
and other adjunctive means, such as lasers and chemical
cleaning agents.!*!-1%> The intention is to replace lost bone
during bone regenerative surgery, which involves the use
of grafts and membranes. However, roughened or contam-
inated implant surfaces are altered in the corresponding
surgeries, such as implantoplasty.

Nevertheless, even after surgical intervention, one-year
recurrence rates of peri-implantitis vary considerably,
ranging from approximately 3% in carefully selected
cases with complete decontamination and augmentation
to 44% in patients with multiple risk factors such as poor
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oral hygiene, smoking, and severe baseline bone loss. This
substantial variation highlights the multifactorial nature
of recurrence and underscores the importance of indi-
vidualised risk assessment and maintenance protocols.
Recurrence in the long term is a predominant clinical di-
lemma, depending on the features of the implant surface,
implant duration, the presence of basic suppuration, and
the severity of bone loss at the initial diagnosis. Titanium
implant debris and reservoir of microbial organisms might
also blur the healing process, which leads to the ongoing
inflammation 46-15

New adjunctive treatments in research include novel
bioactive coatings, such as bioactive glass and antimicrobial
carbon-based films (e.g., graphene and DLC), to reduce
bacterial colonisation and promote re-osseointegration.
Innovative solutions, such as locally controlled-release
antimicrobials and host modulation therapies, as well as
other novel laser treatment options, are currently under
clinical trial and are yet to be completed. Peri-implant
diseases should be treated using a stepwise manage-
ment protocol. This involves proper diagnosis and cat-
egorisation of the level of illness, educating the patient
and reinforcing oral healthcare, providing nonsurgical
mechanical debridement as the first line of treatment,
repeating these lessons after evaluation, and surgical
intervention in cases of need. Longer, individualised
peri-implant care is essential to prevent recurrences and
maintain the implant’s health.!>-'>* Table 12 outlines the
main management approaches, their indications, key
techniques or interventions, and the associated clinical
outcomes and limitations. It is a multi-modal approach
that is still necessary to adequately address biological
issues in dental implants, produce durable implants, and
achieve good, long-term clinical outcomes.
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TABLE 12. Management Strategies for Peri-Implant Diseases:
Indications, Techniques, and Outcomes.

Management .. Key Techniques/ Outcomes and
Indications q A Vi
Approach Interventions Limitations
Mechanical .
.. . . Effective for
. Peri-implant debridement, air- s
Nonsurgical o . mucositis; limited
mucositis, early | polishing, and .
therapy . ... . for advanced peri-
peri-implantitis | photodynamic . i,
implantitis
therapy
Access flap, Improves clinical
Surgical Advanced peri- | decontamination, | parameters;
therapy implantitis regenerative, or recurrence rates up
respective surgery | to 44%
Supportin; Laser thera ..
L upporting et therapy, Promising but
Adjunctive nonsurgical/ antiseptics, and . .
. . L. . evidence variable;
therapies surgical antimicrobial
. under study
treatment coatings
Regular Reduces disease
Maintenance All implant professional incidence; critical
and prevention | patients cleaning, risk for long-term
factor control success

The treatment of biological complications surrounding
dental implants is increasingly shifting toward evidence-based
and integrated pathways, where precise diagnosis, indi-
vidualised treatments, and long-term maintenance are
strictly adhered to. Although the number of treatment
methods is now diverse, the frequency of reappearance
and development of peri-implant diseases, including
mucositis and peri-implantitis, is represented by high
clinical rates, which dictate the need to improve on several
levels.5-15” Among the main priorities are innovations in
early detection and risk evaluation based on Al methods
and salivary markers or crevicular biomarkers, which
enable the provision that allow providing timely and cus-
tomized interventions before the damage is irreparable.
Similar works aim to create more effective bioactive and
antimicrobial surfaces for implants (coatings containing
BG, bioactive peptides, and carbon-based nanofilms)
that would enable them to resist bacterial colonisation
and achieve re-osseointegration even at damaged sites.
There is a focus on new regenerative treatments to replace
lost peri-implant bone and enhance long-term strength,
including the use of growth factors, stem cell therapy,
and biomimetic scaffolds. Improved patient education
can be equally vital for achieving better oral hygiene and
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compliance with the maintenance program, as patient
compliance is a key factor in preventing recurrence.!>-161
Therefore, a multimodal, holistic approach, encompass-
ing prosthodontic, surgical, periodontal, microbiological
expertise, and digital diagnostic and reasoning skills, in-
volving adherence to contemporary international clinical
guidelines, is the most promising way to manage these
complicated sequelae and maintain peri-implant health
and implant longevity.

Antimicrobial strategies for next-generation implants
encompass several innovative approaches aimed at pre-
venting infection and promoting tissue integration. Pep-
tide coatings, such as GL13K and engineered chimerics,
inhibit early pathogenic adhesion and biofilm formation
on titanium surfaces while maintaining compatibility
with surrounding cells. These coatings often incorpo-
rate adhesion motifs to promote effective sealing of soft
tissue around the implant. Another approach involves
metallic ion-doped surfaces, including zinc-, fluorine-,
and bismuth-modified calcium phosphates, as well as
photoactivated titanium dioxide and titanium nitride
variants. These surfaces offer bactericidal and antibio-
film properties against peri-implant pathogens, and in
many cases, enhance bone growth; however, long-term
durability still requires validation. Controlled-release
interfaces, such as chlorhexidine reservoirs and anti-
microbial peptide-graphene oxide hybrids, maintain
antimicrobial activity around the abutment-implant and
transmucosal regions while exhibiting low cytotoxicity
in vitro. Complementing these methods, mesoporous
bioactive glass and other ion-releasing coatings elevate
the local pH and release calcium and phosphate ions,
forming a hydroxyapatite-like layer that discourages
bacterial colonization and promotes bone bonding. In-
corporating fluoride or zinc into calcium phosphate or
glass matrices further contributes to antibacterial effects
without compromising osteoconductivity. Together, these
multifaceted strategies provide a dual-action preventive
approach against peri-implantitis by combining infection
control with the promotion of bone integration.

J Global Clinical Engineering Vol.7 Issue 4: 2025

6. FUTURE PERSPECTIVES IN DENTAL
IMPLANTOLOGY

The last few years have taken dental implantology to
the edge of the next era, whose future orientations will be
determined by the convergence of disciplines in materials
science, digital technologies, Al, and regenerative med-
icine. The idea behind next-generation dental implants
is to address unresolved clinical problems, individualise
their approach to therapy, and adopt biologically mediated
processes to create a positive tissue reception environ-
ment. Studies are rapidly developing the so-called smart
surfaces of implants that can release treatment agents in
response to environmental stimuli. For example, coatings
that sense local pH or bacterial metabolites can provide
an antibiotic, growth factor, or anti-inflammatory agent
in a time- and place-specific manner. As demonstrated
by preclinical research, no such responsive coatings can
prevent biofilm formation and regulate peri-implant bone
remodelling better than static surfaces. It is predicted
that applying antimicrobial peptides, silver nanoparti-
cles, or growth factors (such as BMP-2) to the coating of
implants will enhance infection control and accelerate
osseointegration, thereby minimizing the need for sys-
temic medications.

Future implant material development encompasses fully
absorbable implants, particularly Mg screws, scaffolds,
and combinations with 3D-printed PLA/B-TCP polymers.
The purpose of these systems is to create initial stability
and wear out over time as bone cells rebuild on their own,
thereby eliminating the need for surgery to remove the
implant. Clinical translation must optimise degradation
rates and mechanical performance to achieve specific
healing curves, which, thus far, have had to be speculative.
A highly desirable clinical translation goal is currently
being achieved through novel surface engineering and the
design of composite materials. Clinical decision-making,
risk profiling, and real-time intraoperative adjustments
are now guided by predictive analytics and machine
learning. Patient-specific anatomical and biomechanical
information is used in an Al-based generative design loop
to iteratively optimize the geometry, surface features,
and surgical access of implants. These tools can gener-
ate thousands of combinations and select the one that
provides optimum primary stability, the lowest stress
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concentration, and adjusts to local bone quality. This
type of automation yields less operator-induced bias
and provides more predictable data outcomes. In future,
clinical practice will likely need the integration of on-site
3D printing of patient-specific implants with high-quality
standards (ISO 13485). As digital imaging, CAD, and in-
clinic prototyping advance, there is hope to provide fully
personalised metallic, ceramic, or resorbable implants
in a single sitting. The paradigm eliminates the backlog
of off-site production and expands access to innovative
treatments for complex or emergency cases.

Since peri-implantitis is one of the significant reasons
for implant failure, it is one of the topics that are studied
extensively as far as the prevention and treatment of
the complication is concerned. Bioactive coatings on
glasses, antibacterial nanofilms on carbon, and machine
learning-based risk stratification are underway to reduce
the likelihood of recurrence and re-osseointegration at
affected sites. In the future, dental implants may include
biosensors that provide real-time, physical feedback on
mechanical load, temperature, or biochemical indicators
of peri-implant health. These smart implants can trigger
premonitory signs of biomechanical overload or infection
and even initiate the release of therapeutic compounds,
leading to real closed-loop care. Additionally, future
convergence with tissue engineering through stem cell
seeding and grafting, as well as the delivery of growth
factors and immune modification, may lead to the on-de-
mand reconstitution of whole dento-periodontal tissues.
The given innovations necessitate revisions to regulatory
frameworks and interdisciplinary collaboration among
clinicians, materials scientists, engineers, and data sci-
entists. Additional focus on using evidence to support
adoption, safety, and long-term monitoring is crucial to
realising the full clinical potential of these gains.

7. CONCLUSIONS

Contemporary implant dentistry is transitioning toward
predictable personalized care enabled by synergistic
advances in implant materials, multifunctional surface
engineering, and digitally enhanced workflows. Estab-
lished systems, such as micro-roughened titanium and
high-performance ceramics, demonstrate high mid-term
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survival. In contrast, B-type titanium alloys, polymer-based
frameworks, and bioresorbable constructs broaden
indications with biomechanical tailoring and regenera-
tive intent. Coupling CBCT and intraoral scanning with
Al-assisted planning, CAD-CAM prosthetics, and additive
manufacturing improves surgical precision, prosthetic fit,
and the feasibility of stability-guided immediate or early
loading in appropriately selected cases. These develop-
ments emphasize increased bone-to-implant contact,
reduce biofilm susceptibility through surface functionality,
and streamline clinical pathways. Key challenges remain
and define the near-term agenda. First, peri-implantitis
recurrence persists despite improved decontamination
and maintenance protocols. This underscores the need
for durable antibiofilm strategies, ion-releasing or pep-
tide-based coatings, and robust soft tissue integration
around transmucosal components. Second, for bioresorbable
and hybrid systems (e.g., Mg alloys, PLA-[-TCP scaffolds),
precise control of degradation kinetics and an early-phase
mechanical reliability are essential to match healing time-
lines, mitigate particulate/corrosion by-products, and
ensure long-term host compatibility. Priorities include
standardized clinical endpoints and longer prospective
cohorts for preventive surfaces, traceable metrology for in
vivo degradation and wear, and integration of Al decision
support with outcomes registries to translate design and
materials innovation into consistently improved clinical
performance.
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