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Abstract: Dental implants offer an effective solution for partial and total edentulism, but mechanical
and biological complications exist. Furthermore, high occlusal loads challenge implants and lead to
potential failures. This review focuses on impact testing in contrast to incremental and static tests, an
underexplored aspect of assessing daily loads on implants, bringing to light potential complications.
The review examines studies employing impact forces to assess implant-supported prostheses and
natural teeth properties, highlighting their significance in dental research. A systematic search fol-
lowing PRISMA guidelines identified 21 relevant articles out of 224, emphasizing studies employing
impact forces to evaluate various aspects of dental implant treatments. The diverse applications of
impact forces in dental research were categorized into tooth structure, restorative materials, interface
evaluation, implant properties, and finite element models. Some studies showed the significance of
impact forces in assessing stress distribution, shock absorption, and biomechanical response. Impact
testing is a critical tool for understanding the daily forces on implants. Despite diverse experimental
approaches, a lack of standardized protocols complicates the systematization of the results and,
therefore, the conclusions. This review highlights the need for consistent methodologies in impact
testing studies for future research on implant-supported prostheses.

Keywords: impact test; dynamic force; dynamic load; dental implant; rehabilitation materials;
stress distribution

1. Introduction

Dental implants have become an increasingly effective method to enhance the pa-
tient’s quality of life with single, partial, or total edentulism, as they can replace extracted
teeth with restorations or prostheses over implants. The literature indicates that implant-
supported prostheses are a reliable treatment with a favorable clinical success rate, although
mechanical and biological complications can occur [1–4]. Many studies have been con-
ducted to understand and address complications in implant prostheses, identifying factors
that contribute to these difficulties and proposing solutions to reduce or even eliminate
these complications. The most common complications that occur in implant treatments are
related to mechanical factors, such as screw loosening; screw fractures; loss of the screw;
loss of the screw’s resin covering; failure of metal, resin, or ceramic structure; and, in the
case of overdentures, loss of retention [5,6].

Regarding the biological field, dehiscence is frequently observed in soft tissues around
the implants after a sequence of several steps: inflammation, mucositis, bleeding, and
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suppuration. The main etiological agents that cause late failures are peri-implantitis and
overload combined with host characteristics. High occlusal loads challenge implants, their
components, and prostheses, potentially leading to mechanical failure and biological com-
plications [1,7–9]. The combination of poor osseointegration of the implant, inadequate
screw fixation of prosthetic components, and the exaggerated movements and dynamic
forces involved can result in complex loading states, causing loosening and/or fracture of
implant-supported components of prostheses. Prosthesis and implant design characteristics,
along with the materials used and biomechanical considerations, have a significant impact
on the long-term outcome of these types of rehabilitations [1,7]. Some studies and institu-
tions, such as the well-known European Association for Osseointegration (EAO) [1,7–9],
suggest that the application of excessive occlusal loads in a well-osseointegrated prosthesis
may result in loss of marginal bone or even implant fracture, given that the aforementioned
scenarios are related to peri-implant gingival inflammation. In the scientific literature,
several tests assess the load applied to the implant, although most of these works were
performed by using static loads, that is, they applied loads without movement on an
immobile object [10–22]. However, there are very few studies testing dynamic forces. There
are different types of dynamic force; for instance, incremental force is a constant force at a
point, but unlike static forces, the value of force varies [23–42]. Another method, which is
the main focus of this review, involves impact forces by applying a dynamic force on an
immobile object. This approach is more closely related to the chewing force that implants
experience in their daily function, forces caused by bruxism, or eccentric movements [36,43].
Regarding the numerical methods used to simulate the biomechanical response, there are
different methods to compute the static forces, such as the Finite Element Method (FEM),
which uses computational 3-dimensional models to analyze and evaluate the stress states
in complicated structures, such as implants and the interface of prosthetic elements [44–58].
While prior investigations have predominantly focused on the examination of static loads
on dental materials over an extended period, this review introduces a novel perspective.
Specifically, it endeavors to employ a comprehensive literature review to elucidate studies
that uniquely employ impact forces characterized by their transitory nature. The review
aims to contribute to the scientific understanding of how dynamic loads, rather than static
ones, influence and elucidate the properties of dental materials in the specific contexts of
implant-supported prostheses and natural teeth.

2. Materials and Methods

In this review, a systematic examination is conducted on the impact testing of fixed
prostheses on implants and teeth. Twenty-one articles were included into this methodologi-
cal review following the PRISMA protocol, as shown in Figure 1 [59,60].

The focused question was developed according to the PICO question (P = population,
I = Intervention, C = Comparison, O = Outcome). The following PICO question was
formulated: “In the context of implant-supported prostheses and natural teeth, how do
impact loads influence the properties of dental materials compared to static and incremental
loads in terms of durability and mechanical behavior?”. The subsequent sections will
outline the process followed.

An extensive search was conducted across the PubMed, Web of Science, MDPI, and
Scopus databases through the following research equations:

1. PubMed: ((Dental implants) OR (Rehabilitation Materials) OR (Restorative Materi-
als)) AND ((Impact Load) OR (Dynamic Load) OR (Transient Load) OR (Dynamic
Analysis)).

2. Web of Science: ((Dental implants OR Rehabilitation Materials OR Restorative Materi-
als) AND (Impact Load OR Dynamic Load OR Transient Load OR Dynamic Analysis))

3. MDPI: ((Dental implants OR Rehabilitation Materials OR Restorative Materials) AND
(Impact Load OR Dynamic Load OR Transient Load OR Dynamic Analysis))

4. Scopus: ((Dental implants OR Rehabilitation Materials OR Restorative Materials)
AND (Impact Load OR Dynamic Load OR Transient Load OR Dynamic Analysis)).
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Figure 1. PRISMA flow diagram [60]. Figure 1. PRISMA flow diagram [60].
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Thirty-three results were provided by PubMed, 50 by Web of Science, 141 came from
MDPI, and 90 results were found in Scopus, giving a total of 314 results. Before proceeding
to study this selection, 32 duplicate results were eliminated and inclusion and exclusion
criteria were established.

2.1. Criteria Used for Including Articles

• In vivo, in vitro, and computer modeling studies.
• There was no restriction regarding the properties that were evaluated using impact tests.

2.2. Criteria Used for Excluding Articles

• Studies that used static or incremental forces.
• Studies that did not analyze forces.
• Studies that used multiple impacts to determine the fatigue in implants.
• In vivo studies involving non-human animals.

2.3. Filters Used to Select Studies

• Studies conducted from 1991 to 2024.
• Studies only in English.

2.4. Studies Selection

Initially, the titles and abstracts of the results were evaluated, and 282 were deemed
suitable, thus eliminating 206 during the process. Then, the 76 selected articles were
downloaded.

Seventy-six studies were thoroughly reviewed, resulting in sixty-eight excluded ar-
ticles. Specifically, 26 articles were discarded as they focused on analyzing the fatigue
of different materials, 16 analyzed static forces, 13 analyzed dynamic forces that were
not impact forces but rather incremental forces, 5 studies were published in languages
other than English, 4 articles did not examine any forces on materials or teeth, and finally,
4 studies were not in vitro or in vivo studies. Finally, eight articles that satisfied the criteria
in Sections 2.1–2.3 were considered in this review.

2.5. Manual Selection

After carefully reading the 8 articles and based on their bibliographic references,
16 articles not found in the databases using the established keyword combination were
analyzed. Of these, upon further examination, 3 articles were discarded, 2 for analyzing
static forces and 1 for studying material fatigue.

3. Results and Discussion
3.1. Tooth Structure

Impact forces can be used as a method for measuring properties in natural tooth
structures. For instance, a remarkable study [61] determined the average impact com-
pression stress causing fractures in central incisors by employing a drop ball impact test.
This test consisted of two metallic bars inserted into a very rigid base in order to prevent
displacement. The acceleration was measured through the use of stroboscopic photography
to record the vertical drop of the ball. Furthermore, it is possible to measure and obtain
relevant data from other parts of the mandible, such as the periodontal ligament (PDL),
which helps in the PDL–bone–tooth stability. When the ligament is removed from an
implant insertion, the dental bone structure is more prone to mechanical damage.

The authors of another interesting investigation [62] compared how much mechanical
impulse was transmitted to the model components (periodontal ligament, bone, tooth, and
implant) during the impact (see Figure 2). They began by performing impact tests on the
jaws of dogs, with and without dental implants, using a special drop tower device. This
device allowed them to vary the fall’s height between 1 and 3 cm and, therefore, vary the
impact load. Their experiments showed that, at each height (1, 2 and 3 cm), the model
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received 33.1%, 31.0%, and 27.5% more momentum than the tooth–ligament–bone structure,
respectively. Additionally, FEM computational simulations confirmed these experimental
findings, showing errors of less than 7.5%.
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Figure 2. Von Mises stress distribution, found from FEM simulations, in alveolar bone in tooth–PDL–
mandible (left: A, B, C) and dental implant–mandible (right: A, B, C) construct, resulted from impact
loading simulations for the release heights of: (A) 1 cm; (B) 2 cm; and (C) 3 cm in the study [62].

3.2. Restorative Materials

Restorative dental materials are defined as those utilized for the rehabilitation of
damaged teeth and the replacement of missing teeth. Impact forces are used to measure
the capacity of rehabilitation materials to absorb impacts. A relevant study [43] designed
a test apparatus consisting of an inclined platform with an included groove at the end
of which a force transducer was mounted on an acrylic resin block. Another interesting
investigation [63] use a test apparatus that consisted of a hammer connected to an oscillating
hammer. Another relevant work [64] used the Periometer as shown in Figure 3. Thanks to
the percussion it generated, the authors were able to evaluate the coefficient of lost energy
and the return of force of both dental and implant restorations.
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Figure 3. The periometer and its probe with percussion rod. Probe pulled back to show percus-sion
rod-that was used in the study [64].

Second, impact testing was used to measure the ability of fractured teeth reinserted
with restorative materials to withstand impact. An in vitro study [65] utilized a well-known
testing machine (Instron, MA, EEUU) to investigate how different materials and reinsertion
methods behave regarding the impact resistance capacity of bovine incisor teeth. The study
concluded that neither technique nor material, when considered individually, could reach
the mechanical resistance of healthy teeth.

By using a pendulum-type testing machine [66], the authors concluded that restor-
ing fractured teeth with fragment reattachment using 3M Single Bond and 3MZ ‘100’
(resin made from various materials) resulted in impact resistance comparable to that of
untouched teeth. Two other studies [3,67] used a masticatory robot, which simulated the
physiological human masticatory cycle, to observe the effect that occlusal loads can have
on restorative materials.

3.3. Bone–Implant Interface

Impact forces are also used to evaluate the response of the bone–implant interface.
For instance, the relevance that the quality of bone has on the stress levels by loading
two implant-bone mimicking models with impact forces was investigated in [68]. The
experiment consisted of dropping a metal rod, simulating an impact.

Another interesting study [69] designed a modal dynamic-based testing method that
was able to non-invasively evaluate the interface of an endosseous prosthesis subjected
to a side impact from an impedance-headed hammer. The dynamic modal-type test was
capable of differentiating between interfaces based on the bone-tissue type and the level of
fixation existing between the interface and the implant.

3.4. Implant Properties

Many implant properties are evaluated using impact forces. A good example can be
found in [70]. The authors demonstrated the discrepancy, in terms of resilience, between
acrylic-based resin and ceramic-based materials used for coating, although this difference
can only be measured through an in vitro experiment where the load is produced by an
impact and the implant is fully fixed.

A strain-gauged abutment was employed to evaluate the load transmitted to the
implant following the impact. A pendulum-based method, such as that proposed by
Charpy, was used with a 3.95 J-force to compute the effect of microwave polymerization
cycles on resistance to impact and the type of fracture of the acrylic-based resin used in the
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base of dentures, as reported in [71]. The researchers concluded that the impact resistance
of acrylic-based resins subjected to microwave polymerization changed depending on the
irradiation period.

In contrast, the fracture resistance of both titanium and ceramic endosseous oral
implants subjected to impact loads has also been analyzed [72]. The implants were tested
in two distinct mounting devices, brass and a material that emulated the bone. The testing
apparatus used was a pendulum device with variable weights starting at 0.9 and going
up to 4.5 kg (see Figure 4). The findings indicated that both the implant and abutment
made of titanium required the highest energy to cause the failure of the implant–abutment
assembly when held in brass, while the ceramic abutment on a titanium implant exhibited
the lowest energy to produce the failure. However, no relevant differences were noted
when the assemblies were inserted into bone substitute foam bricks. These results indicate
that the energy required to fracture both the titanium and ceramic implant assemblies is
actually very low when using the elastic modulus of bone substitute foam bricks. However,
greater differences were observed when increasing the elastic modulus of the material
where the system is inserted.
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Figure 4. The pendulum-based impact test device that was used in the study [72] of the impact test
performed in this investigation. (A) Shows the test setup and its release angle. (B) Shows the point
of impact and the angle between the release point and the point of impact. (C) Shows the implant
fractured after impact and the angle between the release point and maximum follow-through [72].

3.5. Finite Element Analysis (FEA) Models

Several studies using modeling and computer simulation have evaluated how stresses
are distributed in both the implant and the surrounding bone. A research study [73] used a
three-dimensional finite element model to progressively apply static and dynamic occlusal
forces on an implant-supported model covered with GC GRADIA porcelain and resin in a
human mandible. The study revealed that greater stresses at the interface between the bone
and the implant were observed in the area of cortical bone closest to the implant’s initial
thread in all simulations. The models with static loads at the implant exhibited higher
stresses and strains than those subjected to dynamic loads. The direction of the load was an
important variable when calculating the stress distributions, with variations that reached
85% in some cases. It was observed that GC GRADIA resin could reduce the impact load
up to values of 6.5%. The study indicated that the influence of the implant superstructure
and covering materials on both strains and stresses at an implant-supported model is only
slightly significant, showing differences around 1%.

Another related study [74] proposed an optimal dental implant with regard to both
stress, displacements, and strain distributions on the neighboring cortical and trabecular
bones. The study sought to evaluate the dynamic, fatigue, and static responses of implants
in order to gain a comprehensive understanding of the underlying mechanisms. Three dif-
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ferent configurations of a tapered dental implant were studied: V-shaped threads (model 1);
V-shaped threads in the body implant and microthreads in the upper area (model 2); and
reverse buttress threads in the whole-body implant (model 3). Two different forces were
applied to a finite element 3D model, with the resulting stress and strain distributions
in the supporting bone being evaluated. The study demonstrated that the lowest von
Mises stresses on cortical bone were observed in model 2. This value was 44.5 MPa in the
static analysis, while a value of 47.4 MPa was recorded in dynamic analysis, both of them
produced by a 100 N applied load and inclined 25◦ with respect to the vertical direction.
The authors concluded that the best combination to obtain a uniform distribution of stresses
in a conical implant was achieved with a V-shaped thread throughout the whole implant
and microthreads in the upper region. The simulations were static and dynamic.

A FEM analysis of implants with impact loading, focusing on the influence of the
implant’s geometry and thread type, was reported in the literature [75]. This study was
conducted on a 3D bone model obtained from a cone–beam computerized tomography
(CT) scan of a patient. The implant geometries were generated using the widely recognized
SolidWorks software [76]. The load was simulated using an explicit dynamic approach by
striking a solid body with a 1 mm/s speed against the implant in both the vertical and
horizontal direction. The stress magnitude and distribution generated on both cortical
and cancellous bone were obtained by using the well-known ANSYS software [77]. The
numerical analysis demonstrated that the highest stresses appeared in cortical bone in
group number 1 (straight threads), while the highest stress in the cancellous bone and
implant was observed in the second group (triangle-shaped threads). The researchers
concluded that implants with deeper threads showed better stability, probably due to the
increase in the contact surface between the implant and the bone. In contrast, implants
with smaller thread sizes and shorter pitch-lengths produced greater bone stresses.

The assessment of the dynamic behavior of implants with stress-absorbing elements
has been also reported in technical literature [78]. Two models were used: one with a stress-
absorbing element made of polyoxymethylene (experimental group) and another with
rigid titanium (control group). Analyses performed using the FEM showed that the tested
group exhibited a lower natural frequency and greater damping when the results were
contrasted with those of the control group. This research demonstrated the importance of
understanding the responses of impact loadings for a better comprehension of the implant’s
stability in oral conditions.

Another work [79] investigated how the implant threads and the direction of occlusal
loading can affect both the mechanical and biological response of the implant and the
supporting bone using FEA simulations. The study analyzed shear, compression, and
tensile stresses, as well as von Mises stresses in the implant and the adjacent bone tissue,
performing static, dynamic, and quasi-static simulations. Strains were also considered. The
outcomes demonstrated a notable impact of both thread configuration and occlusal loads
on the stresses and strain levels in realistic clinical environments.

The biomechanical behavior of dental rehabilitation models when using different
materials for the crown and considering whether or not cortical bone exists can be found
in [46] (see Figure 5).

This research considered six different materials for crown rehabilitation in FEM mod-
eling: all metal, metal and composite, metal and ceramic, composite of PEEK, composite
of carbon fiber, and carbon fiber with ceramic. A dynamic analysis using the FEM was
conducted on models of the aforementioned crowns to evaluate their biomechanical re-
sponses when subjected to dynamic loading. Implant crown specimens with the presence
(or absence) of cortical bone were investigated to evaluate the effects of impact forces on
both types of scenarios. The findings indicated that less rigid (more flexible) restorative
materials contributed to the reduction in stress in both bone tissues (cortical and cancellous).
Consequently, they would be particularly recommended in situations with little presence
of cortical bone. Furthermore, the study revealed that the use of stiffer materials (e.g.,
metals and ceramics) in implant-supported restorations results in higher stresses at the
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cortical and trabecular bone, while the use of less rigid (more flexible) materials results in a
reduced transfer of stresses. Another significant result in implant-supported cases was that
the stresses caused by dynamic loading in the bone were higher when there was a lack of
cortical bone.
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Another recent investigation [47] identified the optimal mechanical behavior of re-
habilitation materials in a single implant-supported prosthesis subjected to impact forces.
This involved the testing of distinct material combinations for the inner crown and the outer
one. The analyses focused on the dynamic stresses obtained at eight distinct regions of the
implant (see Figure 6) and evaluated the effects of mechanical properties, including the
elastic modulus, the Poisson’s coefficient, the material’s density, and the initial conditions,
in terms of speed. A complete three-dimensional model was used, which included the
crown, the retention screw, the implant, and the involved part of the mandible. The study
employed the FEM to evaluate the repercussions that different restorative material combi-
nations had on the implant’s stresses. The research findings underscore the significance of
restorative material choice in preserving the osseointegration and highlight the impact of
an inadequate Young’s modulus on implant survival.

The stresses produced by dynamic impact loads acting on an implant-supported model
using 3D FEA has been also investigated [44]. A three-dimensional model of an implant-
supported prosthesis inserted into a portion of the human mandible was configured using
computer-aided design (CAD) and reverse engineering. Six different implant-supported
models were constructed from a variety of material combinations, which included metal,
composite, ceramic, PEEK, and carbon fiber. A full 3D dynamic analysis using the FEM was
performed to model the impact of an 8.62 g implant-supported device against a solid plate
at a 1 m/s speed after a 0.01 mm displacement as shown in Figure 7. The study calculated
the maximum stress transmitted to all the device components (crown, abutment, implant,
and cortical bone tissue), as well as the evolution of stresses over time.

In numerical studies on dental implantology, the model characteristics and material
properties can significantly impact results, presenting important limitations. One of the
primary sources of uncertainty stems from the assumption of values for the tissues, as
these can vary considerably in reality. Additionally, many studies in this review modeled
only a portion of dental substructures and considered them as isotropic and homogeneous,
despite the fact that no anatomical dental structure is truly isotropic or homogeneous [49,50].
This simplification can lead to results that do not accurately reflect the actual behavior of
dental structures under impact conditions. The lack of consideration of the anisotropic and
heterogeneous properties of dental tissues limits the ability of models to precisely predict
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the responses of implants and surrounding tissues to impact loads, highlighting the need
for a more detailed and realistic approach in future studies.
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3.6. Prospect Section

The study of impact forces applied to implants presents a promising approach to
improving the clinical success of implants, abutments, and the prostheses placed on them.
Additionally, alongside the study of both innovative and commonly used materials for
implant-supported prostheses, it could help us to understand and reduce the risk of
complications in this field. Future research should, firstly, aim to standardize protocols for
studying impact forces using the various existing methodologies, and, secondly, extend the
study to different implant-supported prostheses and scenarios, as most studies focus solely
on single crowns on implants, applying an impact force with a rigid body. For example,
the distribution of forces in a prosthesis supported by two or more implants or the impact
produced by the collision of two implant-supported prostheses against each other could
be investigated.

4. Conclusions

This systematic review highlights that impact testing, despite its significance in
mimicking the day-to-day forces experienced by dental implants, remains less prevalent
in the literature compared to fatigue, static, and incremental testing methods. The im-
pacts, which implants encounter every day, carry the potential to induce both mechanical
and biological complications. The review underscores the fact that various researchers
have drawn noteworthy conclusions by incorporating impact testing into their investi-
gations. Impact testing is vital in assessing the mechanical properties of natural teeth
and implant-supported prostheses by assessing the forces they experience in real life.
The review underscores that various researchers have drawn noteworthy conclusions by
incorporating impact testing into their investigations. However, it should be remarked
herein that most impact studies involve simulations, with limited in vitro or in vivo
literature regarding impact tests. Increasing the in vitro and in vivo approach would
lead to a more realistic understanding of these forces by analyzing research outcomes
more closely with real-world scenarios.

For natural teeth, such testing helps to determine fracture resistance and highlights
the protective role of the periodontal ligament (PDL) in absorbing shock and distributing
stress, thus maintaining the integrity of the tooth–bone structure.

In implant-supported prostheses, impact testing has revealed that implants can
transmit higher forces to the surrounding bone compared to natural teeth, potentially
increasing stress and risk of damage. The impacts in dental implants carry the potential to
induce both mechanical and biological complications. Impact testing also evaluates how
restorative materials like resins and ceramics absorb impact, affecting stress distribution
and long-term durability.

Additionally, a noteworthy challenge emerges from the observed diversity in exper-
imental approaches across the reviewed studies. Despite utilizing impact testing, the
absence of a standardized or common experimental protocol introduces complexity into
the process of synthesizing conclusions from multiple studies. The studies use different
variables for analysis, such as Newtons, Joules, megapascals, or grams. They also utilize
different methodologies, such as dropping a weight, using a pendulum, or throwing masses
of varying magnitudes at different distances and speeds. All of these aspects are part of the
diversity of approaches in the studies.

Standardization is crucial in dental implant impact testing for producing realistic
and comparable results, which are necessary for accurately evaluating the stability and
performance of various materials and implant designs. The current lack of uniformity
in test methods and magnitudes presents a significant challenge in terms of drawing
generalizable insights. By implementing standardization in the testing protocols, re-
searchers can address potential challenges and improve the reliability of results in the
field of dental implant research.
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32. Göre, E.; Evlioğlu, G. Assessment of the Effect of Two Occlusal Concepts for Implant-Supported Fixed Prostheses by Finite
Element Analysis in Patients with Bruxism. J. Oral Implantol. 2014, 40, 68–75. [CrossRef]

33. Cervino, G.; Romeo, U.; Lauritano, F.; Bramanti, E.; Fiorillo, L.; D’Amico, C.; Milone, D.; Laino, L.; Campolongo, F.; Rapisarda,
S.; et al. Fem and Von Mises Analysis of OSSTEM ® Dental Implant Structural Components: Evaluation of Different Direction
Dynamic Loads. Open Dent. J. 2018, 12, 219–229. [CrossRef]

34. Bulaqi, H.A.; Mousavi Mashhadi, M.; Safari, H.; Samandari, M.M.; Geramipanah, F. Effect of Increased Crown Height on Stress
Distribution in Short Dental Implant Components and Their Surrounding Bone: A Finite Element Analysis. J. Prosthet. Dent. 2015,
113, 548–557. [CrossRef]

35. Cheng, Y.C.; Lin, D.H.; Jiang, C.P.; Lee, S.Y. Design Improvement and Dynamic Finite Element Analysis of Novel ITI Dental
Implant under Dynamic Chewing Loads. Biomed. Mater. Eng. 2015, 26, S555–S561. [CrossRef] [PubMed]

36. Nelson, K.; Schmelzeisen, R.; Taylor, T.; Zabler, S.; Wiest, W. The Impact of Force Transmission on Narrow-Body Dental
Implants Made of Commercially Pure Titanium and Titanium Zirconia Alloy with a Conical Implant-Abutment Connection: An
Experimental Pilot Study. Int. J. Oral Maxillofac. Implants 2016, 31, 1066–1071. [CrossRef]

37. Bethke, A.; Pieralli, S.; Kohal, R.-J.; Burkhardt, F.; von Stein-Lausnitz, M.; Vach, K.; Spies, B.C. Fracture Resistance of Zirconia Oral
Implants In Vitro: A Systematic Review and Meta-Analysis. Materials 2020, 13, 562. [CrossRef] [PubMed]

38. Hegazy, S.; El Mekawy, N.; Emera, R. Impact of Implants Number and Attachment Type on the Peri-Implant Stresses and
Retention of Palateless Implant-Retained Overdenture. Indian J. Dent. Res. 2020, 31, 414–419. [CrossRef]

39. Pham, N.; Gonda, T.; Takahashi, T.; Maeda, Y.; Ikebe, K. Effect of the Features of Mandibular Implant Overdenture Attachments
on the Bending Strain Around Implants. Int. J. Oral Maxillofac. Implants 2021, 36, 94–102. [CrossRef]

40. Lee, J.H.; Lee, W.; Huh, Y.H.; Park, C.J.; Cho, L.R. Impact of Intentional Overload on Joint Stability of Internal Implant-Abutment
Connection System with Different Diameter. J. Prosthodont. 2019, 28, e649–e656. [CrossRef]

https://doi.org/10.1097/SCS.0b013e3182597c09
https://doi.org/10.1563/AAID-JOI-D-11-00138
https://doi.org/10.1111/j.1708-8208.2009.00161.x
https://doi.org/10.1097/SCS.0b013e3182323e29
https://doi.org/10.1111/jopr.12171
https://www.ncbi.nlm.nih.gov/pubmed/24919655
https://doi.org/10.1097/SCS.0b013e318207477c
https://www.ncbi.nlm.nih.gov/pubmed/21403571
https://doi.org/10.1016/j.jmbbm.2019.103556
https://doi.org/10.1155/2019/8074096
https://www.ncbi.nlm.nih.gov/pubmed/31933678
https://doi.org/10.1111/cid.12894
https://www.ncbi.nlm.nih.gov/pubmed/32253824
https://doi.org/10.1016/j.prosdent.2016.10.008
https://www.ncbi.nlm.nih.gov/pubmed/28126354
https://doi.org/10.1155/2020/2976067
https://doi.org/10.11607/jomi.9087
https://doi.org/10.1097/ID.0000000000000588
https://doi.org/10.1016/j.jpor.2011.05.003
https://doi.org/10.1080/03091902.2017.1299231
https://www.ncbi.nlm.nih.gov/pubmed/28351224
https://doi.org/10.1563/AAID-JOI-D-11-00044
https://doi.org/10.2174/1874210601812010219
https://doi.org/10.1016/j.prosdent.2014.11.007
https://doi.org/10.3233/BME-151346
https://www.ncbi.nlm.nih.gov/pubmed/26406049
https://doi.org/10.11607/jomi.4632
https://doi.org/10.3390/ma13030562
https://www.ncbi.nlm.nih.gov/pubmed/31991565
https://doi.org/10.4103/ijdr.IJDR_772_18
https://doi.org/10.11607/jomi.8420
https://doi.org/10.1111/jopr.12661


Materials 2024, 17, 4040 14 of 15

41. Hanes, B.; Feitosa, S.; Phasuk, K.; Levon, J.A.; Morton, D.; Lin, W.S. Fracture Resistance Behaviors of Titanium-Zirconium and
Zirconia Implants. J. Prosthodont. 2022, 31, 441–446. [CrossRef]

42. Klotz, A.-L.; Halfmann, J.; Rues, S.; Bömicke, W.; Rammelsberg, P.; Zenthöfer, A. Fracture Resistance of Posterior Tooth-Supported
Cantilever Fixed Dental Prostheses of Different Zirconia Generations and Framework Thicknesses: An In Vitro Study. Materials
2024, 17, 263. [CrossRef] [PubMed]

43. Gracis, S.; Nicholls, J.; Chalupnik, J.; Yuodelis, R. Shock-Absorbing Behavior of Five Restorative Materials Used on Implants. Int.
J. Prosthodont. 1991, 4, 282–291. [CrossRef] [PubMed]

44. Cantó-navés, O.; Medina-galvez, R.; Marimon, X.; Ferrer, M.; Figueras-álvarez, Ó.; Cabratosa-termes, J. A 3D Finite Element
Analysis Model of Single Implant-supported Prosthesis under Dynamic Impact Loading for Evaluation of Stress in the Crown,
Abutment and Cortical Bone Using Different Rehabilitation Materials. Materials 2021, 14, 3519. [CrossRef]

45. Kumar, G.; Kovoor, L.; Oommen, V. Three-Dimensional Finite Element Analysis of the Stress Distribution around the Implant
and Tooth in Tooth Implant-Supported Fixed Prosthesis Designs. J. Dent. Implant. 2011, 1, 75. [CrossRef]

46. Medina-Galvez, R.; Cantó-Navés, O.; Marimon, X.; Cerrolaza, M.; Ferrer, M.; Cabratosa-Termes, J. Bone Stress Evaluation
with and without Cortical Bone Using Several Dental Restorative Materials Subjected to Impact Load: A Fully 3d Transient
Finite-Element Study. Materials 2021, 14, 5801. [CrossRef]

47. Marimon, X.; Cerrolaza, M.; Ferrer, M.; Cantó-Navés, O.; Cabratosa-Termes, J.; Pérez, R. A Systematic Study of Restorative
Crown-Materials Combinations for Dental Implants: Characterization of Mechanical Properties under Dynamic Loads. Int. J. Mol.
Sci. 2022, 23, 8769. [CrossRef]

48. Zhang, H.; Cui, J.W.; Lu, X.L.; Wang, M.Q. Finite Element Analysis on Tooth and Periodontal Stress under Simulated Occlusal
Loads. J. Oral Rehabil. 2017, 44, 526–536. [CrossRef]

49. Falcinelli, C.; Valente, F.; Vasta, M.; Traini, T. Finite Element Analysis in Implant Dentistry: State of the Art and Future Directions.
Dent. Mater. 2023, 39, 539–556. [CrossRef]

50. Atif, M.; Tewari, N.; Reshikesh, M.; Chanda, A.; Mathur, V.P.; Morankar, R. Methods and Applications of Finite Element Analysis
in Dental Trauma Research: A Scoping Review. Dent. Traumatol. 2024, 40, 366–388. [CrossRef]

51. Puengpaiboon, U.; Rattanapan, N.; Pasam, V.K.; Sukjamsri, C. Finite Element Analysis of Anterior Implant-Supported Restorations
with Different CAD-CAM Restorative Materials. Eur. J. Dent. 2024. [CrossRef]

52. Mehboob, H.; Ouldyerou, A.; Ijaz, M.F. Biomechanical Investigation of Patient-Specific Porous Dental Implants: A Finite Element
Study. Appl. Sci. 2023, 13, 7097. [CrossRef]

53. Ishak, M.I.; Daud, R.; Noor, S.N.F.M.; Yee, K.C.; Roslan, H. The Effect of Implant Length and Bone Quality on the Biomechanical
Responses of Dental Implant and Surrounding Bone—A Three-Dimensional Finite Element Analysis. J. Adv. Res. Appl. Mech.
2024, 118, 13–27. [CrossRef]

54. Eraslan, R.; Yagci, F.; Esim, E. Single Implant Retained Overdentures: Evaluation of Effect of Implant Length and Diameter on
Stress Distribution by Finite Element Analysis. J. Prosthodont. 2024, 33, 348–357. [CrossRef] [PubMed]

55. Jackson, I.S.; Hariram, V. Investigation of Strain and Deformation Analysis of Biomaterial in Dental Implant: A 3D FEA Study.
E3S Web Conf. 2024, 491, 01023. [CrossRef]

56. Sahoo, N.R.; Sahany, S.K.; Pandey, V.; Das, A.C.; Choudhury, P.; Panda, S.; Sahoo, R. Finite Element Analysis of the Influence of
Implant Tilting and the Direction of Loading on the Displacement and Micromotion of Immediately Loaded Implants. J. Pharm.
Bioallied Sci. 2024, 16, S927–S929. [CrossRef] [PubMed]

57. Nokar, K.; Atri, F.; Nokar, S. Comparative Evaluation of the Effect of Implant Crown Materials on Implant Components and Bone
Stress Distribution: A 3D Finite Element Analysis. Int. J. Dent. 2023, 2023, 1896475. [CrossRef]

58. Zor, Z.F.; Kilinç, Y.; Erkmen, E.; Kurt, A. Evaluation of Biomechanical Effects of Different Implant Thread Designs and Diameters
on All-on-Four Concept. J. Osseointegration 2021, 13, 101–108. [CrossRef]

59. Moher, D.; Liberati, A.; Tetzlaff, J.; Altman, D.G. Preferred Reporting Items for Systematic Reviews and Meta-Analyses: The
PRISMA Statement. PLoS Med. 2009, 6, e1000097. [CrossRef]

60. Haddaway, N.R.; Page, M.J.; Pritchard, C.C.; McGuinness, L.A. PRISMA2020: An R Package and Shiny App for Producing
PRISMA 2020-Compliant Flow Diagrams, with Interactivity for Optimised Digital Transparency and Open Synthesis. Campbell
Syst. Rev. 2022, 18, e1230. [CrossRef]

61. Fabra-Campos, H.; Dalmases, F.J.; Buendia, M.; Cibrian, R.M. Dynamic Resistance of Teeth: Technical Considerations and
Applications of an Experimental Device. Dent. Traumatol. 1991, 7, 10–14. [CrossRef]

62. Karimi Dastgerdi, A.; Rouhi, G.; Dehghan, M.M.; Farzad-Mohajeri, S.; Barikani, H.R. Linear Momenta Transferred to the Dental
Implant-Bone and Natural Tooth—PDL-Bone Constructs under Impact Loading: A Comparative in-Vitro and in-Silico Study.
Front. Bioeng. Biotechnol. 2020, 8, 544. [CrossRef] [PubMed]

63. Soumeire, J. Shock Absorbability of Various Restorative Materials Used on Implants. J. Oral Rehabil. 1999, 26, 394. [CrossRef]
64. Magne, P.; Silva, M.; Oderich, E.; Boff, L.L.; Enciso, R. Damping Behavior of Implant-Supported Restorations. Clin. Oral Implants

Res. 2013, 24, 143–148. [CrossRef] [PubMed]
65. Venugopal, L.; Lakshmi, M.N.; Babu, D.A.; Kiran, V.R. Comparative Evaluation of Impact Strength of Fragment Bonded Teeth

and Intact Teeth: An in Vitro Study. J. Int. Oral Health 2014, 6, 73–76. [PubMed]

https://doi.org/10.1111/jopr.13440
https://doi.org/10.3390/ma17010263
https://www.ncbi.nlm.nih.gov/pubmed/38204115
https://doi.org/10.1097/00008505-199200110-00016
https://www.ncbi.nlm.nih.gov/pubmed/1810320
https://doi.org/10.3390/ma14133519
https://doi.org/10.4103/0974-6781.91283
https://doi.org/10.3390/ma14195801
https://doi.org/10.3390/ijms23158769
https://doi.org/10.1111/joor.12512
https://doi.org/10.1016/j.dental.2023.04.002
https://doi.org/10.1111/edt.12933
https://doi.org/10.1055/s-0044-1785532
https://doi.org/10.3390/app13127097
https://doi.org/10.37934/aram.118.1.1327
https://doi.org/10.1111/jopr.13795
https://www.ncbi.nlm.nih.gov/pubmed/37950537
https://doi.org/10.1051/e3sconf/202449101023
https://doi.org/10.4103/jpbs.jpbs_1103_23
https://www.ncbi.nlm.nih.gov/pubmed/38595403
https://doi.org/10.1155/2023/1896475
https://doi.org/10.23805/JO.2021.13.03.1
https://doi.org/10.1371/journal.pmed.1000097
https://doi.org/10.1002/cl2.1230
https://doi.org/10.1111/j.1600-9657.1991.tb00176.x
https://doi.org/10.3389/fbioe.2020.00544
https://www.ncbi.nlm.nih.gov/pubmed/32596223
https://doi.org/10.1046/j.1365-2842.1999.00377.x
https://doi.org/10.1111/j.1600-0501.2011.02311.x
https://www.ncbi.nlm.nih.gov/pubmed/22092518
https://www.ncbi.nlm.nih.gov/pubmed/25083037


Materials 2024, 17, 4040 15 of 15

66. Bruschi-Alonso, R.C.; Alonso, R.C.B.; Correr, G.M.; Alves, M.C.; Lewgoy, H.R.; Sinhoreti, M.A.C.; Puppin-Rontani, R.M.; Correr-
Sobrinho, L. Reattachment of Anterior Fractured Teeth: Effect of Materials and Techniques on Impact Strength. Dent. Traumatol.
2010, 26, 315–322. [CrossRef]

67. Conserva, E.; Menini, M.; Tealdo, T.; Bevilacqua, M.; Pera, F.; Ravera, G.; Pera, P. Robotic Chewing Simulator for Dental Materials
Testing on a Sensor-Equipped Implant Setup. Int. J. Prosthodont. 2008, 21, 501–508. [PubMed]

68. Ichikawa, T.; Kanitani, H.; Wigianto, R.; Kawamoto, N.; Matsumoto, N. Influence of Bone Quality on the Stress Distribution. Clin.
Oral Implants Res. 1997, 8, 18–22. [CrossRef]

69. Elias, J.J.; Brunski, J.B.; Scarton, H.A. A Dynamic Modal Testing Technique for Noninvasive Assessment of Bone-Dental Implant
Interfaces. Int. J. Oral Maxillofac. Implants 1996, 11, 728–734. [PubMed]

70. Bassit, R.; Lindström, H.; Rangert, B. In Vivo Registration of Force Development with Ceramic and Acrylic Resin Occlusal
Materials on Implant-Supported Prostheses. Int. J. Oral Maxillofac. Implants 2002, 17, 17–23. [PubMed]

71. Faot, F.; Costa, M.A.; Del Bel Cury, A.A.; Rodrigues Garcia, R.C.M. Impact Strength and Fracture Morphology of Denture Acrylic
Resins. J. Prosthet. Dent. 2006, 96, 367–373. [CrossRef] [PubMed]

72. Silva, N.R.F.A.; Nourian, P.; Coelho, P.G.; Rekow, E.D.; Thompson, V.P. Impact Fracture Resistance of Two Titanium-Abutment
Systems Versus a Single-Piece Ceramic Implant. Clin. Implant. Dent. Relat. Res. 2011, 13, 168–173. [CrossRef]

73. Juodzbalys, G.; Kubilius, R.; Eidukynas, V.; Raustia, A.M. Stress Distribution in Bone: Single-Unit Implant Prostheses Veneered
with Porcelain or a New Composite Material. Implant. Dent. 2005, 14, 166–175. [CrossRef] [PubMed]

74. Geramizadeh, M.; Katoozian, H.; Amid, R.; Kadkhodazadeh, M. Static, Dynamic, and Fatigue Finite Element Analysis of Dental
Implants with Different Thread Designs. J. Long. Term. Eff. Med. Implants 2016, 26, 347–355. [CrossRef] [PubMed]

75. Zarei, I.; Khajehpour, S.; Sabouri, A.; Haghnegahdar, A.; Jafari, K. Assessing the Effect of Dental Implants Thread Design on
Distribution of Stress in Impact Loadings Using Three Dimensional Finite Element Method. J. Dent. Biomater. 2016, 3, 233–240.
[PubMed]

76. SolidWorks (Dassault System). Data Base Online. 2024. Available online: www.solidworks.com (accessed on 30 May 2024).
77. ANSYS, Inc. ANSYS User’s Guide. 2016. Available online: www.ansys.com (accessed on 30 May 2024).
78. Tanimoto, Y.; Hayakawa, T.; Nemoto, K. Mode Superposition Transient Dynamic Analysis for Dental Implants with Stress-

Absorbing Elements: A Finite Element Analysis. Dent. Mater. J. 2006, 25, 480–486. [CrossRef]
79. Alemayehu, D.B.; Jeng, Y.R. Three-Dimensional Finite Element Investigation into Effects of Implant Thread Design and Loading

Rate on Stress Distribution in Dental Implants and Anisotropic Bone. Materials 2021, 14, 6974. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1111/j.1600-9657.2010.00906.x
https://www.ncbi.nlm.nih.gov/pubmed/19149066
https://doi.org/10.1111/j.1600-0501.1997.tb00003.x
https://www.ncbi.nlm.nih.gov/pubmed/8990633
https://www.ncbi.nlm.nih.gov/pubmed/11858570
https://doi.org/10.1016/j.prosdent.2006.08.001
https://www.ncbi.nlm.nih.gov/pubmed/17098501
https://doi.org/10.1111/j.1708-8208.2009.00187.x
https://doi.org/10.1097/01.id.0000165030.59555.2c
https://www.ncbi.nlm.nih.gov/pubmed/15968189
https://doi.org/10.1615/JLongTermEffMedImplants.2017020008
https://www.ncbi.nlm.nih.gov/pubmed/29199621
https://www.ncbi.nlm.nih.gov/pubmed/28959748
www.solidworks.com
www.ansys.com
https://doi.org/10.4012/dmj.25.480
https://doi.org/10.3390/ma14226974

	Introduction 
	Materials and Methods 
	Criteria Used for Including Articles 
	Criteria Used for Excluding Articles 
	Filters Used to Select Studies 
	Studies Selection 
	Manual Selection 

	Results and Discussion 
	Tooth Structure 
	Restorative Materials 
	Bone–Implant Interface 
	Implant Properties 
	Finite Element Analysis (FEA) Models 
	Prospect Section 

	Conclusions 
	References

