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Chapter 1

Introduction

A dental implant is commonly utilized to replace missing teeth in individuals
without teeth. The most reliable approach is through the use of a single-tooth implant
or an implant-supported crown (1). Howe et al. performed a meta-analysis on the
survival rate of dental implants and discovered that the estimated survival rate at the
10-year mark was 96.4%.(2). In addition to the notable success rate of dental implants,
occlusal overload stands out as one of the common contributing factors. Occlusal
overload is defined as a load greater than the bone-implant load-bearing capacity.
Although increased bone loss around the area of relatively high stress has been
reported, the causal relationship between overload and implant has not yet been
established (3-8).

Occlusal loading is a significant factor affecting the success of dental implants.
It is known that differences between a natural tooth and a dental implant lead to
distinct biomechanical characteristics. Unlike natural teeth, osseointegrated dental
implants lack a periodontal ligament (PDL) and make direct contact with the
surrounding bone, thereby transferring stress to the peri-implant bone. (9, 10). PDL
provides shock absorption through its physiological-functional adaptability, which
helps to reduce stress on the crestal bone. (6, 11). This implies that osseointegrated
implants without PDL would be more susceptible to occlusal loading (6). Therefore, it
is crucial to ensure that the force transmitted at the implant-bone interface remains
within the biomechanical range (11, 12).

Regarding occlusal overload, various concepts have been developed to
compensate for the absence of PDL in implants, such as the intramobile cylinder (IM2)
implant system. This system aims to simulate physiological mobility by incorporating

a stress-absorbing component within the implant connector. However, it is important



to note that this approach requires regular follow-up and replacement of the stress-
absorber component. (13).

Another concept focuses on implant prostheses, which includes abutment
materials, crown materials, and luting agents. Several studies have explored the shock-
absorbing capacity of abutment and crown materials, which is influenced by the elastic
moduli of the materials. However, the findings regarding this matter are still
inconclusive (14-18). In a study conducted by Rosentritt et al., the impact of different
crown materials and luting agents on shock absorption was analyzed, revealing a
significant influence of materials on the damping behavior of the implant system (19).
Nevertheless, there is limited information available regarding the relationship between
material type and the damping behavior of the implant complex. Therefore, the aim
of this study is to investigate the damping capacity of implant-supported crowns made

from various restorative material.



Research Question

Would the different computer-aided design and computer-aided manufacturing
(CAD-CAM) restorative materials have an effect on the damping capacity of an implant-

supported crown?

Research Objective

To investigate the damping capacity of implant-supported crowns made of
different computer-aided design and computer-aided manufacturing (CAD-CAM)

restorative materials

Research Hypothesis

Ho: There are no differences in damping capacity of implant-supported crowns
between each group which is made of different computer-aided design and computer-

aided manufacturing(CAD/CAM) restorative materials.

Proposed Benefit

To provide information to clinicians for consideration in restorative material

usage of the implant-supported crown in respect of their damping behaviors



Conceptual framework

- Shock absorption
- Compensate loss
of PDL in implant Peri-implant

- Control force bone loss *
Computer-aided design transmittance to

and computer-aided peri-implant tissue

manufacturing (CAD/CAM)

restorative materials

Implant-supported 1
(mm /min)
(Cement retained)

Damping / N

Measurement

capacity
% - Slope of curves Load /time (N/s)

- Average slope of 4 axes curve around

crestal area (/s)

- Slope of curves microstrain(pe)/ time (s)
at apical area (/s)

- Time required to the maximum load (s)

\. J




Chapter 2

Literature Review

Implant-supported crown and CAD-CAM technology

A dental implant is a widely used treatment option for replacing missing teeth
in edentulous patients. Implant-supported crowns are the most reliable method for
replacing a single tooth in the posterior region (1). Goodacre et al. conducted a 20-
year search of medical literature spanning from 1981 to 2001. Their literature review
revealed that single-crown implants had a survival rate of 97%, surpassing other
restoration types. In comparison, the survival rates for maxillary overdentures and
complete dentures were 81% and 90%, respectively (20). In addition, Howe et al.
conducted a study on dental implant survival rates from 1997 to 2018. Their meta-
analysis revealed an estimated 10-year survival rate of 96.4% (2).

Due to the continuous advancements in computerized engineering technology,
dentistry has been revolutionized by computer-aided design and computer-aided
manufacturing (CAD/CAM). The utilization of digital technology is becoming increasingly
prevalent in various dental specialties, including orthodontics, oral and maxillofacial
surgery, and prosthodontics, particularly in the field of fixed implant prostheses (21).
In the past, traditional approaches to implant treatment, such as classic impressions
and plaster castings, were commonly used. However, with the advancements in
technology, several treatment procedures now employ a digital workflow, offering
numerous advantages, particularly for cases involving implant-supported single units
and short-span reconstructions. The data is obtained through intraoral scanners,
followed by virtual design and production. Many companies have developed various
software, tools, and devices to facilitate and enhance the work of clinicians and

technicians (22). With the digital protocol, there are several advantages, including the



elimination of a master cast, improved reproducibility of reconstructions, reduced
production costs, and enhanced time efficiency (23).

Furthermore, a digital protocol enables the fabrication of implant-supported
restorations through subtractive manufacturing. This method involves milling the
restoration from a material blank using a computer numerical control (CNC)
machine (24). In this manner, the durability of the workpiece is ensured as the
manufacturer pre-fabricates a material blank. Consequently, the conventional
deficiencies commonly encountered in commercial laboratories, such as porosities and
inconsistent homogeneity, are significantly reduced (21). In their systematic review,
Kapos and Evans reported higher survival rates for CAD/CAM fabricated crowns,
abutments, and frameworks compared to conventionally fabricated prostheses. The
mean survival rate was 98.85% for CAD/CAM crowns, 100% for abutments, and 95.98%

for frameworks (25).

Biological complications and failures

While the high success rate of the dental implants was presented, there were
multifactorial backgrounds that involved implant complications and failures. In terms
of biological complications, which can be defined as problems around the peri-implant
soft tissue compartment and supporting bone, three major considerations have been
identified as etiologic factors: infection, impaired healing, and overload (3).

The first factor is an infection that can occur during implant treatment (4). This
could be induced by direct contamination of the implant surface itself or from
neighboring dental structures (3). Moreover, inflammatory reactions of the tissue
surrounding an implant that involves loss of supporting bone are properly defined as
peri-implantitis. Based on Mombelli et al., peri-implantitis was a site-specific infection
that had a remarkably similar ecosystem to those in periodontitis, in which black-

pigmented Bacteroides elevated (26). There are studies stating that the risk factor of



implant treatment was biofilm. Its composition was more complex in the peri-implant
site compared to the normal periodontal site. Biofilm influenced implant success rates
(27-30).

On the other hand, a study by Isidor F. showed different results. Five implants
were inserted into the mandible of 4 monkeys, and the peri-implant bone was
histologically evaluated. The results showed that in comparison to the excessive
occlusal overload implants, which had a percentage of bone to implant contact of
only 11%, all plague accumulated implants were osseointegrated with a histologic
marginal bone level of 2.4 mm., and a proportion of bone to implant contact of
approximately 64.3% (31). Nevertheless, it remains difficult to determine whether poor
oral hygiene is correlated with marginal bone loss (4).

A failure from impaired healing is generally discovered in the second operation
in a 2-stage system (3). The biological processes occur at the bone-implant interface,
including inflammatory and regenerative processes. The healing process at the site of
surgical trauma displays several tissue differentiation and regulation features (32).
Whenever the processes of normal bone healing are perturbed to a certain unknown
threshold, the inserted implant will be encapsulated by fibrous tissue instead of bone.
These processes lead to the instability of implanted devices. Even though the
mechanism of soft tissue encapsulation is not clearly known, it is assumed that both
biochemical and biomechanical are involved, such as micromotion, surgical trauma,
and systemic characteristic of the host (5).

Another common factor of failures is overload. Once the functional demand
exceeds the load-bearing capability of the protheses, implant components, or tissue
interfaces, it is referred to overloading (5, 33). In general, the maxilla and mandible
bones act as other bones that carry mechanical loads and adapt to applied forces,
which are mainly derived from muscles. Frost hypothesized that the bone cells

respond to mechanical stress. In a steady state, bones adapt to a certain strain unless



the strain exceeds a certain threshold, at which point fatigue fractures may occur. In
this theory, it is important to remind that the load is not the key, but rather the
resulting strain on the bone. This is because the strain that happened is also dependent
on the properties of the bone itself. In addition, Frost also stated that if greater than
3000 microstrains (UE) were applied to the bone, it will lead to a microdamage (MDx)
(34).

Based on a study by Miyata et al. conducted in monkeys, it was found that
supra-occlusal contact heights of approximately 180 microns or more caused bone
resorption around implants (35). In the same way, Isidor F. found that in monkeys,
implants with excessive overload lost the osseointegration (31, 36). Conversely, Heitz-
Mayfield et al. evaluated the effect of overloading titanium implants in 6 Labrador
dogs and found that in 8 months, there was no significant change at the marginal bone
of loaded and unloaded implants on radiographic (37).

For the clinical experiment, several studies showed that the marginal bone loss
around the oral implant has been associated with a great occlusal stress (36, 38, 39).
For instance, Quirynen et al. suggested that there was a correlation between excessive
marginal bone loss and the presence of occlusal overload after the first year of loading
(39). Even so, Naert et al. published a systematic review concluding there is insufficient
evidence to support the relationship between implant overload and bone loss in
clinically osseointegrated implants (40). Nonetheless, it appears to be important to
provide the forces in order to maintain biomechanical balance. Although the

relationship between occlusion and implant is not fully understood (3-8).

Implants are not teeth.

Osseointegration was defined by Branemark as a direct contact at the light
microscope level between living bone and load-carrying endosseous implant (41). And

this referred to the point. There was no cushion layer of fibrous tissue (9, 10, 41).



Therefore, osseointegrated implants directly transfer stress to peri-implant bone (11,
41). Skalak R. attempted to describe a biomechanical behavior of a titanium implant
in terms of stress distribution and load transfer. This article proposed that the first
structure to be failed was a bone interface rather than the titanium implant due to a
lower elastic modulus of bone. Implant-bone construct had a relatively stiff
connection which allowed the stress to transmit without any shock resistance. To
prevent the bone from being overstressed, if a large impact load is suddenly
encountered while chewing, materials with a low modulus of elasticity and internal
damping capacity would be recommended. However, there was no experimental data
to substantiate this model (11).

On the contrary, A natural tooth is contributed by a periodontal lisament which
provides shock absorption due to physiological-functional adaptability to occlusal
stress. A rotational movement of a natural tooth when the lateral force is applied
could diminish forces from the crestal bone. But the dental implants are directly
transferred stress to the peri-implant bone (6, 11). Moreover, PDL has a periodontal
mechanoreceptor that provides proprioceptive motion feedback in the early phase of
occlusal forces. This issue implied that osseointegrated implants without PDL would
have more susceptibility to occlusal loading (6). Robison et al. had developed and
validated a finite element (FE) model of the first premolar with PDL and the dental
implant, which used identical crown morphology. To assess their mechanical behavior
to occlusal loading, strain-gauge measurement was used. The result showed that the
strains prediction from FE stimulation was correlated to the experimental strain-gauge
measurement. Both stresses and strains were substantially higher in the bone
surrounding the dental implant than the natural tooth socket. Thus, the study
suggested that PDL played the role of off-centering and bending stress in a natural
tooth. And because of the stiffness, the dental implant should provide a light occlusal

contact (42). Other studies also agreed that PDL had a crucial role in the dissipation of
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masticatory force (43, 44). More recently, Dastgerdi et al. used the FE models to
compare the momentum transferred to implant-bone and tooth-PDL-bone under the
impact loading. The outcome appeared in the same direction as other studies, which
found that the linear momenta transferred to implant-bone were greater than tooth-
PDL-bone under the same impact load and the von Mises stress. Besides, This study
also suggested that implant prostheses should improve the damping capacity which
might allow the implant to maintain the

natural tooth behavior (45).

To compensate shock-absorbing function of PDL in implant.

In the literature, various ways have been proposed to produce a stress-
absorbing element for compensating PDL function in the implant complex. Two main
concepts have been developed on this subject. The first concept attempts to focus
on intrastructural component by using intramobile resilient connector. The second
one focuses on the suprastructure as a prosthesis component.

In 1983, the intramobile cylinder implant system (IMZ) began (46). Since then,
there have been ongoing studies, in which an intramobile element (IME) is used in the
connection between the prosthesis and the implant. This IME is fabricated by material
with the viscoelastic property that provides the implant physiological mobility (13, 47-
49). Rossen et al. designed a FE model of a free-standing single implant with and
without a stress-absorbing element. The result showed that the stress-absorbing
element could not act as a stress distributor in a single implant even with a low elastic
modulus (49). Mehdi et al. inserted two elastomers as stress absorbers between
implant, screw, and abutment, and then analyzed the stress distribution using a 3D-FE
model. The analysis showed that the stresses around the bone-implant interface are

lower in the elastomeric model than in the conventional model but the compressive
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stress in the implant increased sharply (48). However, this stress absorber must be
replaced for long-term use (13).

Nevertheless, there have been several studies focusing on the implant
suprastructure as a prosthetic component. Adell et al. had been observing cases in
which fixtures were placed during 1965-1980 for 1 year. And found that controlling
stress distribution was crucial for long-term maintenance of osseointegrated implant,
especially in the maxilla. It was suggested that the occlusal surfaces of prostheses
made of porcelain or gold were more detrimental to the viability of bone interface
than acrylic resin. The acrylic resin occlusal surface could act as a shock absorber and
also be successively worn to compensate for remaining minor occlusal irregularities
(50). As mentioned earlier, Branemark recommended regularly recalling the prostheses
to maintain proper occlusion for a long-lived osseointegrated implant. It was also
pointed out that using acrylic resin artificial teeth as an implant-supported restoration
could compensate for the resilience of PDL (41). Skalak R. also theorized that covering
a fixed metal partial denture with acrylic resin could lower the peak of stress and
extend stress duration. Even if it would wear down, acrylic resin could be practically
replaced (11). Gracis et al. compared the damping effect of five materials used to
veneer the crown on implant and found that the light-cured composite resin and the
heat-cured polymethylmethacrylate (PMMA) reduced about half of the peak of impact
force that occurred within alloys or porcelains. However, there were concerns about
other properties of these two resins such as wear resistance, tensile strength, hardness,
and color stability (16). Several studies came to similar conclusions, Magne et al.
examined the damping behavior of implant-supported restorations by varied implant
abutment materials, crown materials, and designs. In this study, Periometer ® device
was used to assess the percussion loss coefficient (LC). The LC of implant-supported
restorations was compared to the LC of a natural tooth model with stimulated PDL.

Multiple regression analysis revealed that the variable affecting LC was the abutment
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materials, the restorative materials, and the restorative designs, respectively. Anyhow,
all three variables had a statistically significant effect on LC. The Dunnett t-test also
showed that the only model that was not significantly different from the natural tooth
group was the implant restored with zirconia abutment and composite resin restoration
either crown or onlay design. Moreover, the implant was able to achieve a stronger
damping effect by adding a composite resin component in the prosthetic part (17).
Menini et al. conducted an in vitro study on the shock absorption capacity of implant
restorative materials. Mandibular movement and the application of masticatory force
were duplicated by the masticatory robot. The force transmission onto the sensor-
equipped base was recorded by strain gauges. The result showed that the larger the
elastic moduli of the material, the steeper the peak of the transmitted force (18). Later,
there were some studies that tried to combine different crown materials with different
abutment materials and investigated the damping behavior. Taha et al. combined 4
types of CAD-CAM crown materials: zirconia, PEEK, E-max, and Vita enamic with 2 types
of coping abutment materials: Zirconia and PEEK. Force absorption was measured by
placing a force meter at the apical of the model. The result showed that there was a
significant difference in applied and resulting slope among different materials. The
experiment also revealed an interesting issue, if the less rigid crown material was used,
more stiff coping abutment material would be used to preserve their damping capacity
(51). Omaish et al. combined resin composite veneer restoration with 2 types of new
CAD-CAM inner coping restoration materials, BioHPP (bioactive high-performance PEEK
based polymer) and TRINIA (glass fiber-reinforced nanohybrid polymer). The strain
gauges were used to evaluate the strain developed around the implants. The models
made of TRINIA exhibited significantly lower microstrains compared to models made
of BioHPP (52).

However, there were contrasting results on this topic, Cibirka et al. designed a

study to determine the force absorption ratio for three materials used in the implant:
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gold, porcelain, and dual-cured composite resin. The self-tapping implant was inserted
in @ human cadaver mandible, applied force through a peanut sample, and measured
microstrains with a strain gauge stuck at the lingual bone surface. This study stated
that there is no statistically significant difference in the force absorption ratio between
each occlusal surface materials (14). Recently, Datte et al. studied the stress
distribution of the dental implant influenced by different restorative materials using in
vitro study and FE analysis. The four crown materials with two abutment materials
were loaded for 200 N. The results by strain gauge and FE analysis showed consistency.
There was no significant difference between the crown material groups for the bone
microstrains. The crown material affected stress values only in the crown and around
the cervical of abutment. The analysis showed that the crown material with high elastic
modulus decreased the stress in the abutment while the material with low elasticity

decreased stress in the crown itself (15).

Varies of restorative materials

There are several different materials that could be used with titanium
abutment in the implant complex, such as metal-ceramic material, PMMA, and all-
ceramic. And because CAD/CAM technology and materials continue to improve,
resulting in a wide variety of materials to choose from (25, 53).

Polymethyl methacrylate (PMMA) is a polymer most commonly used in

dentistry. Due to its properties, PMMA acquired a popularity for dental applications
such as denture bases, dentures, orthodontic retainers, temporary or provisional
crowns on natural teeth, and also temporary or provisional crowns on implant (54).
PMMA has advantageous properties including esthetics, lightweight, cost-effectiveness,
and ease of manipulation. On the other hand, there are some concerns in using PMMA
as a prosthesis such as durability, water absorption, poor impact, and flexural strength.

Recently, CAD/CAM technologies have been used to fabricate PMMA prostheses and
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offer various advantages to PMMA properties which is superiority in its flexural strength,
hardness, flexural modulus, impact strength, and durability (55, 56). Al-Dwairi et al.
compared the mechanical properties of CAD/CAM and the conventional heat-cured
PMMA and found that CAD/CAM PMMA had significantly improved flexural strength,
impact strength, and flexural modulus compared to conventional heat-cured PMMA
(57). Nowadays, PMMA interim crowns are increasingly used on the implant with digital
workflow (58, 59).

Glass matrix ceramics are non-metallic ceramic restorative materials containing

a glass phase. Currently, in clinical application, a lithium disilicate reinforcement glass
matrix ceramic is the most widely used as a material for all-ceramic crowns. These
improved mechanical properties as a stronger and tougher material compared to
leucite-based glass ceramics make lithium disilicate ceramic benefits both highly
esthetic and exceptional strength. IPS e.max CAD® is one of these materials line, the
pre-heated block which formed a partially crystallized state, which is easier to mill. In
2016, the manufacturer updated the indications for IPS e.Max CAD® to use as veneering
materials, inlays and onlays, partial and full crowns, three-unit fixed partial dentures
(FPD) in the anterior, premolar, and posterior regions (53, 60). A 2017 cohort study
investigated the survival rate of implant-supported single crown made of lithium
disilicate ceramic and found that the 10-year survival rate and chipping-free rate were
high at 93.8% (61).

Polycrystalline ceramics are non-metallic ceramic restorative materials that

contain a fine polycrystalline grain as the main feature instead of a glass phase. These
result in a ceramic with high strength and high fracture toughness ceramic, but low
translucency. Among polycrystalline ceramics, zirconia ceramic in the form of yttria-
stabilized tetragonal zirconia polycrystals (Y-TZP) is commonly used for monolithic
restoration. It has the highest strength and fracture toughness and can therefore

overcome the problems encountered with porcelain-layering zirconia, such as chipping
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(62, 63). In a systematic review in 2014, the 5-year survival rate of implant-supported
zirconia crown was satisfactory at 97.1%. Furthermore, the problems that caused the

most failures were chipping and fracture in ceramic veneers (64).

Damping behavior

Damping is an influence within an oscillatory system that reduces or prevents
the amplitude of vibration in its oscillation. Damping is a result of the system causing
dissipation of energy. When damping in the system is increased, the response can be
modified to reduce the oscillation (65). However, it is one of the uncertain and
challenging properties to measure due to the complexity and diversity of its physical
origin. Damping can arise from several sources. There are many types of damping. The
damping that arises mainly from the attractive electrostatic forces between the dry
sliding surfaces is called “mechanical damping or Coulomb friction”. The energy loss
that occurs in liquid lubrication is “viscous damping”. And the energy loss that occurs
in all vibrating systems with elastic restoring forces due to the repeated internal
deformation of the molecules themselves is called “hysteresis damping” (66). In
dentistry, damping is a phenomenon that can predict viscoelastic behavior over a wide
range of strain rates and is an essential parameter in determining the viscoelastic
properties of both teeth and materials. Therefore, viscoelastic tissues present a higher
damping capacity (67). The damping ratio is considered a parameter determining the
viscoelastic properties of various composite materials (68). In periodontic dentistry, the
damping characteristic of the periodontium has been used to diagnose a periodontal
disease using the Periotest, where the Periotest value is used as a biophysical
parameter (69). More recent studies used damping behavior as a noninvasive method
to monitor bone properties or detect bone loss (70, 71). In the same direction, Feng
et al. evaluated the osseointegration of implants using the damping factor (72). In

prosthodontic dentistry, damping is considered an aspect of implant-supported
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prostheses because it compensates for the same characteristic as the previously

mentioned PDL (14, 15, 17-19).

To evaluate damping behavior of prosthesis-implant-bone complex

According to the reviews, the damping behavior is a dissipating energy in the
system, which is difficult to measure accurately but in association with the strain rate.
It is a significant biomechanical factor for a good implant-supported prosthesis.
Therefore, researchers have been trying to find better methods to evaluate the
damping capacity in the prosthesis-implant-bone complex over the last decades.

For the accurate methods, it is sure to be the in vivo experiment or direct
clinical evaluation. Nevertheless, there is no denying that in vivo study of the
biomechanics of intraosseous implant complex is nearly impossible. The complexity
of the living structure is also involved, especially the ethical issues (73). Even though
there was a study in 2019, Cozzolino et al. performed in vivo strain measurement in
the completely osseointegrated maxillary implant in a male patient by directly
attaching strain gauges on the buccal cortical bone at 3 different areas: coronal, middle,
apical to implant. It was only a pilot study because one patient was recruited (74). Due
to these limitations, many researchers used other methods to overcome the clinical
experiment using tools and computation with the experimental model.

One of the devices used in the dental implant area for biomechanical
evaluation is Periotest (75, 76). Periotest is a device that was first developed to evaluate
damping characteristics of the periodontium and was adapted to evaluate the implant
stability to help decide whether the implant is ready for loading. The principle of
Periotest is to measure the reaction of the periodontium or implant-bone system to
decelerate the impact load. Its function is that the metallic rod in a handpiece would
be tapping the surface of the implant at a constant speed, and a small accelerometer

would capture the reaction. Once the rod taps the implant, there will be denying force
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to decelerate the rod. The contact time per impact was used to calculate the
parameter in terms of Periotest values (PTV) and presented on a ranging scale. The
more contact time to tooth or implant, the more PTV, which means the more damping
capacity the surrounding tissues have (76). It can suggest that if the implant is solid,
the damping capacity only comes from the surrounding tissues, which means the more
PTV, the less integrated bone. Therefore, Periotest is suitable for evaluating implant-
bone damping capacity but not satisfactory for the implant-protheses system because
its measurement focuses on the reaction back of the system but cannot represent the
distribution.

Photoelastic stress analysis is another technique used for biomechanical
behavior in the dental implant field. Photoelasticity uses the mathematical and visual
theories that if the polarized light is passed through the transparent photoelastic
model which is stressed, the refraction indices are changed. Thus, the color alteration
occurs in a pattern called fringe (73, 77). This method was widely used in the implant
field because of its benefit which can show qualitative information such as stress
concentration, location, and distribution. By the way, this method could not provide
the numeric data for building a graph or diagram. There are some researchers who
tried to reference the fringe pattern to the stress concentration. In addition, some
compared the photoelastic data with strain gauge analysis to convert the fringe pattern
to quantitative data. However, with their limitations, further studies should be
investigated (73).

Due to the swift improvement of computerization in engineering technology,
the method that uses a computer to analyze the biomechanical properties is called
the Finite element method (FEM) or Finite element analysis (FEA). This method is a
computer-based application that started from structural analysis by the matrix
method. The principle of a program used a virtual design model and divided each

region into smaller and simpler elements. It then assigned each element its properties,
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such as stiffness and force displacement. FEA would predict the mechanical behavior
of the entire structure from mathematical calculations. We can solve the problem by
stimulating the situation and evaluating the mechanical behavior (78). In implantology,
there widely used FEA to investigate the biomechanical properties of the bone-
implant-protheses complex. FEA could provide a solution to all the components, even
the interfaces (15, 42, 45). In so doing, FEA also has some disadvantages. The invention
has a complex structure. FEA will make the solution possible by simplifying and
assuming the elements which may affect the result. Some of living structures, such as
human bone, are not that simple. They are heterogeneous and anisotropy. So, there
are some doubts in studies with this method (73).

A widely used method to evaluate biomechanical behavior in implantology is
called strain gauges. This method can be used both in vivo and in vitro and is clinically
reliable (14, 18, 73, 77). Strain gauges are based on electrical theory, in which the strain
gauge is an electric resistor. It consists of a wire or foil in the shape of a continuous
grid, which alters its resistance in response to deformation on the attached surface. The
electrical current change is sent to the data logger and turned into a digital signal read
by the computer. A strain gauge is a sensitive instrument that could produce resistance
change within a minimal component deformation, so this method is precise (73, 77).
In the implant field, several researchers used strain gauges to measure the stress and
strain of prostheses, implants, and especially bone. Strain gauges have been used to
evaluate various of bone experiments; bone stimulated materials, human cadaver
mandible, and living human maxilla (14, 73, 74). Nevertheless, the strain gauge is a very
sensitive instrument, it is challenging to standardize all the samples. Therefore, the

statistical data from samples in experiments are prone to have a wide variation (79).
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Chapter 3
Material and Method

Materials

1. Abutment-implant specimen
1.1 Titanium implant fixture (Highness Implant System; Highness Co., Ltd.,
Korea; HS-1 5010; &5 x 10 mm)

1.2 Cemented abutment (Highness Implant System; Highness Co., Ltd., Korea;

SCA6525B; Cemented 2.5 Hex system, @6.5mm, length 5.5 mm, cuff height 2
mm)
1.3 Epoxy resin (Chockfast® Orange; PR-610TCF; ITW performance polymers,
USA)
1.4 Plastic block
2. Restorative materials
2.1 Zirconia disc (High translucent; Zirlux® FC2; Henry Schein, Inc., USA; shade
u1)
2.2 Lithium disilicate block (IPS e.max CAD®; Ivoclar Vivadent, Liechtenstein;
LT A3/C14)
2.3 Polymethylmethacrylate disc (DDTempMED; DentalDirekt GmbH, Germany)
3. Luting agents
3.1 Adhesive resin cement (Self-adhesive and dual-cure resin cement;
PANAVIA™ SA Luting Plus; Kuraray Noritake Dental Inc., Japan)
4. ETC
4.1 Adhesive for SGs (Model: CC-33Ax5; Kyowa Dengyo Co., Ltd., Japan)
Equipments
1. Intraoral scanner (3Shape TRIOS® 3; 3Shape A/S, Denmark)
2. CAD design software program (3Shape dental system®; 3Shape A/S, Denmark)

3. CAM milling machine (InLab MC X5; Dentsply Sirona, USA)
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4. Universal testing machine (EZ-S; Shimadzu Corporation; Japan)

5. Strain gauges (Model: KFG-3-120-C1-11-L1M2R; Kyowa Dengyo Co., Ltd., Japan)
6. Load cell output wire (Kyowa Dengyo Co., Ltd., Japan)

7. Fast Data logger (UCAM-550A; Kyowa Dengyo Co., Ltd., Japan)

8. Strain Unit (USM-52B; Kyowa Dengyo Co., Ltd., Japan)

9. Dynamic Data Acquisition Software (DCS-110A; Kyowa Dengyo Co., Ltd., Japan)
10. Carbide burs

11. Airotor

12. Low speed saw (Isometric)

13. Light cure unit (Bluephase N, Ivoclar Vivadent, Lichtenstein)

14. Plastic spatula

15. Stainless steel base for a plastic block

16. Parallel stainless steel jig
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Methods
Part | : Specimen preparation

Sample size calculation

22

Following a previous study by Taha D. and Sabet A. in 2021 (81), the sample

size determined using analysis software (G*Power 3.1) was 3 samples per group.

However, in the present study, we had chosen to account for any potential deviations

from the calculated sample size and included 5 samples in each experimental group

(Figl.).

G*Power 3.1

L L SU ROl Protocol of power analyses

critical t = 2.7764

03
0.2
0.1 a
2
0 &= T T T T T T T T T T T T T
-5 -4 -3 -2 - 0 1 2 3 4 5 6 7 8
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ttests Means: Difference between two independent means (two groups)
Type of power analysis
A priori: Compute required sample size - given a, power, and effect size

Input parameters Output parameters

Taills) | Two Noncentrality parameter & 3.8777737

Effect size d 3.168189 Critical t 2.7764451

a err prob 0.08 Df 4

Power (1-p err prob) 08 Sample size group 1 3
Allocation ratio N2/N1 1 Sample size group 2 a3
Total sample size 6

Actual power 0.8220168

X-¥ plot for a range of values Calculate

Figure 1 Calculated sample size from G*Power 3.1
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Implant specimen

A titanium implant fixture (Highness Implant System; Highness Co., Ltd., Korea)
((J5 x10 mm) was vertically aligned using a parallel jig block and embedded in
crystalline silica-reinforced epoxy resin using non-shrinkage autopolymerization
(Chockfast® Orange, PR-610TCF; ITW Performance Polymers, USA; modulus of elasticity
= 5.93 GPa). This epoxy resin simulated compact bone around the implant fixture. The
specimens were left at room temperature for 24 hours to ensure complete setting (Fig

2.).

Figure 2 The implant fixture embedded in epoxy resin

A titanium cement retained abutment (Highness Implant System; Highness Co.,
Ltd., Korea) (Cemented 2.5 Hex system, @6.5mm, length 5.5 mm, cuff height 2 mm)
was inserted into the implant fixture. The abutment-implant specimen was scanned

using an intraoral scanner (3Shape TRIOS® 3; 3Shape A/S, Denmark).

Crown preparation

The crowns were manually waxed up to resemble the right mandibular first
molar (crown length 8 mm, crown width (M-D) 11 mm, crown width (B-L) 10 mm) on

the abutment-implant specimen, creating a space for a steel round piston at the
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central fossa (Fig. 3). The waxed crowns were then scanned using an intraoral scanner.
Subsequently, the abutment-implant specimens with and without the waxed crowns
were sent to a CAD software program (3Shape dental system®; 3Shape A/S company,
Denmark) for further processing (Fig. 4). After approval of the design, the files in the
standard tessellation language (STL) format were transferred to the program for crown

milling using a milling machine (InLab MC X5; Dentsply Sirona, USA).

4
&

€
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Figure 4 The crown design in the 3Shape dental system®
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The crown specimens (N=30) were divided into 3 groups based on the crown
material: Zirconia (Z), Lithium disilicate (E), and PMMA (P). Each crown was paired with
each abutment and further subdivided into 2 subgroups (n=5) based on the cement
condition: Uncement (Un) and Adhesive resin cement (RC)

After milling, all crowns were processed according to the manufacturer's
recommendations. The inner surface was cleaned using a ultrsonic cleaner for 5 min.
Then, each crown was tried-in on the abutment-implant specimen to evaluate proper
fit using an explorer. The abutment was torqued to 35 Ncm, and the access was sealed
with Teflon tape before the crown was mounted.

After mixing according to the manufacturer's instructions, the cement was loaded
onto the inner surface of the crown in the appropriate amount. Tag curing was
performed for 2 sec on each surface before removing any excess cement.
Subsequently, full light curing was conducted for 40 sec on each surface and the crown
was rested under a loading apparatus for 6 min. After that, the crown was left without
any load for 6 min more to ensure complete chemical curing. The crowns of each
material were connected to the corresponding abutment-implant specimens using

adhesive resin cement in a random order.

Figure 5 The framework of crown-abutment-implant embedded in the stimulated bone
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Part II: Testing

All specimens were loaded into a universal testing machine (EZ-S; Shimadzu
Corporation; Japan) and subjected to an increasing force at a velocity of 1 mm/minute.
The force was applied on the occlusal surface of the crown at the central fossa,
following the long axis of the specimen, using a loading piston (a steel ball with a
diameter of 4 mm). The load was applied from 0 to 200 N, 3 times for each specimen.
Additionally, a control test was conducted without an abutment, using the covering
screw.

The strain gauges (Model: KFG-3-120-C1-11-L1M2R; Kyowa Dengyo Co., Ltd.,
Japan) were used to measure the resulting microstrains. Four strain gauges
representing buccal (B), lingual (Li), mesial (M), and distal (D) areas were attached to
the crestal level of the implant model. Additionally, one strain gauge was placed
below the specimen to represent the apical (A) level (Fig. 6.). After 24 hours, all
bonded strain gauges were coated with a vinyl mastic tape (Scotch VM Tape, 3M,
Saint Paul, MN, USA) to protect moisture during testing.

To capture the output voltage from the strain gauges and transform it into load
measurements in Newtons (N), a fast data logger (UCAM-550A; Kyowa Dengyo Co.,
Ltd., Japan) was linked to the universal testing machine using an output linker. All
data, including load (N), resulting microstrains (UE), and time (s), were recorded using

dynamic data acquisition software (DCS-110A; Kyowa Dengyo Co., Ltd., Japan).
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Figure 6 Strain gauges are attached to the specimen at the crestal and

apical area

To determine the damping capacity of the tested specimens, the following data
were collected from the previous experimental design: the curve of applied load
against time (N/s), time required to reach the maximum load (s), and the curve of
microstrains against time (/s) measured around crestal- and apical level of the
specimen.

To remove the tested crown-abutment, a carbide bur was used in conjunction with
an airotor to open access. Then the abutment was untorqued and unscrewed.

Part Ill: Statistical Analyses

The slopes of the applied load curves and microstrains curves at the buccal (B),
lingual (Li), mesial (M), distal (D), and apical (A) areas were collected and calculated
using a linear trendline with an R-squared value. The slopes obtained from the three
loading cycles of each crown-abutment-implant complex were averaged using
Microsoft Excel, Microsoft 365®. Similarly, time required to reach the maximum load
(s) for each specimen was calculated by averaging the data obtained from the three
loading cycles. In additional, the slopes of the microstrains curves at the four axes
around the crestal level were calculated, and the average slope for the crestal (C)

level was determined using the same software program.
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Descriptive statistics for each group were primarily analyzed using the statistical
software program (IBM SPSS Statistics, V.25.) The normality of the data was assessed
using the Shapiro-Wilk test. Following the descriptive statistics and initial analysis, a
two-way ANOVA was conducted. Tukey post hoc test was performed for the crown

material group, and the independent t-test was conducted for the cement condition.

(The level of significance will be set to A=.05)
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Chapter 4

Results

The damping capacity of the implant-supported crown in each crown material
with each cement condition was represented by the slope of load against time (N/s),
the slope of microstrain against time (/s) (crestal and apical levels), and the time (s) to
reach a maximum load, shown in Table 3 and 4. The results of two-way ANOVA of all
slope curves and time indicated that there were no interactions between the crown
materials and cement conditions, but there were significantly affected by each crown
material and cement condition individually (p < 0.05).

All slopes of curve and time to reach the maximum load in Z and E group were
not significantly different (p>0.05), except for the P group which had less steep slopes
in all curves and required more time to reach the maximum load significantly (p < 0.05)
(Table 2). The UN group had a significantly greater steep slope in crestal level
microstrain curves against time and required less time to reach the maximum load

than the AR group (p < 0.05) (Table 3).



30

Table 2 Mean and standard deviation of the slope of load against time (N/s), the
slope of microstrain against time (/s), and time to reach the maximum load (s) in
each crown material group. L: load against time; C: averaged microstrain at crestal
level (buccal-, lingual-, mesial-, distal points) against time; A: microstrain at apical
level against time; Within columns, different uppercase letters indicate significant

differences between groups (p < 0.05).

Mean * SD
Crown materials
L (N/s) C (/s) A (/s) Time (s)
Zirconia (Z) 11.13+1.08B -6.38 +0.79 A 11.64 + 1.21 B 19.70 + 2.58 A

Lithium disilicate 1092 +137B -6.14 £ 0.94 A 1149 + 152 8B 19.94 + 354 A
(E)

Polymethyl 882+ 098A -5.09+0568 9.25+ 1.07 A 24.26 + 3.25B
methacrylate (P)

Table 3 Mean and standard deviation of the slope of load against time (N/s), the
slope of microstrain against time (/s), and time to reach the maximum load (s) in
each cement condition. L: load against time; C: averaged microstrain at crestal level
(buccal-, lingual-, mesial-, distal points) against time; A: microstrain at apical level
against time; Within columns, different uppercase letters indicate significant

differences between groups (p < 0.05).

Mean + SD
Cement condition
L (N/s) C (/s) A (/s) Time (s)
Uncement (UN) 1072 + 160 A -625+096A 11.29 + 169 A 19.84 + 3.04 A
Adhesive resin 987+ 140 A -5.49 + 0.78 B 10.29 + 1.53 A 2276 + 3.84 B

cement (AR)
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Chapter 5

Discussion

According to the data obtained, the null hypotheses were rejected. There was
a significant difference of the damping capacity among CAD/CAD crown materials with
different cement condition.

In this study, some negative microstrain slopes were detected, but only their
slope values were interpreted. This is because the normal strain is defined as the
change in length of the specimen. Positive strain represents elongation, indicating that
the area is undergoing tensile forces. Negative strain, on the other hand, represents a
contraction of the specimen, indicating the presence of compressive forces (82).

There were several studies that demonstrated that implant prostheses should
be improved their damping capacity to maintain the natural tooth behavior (42-45).
Furthermore, these studies indicated that stress concentration tends to occur more in
the crestal cortical bone (83-85). The critical area around dental implants, known as
the crestal level, is prone to marginal bone loss and the development of peri-
implantitis, a destructive inflammatory condition (86, 87). Based on the importance of
this area in implant success and the potential impact of damping capacity on reducing
strains, the present study specifically focused on measuring the energy levels around
the crestal level.

The modulus of elasticity is a property that describes a material's stiffness (88).
According to Hooke's law (82), materials with higher moduli of elasticity, such as metals
and ceramics, are stiffer and more resistant to deformation, while materials with lower
moduli of elasticity, such as polymers, are more flexible and easier to deform.

Deformation within a material leads to energy loss in the system and is considered a
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form of damping effect (65, 66). This concept is supported by the present study, which
investigated the CAD-CAM crown materials with different moduli of elasticity.

In the present study, the slope of the load and microstrain curves, as well as
the time required to reach maximum force, varied among the CAD-CAM crown material
groups. The P group, characterized by the lowest modulus of elasticity (2.98 GPa),
exhibited less steep curve slopes and longer required time, indicating a higher damping
capacity. In contrast, the Z and E groups showed similar curve slopes. These findings
are consistent with other in vitro studies (16, 18, 19, 51, 81).

It is worth noting that the present study provided further evidence that the
modulus of elasticity influences the damping capacity of crown materials. The lower
modulus of elasticity exhibited by the P group contributes to its higher damping
capacity. This information can be valuable in the selection of crown materials in the
aspect of damping capacity. However, when considering the use of crown materials as
permanent restorations, it is important to take into account other properties besides
the modulus of elasticity. Factors such as flexural strength, compressive strength, and
wear resistance should also be considered. These properties play crucial roles in the
long-term durability and functionality of the crown material. Therefore, a
comprehensive evaluation of various material properties is necessary to ensure the
suitability of a crown material for clinical applications (89).

This study provided further evidence that the damping capacity of implant-
supported crowns is influenced by cementation. The UN group exhibited steeper
slopes in crestal level microstrain curves against time and shorter time required,
indicating a lower damping capacity compared to the AR group. These findings align
with previous studies that suggest the luting mode influences the damping effect in
implant-supported crowns (19, 81). While the slopes of load and apical level
microstrain against time may exhibit similarities, it is crucial to focus on the significant

differences observed at the crestal level. This area holds particular importance in the
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system, as emphasized by the mentioned concept earlier. The reason why the
condition of the cement had less influence on the damping capacity could be
attributed to the narrow cement space in comparison to the larger volume of the
crown material used in the system (19).

The role of cementation in the system for shock absorption can be explained
by the introduction of interfaces, which contribute to the development of damping
through electrostatic attractive forces (66). The luting cement aids in load dissipation
within the system, as supported by studies demonstrating lower strain in cement-
retained prostheses compared to screw-retained prostheses (90). In term of the
cement selection, various factors such as retention and compressive strength may play
a crucial role in clinical application (91). It is important to consider these factors
holistically to ensure optimal performance of implant-supported crowns.

Limitations of this study included the use of an implant study model that
simulated the human condition but did not replicate the masticatory cycle in an oral
environment. Additional limitations of this study include the limited exploration of
different cement material types and their potential influence on the damping capacity
of implant-supported crowns. The study primarily focused on specific cement
materials, and the findings may not fully reflect the variations and effects of different
cement types available in clinical practice. Further investigation is needed to examine
the impact of various cement materials on damping capacity and to assess their clinical

implications.
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Chapter 6

Conclusion

In conclusion, this study aimed to investigate the damping capacity of implant-
supported crowns fabricated using different materials with and without cementation.
The results obtained from the study indicated that both the crown material and
cement condition had a significant impact on the damping capacity of the crowns.

The two-way ANOVA analysis revealed that there were no significant
interactions between the crown materials and cement conditions, suggesting that their
combined effect did not significantly influence the damping capacity. However, when
examining each factor individually, both the crown material and cement condition
were found to have a significant effect.

Among the different crown materials evaluated, the Zirconia (Z) and Lithium
disilicate (E) groups exhibited similar damping capacity, while the PMMA (P) group
demonstrated higher damping capacity with less steep slopes and longer time to reach
the maximum load. This finding suggests that the crown material significantly affect
the damping capacity of the implant-supported crown. Specifically, materials with
lower modulus of elasticity were found to exhibit higher damping capacity.

Furthermore, the cement condition also played a significant role in the
damping capacity. The uncemented (UN) group showed lower damping capacity with
steeper slopes of microstrain at the crestal level and shorter time to reach the
maximum load compared to the adhesive resin cement (AR) group. This indicates that
the present of cement allows for better force transmission and dissipation in the
implant-supported crown.

The findings of this study provide valuable insights for clinicians and researchers
in choosing the appropriate crown materials for implant-supported restorations,

ultimately contributing to improved clinical outcomes and long-term success of dental
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implant treatments. Further research in this area is warranted to explore additional

factors and their effects on the damping capacity of implant-supported crowns.
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