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Abstract 

Finite element analysis (FEA) is increasingly used in conservative and restorative den-tistry to 

investigate the mechanical behavior of adhesive direct and indirect polymeric restorations, although 

its methodological validity and clinical relevance remain debated. This narrative review critically 

synthesizes evidence on FEA in adhesive restorative dentistry, focusing on class I to class V in 

anterior and posterior teeth restored with direct or indirect polymeric materials, including inlays, 

onlays, overlays, and tabletop resto-rations. A structured, non-systematic search of major biomedical 

databases was per-formed, and eligible studies were qualitatively appraised with attention to 

modeling assumptions, stress patterns, and clinical interpretability. Overall, FEA consistently 

highlights mechanically relevant trends related to cavity configuration, cuspal support, restoration 

design, material stiffness, polymerization shrinkage, and adhesive interface behavior. These trends 

help explain clinically observed failure patterns and support minimally invasive, adhesion-driven 

principles. Nonetheless, simplified material be-havior, idealized bonding, and mainly static loading 

limit the ability of FEA to predict long-term clinical performance. When interpreted within these 

constraints and integrated with experimental and clinical evidence, FEA remains a valuable 

complementary tool to understand adhesive restorations and support rational restorative decision-

making. 

Keywords: finite element analysis; adhesive restorative dentistry; polymer-based dental materials; 

direct composite restorations; indirect adhesive restorations; adhesive polymers; polymerization 

shrinkage; stress distribution; cuspal deflection 

 

1. Introduction 

Contemporary conservative and restorative dentistry is deeply grounded in the principles of 

tissue preservation, adhesion, and biomechanical integrity. Over the last decades, the transition from 

mechanically retained restorations toward adhesive strategies has profoundly reshaped clinical 

decision-making, promoting minimally invasive ap-proaches aimed at preserving sound tooth 

structure while restoring function and esthetics [1–3]. This paradigm shift has been driven by 

continuous improvements in adhesive polymeric systems, including resin-based direct composites, 

and partial indirect restora-tions, which have expanded the range of treatment options available for 

managing structural tooth loss across all cavity classes [4]. Direct adhesive restorations remain the 

first-line treatment for many clinical situations involving Class I and II posterior lesions, as well as 

Class III, IV, and V defects, owing to their conservative nature, reparability, and favorable cost–

benefit ratio [5,6]. Nevertheless, as cavity dimensions increase and key structural components such 
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as marginal ridges or cuspal support are compromised, par-ticularly in extensive Class II restorations, 

the mechanical behavior of the restored tooth changes substantially [7,8]. Loss of structural continuity 

results in increased cuspal de-flection and altered stress distribution within enamel and dentin, 

potentially predisposing the tooth–restoration complex to fatigue-related failure over time [9,10]. In 

these situations, indirect polymeric adhesive restorations, including inlays, onlays, overlays, and 

more recently tabletop dental restorations, have gained increasing acceptance as conservative 

alternatives to full-coverage crowns, providing cuspal reinforcement while limiting un-necessary 

removal of sound tooth structure [11,12]. 

Although posterior teeth have traditionally received the greatest attention in bio-mechanical 

investigations [13], anterior adhesive restorations represent an equally rel-evant domain within 

conservative dentistry [14]. Class III and IV resin-based restorations are exposed to complex oblique 

and tensile loading patterns during function and para-function [15], with stress concentration 

frequently occurring at the incisal edge and along the polymeric adhesive interface. These mechanical 

characteristics render anterior teeth especially sensitive to restoration design, material stiffness, and 

bonding strategy, while cervical Class V lesions are further influenced by tooth flexure and non-axial 

loading [16].  

The success of both direct and indirect adhesive restorations is inherently linked to 

biomechanical factors [17]. Occlusal loads are transmitted through a complex assembly consisting of 

differently stiff (E) materials such as enamel (80 GPa), dentin (20 GPa), adhesive layers (1 GPa), 

polymeric based restorative materials (12 to 25 GPa), and, in the case of indirect restorations, luting 

agents (6 GPa) [18]. Cavity configuration, remaining tooth structure, restorative design, and material 

properties interact in a non-linear manner, influencing stress distribution and deformation patterns 

under functional loading [19]. While in vitro studies provide valuable information on fracture 

resistance, marginal integrity, and fatigue behavior, they are inherently limited by specimen 

variability and by their inability to directly visualize internal stress and strain distributions [20,21].  

Within this complex biomechanical framework, Finite Element Analysis (FEA) has progressively 

emerged as a widely adopted numerical method in conservative and re-storative dentistry. By 

discretizing complex geometries into finite elements and assigning material properties and boundary 

conditions, FEA enables the simulation of stress and deformation fields within tooth–restoration 

complexes that are otherwise inaccessible through experimental approaches alone [22]. Since its early 

applications in dental bio-mechanics, FEA has been increasingly used to investigate cuspal deflection 

in large Class I and II dental polymeric based restorations, stress development associated with 

polymerization shrinkage, cervical stress concentration in Class V lesions, and stress distribution in 

indirect adhesive resin-based restorations with different materials and designs [23–25]. In anterior 

teeth, FEA has been applied to analyze Class IV dental polymeric based restorations, the mechanical 

impact of incisal edge involvement, and the stress response of cervical lesions under oblique loading 

[26]. Although these applications are less frequently represented in the literature compared with 

posterior restorations, available numerical studies have provided valuable insights into the role of 

tensile stresses, tooth flexure, and adhesive interface behavior in anterior restorative scenarios [27,28]. 

The relative scarcity of FEA studies focusing on anterior teeth does not reflect limited clinical 

relevance but rather highlights an imbalance in the current literature that warrants critical 

consideration when interpreting numerical evidence. 

Because of its versatility and accessibility, FEA-based studies have become in-creasingly 

prevalent in the restorative literature and are often cited to support clinical concepts such as cuspal 

coverage, polymeric restorative material selection, thickness op-timization, and cavity design [29]. 

However, despite its widespread use, the methodo-logical validity and clinical meaning of FEA 

outcomes remain insufficiently discussed. Finite element models inevitably rely on simplifying 

assumptions to ensure computa-tional feasibility. Linear elastic behavior is frequently assigned to 

materials known to exhibit viscoelastic or anisotropic properties, adhesive interfaces are commonly 

modeled as perfectly bonded, and occlusal loading is often simplified to static forces applied at 

idealized contact points [30]. While these assumptions may be acceptable for comparative analyses, 
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they raise important concerns regarding the biological and clinical realism of numerical predictions. 

Furthermore, interpretation of FEA results in restorative dentistry often relies on qualitative color-

coded stress maps and peak stress values. Although visually intuitive, such outputs are not always 

associated with validated failure criteria or clinically meaningful endpoints, increasing the risk of 

overinterpretation [29,31]. This issue is particularly critical in adhesive dentistry, where restoration 

failure is rarely dictated by single-load catastrophic fracture, but more commonly by cumulative 

fatigue damage, marginal degradation, and deterioration of the adhesive interface over time [32]. 

Notably, despite the extensive and growing number of FEA-based studies in ad-hesive direct 

and indirect restorative dentistry, the literature currently lacks narrative or systematic reviews 

specifically dedicated to critically evaluating the validity and effec-tiveness of FEA in this field. 

Previous studies have either addressed FEA within broader dental biomechanics contexts or have 

focused on specific clinical techniques, without providing a comprehensive, clinically oriented 

discussion on how numerical findings should be interpreted and integrated into adhesive restorative 

decision-making across different cavity classes and tooth groups [33]. 

Therefore, the aim of this review is to critically analyze the current evidence on the application 

of Finite Element Analysis (FEA) in conservative and restorative dentistry, with particular emphasis 

on adhesive resin-based direct and indirect restorations in class I to class V cavities involving both 

posterior and anterior teeth. Adopting an intentionally narrative and clinically oriented perspective, 

this review goes beyond a descriptive overview of numerical studies to evaluate the methodological 

assumptions underlying FEA models, discuss their validity and efficiency as investigative tools, and 

examine the extent to which numerical findings can be meaningfully translated into clinical practice. 

By focusing on interpretative and methodological aspects rather than on quantitative synthesis, this 

review aims to clarify the role of FEA in contemporary adhesive restorative dentistry and to provide 

a rational framework for its appropriate interpretation and use in both research and clinical settings. 

2. Materials and Methods 

2.1. Literature Search Strategy 

This narrative review was designed to provide a critical and clinically oriented synthesis of the 

existing literature on the application of finite element analysis (FEA) in conservative and restorative 

dentistry, with specific emphasis on adhesive resin-based direct and indirect restorations. Given the 

intrinsic heterogeneity of numerical modeling strategies, restorative designs, and outcome variables, 

a narrative review framework was considered the most appropriate methodological approach to 

explore issues of methodological validity, interpretative limits, and clinical relevance rather than to 

perform a quantitative synthesis. 

A structured, non-systematic literature search was conducted using the PubMed/MEDLINE, 

Scopus, and Web of Science databases. The search included articles published from January 2000 to 

December 2025 and was restricted to English-language publications. This time frame was selected to 

encompass the period during which FEA progressively became established as a commonly adopted 

investigative tool in dental biomechanics and adhesive restorative research. 

Search terms were combined using Boolean operators and included: “finite element analysis”, 

“finite element method”, “adhesive dentistry”, “restorative dentistry”, “direct restoration”, 

“composite restoration”, “indirect restoration”, “adhesive restoration”, “inlay”, “onlay”, “overlay”, 

“tabletop restoration”, “partial coverage restoration”, “anterior restoration”, “posterior restoration”, 

“polymeric dental materials”, “resin-based composites”, “polymer-based restorations”, “Class I 

cavity”, “Class II cavity”, “Class III cavity”, “Class IV cavity”, “Class V cavity”, “cuspal deflection”, 

“polymerization shrinkage”, “interfacial stress”, “stress distribution”, “primary teeth restorations”, 

“pediatric dentistry”, “permanent teeth”, and “dental biomechanics”. 

To ensure comprehensive coverage of the literature, a supplementary manual search was 

undertaken. This involved a systematic screening of the reference lists from all pertinent articles 

identified in the initial electronic search. Additionally, targeted manual searches were conducted 
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within key specialty journals in the field, including Dental Materials, Journal of Dentistry, The Journal 

of Prosthetic Dentistry, and Clinical Oral Investigations. This combined electronic and manual 

strategy was implemented to identify seminal, high-impact, or complementary studies that may not 

have been captured through database searches alone, thereby enhancing the breadth and robustness 

of the narrative synthesis. 

2.2. Eligibility Criteria and Study Selection 

Eligible publications included original finite element studies, in vitro investigations 

incorporating numerical modeling, narrative and systematic reviews, communication and 

methodological papers addressing the biomechanical behavior of adhesive resin-based direct and 

indirect restorations in both primary and permanent teeth, in either vital or endodontically treated 

dentitions, provided that the restorative approach was based on adhesive principles and partial-

coverage designs. Both posterior and anterior teeth were considered, and studies evaluating class I 

to class V cavities restored with adhesive techniques were included. Study selection was guided by 

relevance to conservative and restorative dentistry and by the potential contribution of numerical 

findings to clinical interpretation. 

Studies were excluded if they focused on finite element analysis of endodontic post systems, 

including fiber posts and other intraradicular posts, or on endocrowns, as these restorations involve 

distinct biomechanical principles and failure mechanisms beyond the scope of this review. In 

addition, studies investigating FEA of prosthetic restorations, such as full-coverage crowns, fixed 

dental prostheses and removable partial dentures were excluded. Also FEA investigations about 

overdentures, or implant-supported restorations, including full-arch rehabilitations such as all-on-

four concepts, were excluded. In addition, studies addressing maxillary or mandibular bone 

reconstructions, implant-related biomechanics, orthodontic biomechanics, endodontic 

instrumentation, or maxillofacial structures unrelated to conservative restorative procedures were 

not taken into consideration. Furthermore, studies focusing on finite element analysis of ceramic 

veneers in anterior teeth were excluded, as veneer restorations represent a distinct prosthetic-

restorative category with different biomechanical and clinical considerations. 

Purely engineering-oriented studies lacking clear dental or clinical applicability were not 

considered, nor were papers with insufficient methodological detail to allow meaningful assessment 

of model assumptions, boundary conditions, or outcome interpretation. 

In accordance with the narrative and concept-driven design of this review, no predefined 

quantitative inclusion thresholds or formal risk-of-bias assessment tools were applied. Instead, 

emphasis was placed on qualitative appraisal of the selected studies, focusing on key modeling 

aspects such as geometric representation, material property assignment, simulation of adhesive 

interfaces, loading and boundary conditions, and validation against experimental or clinical data 

when available. Attention was given to how numerical outcomes were interpreted and whether 

conclusions were framed in a clinically meaningful and methodologically transparent manner. 

The included literature was analyzed and synthesized thematically rather than chronologically 

or quantitatively. Studies were grouped according to restorative approach (direct versus indirect), 

cavity class, tooth group (posterior versus anterior), and dentition (primary versus permanent), as 

well as by primary biomechanical focus (e.g., cuspal deflection, polymerization shrinkage, interfacial 

stress, stress distribution within dental tissues or restorative materials). This thematic organization 

was intended to facilitate a critical discussion of recurring modeling assumptions, methodological 

strengths and limitations, and the translational relevance of FEA findings in contemporary adhesive 

restorative dentistry. 

3. Results 

The results of the present narrative review highlight the extensive and heterogeneous use of 

finite element analysis (FEA) in adhesive restorative dentistry. Across the retrieved literature, FEA 

has been applied to a wide range of restorative scenarios, tooth types, and cavity designs, reflecting 
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the growing interest in understanding the mechanical behavior of adhesive polymeric based dental 

restorations under controlled numerical conditions. Rather than yielding uniform or directly 

comparable outcomes, the available studies provide a spectrum of mechanical insights that are highly 

dependent on cavity config-uration, restorative strategy, and modeling assumptions. 

For this reason, the results were not synthesized in a quantitative or study-by-study manner but 

instead organized into clinically meaningful macro-areas. The literature was first distinguished 

according to direct versus indirect resin-based adhesive restorations, and subsequently categorized 

by cavity class, restorative design, and tooth group (an-terior versus posterior). This approach was 

adopted to reflect real-world restorative de-cision-making and to facilitate interpretation of 

numerical findings within a clinical framework. 

Within each macroarea, FEA findings consistently focus on stress distribution, cuspal deflection, 

interfacial stress development, and deformation patterns of the tooth–restoration complex. However, 

the degree to which these outcomes can be translated into clinical implications varies considerably, 

depending on the extent of cavity preparation, the presence or absence of cuspal coverage, and the 

simplifications inherent to the nu-merical models. The following subsections therefore present the 

results thematically, emphasizing recurring mechanical trends and clinically relevant patterns rather 

than isolated numerical values. 

3.1. Finite Element Analysis in Direct Adhesive Restorations 

3.1.1. Class I Direct Adhesive Restorations 

Finite element analysis (FEA) has been extensively employed to investigate the mechanical 

behavior of class I direct adhesive polymer-based restorations, which represent a relatively 

conservative cavity configuration characterized by a high configuration factor (C-factor) and limited 

freedom for deformation. Owing to these characteristics, class I cavities have frequently been adopted 

as reference numerical models to explore fundamental mechanical interactions between 

polymerization shrinkage, restorative mate-rial properties, adhesive interface behavior, and occlusal 

loading conditions. Early three-dimensional FEA investigations primarily focused on polymerization 

shrinkage–induced stresses developing within bonded class I restorations. Rodrigues et al. 

demonstrated that an increase in cavity C-factor does not necessarily result in a proportional increase 

in interfacial stress peaks, challenging the traditional assumption that cavity configuration alone 

dictates shrinkage stress magnitude [34]. Their numerical findings indicated that stress distribution 

patterns are strongly influenced by cavity geometry, remaining wall thickness, and boundary 

conditions, with stress concentrations variably localized along axial walls and at the pulpal floor. 

Subsequent numerical studies further explored the influence of polymeric restorative material 

chemistry on shrinkage stress development. Comparative FEA models evaluating methacrylate-

based composites and alternative low-shrinkage resin systems, such as silorane-based materials, 

consistently reported reduced polymerization shrinkage and lower stress concentration at the tooth–

restoration interface when non-methacrylate chemistries were employed [35]. These numerical 

observations provided mechanical support for the clinical rationale underlying the development of 

low-shrinkage composite formulations for posterior direct restorations. More recent CAD–FE 

investigations expanded the analysis of class I cavities to include combined polymerization shrinkage 

and occlusal loading scenarios. Ausiello et al. evaluated molar class I restorations restored with bulk-

fill resin composites and alkasite materials, demonstrating that stress concentration under simulated 

masticatory loads was predominantly localized at the enamel–restoration interface [36]. Notably, the 

introduction of polymeric or ionic base materials beneath bulk restorations did not consistently result 

in a reduction of stress magnitude within enamel and dentin, suggesting that load transfer 

mechanisms and material stiffness may play a more decisive role than the mere presence of an 

intermediate layer. 

The mechanical implications of multilayer restorative strategies in class I cavities have also been 

investigated through FEA. Several studies employing bi-layer restorative ap-proaches combining 
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resin composites with glass ionomer cements reported reduced stress transmission toward dentin 

and the pulpal floor compared with single-layer bulk com-posite restorations [37,38]. These 

numerical findings support the hypothesis that in-termediate layers with lower elastic modulus and 

reduced polymerization shrinkage may partially mitigate stress concentration in deep class I cavities, 

with lower stress-strain deformation at the dentin–adhesive interface. 

More recently, FEA studies have addressed the mechanical behavior of bioactive restorative 

resin-based materials in class I direct restorations. Numerical analyses com-paring conventional resin 

composites with hybrid glass ionomer–based or bioactive restorative materials demonstrated stress 

distribution patterns closer to those observed in sound teeth, especially under combined shrinkage 

and occlusal loading conditions [39,40]. These findings suggest that material chemistry and elastic 

behavior significantly influence stress redistribution within the tooth–restoration complex, 

potentially affecting the long-term biomechanical stability of class I adhesive restorations. 

3.1.2. Class II Direct Adhesive Restorations and Mesio-Occlusal-Distal (MOD) Restorations 

Building on the mechanical framework established by finite element analyses of class I direct 

adhesive resin-based restorations, the application of FEA to class II mesio-occlusal-distal (MOD) 

restorations has received substantially greater attention in the literature. This reflects the markedly 

different mechanical scenario associated with MOD cavity preparation, which involves the loss of 

both marginal ridges and results in a pronounced reduction of structural stiffness. Consequently, 

MOD restorations represent the most mechanically demanding configuration among direct adhesive 

resin-based restorations and are frequently adopted as reference models for investigating stress 

amplification and cuspal deformation. 

Across the included studies, FEA consistently demonstrates that MOD cavity preparation leads 

to a significant increase in cuspal deflection under occlusal loading compared with intact teeth, class 

I cavities, and class II restorations involving the loss of a single marginal ridge [41–44]. Stress 

concentration patterns are characterized by elevated tensile stresses at the cervical enamel, internal 

line angles, and along the dentin–adhesive interface, particularly in proximity to the gingival margins 

of the proximal boxes. These effects are systematically exacerbated under non-axial or oblique 

loading conditions, which more closely simulate functional and parafunctional contacts, resulting in 

higher stress gradients and deformation levels than those observed in class I restorations [45,46]. 

A substantial portion of the FEA literature on MOD restorations has focused on the interaction 

between polymerization shrinkage and functional loading. Numerical simulations indicate that 

shrinkage-induced stresses develop early during composite polymerization and subsequently 

superimpose on occlusal stresses during simulated mastication, generating complex and highly 

localized stress fields within enamel, dentin, and at adhesive interfaces [47,48]. Although absolute 

stress magnitudes vary considerably among studies due to differences in material models and 

boundary conditions, there is consistent agreement that MOD cavities are particularly susceptible to 

interfacial stress accumulation and stress amplification within the remaining tooth structure. 

Restorative polymeric material properties represent another recurrent variable in MOD finite element 

models. Comparative analyses consistently show that materials with higher elastic modulus promote 

greater stress transmission to enamel and dentin, leading to increased tensile stresses at cervical 

margins and internal line angles. Conversely, resin-based restorative materials with lower stiffness 

partially attenuate stress transfer by accommodating greater deformation, albeit with increased 

cuspal displacement [49,50]. Studies evaluating bulk-fill resin composites in MOD cavities report 

stress distributions broadly comparable to those of conventional incremental composites; however, 

variations in cuspal deflection, interfacial stress, and residual shrinkage stress have been observed 

depending on material formulation, curing assumptions, and viscoelastic behavior [51,52]. 

Several FEA investigations have specifically addressed the influence of cavity geometry and 

remaining tooth structure on the mechanical response of MOD restorations. Numerical evidence 

consistently indicates that increasing cavity width, reducing residual cusp thickness, and enlarging 

the isthmus region result in disproportionate increases in cuspal deflection and tensile stress 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 10 February 2026 doi:10.20944/preprints202602.0732.v1

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

https://doi.org/10.20944/preprints202602.0732.v1
http://creativecommons.org/licenses/by/4.0/


 7 of 27 

 

concentration [53,54]. In this context, optimization-based finite element studies have explored 

alternative cavity geometries and internal line angle modifications, demonstrating that changes in 

restoration shape can significantly influence stress distribution and debonding behavior [55–57]. 

More recent FEA studies have expanded MOD analyses to include additional mechanical variables, 

such as thermomechanical loading and material property mismatches between restorative resin-

based composites and dental tissues. These investigations highlight the restoration–enamel junction 

as a critical site for principal stress concentration under combined thermal and mechanical stimuli, 

further emphasizing the mechanical vulnerability of MOD restorations under clinically relevant 

conditions [58,59]. Moreover, numerical models evaluating reinforcement strategies in extensively 

prepared MOD cavities, including non-invasive structural reconnection approaches, demonstrate 

reduced cuspal deflection and stress concentration when macromechanical continuity between 

residual walls is restored [60,61]. 

3.1.3. Class III Direct Adhesive Restorations 

Compared with posterior class I and class II cavities, the application of finite element analysis to 

Class III direct adhesive restorations remains markedly limited in the available literature. Despite the 

high clinical relevance of these restorations, particularly due to their location in the anterior esthetic 

zone and their exposure to complex functional and parafunctional loading patterns, only a small 

number of numerical investigations have specifically addressed their mechanical behavior. This 

scarcity of evidence contrasts sharply with the extensive FEA-based body of research available for 

posterior teeth and highlights a clear gap in contemporary restorative biomechanics. 

The limited numerical evidence currently available suggests that class III cavities exhibit distinct 

mechanical characteristics when compared with posterior restorations [62]. Due to the reduced cavity 

volume and the predominance of enamel at the cavosurface margins, stress distribution patterns are 

strongly influenced by polymerization shrinkage rather than by occlusal loading alone [63]. In this 

context, three-dimensional FEA has been primarily employed to investigate shrinkage-induced 

stresses at the internal and marginal adhesive interfaces, rather than global tooth deformation or 

fracture-related outcomes. 

The most recent and comprehensive contribution to this topic is a three-dimensional FEA study 

evaluating internal and marginal polymerization shrinkage stress in class III adhesive restorations 

restored using different resin composite combinations and layering strategies [27]. In that 

investigation, a detailed anatomical model of a maxillary central incisor with a distal class III cavity 

was developed, allowing for high-resolution assessment of stress distribution at both enamel and 

dentin interfaces. Polymerization shrinkage was simulated through thermal analogy, and stress 

patterns were analyzed using the Maximum Principal Stress criterion, which is commonly adopted 

in adhesive dentistry FEA studies to identify tensile stress concentrations. 

The numerical results demonstrated that marginal stress concentrations were predominantly 

localized at the enamel cavosurface bevel, regardless of the restorative technique employed. Peak 

stress values at the enamel interface were consistently higher than those observed in dentin, reflecting 

the pronounced elastic modulus mismatch between enamel and resin composite materials. In 

contrast, internal dentin stress was more sensitive to the restorative strategy, particularly to the use 

of low-modulus flowable bulk-fill liners combined with conventional composite increments. 

Configurations incorporating a flowable base exhibited higher internal dentin stress value, 

suggesting a potential mechanical vulnerability of the adhesive interface under shrinkage-dominated 

conditions. 

Interestingly, despite variations in layering technique and composite type, the overall marginal 

stress distribution patterns among the simulated class III restorations were relatively homogeneous. 

This finding suggests that, within the limitations of static FEA models, the influence of restorative 

technique on marginal stress concentration in class III cavities may be less pronounced than in more 

extensive posterior restorations, such as class II MOD cavities [64]. However, the consistently 

elevated stress levels at the enamel bevel region underline the mechanical importance of marginal 
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design and enamel bonding in anterior adhesive restorations. From a broader perspective, the paucity 

of FEA studies on class III restorations limits the ability to draw generalized conclusions regarding 

optimal restorative strategies, material selection, or cavity design for anterior teeth. Most available 

numerical evidence remains exploratory and technique-oriented, focusing predominantly on 

polymerization shrinkage rather than on combined mechanical, thermal, and fatigue loading 

conditions. Consequently, current FEA findings for class III restorations should be interpreted as 

hypothesis-generating rather than definitive. 

3.1.4. Class IV Direct Adhesive Restorations 

Within the finite element analysis literature on adhesive restorative dentistry, class IV direct 

polymeric based dental restorations have been only marginally investigated when compared with 

posterior cavity designs. This limited scientific attention is particularly striking given the high clinical 

relevance of class IV restorations, which are frequently indicated for the management of traumatic 

incisal defects and extensive anterior tooth fractures. Despite their functional and esthetic 

importance, the mechanical behavior of class IV polymeric based restorations has received 

comparatively little attention in FEA-based research. 

From a mechanical perspective, class IV restorations differ substantially from posterior cavities 

due to the involvement of the incisal edge and the predominance of tensile and shear stresses under 

functional loading [65,66]. Anterior teeth are subjected to complex oblique loading patterns during 

protrusive and lateral mandibular movements, making cavity geometry, marginal configuration, and 

stress transfer at the adhesive interface critical factors influencing restoration performance [67–70]. 

One of the few dedicated three-dimensional FEA studies in this area, conducted by Xu et al. [26], 

evaluated the influence of cavity design on stress distribution and fracture behavior in maxillary 

central incisors restored with direct composite resin. Anatomically detailed models were used to 

simulate class IV cavities with different marginal designs, including bevels, chamfers, stair-step 

chamfers, and butt joint preparations, under clinically relevant loading conditions. The numerical 

results demonstrated that cavity design significantly affected stress distribution within both the 

restorative material and surrounding dental tissues [26]. Preparations incorporating chamfered or 

stair-step margins exhibited more homogeneous stress patterns, whereas bevel and butt joint designs 

were associated with higher stress concentration, particularly under oblique loading [26]. 

In addition, the FEA findings were supported by complementary fracture resistance testing, 

which provided qualitative validation of the numerical outcomes. Cavity designs associated with 

more favorable stress distribution patterns also showed improved fracture resistance and more 

favorable failure modes, characterized by a higher prevalence of cohesive fractures rather than 

adhesive failures at the restoration margins. Overall, the limited FEA evidence available suggests that 

cavity design plays a decisive role in governing the mechanical behavior of class IV resin-based direct 

adhesive restorations. However, the scarcity of dedicated numerical studies limits the ability to draw 

generalized conclusions for anterior adhesive restorations. Further high-quality FEA investigations 

incorporating advanced loading protocols and refined material modeling are required to achieve a 

mechanical understanding comparable to that currently available for posterior adhesive restorations. 

3.1.5. Class V Direct Adhesive Restorations 

Class V direct resin-based adhesive restorations represent a distinct mechanical scenario within 

conservative dentistry, as they are typically located in the cervical region of the tooth, an area 

characterized by complex stress patterns driven by non-axial occlusal loading, tooth flexure, and 

pronounced material–tooth interfacial interactions. Unlike occlusal or proximal restorations, class V 

cavities are positioned close to the cemento–enamel junction, where reduced enamel thickness, 

dentin exposure, and the transition between tissues with markedly different elastic properties 

contribute to stress amplification under functional loading conditions [71–73]. 

Finite element analysis has been widely applied to investigate the mechanical behavior of class 

V adhesive resin-based dental restorations, particularly in the context of non-carious cervical lesions 
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and wedge-shaped defects. Early three-dimensional FEA studies demonstrated that the creation of a 

cervical cavity introduces a structural discontinuity that alters the stress field within the tooth, with 

peak tensile stresses consistently localized at the gingival margin and along the adhesive interface 

[74]. These numerical findings provided a mechanical explanation for the clinically observed 

susceptibility of class V restorations to marginal degradation, debonding, and reduced long-term 

retention. 

Material-related variables have emerged as critical determinants of stress modulation in class V 

restorations. Multiple FEA investigations have reported that restorative materials with higher elastic 

modulus tend to transmit stresses more directly to the surrounding dental tissues, resulting in 

increased stress concentration at the cervical margins. In contrast, materials with lower stiffness 

exhibit greater deformation and stress absorption capacity, which may reduce peak interfacial 

stresses while increasing restorative strain [75,76]. Comparative numerical analyses involving resin 

composites, glass ionomer cements, and hybrid or bioactive materials consistently highlight the 

importance of elastic compatibility between restorative materials and cervical dentin [77–79]. 

Loading direction has been repeatedly identified as one of the most influential parameters affecting 

the mechanical performance of class V restorations. Finite element simulations demonstrate that 

oblique or eccentric occlusal loading generates substantially higher tensile and shear stresses in the 

cervical region than purely axial loading, thereby intensifying stress concentration at the tooth–

restoration interface [72,80]. This mechanical behavior aligns with clinical observations linking 

occlusal interferences, parafunctional habits, and eccentric loading patterns to the development and 

progression of cervical lesions. 

Cavity geometry and preparation design have also been systematically investigated through 

FEA. Numerical models comparing different class V cavity shapes revealed that sharp internal angles 

and wedge-shaped configurations are associated with higher stress concentration, whereas smoother, 

rounded cavity designs tend to distribute stresses more evenly along the adhesive interface and 

surrounding dentin [76,81]. These findings support minimally invasive preparation concepts that aim 

to reduce stress amplification while preserving cervical tooth structure. Thermo-mechanical effects 

have further expanded the scope of finite element investigations in class V polymeric based 

restorations. Studies incorporating thermal loading have shown that temperature fluctuations induce 

additional stresses at the adhesive interface due to mismatched coefficients of thermal expansion 

between restorative materials and dental tissues [77]. When combined with mechanical loading, 

thermal stresses have been shown to exacerbate interfacial stress peaks, potentially contributing to 

marginal breakdown and restoration failure over time [82]. 

More recent FEA studies have incorporated advanced modeling strategies, including refined 

mesh convergence, simulation of periodontal ligament support, and multi-material interface 

representation, to enhance the physiological relevance of numerical outcomes [83,84]. These 

investigations emphasize that realistic boundary conditions and accurate material property 

assignment are essential for meaningful mechanical interpretation, as oversimplified assumptions 

may lead to misleading stress predictions. 

Finally, the finite element literature indicates that class V direct resin-based adhesive 

restorations are governed by a multifactorial mechanical environment in which material properties, 

cavity design, loading direction, and environmental factors interact in a complex manner. While FEA 

does not directly predict clinical longevity, it provides valuable insight into stress concentration 

patterns and failure-prone regions that are difficult to assess experimentally. Within this context, class 

V restorations remain one of the most mechanically sensitive applications of direct adhesive 

dentistry. 

3.2. Finite Element Analysis in Indirect Adhesive Restorations 

Within the category of indirect polymeric based restorations, finite element analysis studies can 

be further stratified into intracoronal inlays, partial cuspal coverage restorations such as onlays and 

overlays, and ultra-conservative resin-based occlusal veneers or tabletop adhesive restorations. 
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Although these restorative approaches differ in extension and geometry, they share a common 

mechanical foundation based on adhesive retention and stress transfer through bonded interfaces 

rather than macromechanical preparation features [85–88]. Finite element analysis has been widely 

adopted to investigate indirect adhesive resin-based restorations as conservative alternatives to full-

coverage solutions, with the specific goal of understanding how bonded restorations restore stiffness 

and redistribute functional loads in structurally compromised teeth [87,89]. Early numerical studies 

on intracoronal restorations consistently showed that adhesively luted inlays can partially recover 

the stiffness of teeth weakened by extensive cavity preparations, reducing stress concentration within 

residual dentin when compared with unrestored cavities; nevertheless, stress peaks frequently 

persist at internal line angles and in cervical enamel regions, especially in class II and MOD-type 

geometries [85–87,89–91]. This pattern has been repeatedly confirmed in subsequent tooth-specific 

simulations, supporting the concept that the mechanical response of indirect polymeric based 

adhesive restorations is governed not only by the restorative material but also by cavity configuration 

and residual tooth structure [92]. 

A central theme across the FEA literature is the influence of restorative material properties on 

stress distribution within the tooth–restoration complex. Comparative numerical analyses indicate 

that higher-modulus restorative materials (E), commonly ceramic, tend to concentrate stresses within 

the restoration and at the cement interface, whereas resin-based or more compliant materials 

distribute stresses more gradually into enamel and dentin [85–89,93,94]. Importantly, from an 

adhesive dentistry perspective, these effects are consistently interpreted in relation to the integrity of 

bonded interfaces and the mechanical compatibility between restoration, resin cement, and tooth 

substrate, rather than in purely “prosthetic” terms [84,85,90,95]. Studies that explicitly examine the 

adhesive layer further support the concept that the mechanical behavior of the interfacial region can 

influence how stresses are transferred between restoration and tooth, and therefore how stress 

concentrations localize at critical enamel margins or dentin interfaces [84,96,97]. 

Restoration thickness and layer configuration represent additional variables extensively 

investigated through FEA. Numerical models evaluating indirect restorations consistently suggest 

that increasing restoration thickness can reduce tensile stress peaks at the adhesive interface and 

within the polymeric restorative material, particularly for cuspal coverage designs, whereas thin 

restorations are more prone to stress concentration under oblique loading conditions [98,99]. At the 

same time, simulations evaluating intermediate resin layers indicate that compliant bases/liners may 

modify stress transfer: in some models, lower-modulus intermediate layers reduce stresses in dentin 

but increase tensile stresses within brittle restorative materials, underscoring that “stress buffering” 

is not uniformly beneficial and must be interpreted within the full multilayer adhesive complex 

[88,89,100]. These results reinforce the need to consider restoration thickness and interfacial 

stratification (restorative material–cement–tooth) as a coupled system rather than optimizing any 

single layer in isolation [84,87,101]. 

Polymerization shrinkage of resin-based luting agents is a particularly relevant issue for indirect 

polymeric based adhesive restorations because, while indirect techniques reduce the volume of 

polymerizing resin compared with direct restorations, shrinkage-related stresses may still 

accumulate at bonded interfaces where cement is constrained by cavity walls and by the restoration’s 

internal surface [102–104]. Finite element studies explicitly simulating cement polymerization show 

that shrinkage-induced stresses develop primarily within the cement/adhesive layer and at the 

bonded interfaces and may superimpose on functional occlusal stresses during subsequent loading 

[105]. The magnitude and distribution of shrinkage stresses are influenced by restoration geometry, 

cement thickness, and elastic mismatch among restoration, cement, and dental tissues, making 

polymerization stress a persistent mechanical variable in indirect adhesive dentistry rather than a 

negligible phenomenon [106]. 

Onlays and overlays, treated in the conservative-restorative sense as adhesively bonded cuspal 

coverage restorations, have been examined through FEA to evaluate their ability to reduce cuspal 

deflection and shift stress concentrations away from weakened residual walls [107–109]. Numerical 
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models generally indicate that cuspal coverage can reduce deformation of remaining cusps when 

compared with intracoronal restorations, though stress redistribution is strongly dependent on 

coverage design, material stiffness, and the behavior of the adhesive/cement interface [85–88,91,93]. 

In this context, studies focusing on preparation design and ceramic thickness further emphasize how 

geometric variables interact with adhesive retention: design changes that increase structural support 

or thickness may reduce tensile stress peaks yet may also move stress concentration toward the 

restoration–cement interface depending on material properties and loading direction [110]. More 

recently, FEA has been applied to ultra-conservative resin-based occlusal veneers and tabletop 

restorations, where adhesive retention and enamel bonding become central determinants of 

mechanical viability because preparation is minimal and restorations may be thin [111]. Numerical 

investigations consistently localize high stresses at the enamel–cement interface and within the luting 

layer, particularly under non-axial or thermomechanical loading, highlighting that even small 

variations in thickness, margin configuration, and cement properties can meaningfully alter stress 

distribution in these restorations [85–90,93,97]. This body of work supports the conceptualization of 

resin-based tabletop restorations as “adhesive-driven” restorations where the integrity and 

mechanical behavior of the bonded interface is at least as relevant as the stiffness of the restorative 

material itself [110]. 

Methodological advances have further improved the translational relevance of FEA in indirect 

adhesive dentistry, including workflows based on detailed anatomical geometries, refined modeling 

of supporting structures, and more explicit attention to interfacial variables such as cement thickness 

and adhesive layer properties [112]. These approaches enable more realistic interpretation of stress 

pathways across enamel, dentin, cement, and restorative materials, and facilitate comparison 

between restorative designs under controlled boundary conditions [113].  

To facilitate a structured and clinically oriented synthesis of the heterogeneous finite element 

literature reviewed, the main FEA-derived biomechanical insights, intrinsic methodological 

limitations, and related clinical implications across the different restorative scenarios are summarized 

in Table 1 

Table 1. Clinically oriented synthesis of finite element analysis findings in adhesive restorative dentistry, 

summarizing FEA-derived biomechanical insights, intrinsic methodological limitations, and clinical 

implications across direct and indirect resin-based adhesive restorations according to cavity class and tooth 

region. 

Restorative 

scenario 

FEA-derived 

mechanical 

insights 

Intrinsic 

methodological 

limitations of FEA 

Clinical interpretation and 

implications 

Posterior teeth – 

Class I direct 

restorations 

Stress 

concentrations 

mainly localized at 

enamel margins 

and adhesive 

interfaces; limited 

cuspal deflection 

when cavity 

geometry is 

conservative 

Polymerization 

shrinkage and 

interfacial behavior 

often idealized; 

time-dependent 

stress relaxation 

not reproduced 

Supports mechanical 

adequacy of conservative 

direct adhesive restorations 

when adhesion is properly 

established 
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Posterior teeth – 

Class II direct 

restorations (single 

marginal ridge 

loss) 

Increased tensile 

stresses at cervical 

enamel and 

proximal box 

margins under 

occlusal loading 

Static loading 

conditions may 

underestimate 

fatigue-related 

damage 

Highlights the importance of 

cavity geometry optimization 

and adhesive integrity to 

maintain marginal stability 

Posterior teeth – 

Class II MOD 

direct restorations 

Pronounced cuspal 

deflection and 

stress amplification 

at internal line 

angles, cervical 

enamel, and 

adhesive interfaces 

Linear elastic 

material models do 

not predict crack 

initiation or long-

term failure 

Provides biomechanical 

rationale for limiting 

extensive direct restorations 

and considering cuspal 

coverage strategies 

Anterior teeth – 

Class III direct 

restorations 

Shrinkage-induced 

tensile stresses 

concentrated at 

enamel cavosurface 

margins; limited 

global tooth 

deformation 

Combined 

functional, 

parafunctional, and 

fatigue loading 

rarely simulated 

Emphasizes the dominant role 

of marginal design and 

enamel bonding over bulk 

material stiffness 

Anterior teeth – 

Class IV direct 

restorations 

High tensile and 

shear stresses at the 

incisal edge and 

adhesive interface 

under oblique 

loading 

Simplified loading 

protocols may not 

reproduce complex 

anterior contact 

dynamics 

Supports restoration design 

optimization to mitigate stress 

concentration in incisal 

restorations 

Cervical region – 

Class V direct 

restorations 

Stress 

concentration at 

the cervical margin 

driven by tooth 

flexure and elastic 

mismatch between 

materials 

Thermo-mechanical 

coupling and 

viscoelastic effects 

often simplified 

Explains susceptibility to 

marginal degradation and 

guides material selection 

toward elastic compatibility 
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Posterior teeth – 

Indirect 

intracoronal 

restorations 

(inlays) 

Partial recovery of 

tooth stiffness with 

persistent stress 

concentration at 

internal line angles 

and adhesive 

interfaces 

Resin cement 

behavior and 

polymerization 

shrinkage 

frequently 

idealized 

Suggests limited 

biomechanical benefit in 

severely weakened teeth 

Posterior teeth – 

Indirect cuspal 

coverage 

restorations 

(onlays/overlays) 

Reduced cuspal 

deflection and 

more favorable 

stress 

redistribution 

compared with 

direct restorations 

Stress transfer 

remains sensitive to 

restoration 

thickness and 

adhesive layer 

assumptions 

Supports minimally invasive 

cuspal coverage as an 

alternative to full-coverage 

crowns 

Ultra-conservative 

indirect 

restorations 

(tabletops / 

occlusal veneers) 

High stress 

localization at the 

enamel–cement 

interface, especially 

under non-axial 

loading 

Thin restoration 

geometry amplifies 

sensitivity to 

modeling 

assumptions 

Reinforces the central 

biomechanical role of enamel 

bonding and cement selection 

4. Discussion 

4.1. Biomechanical Interpretation of FEA Findings in Adhesive Restorative Dentistry 

The present narrative review underscores how finite element analysis has substantially 

advanced the biomechanical understanding of adhesive restorative dentistry, particularly in clinical 

scenarios where direct experimental assessment of internal stress and strain distribution is not 

feasible. Across both direct and indirect polymeric based restorations, FEA consistently demonstrates 

that the mechanical behavior of the restored tooth is governed by a complex interaction between 

cavity geometry, residual tooth structure, restorative material properties, and the characteristics of 

the adhesive interface [23,85,86,89]. In posterior teeth, numerical evidence converges in showing that 

the loss of marginal ridges and cuspal support, typical of extensive class II and mesio-occlusal-distal 

restorations, results in pronounced alterations in stress distribution and cuspal deflection under 

functional loading [114]. Finite element simulations consistently localize tensile stress peaks at 

internal line angles, cervical enamel, and adhesive interfaces, providing a biomechanical explanation 

for the increased susceptibility of extensively restored posterior teeth to marginal degradation and 

fracture over time [72,85,115]. These findings help rationalize the clinical transition from intracoronal 

restorations toward cuspal coverage strategies when structural integrity is compromised. 

For anterior teeth, FEA studies, although less numerous, highlight distinct biomechanical 

challenges related to non-axial loading, tensile stresses, and stress concentration at the incisal edge 

and along palatal or proximal adhesive interfaces [26,27]. In class III and IV dental restorations, 

numerical models indicate that restoration design, material stiffness, and bonding strategy critically 
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influence stress transfer during function and parafunction, particularly under oblique loading 

conditions [26,27]. Similarly, class V restorations exhibit a unique biomechanical profile, with FEA 

consistently showing stress amplification at the cervical region due to tooth flexure, elastic mismatch 

between enamel and dentin, and non-axial occlusal forces [71–74,78]. 

A key contribution of FEA lies in its ability to differentiate the biomechanical behavior of direct 

versus indirect resin-based adhesive restorations under controlled conditions. While direct 

restorations are often associated with higher stress concentrations related to polymerization 

shrinkage and cavity configuration, indirect adhesive restorations generally exhibit more favorable 

stress redistribution under occlusal loading, particularly when cuspal coverage is provided [85–

87,90,91]. However, numerical studies also demonstrate that indirect restorations remain highly 

sensitive to adhesive layer behavior, cement thickness, and material stiffness, reinforcing the concept 

that adhesive interfaces play a central biomechanical role regardless of the restorative approach [116]. 

Importantly, the convergence of FEA findings across diverse modeling strategies suggests that certain 

biomechanical trends are robust and clinically meaningful. These include the detrimental effect of 

extensive cavity geometry on stress distribution, the protective role of cuspal coverage in structurally 

compromised posterior teeth, and the critical influence of adhesive interfaces in both direct and 

indirect restorations [39–41,95,117]. When interpreted collectively rather than in isolation, these 

numerical insights provide a coherent biomechanical framework that supports contemporary 

principles of minimally invasive, adhesion-driven restorative dentistry. 

4.2. Methodological Validity of FEA Models in Adhesive Restorative Dentistry 

The methodological validity of finite element analysis (FEA) models represents a critical 

determinant of the reliability and clinical interpretability of numerical findings in adhesive 

restorative dentistry. While FEA offers unparalleled control over geometric, material, and loading 

variables, its outcomes are intrinsically dependent on the assumptions adopted during model 

construction, meshing strategy, material property assignment, and definition of boundary conditions 

[118]. In this context, it should be acknowledged that stress metrics and failure criteria commonly 

adopted in dental finite element studies, such as maximum principal stress or von Mises stress, 

represent engineering constructs whose validity and clinical meaning depend on model assumptions, 

validation strategies, and the mechanical behavior of the simulated materials, as extensively 

discussed in the general finite element literature. [119]. One of the most common methodological 

simplifications in dental FEA studies concerns the geometric representation of teeth and restorations. 

Many models rely on idealized cavity shapes or averaged anatomical geometries, which may not 

fully capture the complexity of clinical preparations or interindividual anatomical variability 

[50,72,89,107]. Although simplified geometries facilitate mesh convergence and computational 

efficiency, studies employing micro-computed tomography–based reconstructions consistently 

demonstrate that subtle geometric differences can significantly influence stress localization, 

particularly at internal line angles and adhesive interfaces. This highlights that geometric fidelity is a 

key factor in enhancing the mechanical realism of FEA models. 

Material property assignment represents another major source of variability across FEA studies 

in adhesive dentistry. Dental tissues and restorative materials are frequently modeled as 

homogeneous, isotropic, and linearly elastic, despite well-documented evidence of anisotropy, 

viscoelasticity, and time-dependent behavior, particularly for dentin, resin-based composites, and 

adhesive layers [34,35,39]. While linear elastic assumptions are often justified for comparative 

analyses under low strain levels, they may limit the ability of FEA models to accurately simulate 

complex phenomena such as fatigue damage accumulation, viscoelastic stress relaxation, and long-

term interfacial degradation [120,121]. The modeling of adhesive interfaces constitutes one of the 

most critical and methodologically challenging aspects of FEA in adhesive restorative dentistry. 

Many studies assume perfectly bonded interfaces between tooth, adhesive, cement, and restoration, 

thereby neglecting the presence of defects, incomplete infiltration, or degradation phenomena that 

may occur clinically [122]. Finite element investigations that explicitly include adhesive layers and 
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resin cements as distinct entities demonstrate stress patterns that differ substantially from those 

observed in models assuming ideal bonding, particularly when polymerization shrinkage is 

simulated [9,10]. These findings underscore that the adhesive interface should be regarded as an 

active mechanical component rather than a purely geometric boundary. 

Boundary conditions and loading protocols further influence the methodological validity of FEA 

outcomes. Static axial loading remains the most adopted condition, although it poorly reflects the 

complex, multidirectional, and cyclic nature of masticatory forces [20–22]. Studies incorporating 

oblique loading, thermal variation, or transient thermo-mechanical conditions reveal markedly 

different stress distributions, especially in thin restorations and cervical regions, suggesting that 

simplified loading scenarios may underestimate clinically relevant stress peaks [23–25,123]. 

Consequently, the interpretative value of FEA findings is strongly linked to the extent to which 

loading conditions approximate physiological function. 

Despite these limitations, it is important to emphasize that methodological simplifications do 

not invalidate FEA per se. Rather, they define the scope within which numerical findings should be 

interpreted. When FEA is used comparatively, evaluating different materials, designs, or restorative 

strategies under identical modeling assumptions, it remains a robust and internally consistent tool 

for identifying relative mechanical trends [124]. Transparency in reporting model assumptions, 

validation strategies, and sensitivity analyses is therefore essential to ensure scientific rigor and 

reproducibility. 

In summary, the methodological validity of FEA models in adhesive dentistry depends on a 

balance between computational feasibility and biomechanical realism. While current models 

inevitably rely on simplifying assumptions, advances in imaging, material characterization, and 

numerical techniques continue to enhance their fidelity. Careful appraisal of modeling choices is 

essential to avoid overinterpretation of numerical results and to ensure that FEA remains a 

meaningful adjunct to experimental and clinical research in adhesive restorative dentistry. 

4.3. Clinical Relevance and Translational Value of FEA Findings 

Finite element analysis provides clinically relevant information in adhesive restorative dentistry 

by enabling a mechanistic interpretation of how restorative designs, materials, and adhesive 

strategies influence stress distribution within the tooth–restoration complex. Although FEA does not 

directly predict clinical longevity, its primary clinical utility lies in clarifying the mechanical rationale 

underlying restorative success or failure, thereby supporting evidence-informed decision-making in 

daily practice [14,15,125]. 

From a clinical standpoint, FEA consistently assists in identifying stress-prone regions that are 

difficult or impossible to investigate experimentally, such as internal line angles, cervical enamel, and 

adhesive interfaces [26,27,126]. These numerical insights help explain clinically observed failure 

patterns, including marginal degradation, interfacial debonding, and crack initiation in both direct 

and indirect resin-based restorations [90–94,127]. By allowing standardized comparisons between 

restorative strategies, FEA supports clinically relevant choices regarding cavity design, cuspal 

coverage, restoration thickness, and material stiffness, particularly in structurally compromised 

posterior teeth [128,129]. In posterior restorations, FEA findings provide a clear mechanical 

justification for the use of partial cuspal coverage through indirect resin-based restorations when 

marginal ridges or cusps are lost. Numerical simulations consistently demonstrate that onlays, 

overlays, and tabletop restorations reduce cuspal deflection and redistribute occlusal stresses more 

favorably than intracoronal restorations, supporting minimally invasive alternatives to full-coverage 

crowns [85–88,90–92,94,97]. In anterior teeth, although fewer studies are available, FEA contributes 

to understanding the influence of non-axial loading and tensile stress concentration at adhesive 

interfaces, informing restoration design in class III and IV defects [26,27]. 

A further clinically relevant contribution of FEA lies in its ability to highlight the central 

mechanical role of adhesive interfaces. Models explicitly incorporating adhesive layers and resin 

cements demonstrate how variations in cement thickness, elastic modulus, and bonding assumptions 
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influence stress transfer between restoration and tooth structure [18,130]. These findings reinforce the 

clinical importance of adhesive strategy, cement selection, and restoration design, rather than 

viewing bonding as a purely procedural step. However, the clinical interpretation of FEA findings 

must be contextualized within the time-dependent behavior of contemporary restorative materials. 

Conventional FEA models assume materials to be mechanically stable and chemically inert, whereas 

experimental evidence demonstrates that several restorative polymeric materials exhibit bioactive 

behavior, including the release of fluoride, calcium, phosphate, hydroxyl, silicon, and strontium ions 

under intraoral-like conditions [131–133]. Such ion release is associated with pH buffering, 

remineralization potential, and physicochemical changes that may influence interfacial stability and 

stress transfer over time. 

This discrepancy underscores an important interpretative boundary of FEA: while numerical 

simulations provide reliable insight into initial biomechanical compatibility, they do not capture 

material aging, chemical interactions, or biologically mediated changes in substrate properties. 

Consequently, FEA results should be interpreted as indicators of initial mechanical performance, to 

be integrated with experimental data on ion release, aging, and degradation when evaluating 

restorative materials for clinical application [131–133]. 

Importantly, acknowledging these limitations does not reduce the clinical value of FEA. On the 

contrary, when interpreted within a comprehensive framework that includes material bioactivity and 

long-term behavior, FEA remains a powerful adjunct for guiding restorative decision-making. It 

allows clinicians to select designs and materials that are mechanically favorable at placement, while 

complementary experimental and clinical evidence informs long-term biological performance. 

4.4. Limitations and Future Perspectives of FEA in Adhesive Restorative Dentistry 

Despite its recognized value as a biomechanical investigative tool, finite element analysis (FEA) 

presents inherent limitations that must be explicitly acknowledged to avoid overinterpretation of 

numerical findings in adhesive restorative dentistry. Many of these limitations arise from the need to 

balance computational feasibility with biomechanical realism, a compromise that inevitably affects 

model assumptions, outcome interpretation, and clinical translatability [30,134]. One of the primary 

constraints of FEA lies in the simplification of material behavior. Dental hard tissues, resin-based 

composites, adhesive systems, and resin cements are commonly modeled as homogeneous, isotropic, 

and linearly elastic materials, despite extensive evidence of anisotropy, viscoelasticity, and time-

dependent mechanical behavior [29,51,74,97]. While such assumptions are generally acceptable for 

comparative analyses under controlled loading conditions, they limit the ability of numerical models 

to reproduce clinically relevant phenomena such as fatigue damage accumulation, stress relaxation, 

creep, and progressive interfacial degradation [39,40]. 

A further major limitation concerns the representation of adhesive interfaces. Most dental FEA 

studies assume perfectly bonded conditions between enamel, dentin, adhesive layers, and restorative 

resin-based materials, thereby neglecting the presence of defects, incomplete hybrid layer formation, 

and chemical degradation that may occur clinically [31,36,135]. Even when adhesive layers are 

explicitly modeled, the complex chemo-mechanical interactions occurring at bonded interfaces 

remain difficult to reproduce numerically. As a result, FEA outcomes should be interpreted as 

representations of idealized or initial biomechanical compatibility rather than as predictors of long-

term adhesive durability. 

Loading and boundary conditions represent an additional source of uncertainty. Static axial 

loading remains frequently adopted in dental FEA, despite clear evidence that masticatory function 

involves multidirectional, cyclic, and time-dependent forces [136]. Simplified loading scenarios may 

underestimate stress concentrations in cervical regions, thin restorations, and adhesive interfaces, 

particularly in minimally invasive restorations and anterior teeth [71–73,79,80]. Similarly, the 

omission of thermo-mechanical effects limits the ability of current models to replicate the clinical 

environment, where temperature fluctuations and moisture interact with mechanical loading. 
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An important conceptual limitation of current FEA approaches in adhesive dentistry is the 

assumption that polymeric restorative materials remain mechanically stable and chemically inert 

over time. Experimental evidence demonstrates that several contemporary restorative materials 

exhibit bioactive behavior, including the release of fluoride, calcium, phosphate, hydroxyl, silicon, 

and strontium ions under intraoral-like conditions, leading to physicochemical changes such as water 

sorption, hygroscopic expansion, pH modulation, and potential alterations in elastic modulus [131–

133,137]. These time-dependent processes are not captured by conventional FEA models, which 

therefore predominantly describe short-term mechanical behavior rather than the evolving 

performance of restorations in vivo. 

When viewed in a broader context, the limitations of dental FEA become particularly evident 

when compared with applications of the finite element method in other dental specialties and in 

engineering disciplines. In implant dentistry, orthodontics, and endodontics, FEA has demonstrated 

higher predictive consistency owing to more standardized geometries, better-defined material 

properties, and clearer boundary conditions, allowing closer correlation between numerical 

outcomes and clinical behavior [138–151]. Beyond dentistry, FEA is extensively and successfully 

employed in biomedical and engineering fields such as cardiovascular biomechanics, orthopedic 

implant design, maxillofacial surgery, and fluid–structure interaction modeling, where material 

properties and failure criteria are often well characterized and experimentally validated 

[145,146,150,151]. These fields illustrate how the predictive power of FEA increases as model 

assumptions more closely approximate real-world conditions. 

Future developments in FEA are expected to progressively enhance its translational relevance 

in adhesive restorative dentistry. Advances in imaging technologies, including micro-computed 

tomography and high-resolution digital scanning, will further improve geometric fidelity and enable 

patient-specific modeling. Moreover, the incorporation of time-dependent material properties, 

fatigue behavior, and chemo-mechanical coupling into numerical simulations represents a promising 

avenue for capturing the evolving behavior of adhesive restorations. Integrating experimental data 

on ion release, aging, and mechanical degradation into FEA frameworks may allow future models to 

better approximate long-term clinical conditions and biological interactions. Looking ahead, the 

convergence of finite element analysis with artificial intelligence may open new avenues for 

biomechanical research in adhesive dentistry. Similar integrative approaches have already been 

explored in other medical and engineering fields, where machine learning algorithms are used to 

accelerate model generation, optimize material and structural design, and improve predictive 

accuracy [152,153]. The translation of such hybrid FEA–AI frameworks to adhesive restorative 

dentistry holds promise for the development of adaptive, data-driven models supporting 

personalized restoration design, risk stratification, and optimization of adhesive strategies. 

Within this evolving landscape, FEA should be regarded not as a standalone predictive 

instrument, but as a component of a multidisciplinary investigative strategy that integrates numerical 

modeling with laboratory experimentation and clinical research. When used within its 

methodological boundaries and interpreted alongside complementary evidence, FEA remains a 

valuable tool for advancing biomechanical understanding and supporting the rational design of 

minimally invasive dentistry adhesion-driven restorative procedures. 

5. Conclusions 

Finite element analysis represents a valuable interpretative tool in contemporary adhesive 

restorative dentistry, providing mechanical insight that complements experimental and clinical 

research. Rather than aiming to predict clinical outcomes directly, FEA contributes by clarifying the 

mechanical implications of restoration design, material selection, and adhesive strategies within a 

minimally invasive framework. 

The literature reviewed indicates that, when applied with methodological rigor, FEA yields 

consistent mechanical trends across direct and indirect polymeric based adhesive restorations in both 

anterior and posterior teeth. These trends support fundamental principles of conservative dentistry, 
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particularly the importance of preserving tooth structure and optimizing stress distribution through 

appropriate restorative design. 

At the same time, the clinical relevance of FEA depends on careful interpretation of its 

underlying assumptions. Simplified material models, idealized bonding conditions, and static 

loading scenarios limit the ability of numerical simulations to capture the biological and time-

dependent complexity of the oral environment. Consequently, FEA findings should be interpreted as 

indicators of initial mechanical behavior rather than predictors of long-term clinical performance. 

Looking ahead, advances in imaging, material characterization, and computational modeling are 

expected to enhance the translational value of FEA in adhesive dentistry. Integrative approaches 

incorporating time-dependent material behavior and data-driven methodologies may further refine 

numerical simulations and align them more closely with clinical reality. In this context, finite element 

analysis should be viewed as a complementary component of a multidisciplinary research strategy, 

supporting the rational development of adhesive restorative procedures within an evidence-based 

and patient-centered paradigm. 
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