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Abstract: The evolution of implant-supported prosthetic restorations has been driven strongly by the pursuit of
improved biomechanical stability, biological compatibility, and aesthetic integration. While titanium and cobalt-chromium
alloys remain the conventional choice due to their proven strength and corrosion resistance, limitations related to soft tissue
interaction and esthetics have accelerated the transition toward advanced ceramic alternatives, particularly zirconia.
Zirconia implants and abutments demonstrate favorable biological responses and excellent esthetics; however, their
inherent brittleness and reduced fracture resistance under functional loading remain critical concerns. To overcome these
challenges, zirconia—titanium hybrid abutments have emerged as a promising solution, uniting the strength of titanium with
the soft-tissue and esthetic advantages of zirconia. Parallel to these developments, additive manufacturing (AM)
techniques, such as selective laser melting (SLM) and direct metal laser sintering (DMLS), have enabled the fabrication of
highly precise and patient-specific prosthetic frameworks. Evidence indicates that AM-produced titanium infrastructures
exhibit mechanical properties equal to or superior to those of conventional casting, while additively manufactured zirconia,
despite having lower flexural strength compared to subtractively manufactured zirconia, demonstrates promising clinical
applicability. Clinical outcomes highlight restoration-type-specific complication patterns, with screw loosening, veneer
chipping, and peri-implant inflammation being the most frequently observed. Furthermore, advances in surface
optimization, digital workflows, and artificial intelligence—assisted planning are contributing to enhanced long-term
clinical performance. Despite these innovations, limitations persist regarding the standardization of AM protocols, the
availability of long-term clinical data, and comprehensive patient-specific risk assessment. Future directions should
prioritize multicenter longitudinal studies, advanced biomechanical simulations, and the integration of next-generation
materials with digital technologies to optimize both biomechanical and biological outcomes of implant-supported
prosthetic restorations.
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INTRODUCTION

In recent decades, dental implantology has undergone a significant transformation in dental practice, and implant-
supported prosthetic treatments have created high expectations in terms of esthetics, function, and patient satisfaction.
While osseointegration of implants with bone is the first stage of success, factors such as the mechanical load-bearing
capacity of the restoration, connection details, the biocompatibility of the material used, and the impact on peri-implant
tissues are also critical for long-term outcomes. For conventional prosthetic frameworks, titanium and cobalt-chromium
alloys have been preferred due to their long-term durability, corrosion resistance, and mechanical performance. However,
especially in the anterior region, esthetic demands and disadvantages such as the grayish hue of titanium causing
pigmentation in patients with thin gingival biotypes have strengthened the shift toward ceramic alternatives. For instance,
in the systematic review titled “Esthetic, mechanical, and biological outcomes of various implant abutments”, it was
reported that ceramic abutments are particularly advantageous in terms of color matching compared to titanium or gold
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abutments; nevertheless, certain limitations remain regarding brittleness and material-connection stability [1]. Zirconia
implants and abutments, particularly with their white color, provide esthetic advantages and offer a favorable biological
response in terms of low plaque accumulation and soft tissue adaptation. When comparing the long-term survival and
success rates of titanium and zirconia implants, it is emphasized that zirconia represents a suitable alternative, especially
in cases with high esthetic demands [2].

At the same time, in recent years, the use of 3D printing/additive manufacturing techniques for metal
infrastructures and frameworks has been increasingly observed. Bars and frameworks produced for metal alloys using
methods such as SLM and DMLS provide design flexibility and the advantage of patient-specific fabrication. However,
the effects of manufacturing parameters (e.g., layer orientation, surface roughness, heat treatments) on mechanical strength
and fatigue performance remain an ongoing subject of research. While metal AM techniques offer clear advantages,
uncertainties regarding surface finishing and post-processing requirements persist [3]. Another recent study reported that,
after a one-year follow-up period, titanium implants demonstrated lower marginal bone loss and higher survival rates
compared to zirconia; however, no significant differences were found in specific biological indicators (e.g., plaque index,
bleeding measures) [4].

Taken together, these findings underscore the importance of material selection, prosthetic design, and
manufacturing techniques in achieving both esthetic and functional success in implant-supported restorations. While
titanium remains a gold standard in terms of long-term survival and mechanical reliability, zirconia offers distinct
advantages in esthetic outcomes and soft tissue compatibility. Concurrently, the advent of additive manufacturing
techniques opens new possibilities for patient-specific and complex prosthetic designs, although further research is
necessary to optimize mechanical performance and post-processing protocols. Therefore, a comprehensive understanding
of material properties, biological responses, and manufacturing parameters is essential to maximize the longevity and
clinical success of modern implant-supported restorations.

1. Zirconia—Titanium Hybrid Structures

Among the framework materials used in dental implantology, titanium has long been considered the “gold
standard” due to its biocompatibility, corrosion resistance, and high mechanical strength. However, especially in the
anterior region, increasing esthetic demands and the gray metallic hue of titanium becoming visible through soft tissue
translucency have highlighted certain disadvantages. In this context, zirconia has emerged as an essential alternative,
offering high esthetic compatibility, low plaque accumulation, and good soft tissue integration due to its white color.
Nevertheless, the brittleness and low fracture toughness of zirconia can limit its use under high occlusal loads, particularly
in the posterior region. Therefore, in recent years, hybrid structures combining zirconia and titanium have been developed.
In these hybrid systems, the implant—abutment connection region is made of titanium, while the superstructure or visible
portions are fabricated from zirconia. In this way, the mechanical strength of titanium is combined with the esthetic
advantages of zirconia, providing more balanced solutions in terms of clinical performance [1]. For example, a systematic
review highlighted that hybrid abutments have favorable biological effects on peri-implant tissues and provide a more
natural soft tissue esthetics compared to titanium; however, they may fall short of fully titanium abutments in terms of
mechanical durability [5].

Moreover, the advancement of CAD/CAM 82liimina82onal has made it possible to fabricate individualized hybrid
abutments. Using this approach, the zirconia superstructure can be customized according to the patient’s gingival contours
and tooth morphology, while the titanium base ensures stability at the implant—abutment connection. This approach stands
out in meeting both aesthetic and functional expectations [6].

In conclusion, zirconia—titanium hybrid structures are increasingly preferred, particularly in esthetic regions, to
enhance long-term stability. However, long-term clinical follow-up studies remain limited, and issues such as fracture risk
and connection success continue to be investigated.

2. Implant-Supported Prostheses Fabricated Using 3D Printing (Additive Manufacturing)

In dentistry, additive manufacturing (AM), also known as 3D printing technology, has introduced groundbreaking
innovations in prosthetic treatments over the past decade. Particularly in the fabrication of frameworks, bars, and abutments
used in implant-supported prostheses, AM provides faster, more precise, and patient-specific solutions compared to
conventional casting and milling techniques [7].

2.1 Technologies Used

Among the most commonly used methods in 3D Printing are:
e Selective Laser Melting (SLM)
e Direct Metal Laser Sintering (DMLS)
e Electron Beam Melting (EBM)
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These methods allow biocompatible metals such as titanium and cobalt-chromium alloys to be processed layer by
layer into implant-supported structures. Studies have shown that titanium frameworks produced using SLM exhibit a more
homogeneous microstructure and lower porosity compared to those fabricated by conventional casting methods [8].

2.2 Biomechanical Performance

3D printing technologies have shown promising results, particularly in terms of load distribution and fatigue
resistance. Some in vitro studies indicate that implant bars produced using SLM exhibit similar or even higher mechanical
strength compared to conventionally cast bars. However, surface roughness and manufacturing parameters play a critical
role in these outcomes [9].

2.3 Clinical Applications

One of the most significant advantages of 3D Printing is the ability to design patient-specific restorations. Using
CAD files derived from digital scanning data, individualized implant-supported bars, bridges, and prosthetic frameworks
can be fabricated. This approach is particularly beneficial in full-arch rehabilitations, such as All-on-Four and All-on-Six
treatments, as it shortens treatment time and improves cost-effectiveness [10].

2.4 Limitations and Future Perspectives

Although 3D printing technologies are rapidly advancing, certain limitations remain. The surface roughness and
microstructural variations of metal frameworks produced by SLM and DMLS can negatively affect long-term fatigue
resistance. Additionally, the lack of standardization in these methods can result in variations in clinical success from one
center to another. Nevertheless, it is anticipated that these limitations can be overcome by optimizing parameters such as
powder particle size, laser power, and layer thickness [11].

3. Additively Manufactured (AM) Zirconia: New Horizons

Traditionally, zirconia ceramics have been fabricated using subtractive manufacturing (SM) methods such as
milling and sintering. However, recent advancements in 3D printing and additive manufacturing (AM) techniques have
garnered increased interest due to their advantages, including geometric freedom, reduced material waste, the ability to
create personalized structures, and potential cost benefits. This section examines the mechanical, surface, and clinical
performance of AM zirconia, as well as its advantages and limitations, in light of recent studies [12].

3.1 Mechanical and Surface Properties

e Lee-Gang Yoo et al., Compared the flexural strength (FS), Vickers hardness, and surface roughness parameters
of additively manufactured (AM) zirconia and subtractively manufactured (SM) zirconia. The results indicated
that zirconia produced using SM methods generally exhibited higher flexural strength compared to AM zirconia;
however, AM zirconia also provided clinically acceptable FS values. Surface treatments (e.g., aliimina
sandblasting) were found to affect both FS and surface roughness [13].

e  The review titled “3D printed zirconia used as dental materials: a critical review” comprehensively examines the
physical and adhesive properties, accuracy, biocompatibility, and clinical applications of AM zirconia materials.
The review indicates that AM zirconia can potentially exhibit properties comparable to SM zirconia; however, it
emphasizes the importance of optimizing manufacturing parameters and surface treatments [12].

e  The study titled “Mechanical and surface properties of additive manufactured zirconia ...” investigated specimens
produced using a stereolithography (SLA)-based AM system with zirconia paste, examining the effects of build
orientation (parallel, diagonal, perpendicular) on flexural strength, hardness, fracture toughness, elastic modulus,
and surface characteristics. The study found that orientation had a significant impact on these properties [14].

e The study titled “Mechanical properties and crown accuracy of additively manufactured zirconia restorations”
compared AM-fabricated zirconia crowns with SM crowns in terms of marginal fit and crown accuracy. The
results indicated that the measured parameters were at clinically acceptable levels [15].

3.2 Clinical Performance and Applications

e The study “Clinical outcomes of zirconia implants: a systematic review and meta-analysis” examined the long-
term clinical outcomes of zirconia implants (success/survival rates, complications), highlighting that these implant
systems may be a good alternative to titanium implants in esthetic regions; however, it emphasized that the number
of studies and follow-up periods remains limited [16].

e The systematic review “The Use of Zirconia for ISFCDPs (implant-supported fixed complete dental prostheses)”
reported survival rates ranging from 88% to 100% for zirconia in full-arch fixed prosthetic restorations. Prosthetic
complications were mostly related tossues such as veneer fractures or chipping [17].

e C(Clinical trial records under the title “Monolithic Zirconia Full-Mouth Implant Supported Rehabilitation
Behavior” (ClinicalTrials.gov) indicated that in zirconia-implant prosthetic rehabilitations, both AM and SM
crowns are being monitored for full-mouth restorations [17].

© South Asian Research Publication, Bangladesh Journal Homepage: www.sarpublication.com 83


http://www.sarpublication.com/sarjods

Recep KARA et al; South Asian Res J Oral Dent Sci; Vol-7, Iss-4 (Sep-Oct, 2025): 81-89

e The in vitro study “Fracture Resistance of Additively Manufactured Monolithic vs Bi-Layered Alumina-
Toughened Zirconia Crowns...” compared AM monolithic zirconia crowns with bi-layered (aliimina-toughened)
zirconia crowns; no statistically significant difference in fracture resistance was found, and both groups
demonstrated performance levels sufficient to meet clinical requirements [18].

o The study “Analysis of 3D-Printed Zirconia Implant Overdenture Bars” emphasized the cost and weight
advantages of 3D-printed zirconia bars, underlining the importance of thermal and structural design in relation to
the effects of heavy prostheses on bone microstrain [19].

3.3 Advantages & Limitations
Advantages:
e  Geometric complexity: Lattice structures, lightweight bars, and complex crown inner geometries can be more
easily fabricated through AM. This provides advantages in terms of both weight reduction and material utilization
[19].
e Customization: Optimization can be achieved through parameters such as build orientation, sintering time, paste
properties, and structural design, facilitating the fulfillment of both functional and esthetic expectations [12].
e  Meeting clinical esthetic expectations: Studies have shown that AM zirconia crowns and prostheses achieve
satisfactory results in terms of marginal fit, appearance, and patient satisfaction, when compared with SM crowns
[15].

Limitations:

e Mechanical strength disadvantages compared to SM zirconia: Parameters such as flexural strength and
fracture toughness have sometimes been reported to be lower in the AM group. These differences are closely
related to manufacturing parameters such as layer thickness, orientation, and sintering temperature/speed [13].

e Surface roughness, microcrack formation, and phase transformations (tetragonal < monoclinic): These are
critical factors influencing the brittleness of ceramics, making surface treatments (air abrasion, polishing, etc.)
essential [13].

e Limitations in clinical data: Current studies often have short follow-up durations, small patient cohorts, ad
Oliimina predominantly single-center. Additionally, for AM zirconia implant systems, factors such as screw
connection design and crown attachment type may influence performance. In particular, pilot clinical studies on
“two-piece zirconia implant systems” have reported 12-month survival rates lower than expected [20].

3.4 Future Directions and Recommendations

e Standardization of manufacturing protocols: Control and optimization of factors such as layer thickness, sintering
parameters, and structural orientation.

e Long-term clinical follow-up studies: Especially those with observation periods of >5 years, including various
implant systems and loading protocols.

e Biomechanical modeling and finite element analyses: To evaluate stress distribution and document which design
parameters are critical at crown—abutment and abutment—implant interfaces.

o  Surface treatments and biocompatibility studies: Further research on non-mechanical effects (cell behavior, plaque
accumulation, soft tissue adaptation), along with more data on patient satisfaction and the perception of functional
outcomes.

Additively manufactured (AM) zirconia has emerged as a promising material supported by numerous laboratory
studies, in vitro tests, and early clinical data. Although its mechanical properties may be lower than those of subtractively
manufactured (SM) zirconia in certain aspects, they have been found adequate for many clinical applications. Its potential
use is particularly high in anterior regions where esthetic demands are critical, as well as in full-arch prosthetic
rehabilitations. However, achieving reliable long-term clinical outcomes and establishing control over manufacturing and
delivery parameters remain essential for realizing this potential.

4. Clinical Application Areas and Complication Profiles
4.1 Full-Arch Fixed Restorations (All-on-4 / All-on-6, etc.)

Full-arch implant-supported fixed restorations (protocols such as All-on-4/6) are widely applied due to their ability
to rapidly restore function and esthetics in complete edentulism. Although the literature reports high survival rates for full-
arch prosthetics, both mechanical complications (framework fractures, porcelain chipping, screw-related issues) and
biological complications (peri-implantitis, marginal bone loss, soft tissue problems) are frequently documented (Vozzo et
al., 2023). For instance, large cohort studies such as those by Papaspyridakos et al., have demonstrated high survival rates
at 5-year follow-up; however, they also reported minor but clinically relevant complications related to porcelain chipping
and framework integrity [21]. The magnitude and direction of occlusal loading in full-arch cases directly influence the
choice of a rigid framework and connection design (screw-retained vs. cement-retained, framework thickness, number and
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position of supporting implants). Improper design may increase the risk of screw loosening and framework fractures caused
by sled-like loading patterns [22].

4.2 Implant-Supported Overdentures (Locator, Bar, Ball, etc.)

Removable overdentures supported by two or more implants are particularly favored in the mandibular arch due
to their ability to improve patient satisfaction and function. The complication profiles differ among attachment systems
(Locator, bar, ball). Locator systems have generally been reported to require less maintenance and to exhibit fewer
complications, whereas bar systems are more frequently associated with mechanical component wear, splint/framework
fractures, and soft tissue irritations. The most common problems in overdenture systems include loss of retention (retentive
element wear), the need for locator cap replacement, attachment misalignment, and fractures or abrasion of prosthetic
plastic/acrylic components. In addition, the 5-year cost and maintenance burden can be significant, particularly in the
elderly population [23].

4.3 Implant-Supported Single Crowns and Short-Span Fixed Dental Prostheses (FDPs)

For single implant-supported crowns, the most frequently reported technical complications are screw/abutment
loosening and screw fracture, while biological complications include peri-implant mucosal lesions and peri-implantitis.
Systematic reviews have reported rates of screw loosening and the incidence of peri-implant mucosal problems over 5-
year periods [24]. Proper torque application, adherence to manufacturer guidelines in screw and abutment selection,
adequate oxidation and surface fit, and ensuring preload stability help reduce loosening. Furthermore, the choice of
retention type (screw-retained vs. cement-retained) influences the technical complication profile [25].

4.4 Classification of Complications — Mechanical vs. Biological
Mechanical / Prosthetic Complications
e Screw/abutment loosening: One of the most frequently encountered technical complications. Systematic reviews
have reported loosening rates within 5-year intervals [26].
o Screw or implant fractures: These may occur particularly in narrow-diameter 85liimina85ona inadequately
designed implant—abutment connections [27].
e  Framework/bar fractures and porcelain (veneer) chipping: Frequently reported, especially in metal-ceramic
or zirconia-veneered restorations. Chipping is particularly common in full-arch prostheses [28].
o Wear of retentive elements (e.g., locator caps, O-rings): Common in overdentures and often requires periodic
component replacement [29].
e Biological Complications
e Peri-implant mucositis and peri-implantitis: Typically associated with plaque accumulation, poor oral hygiene,
systemic conditions, and smoking. Several reports have demonstrated a significant incidence of peri-implantitis
in clinical series [30].
e  Marginal bone loss: Can result from overloading, micromovement, biological reactions, or improper connection
design. Some studies have shown that marginal bone loss varies depending on implant type and prosthetic design
[30].

4.5 Risk Factors for Complications

o Design & manufacturing factors: Inadequate framework thickness, weak connection details, improper torque
application, poor prosthetic fit, 3D printing parameters, or casting errors can all increase the likelihood of
mechanical failure [31].

e Patient-related factors: Bruxism, high occlusal forces, low bone volume, poor oral hygiene, uncontrolled
systemic diseases, and smoking increase the risk of implant failure and complications [28].

e Attachment type: In overdenture cases, the choice of attachment (bar vs. locator vs. ball) influences maintenance
requirements, risk of retention loss, and soft tissue reactions [29].

4.6 Complication Management and Prevention Strategies

1. Planning & design: Digital planning and adequate biomechanical analysis (e.g., FEA) to reinforce critical
sections; optimizing implant number/position according to load distribution [28].

2. Appropriate material selection: In anterior esthetic cases, zirconia-based hybrid solutions may be considered;
in posterior regions or in patients with heavy occlusion, the durability of titanium may be preferred [17].

3. Proper torque and connection protocols: Adhering to manufacturer torque recommendations and performing
torque re-checks (within the first week/month) reduces loosening [32].

4. Periodic maintenance & patient education: Regular monitoring/replacement of overdenture retentive
components, professional cleaning, plaque control, and smoking cessation counseling are essential [33].

5. Early intervention: Timely detection of screw loosening or small cracks can prevent more severe fractures;
regular follow-ups are crucial [26].
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4.7 Summary and Clinical Implications
e The most common technical complications in implant-supported restorations are screw loosening, retentive
element wear, and porcelain chipping, while the primary biological complications are peri-implant mucositis and
peri-implantitis [26].
e The complication profile depends on multiple factors, including the type, material, design, and number of
implants, as well as patient-specific characteristics. Therefore, patient-specific planning, appropriate material
selection, and regular maintenance significantly enhance long-term success [28].

5. Biocompatibility, Plaque Accumulation, and Peri-implant Tissue Health

The long-term success of implant-supported prostheses is influenced not only by mechanical stability and esthetic
integration but also by biocompatibility, plaque control, and the health of peri-implant tissues. Therefore, both the choice
of material and prosthesis design directly affect peri-implant tissue conditions.

5.1 Biocompatibility
Biocompatibility refers to the ability of a material to function in the body without eliciting toxic or immunological
responses. The primary materials used in implant-supported prostheses include:

Titanium:
Long considered the gold standard, titanium exhibits high biocompatibility. Its surfaces support osseointegration
and elicit a low inflammatory response [34].

Zirconia:
In addition to esthetic advantages, zirconia demonstrates a lower tendency for plaque accumulation and good soft
tissue adaptation. Studies have shown that zirconia surfaces promote less bacterial colonization compared to titanium [35].

Surface roughness and chemical coatings also influence biocompatibility; excessively rough or irregular surfaces
can increase microbial accumulation and peri-implant inflammation [36].

5.2 Plaque Accumulation
Plaque accumulation is a primary risk factor for peri-implant tissue inflammation and long-term failure. Prosthesis
design, attachment type, and material play a decisive role in plaque control:

Zirconia Prostheses:
Especially monolithic designs, reduce plaque accumulation due to smaller surface area and lower roughness [35].

Titanium Frameworks:
Particularly in open-surfaced bar systems, plaque accumulation may be higher. Regular cleaning and proper oral
hygiene instruction are essential [36].

3D-Printed Prostheses:
Microgeometry and production orientation can optimize surface roughness, thereby reducing bacterial
colonization [37].

Moreover, prosthetic design that accommodates the patient’s own oral hygiene routine, with appropriate spacing
and contours, is critical in minimizing plaque accumulation and peri-implant tissue inflammation.

5.3 Peri-implant Tissue Health
The health of peri-implant tissues is critical for the long-term functionality of implants. Clinically, peri-implant
mucositis and peri-implantitis are the primary biological complications:

Peri-implant Mucositis:
Characterized solely by inflammation of the soft tissues; it is reversible if detected early [36-38].

Peri-implantitis:
Involves both soft tissue inflammation and bone loss; if it progresses, it may result in implant failure [39].

Material selection, prosthesis design, surface roughness, and patient-related factors (smoking, diabetes, oral
hygiene) influence peri-implant tissue health. For example, zirconia prostheses provide better soft tissue adaptation and
lower inflammation, whereas titanium bars and open-surfaced systems require regular 86liimina86onal maintenance [38].
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5.4 Clinical Recommendations

1. Material selection: Zirconia may be preferred in anterior esthetic zones, whereas titanium or hybrid structures
are suitable for posterior load-bearing regions.

2. Surface control: Polished, low-roughness prostheses reduce plaque accumulation.

3. Patient education: Regular brushing, interdental cleaning, and scheduled periods of professional care should be
established.

4. Regular monitoring: Early detection of peri-implant tissue inflammation is essential; mechanical or biological
intervention should be performed as needed.

Biocompatibility, plaque accumulation, and peri-implant tissue health directly affect the long-term success of
implant-supported prostheses. Selection of materials such as zirconia and titanium, production method (SM vs. AM), and
surface optimization help minimize plaque accumulation and inflammation, thereby protecting peri-implant tissues.

6. Future Directions and Research Areas
Despite recent technological advancements in prosthetic dentistry, particularly in implant-supported restorations
and zirconia/titanium hybrid structures, several critical gaps and areas for future research remain.

6.1 Emerging Technological Trends

1. Additive Manufacturing (3D Printing) and Hybrid Fabrication Techniques: 3D Printing enables personalized
design for zirconia and titanium frameworks, allowing rapid and cost-effective production of patient-specific
prostheses. However, long-term clinical performance data for AM zirconia and titanium structures remain limited [40].

2. Digital Dentistry and AI-Supported Planning: CAD/CAM and Al-based design systems are increasingly used for
implant placement, framework thickness, and occlusal load distribution optimization. Al can predict potential
complications and support patient-specific treatment protocols [41].

3. Material innovations: New ceramic—metal combinations, such as hybrid zirconia—titanium or alumina-reinforced
zirconia, are being developed with the aim of optimizing both esthetic and mechanical performance [42].

6.1 Research Shortcomings

1. Long-Term Clinical Data: There is limited 10-year follow-up data for AM zirconia and hybrid titanium prostheses.
Most studies cover only 1-5 years, which is insufficient to assess long-term complication rates fully [7].

2. Lack of Standardization: 3D printing and sintering parameters vary across laboratories. Factors such as layer
thickness, sintering temperature, build orientation, and surface roughness have not been fully standardized or evaluated
regarding mechanical and biological performance [43].

3. Biomechanical Optimization: The long-term effects of framework thickness, implant number/position, and load
distribution on full-arch restorations remain under investigation. Finite element analyses are essentially in vitro and
have limited clinical validation [44].

4. Peri-implant Biology and Material Interaction: Long-term effects of new hybrid materials on soft tissue adaptation,
inflammatory response, and microbial colonization are supported by only a few clinical studies [45].

Patient-Specific Factors:
Smoking, systemic diseases, and bruxism effects on new AM or hybrid prostheses have not been sufficiently
evaluated with long-term data [46].

6.3 Recommended Future Research Directions

e Conduct long-term (>10 years), multicenter clinical studies to assess survival and complication rates of AM
zirconia and hybrid prostheses [16].

e Optimize manufacturing parameters: Evaluate the effects of layer thickness, sintering temperature, and build
orientation on biomechanical performance and surface roughness under standardized protocols [47].

e Develop and validate Al-supported planning algorithms and complication prediction models [48].

e  Perform long-term in vivo studies on biocompatibility and microflora interactions [2].

e Model patient-specific risk factors to develop personalized treatment protocols that reduce complication risk in
AM and hybrid restorations [46-49].

CONCLUSION

Future prosthetic dentistry will focus on personalized restorations, long-term biomechanical and biological
success, the prediction of complications in advance, and standardized manufacturing parameters. Current research gaps are
concentrated particularly in the areas of limited long-term data for AM and hybrid prostheses, a lack of standardization,
and insufficient evaluation of patient-specific parameters. Addressing these gaps will be critical for guiding future research.

© South Asian Research Publication, Bangladesh Journal Homepage: www.sarpublication.com 87


http://www.sarpublication.com/sarjods

Recep KARA et al; South Asian Res J Oral Dent Sci; Vol-7, Iss-4 (Sep-Oct, 2025): 81-89

REFERENCES

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Totou D, Naka O, Mehta SB, Banerji S. Esthetic, mechanical, and biological outcomes of various implant abutments
for single-tooth replacement in the anterior region: a systematic review of the literature. Int J Implant Dent. 2021;7(1).
Padhye NM, Calciolari E, Zuercher AN, Tagliaferri S, Donos N. Survival and success of zirconia compared with
titanium implants: a systematic review and meta-analysis. Vol. 27, Clinical Oral Investigations. 2023.

Das A, Rajkumar P. Metal 3D printing of biometals for prostheses and implants: a review. Exploration of BioMat-X.
2025 May 13;2.

Morena D, Leitdo-Almeida B, Pereira M, Resende R, Fernandes JCH, Fernandes GVO, et al. Comparative Clinical
Behavior of Zirconia versus Titanium Dental Implants: A Systematic Review and Meta-Analysis of Randomized
Controlled Trials. Vol. 13, Journal of Clinical Medicine. Multidisciplinary Digital Publishing Institute (MDPI); 2024.
Halim FC, Pesce P, De Angelis N, Benedicenti S, Menini M. Comparison of the Clinical Outcomes of Titanium and
Zirconia Implant Abutments: A Systematic Review of Systematic Reviews. Vol. 11, Journal of Clinical Medicine.
MDPI; 2022.

VALSAN IM, PAUNA MR, PETRE AE, OANCEA L. Biologic and Esthetic Outcome of CAD/CAM Custom Ceramic
Implant Abutment: A Clinical Report. Maedica - A Journal of Clinical Medicine. 2021 Mar 15;16(1).

Bhargav A, Sanjairaj V, Rosa V, Feng LW, Fuh YH J. Applications of additive manufacturing in dentistry: A review.
Vol. 106, Journal of Biomedical Materials Research - Part B Applied Biomaterials. 2018.

Dejene ND, Lemu HG, Gutema EM. Critical Review of Comparative Study of Selective Laser Melting and Investment
Casting for Thin-Walled Parts. Vol. 16, Materials. 2023.

Zanetti EM, Fragomeni G, Sanguedolce M, Pascoletti G, Napoli L De, Filice L, et al. Additive Manufacturing of Metal
Load-Bearing Implants 2: Surface Modification and Clinical Challenges. Vol. 96, Chemie-Ingenieur-Technik. 2024.
Alyami MH. The Applications of 3D-Printing Technology in Prosthodontics: A Review of the Current Literature.
Cureus. 2024 Sep 3;

Shim KW. Medical Applications of 3D Printing and Standardization Issues. Vol. 11, Brain Tumor Research and
Treatment. 2023.

Su G, Zhang Y, Jin C, Zhang Q, Lu J, Liu Z, et al. 3D printed zirconia used as dental materials: a critical review. Vol.
17, Journal of Biological Engineering. BioMed Central Ltd; 2023.

Yoo LG, Pang NS, Kim SH, Jung BY. Mechanical properties of additively manufactured zirconia with alumina air
abrasion surface treatment. Sci Rep. 2023 Dec 1;13(1).

Miura S, Shinya A, Ishida Y, Fujisawa M. Mechanical and surface properties of additive manufactured zirconia under
the different building directions. J Prosthodont Res. 2023;67(3):410-7.

Oh SE, Park JM, Kim JH, Shim JS, Park YB. Mechanical properties and crown accuracy of additively manufactured
zirconia restorations. Dental Materials [Internet]. 2024;40(10):1546-56. Available from:
https://www.sciencedirect.com/science/article/pii/S0109564124002197

Mohseni P, Soufi A, Chrcanovic BR. Clinical outcomes of zirconia implants: a systematic review and meta-analysis.
Vol. 28, Clinical Oral Investigations. Springer Science and Business Media Deutschland GmbH; 2024.

Cinquini C, Alfonsi F, Marchio V, Gallo F, Zingari F, Bolzoni AR, et al. The Use of Zirconia for Implant-Supported
Fixed Complete Dental Prostheses: A Narrative Review. Vol. 11, Dentistry Journal. MDPI; 2023.

Zandinejad A, Revilla-Leon M, Methani MM, Khanlar LN, Morton D. The fracture resistance of additively manufactured
monolithic zirconia vs. Bi-layered alumina toughened zirconia crowns when cemented to zirconia abutments. evaluating the
potential of 3d Printing of ceramic crowns: An in vitro study. Dent J (Basel). 2021 Oct 1;9(10).

Kalman L, Tribst JPM. Analysis of 3D-Printed Zirconia Implant Overdenture Bars. Applied Sciences (Switzerland).
2025 Aug 1;15(15).

Jennes ME, Herklotz I, Bessonova M, Hey J, Beuer F. Prospective clinical study to evaluate the success and survival
of two-piece zirconia implants: a single-center study. 12-month results. Int J Implant Dent. 2025 Apr 20;11(1).
Papaspyridakos P, Bordin TB, Natto ZS, El-Rafie K, Pagni SE, Chochlidakis K, et al. Complications and survival rates
of 55 metal-ceramic implant-supported fixed complete-arch prostheses: A cohort study with mean 5-year follow-up.
Journal of Prosthetic Dentistry. 2019;122(5).

Implant survival and complications [Internet]. Available from: https://www.iti.org/academy/consensus-
database/consensus-statement/-/consensus/implant-survival-and-complications/1321?utm

Gupta N, Bansal R, Shukla NK. The effect of ball versus locator attachment system on the performance of implant
supported overdenture: A systematic review. Vol. 13, Journal of Oral Biology and Craniofacial Research. Elsevier B.V.;
2023. p. 44-55.

Jung RE, Pjetursson BE, Glauser R, Zembic A, Zwahlen M, Lang NP. A systematic review of the 5-year survival and
complication rates of implant-supported single crowns. Clin Oral Implants Res. 2008;19(2):119-30.

Suliman OMR, Abuhassna MA, Albarrak ASB, Asiri MAN, Alhertani SM, Alghamdi HH. Factors Influencing
Abutment Screw Loosening in Single Unit Implant Screw-retained Crowns: A Systematic Review and Meta-analysis.
Advances in Human Biology. 2025 Jul 9.

Gao W mo, Geng W, Luo C chen. Prosthetic complications of fixed dental prostheses supported by locking-taper
implants: a retrospective study with a mean follow-up of 5 years. BMC Oral Health. 2021 Dec 1;21(1).

© South Asian Research Publication, Bangladesh Journal Homepage: www.sarpublication.com 88


http://www.sarpublication.com/sarjods

Recep KARA et al; South Asian Res J Oral Dent Sci; Vol-7, Iss-4 (Sep-Oct, 2025): 81-89

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Berglundh T, Persson L, Klinge B. A systematic review of the incidence of biological and technical complications in
implant dentistry reported in prospective longitudinal studies of at least 5 years. Vol. 29, Journal of Clinical
Periodontology. 2002.

Vozzo LM, Azevedo L, Fernandes JCH, Fonseca P, Araujo F, Teixeira W, et al. The Success and Complications of
Complete-Arch Implant-Supported Fixed Monolithic Zirconia Restorations: A Systematic Review. Vol. 5, Prosthesis.
MDPI; 2023. p. 425-36.

Chaware S, Thakkar S. A systematic review and meta-analysis of the attachments used in implant-supported overdentures.
Vol. 20, Journal of Indian Prosthodontic Society. Wolters Kluwer Medknow Publications; 2020. p. 255-68.

Sharaf MA, Wang S, Mashrah MA, Xu Y, Haider O, He F. Outcomes that may affect implant and prosthesis survival
and complications in maxillary fixed prosthesis supported by four or six implants: A systematic review and meta-
analysis. Heliyon. 2024 Feb 15;10(3).

Sabau DT, Saitos P, Moca RT, Juncar RI, Juncar M. Mechanical and Biological Complications Two Years After Full-
Arch Implant-Supported Prosthetic Rehabilitation: A Retrospective Clinical Study. Clin Pract. 2025 Jul 1;15(7).
Bishti S, Alsagher MSE, Homa M, Wolfart S, Tuna T. Factors Influencing the Screw Stability of Implant-Supported
Single Crowns: An In Vitro Study. Materials. 2025 Feb 1;18(3).

Patodia C, Sutton A, Gozalo D, Font K. Cost and complications associated with implant-supported overdentures with a
resilient-attachment system: A retrospective study. J Prosthet Dent [Internet]. 2021;128(2):181-6. Available from:
http://dx.doi.org/10.1016/j.prosdent.2020.11.040

Hanawa T. Biocompatibility of titanium from the viewpoint of its surface. Vol. 23, Science and Technology of
Advanced Materials. Taylor and Francis Ltd.; 2022. p. 457-72.

Curiel-Aguilera FP, Griffiths GR, Rossmann JA, Gonzalez JA. Titanium versus zirconia complete arch implant-
supported fixed prostheses: A comparison of plaque accumulation. Journal of Prosthetic Dentistry. 2023;130(3).
Garaicoa-Pazmino C, Lin GH, Alkandery A, Parra-Carrasquer C, Suarez-Lopez Del Amo F. Influence of implant
surface characteristics on the initiation, progression and treatment outcomes of peri-implantitis: A systematic review
and meta-analysis based on animal model studies. Int J Oral Implantol (Berl). 2021;14(4).

Chankhore P, Khubchandani SR, Reche A, Paul P. Prosthetic Design Factors Influencing Peri-Implant Disease: A
Comprehensive Review. Cureus. 2023;

Loganathan J, Arul Jeya Kumar A, Ranukumari A, Shakila R, Mahendirakumar N, Kaliyamurthy S. Titanium
biocompatibility in oral tissues-A systematic review (Biocompatibilidad del titanio en los tejidos orales: una revision
sistematica). 2024; Available from: https://orcid.org/0009-

van Brakel R, Meijer GJ, Verhoeven JW, Jansen J, de Putter C, Cune MS. Soft tissue response to zirconia and titanium
implant abutments: an in vivo within-subject comparison. J Clin Periodontol [Internet]. 2012 Oct 1;39(10):995-1001.
Available from: https://doi.org/10.1111/j.1600-051X.2012.01931.x

Carone C, Lauria P, Cardarelli F, Del Vecchio M, Memé¢ L, Bambini F, et al. Advancing the clinical use of zirconia
dental implants: a comprehensive review of outcomes, innovations and challenges. Oral &amp; Implantology
[Internet]. 2024; Available from: https://www.consensus.app/papers/advancing-the-clinical-use-of-zirconia-dental-
implants-a-almasri-alkassab/c46bf8fb8a7154bcb44ef61cf50c580c/

losif L, Tancu AMC, Amza OE, Gheorghe GF, Dimitriu B, Imre M. Al in Prosthodontics: A Narrative Review Bridging
Established Knowledge and Innovation Gaps Across Regions and Emerging Frontiers. Vol. 6, Prosthesis.
Multidisciplinary Digital Publishing Institute (MDPI); 2024. p. 1281-99.

Al-Asaadi S, Austin N, Watson PJ, Wood DJ, Altaie A, Rodrigues FP. Titanium-Zirconia abutment-implant assemblies:
Are they alternatives for single material implants? Dental Materials. 2025 Aug 1;41(8):914-25.

Gagg G, Ghassemieh E, Wiria FE. Effects of sintering temperature on morphology and mechanical characteristics of
3D printed porous titanium used as dental implant. Materials Science and Engineering C. 2013 Oct;33(7):3858—64.
Falcinelli C, Valente F, Vasta M, Traini T. Finite element analysis in implant dentistry: State of the art and future
directions. Vol. 39, Dental Materials. Elsevier Inc.; 2023. p. 539-56.

Tagliaferri N, Pisciotta A, Orlandi G, Bertani G, Di Tinco R, Bertoni L, et al. Zirconia Hybrid Dental Implants Influence the
Biological Properties of Neural Crest-Derived Mesenchymal Stromal Cells. Nanomaterials. 2024 Mar 1;14(5).

Chrcanovic BR, Kisch J, Albrektsson T, Wennerberg A. Bruxism and dental implant treatment complications: a
retrospective comparative study of 98 bruxer patients and a matched group. Clin Oral Implants Res. 2017;28(7).
Chen Y, Tan J, Sun J, Guo H, Bai J, Zhou P, et al. Effect of sintering temperature on the microstructures and mechanical
properties of ZrO2 ceramics fabricated by additive manufacturing. Ceram Int [Internet]. 2024;50(7, Part B):11392-9.
Available from: https://www.sciencedirect.com/science/article/pii/S0272884224000397

Elgarba BM, Fontenele RC, Tarce M, Jacobs R. Artificial intelligence serving pre-surgical digital implant planning: A
scoping review. Vol. 143, Journal of Dentistry. Elsevier Ltd; 2024.

Diaz P, Gonzalo E, Villagra LJG, Miegimolle B, Suarez MJ. What is the prevalence of peri-implantitis? A systematic
review and meta-analysis. BMC Oral Health. 2022 Dec 1;22(1).

© South Asian Research Publication, Bangladesh Journal Homepage: www.sarpublication.com 89


http://www.sarpublication.com/sarjods

