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Finite element simulation of fixed dental prostheses made from PMMA —Part
I: Experimental investigation under quasi-static loading and chewing velocities
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Material properties are of high clinical relevance, even though in vitro laboratory setups may differ from clinical conditions. Therefore,
the aim of the present study was to investigate the fracture behavior of three-unit bridge restoration (Telio CAD) with different test
velocities (1.0 mm/min International Organization for Standardization (ISO) standard speed/ 130 mm/s mean chewing velocity) and
to provide crucial validation experiments for the upcoming Part 2 of our study, in which FEA on such temporary restorations will be
conducted. Local strains were detected using digital image correlation (DIC). The material exhibited significantly different responses
at different test velocities, and the forces at fracture were found to be much smaller at chewing velocity (130 mm/s) than in the quasi-
static test. Overall, the results of the present study show that characteristics pertaining to material behavior can change significantly

with increasing chewing velocity, and that fracture forces decrease with increasing test velocity.
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INTRODUCTION

Material properties and fracture behavior are of high
clinical relevance, given that dental biomaterials have to
resist the high chewing velocities and masticatory forces
produced by the patient. Therefore, these materials
are typically investigated via in vitro laboratory tests
before they are tested via in vivo test setups on patients.
Investigations on the materials’ behavior and properties
are commonly performed using classical experiments,
such as three-point bending tests, tensile tests, or
compression tests!?,

One of the challenges with dental biomaterials is
that they are usually tested via in vitro investigations
in the laboratory, followed by in vivo test setups on
patients. This is a time-consuming and cost-intensive
procedure, because numerous test series are necessary.

As an example, for provisional materials,
International Organization for Standardization (ISO)
10477: Polymer-based crown and veneering materials?
is usually used as the standard, with a specified testing
velocity of 1.0 mm/min (0.0166° mm/s) exemplifying
quasi-static-loading. However, given that different test
velocities lead to differing measurements in material
properties for polymeric materials®, using a test velocity
of only 1.0 mm/min fails to consider the differences in
subsequent material behavior at different chewing
velocities. Moreover, a review of the literature has
revealed the mean chewing velocity to be 130 mm/s
(7,800 mm/min)*®.

Furthermore, laboratory testing poses an additional
problem, given that laboratory conditions may differ
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from clinical conditions (e.g., in terms of environment,
saliva, loading rate, and temperatures). Moreover, it is
not always technically feasible to integrate all clinically
relevant conditions directly into an in vitro test setup
to mimic all clinical conditions. Therefore, all chosen
parameters, such as test velocities, carry a risk of
failure within clinical application. Thus, with regard
to the mechanical parameters of dental materials, we
must conclude that this area of research has not been
sufficiently investigated in current literature?, especially
when the strong dependence of material behavior on
loading rate is considered®, and understanding of this
aspect of dental biomaterial science and its clinical
implications is sparse. For example, if bending or fracture
tests are conducted with a test velocity of 1.0 mm/min,
which is much lower than the estimated loading rate in
patients, the results may be significantly different only
because of the different loading rates. However, if a
material clinically differs significantly from its expected
behavior, as expected from in vitro testing, there is a
decisively increased risk for reduced life span of the
restoration. When this restoration is later applied to
patients, much higher chewing velocities can lead to
fracture or even complete loss of the restoration'®!V. This
leads to an increased risk of inhalation or swallowing
of the restoration; pain and/or caries are also possible
consequences. As a result, a de novo visit to the dentist
would be necessary, resulting in further expenditure of
time and money.

Furthermore, dental biomaterials are typically
classified under medical devices and not under
pharmaceuticals, which gives many manufacturers the
opportunity to introduce a new product to the dental
market without having to conduct a clinical trial on
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patients according to medical device regulations,
provided that data from comparable materials are
already available. This is possible if a given material can
be assigned to a material group that has already been
tested. Nevertheless, materials of the same material
class may differ significantly in terms of their material
characteristics.

Therefore, it would be very helpful to establish an
equivalent approach in dental biomaterials, similar to
the 3R principle (replace, reduce, refine) by Russel and
Burch'?, which is used in animal experiments. A similar
procedure would also be desirable for investigations on
patients. Next to the classical in vitro laboratory tests,
the use of finite element analysis (FEA) offers such
an opportunity. FEA allows a numerical simulation
based on previously determined material properties of
a biomaterial under consideration. This analysis has
already been used successfully for many yearsin technical
areas, for example, in mechanical engineering'®.

Given that there are few studies on dental
biomaterials that focused on the effects of chewing speed,
we have developed a practical model of a three-unit
fixed dental prosthesis (FDP) using the typical chewing
velocity and, for comparison, the test speed according
to ISO standards. The aim of the present study is to
investigate the fracture behavior of three-unit bridge
restoration (Telio CAD) with different test velocities (1.0
mm/min ISO standard speed/ 130 mm/s mean chewing
velocity) and to provide crucial validation experiments
for the upcoming Part 2 of our study, in which FEA on
such temporary restorations will be conducted. Local
strains and macroscopic fracture processes were detected
using digital image correlation (DIC).

MATERIALS AND METHODS

For the model, we selected a bridge restoration in the
left upper jaw, which was simulated in the present study
using FEA and a temporary dental biomaterial (Telio
CAD). To test different properties at different chewing
speeds, the investigations were conducted once at 1.0
mm/min and at an average chewing speed of 130 mm/s.
Here, we were able to detect critical strains locally with
the help of DIC. Furthermore, we were able to calculate
the fracture probabilities of the prostheses under certain
loads. Both the local strains and the distribution of
fracture forces are particularly relevant for clinically
close examinations, especially for common chewing
speeds, extreme loads such as hard food (e.g., cherry
stone), or for patients with bruxism, given that these are
often excluded from clinical studies.

Materials and specimen manufacturing

For specimen mounting, an idealized chamfer
preparation (preparation taper 6°; stump height 6 mm;
anatomical circular and occlusal substance removal 1
mm) was created using computer-aided design (CAD)
(millhouse, Hofheim-Wallau, Germany) for teeth FDI
25 and 27 with missing tooth 26, as patient equivalent.
Based on the CAD files, a bridge mounting was produced

Fig.1 CAD data for specimen mounting (left) and final
specimen mounting via laser sintering (right).

Fig. 2 CAD data for bridge specimen from vestibular (left)

and occlusal (right).

Fig. 3 Milled bridges in Telio CAD blank (lower part was
used for fixing in milling machine, numbered for

later identification).

via computer-aided manufacturing (CAM) using laser
sintering (Fig. 1).

Based on the dies of teeth 25 and 27 (FDI), a three-
unit FDP bridge was first designed using CAD (Fig. 2).

The bridges were milled from Telio CAD-LT discs
(shade A3, diameter 98.5 mm, thickness 20.0 mm; cross-
linked polymethyl methacrylate (PMMA); percentage
weight 99.5%, pigments <1%, no further fillers!#!9;
Ivoclar Vivadent, Schaan, Lichtenstein) in a milling
center (millhouse) using a 5-axis milling machine
(Mikron HSM 400U LP, GF Machining Solutions,
Schorndorf, Germany). Four bridges were milled from
the interior, and six from the exterior per circular blank,
and then numbered (Fig. 3).

Antagonist position (spherical)
To create a unique and repeatable condition of the
antagonist of the bridge, a chrome sphere (grade class
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Fig. 4 Bridge specimen with antagonist (sphere) on
specimen mounted with reference cube.

5 according to DIN 5401:2002-08), 7 mm in diameter,
was used as antagonist. For digitizing, a high-definition
laboratory scanner (ATOS gom, GOM, Braunschweig,
Germany; accuracy <4 pm) was used. This enabled the
determination of the center coordinate of the sphere in
the later finite element simulation and allowed for the
prediction of the reproducibility of positioning.

For this purpose, the support of the bridge
construction was aligned horizontally with reference
points in the laboratory scanner. A steel cube (10x10x10
mm) served as reference and was attached to the
specimen holder, such that three surfaces could be
scanned equally during the scanning process. The sphere
was then positioned in the central fissure of the bridge
pontic (Fig. 4).

To reduce possible reflections, the bridge and the
sphere were powdered with a titanium-dioxide powder
(High-Resolution Scanning Spray Powder, 3M, St. Paul,
MN, USA). A total of 40 scans were performed: 20 after
the sphere was repositioned, and 20 after the sphere was
left in place. Each of these 40 scans consisted of ten scans,
which were overlaid to form a point cloud. Afterward,
the point clouds were polygonised and exported to an
STL format.

The data were imported into measurement software
(gom Inspect 2018, GOM). A coordinate system was then
created using the reference cube. Afterward, the center
of the sphere was constructed.

Thus, it was possible to determine the deviations
between the centers of the repositioned spheres within
the different scans. From these ten distances, the mean
value was calculated.

Experimental setup
For the component tests at different chewing velocities,
the bridges were luted on the patient equivalent using
a glass ionomer cement (Ketac Cem Aplicap, 3M). The
bridge, which was sprayed with a stochastic color pattern
beforehand, was placed on the specimen holder, and the
cementum was left to cure for an hour. The antagonist
was placed on the bridge specimen and pressed down on
the bridge using a compression stamp, achieving three-
point contact with the chewing surface of the middle
tooth.

The bridges were tested at a haul-off speed of 1.0
mm/min, which is commonly used in the testing of dental

Fig. 5 Test setup for low-velocity examination (1.0 mm/
min) using ARAMIS system.

prostheses, and at a higher velocity of 130 mm/s to
estimate the mandible movements and typical velocities
during mastication.

Low-velocity tests were performed on a servo
electric universal testing machine, Inspekt 5 (Hegewald
& Peschke, Nossen, Germany) with a 5 kN load cell.
During the tests’ runtime, compression stamp, and
specimens were continuously filmed using an ARAMIS
3D Motion and Deformation Sensor (GOM) with a 12 MP
image resolution to determine the machine path locally
without the influence of machine stiffness and to gain
local strain measurements, which were later evaluated
using GOM Correlate (GOM) software. For the DIC
measurements, a measuring distance of 285 mm and a
stereo angle of 22° were selected. Furthermore, camera
lenses with a 50 mm focal length were used. For the
measurements, an image acquisition rate of 4 Hz was
chosen. According to the manufacturer of the given
system, the accuracy of position measurement is +20 pm
for a measurement volume of 1X1X1 m. The test setup is
shown in Fig. 5. Overall, 13 tests were performed with
this setup at a velocity of 1.0 mm/min.

The tests at chewing velocity were conducted
using an MTS Bionix servohydraulic test system (MTS
Systems, Eden Prairie, MN, USA) with a 15 kN load cell.
The specimens were filmed using a MotionXtra N4 high-
speed camera (Imaging Solutions, Eningen, Germany)
with 1 megapixels resolution to measure the machine
path locally. An image acquisition rate of 18.95 kHz was
selected for this purpose. Furthermore, a camera lens
with a focal length of 105 mm was used. For a better
overview, the test setup is shown in Fig. 6. With this
setup, 9 valid experiments were performed.

Statistical procedure

All statistical analyses were performed using MATLAB
2017b (MathWorks, Natick, MA, USA). The fracture
forces during the component tests were investigated
using the two-parameter Weibull distribution (2PW)'?

P(R)=1-expl~(5 )]
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Fig. 6 Test setup for high-speed examination (130 mm/s)
using high-speed camera.

with the probability P of the occurrence of the force value
F, scale parameter 7, and shape parameter B. Here, 5
is the force value at which 1-exp(-—1)=63.2% of the
specimens are expected to fail during the experimental
procedure, whereas f is a measure for the dispersion
of forces at fracture. The parameters 5 and S were
determined via residual sum of squares. The Weibull
probability estimator p;=i/(N+1) was used to assign an
equally distributed probability to the measured forces
at fracture. Here, i is the position of the measured
fracture force in the ascendingly ordered sample of N
test results.

RESULTS

Antagonist position (spherical)
The deviation of the center of the sphere after
repositioning resulted in a mean deviation of 6.4
pm (£0.67 um). The deviation of the sphere without
repositioning resulted in a mean deviation of 1.9 pm
(#+0.45 pm).

For better illustration, the sphere position in Fig.
7 was superimposed according to the best possible
alignment of the smallest distances to each other (best-
fit algorithm)'®.

Force-displacement curves and DIC

The results of the tests performed at velocities of 1.0
mm/min and 130 mm/s are visualized in Fig. 8. For the
low-velocity tests, the measured force—displacement
curves are observed to correlate strongly with each
other. The measured curves at a loading velocity of 130
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Fig. 7 Sphere position after superimposition (deviations
from master model are displayed in color).
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Fig. 8 Results for test velocities of 1.0 mm/min and 130
mm/s.

mm/s show a slightly higher dispersion, and a smaller
force at fracture.

During the low-velocity tests, the specimens could be
observed to be slightly bent out of the specimen holder,
as shown in Fig. 9. This was further indicated by the
fact that the destroyed specimens could be removed from
the specimen holder by hand, although these specimens
were previously adhesively bonded to the holder with the
glass ionomer cement. For the tests at chewing velocity,
this movement could not be observed. Here, leverage had
to be used to remove the specimens from the specimen
holder, indicating that the adhesive bond did not fail.

For the Ilow-velocity tests, after the local
determination of the position of the compression
stamp, the strain on the surface of the specimen was
determined using DIC. Information on the local strains
obtained using DIC is visualized in Fig. 10. Here, the
last DIC image before fracture is shown with the
corresponding (unitless) maximum principal strain,
which was determined using the Correlate software. It
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should also be noted that the facet size in the DIC was
approximately 0.4 mm.

Distribution of fracture forces

For both setups, a significant scattering of the fracture
forces can be observed, which was investigated using
2PW distribution. The distribution of the fracture forces
and their corresponding parameters are shown in Fig.
11 and Table 1, respectively. The mean forces at fracture
were 2,045.6£121.6 N at 1.0 mm/min and 1,491.2+114.7
N at 130 mm/s.

Fracture behavior
Distinct characteristic fracture patterns could also be
observed for both test velocities. During the low-velocity

Fig. 9 Example of initial situation (left) and removal of
test specimen during experimental investigation
(right).
The red arrow shows the bending of the sample
from the sample holder.
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Fig. 10 Results for maximum principal strains (unitless)

determined using DIC.

Table 1

tests (Fig. 12a), cracks mostly started to propagate from
the left pontic. Afterward, in the middle of the FDP, the
cracks branched to both the direction of the antagonist
and the direction of the right pontic. Within the conducted
tests, separation of the fractured parts occurred only in
the fewest cases, meaning that the structural integrity
of the component was usually still reliable, even after
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Fig. 11 Distribution of fracture forces for different test
velocities.

Fig. 12 Fracture behavior during low velocity testing (1.0
mm/min) at the beginning of loading (left) after
the end of loading (complete fracture, right) (a)
and during high velocity testing (130 mm/s) at
the beginning of loading (left) and during loading
until complete fracture (from left to right) (b).

Fracture forces and calculated 2PW distribution parameters

Test velocity Scale parameter n [N]

Shape parameter § [-] Residual Sum of Squares [-]

1.0 mm/min 2,113.39

130 mm/s 1,550.66

13.39 0.0972
11.00 0.0122
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failure. At high velocities, on the other hand, the middle
tooth was destroyed completely in most cases, with
a small connector remaining in the rear part of the
prosthesis. This can be observed in Fig. 12b. Here, the
crack was also observed to start in the lower side of the
left pontic. However, owing to the impact energy, the
middle tooth was destroyed completely.

DISCUSSION

We decided to create a model based on the use of PMMA to
test homogeneous initial situations within the material.
This method can then be applied to more complex
materials, such as hybrid ceramics. Furthermore,
given that temporary treatments fulfil a wide range
of purposes within the prosthodontic dentistry'®??, a
typical temporary material (Telio CAD) available on the
dental market was selected for the present study. This
material is a cross-linked PMMA (percentage weight
99.5%, pigments <1%) with no further fillers'*'9. It can
be milled in dental practice in a chairside (directly on
the patient) milling machine via the dental CAD/CAM
workflow, using intraoral scanners and in-house milling
machines. Through the use of an industrial blank, in
combination with production in an external milling
center, high standardization could be achieved for the
investigations in the present study®??Y. A previous
study has also shown that the highest accuracy could be
achieved using a 5-axis milling machine?. Meanwhile,
given the risk that heterogeneous materials could
strongly influence the properties of material behavior,
a homogeneous material was chosen for the present
research. More importantly, Telio CAD has already been
investigated in previous studies and has proven itself
clinically?+26:27,

A bridge specimen in the posterior region was chosen
because, in that region, the highest masticatory loads,
compared to those in the anterior region, can occur?*??.
An ideal chamfer preparation was selected, because this
allowed a uniform and homogeneous structure for the
bridge construction®”. Otherwise, slice preparation at
the point of proximal contact could have led to incorrect
behavior within the CAD construction. Meanwhile, a
typical luting cement was used to allow close clinical
examination. Higher fracture loads have also been
found in a previous investigation when the specimen
was luted?®V. A steel sphere, on the other hand, was used
as antagonist, given that this type of antagonist has
already been tested in previous studies and is therefore
representative of a typical procedure. To ensure a
reproducible position for the antagonist, a chromium-
steel sphere with a diameter of 7 mm was used to ensure
high dimensional stability®>*>. To enable clinically close
examination, the sphere used was rolled into a position
that was checked in prior to the experiment. This
positioning made it possible to perform a similar clinical
examination, given that, physiologically, an antagonist
contact is normally a multi-point contact.

The test velocities were chosen in accordance with
the ISO 10477 standard?. In a previous study by Alt et

al., a higher speed of 200 mm/min was used to investigate
fracture strength measurements in bridge constructions?.
Although chewing speed varies from person to person,
for the patient-equivalent situation in the present
research, a mean speed of 130 mm/s was chosen based
on previous studies*?®. It should be emphasized that the
observed oscillations of the measurement curves at 130
mm/s are caused by elastic waves that are introduced
by the impact of the compression stamp. However, the
amplitude of these oscillations is rather small so that
the signal does not have to be filtered.

It is also important to discuss why rigid mounting
was used for the bridges. In an in vivo setup, natural
teeth are characterized by a high degree of inherent
mobility. By contrast, the intrinsic mobility of implants
isin the range of 10~15 um and, therefore, approximately
ten times lower than that of natural teeth®®. For this
reason, the present investigation provides an insight
into how the behavior of the patient can be represented.
Furthermore, the gap between the restoration and
bridge restoration clearly shows how much influence an
additional movement of the abutment teeth can have
on the occurrence of gaps. Meanwhile, the extent to
which the self-natural mobility of the periodontal gap
can counteract possible load or fracture of the material
remains unclear. This is a clear limitation of the present
study.

In the experimental study, displacement
measurement using DIC was of high importance. It
should be emphasized that using DIC, the machine
path can be determined locally. If the machine path was
taken directly from the testing machine, the compliance
of the machine could possibly have a large influence
on the results, especially at a dynamic loading velocity
of 130 mm/s. Although it is possible to accompany the
compliance of the testing machine with mathematical
calculation, local displacement measurement using DIC
provides more accurate results.

Next to testing machine compliance, possible
deformation/measuring inaccuracy of the specimen
holder and the influence of the adhesive bonding used
between holder and specimen must also be considered.
As can be seen in Fig. 8, the initial gradients of the
force—displacement curves in both the quasi-static and
high-speed tests are very similar, indicating that settling
processes were present, which are independent of the
loading rate. Because preliminary investigations® have
revealed that the initial elastic modulus of the tested
PMMA is highly rate-dependent, this behavior must
not be considered part of the behavior of the material.
Especially in later FEA, the observed compliance of the
specimen holder will inevitably lead to some deviations
between simulation and experimental results if the
specimen holder and adhesive joint are not considered
in the simulation.

Different types of consequences of strains in everyday
clinical practice must also be distinguished. On one hand,
the stress on the material leads to bending and thus to
formation of a gap (Fig. 9). This gap formation can either
be the result of decementation due to loss of adhesive
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bond between the restoration and cement, or the stress
itself can lead to decementation. On the other hand,
cracks may occur in the material, which may result in
complete loss of the restoration®”. There are numerous
subtypes of cracks in different dental biomaterials. In
principle, any type of crack or fracture in the material
is undesirable in everyday clinical practice. However,
a complete fracture of the temporary restoration or an
unphysiological behavior of the material, which can be
recognized directly by the patient, is considered to be
better, because a large gap in the stump teeth that has
existed for a long period of time can often lead to the
occurrence of initial carious lesions on the tooth stump,
up to the complete destruction of the tooth. Nonetheless,
based on the results of the present study, both
decementation with an existing temporary restoration
and complete fracture of the temporary restoration can
be assumed to possibly occur. In both cases, a new dental
treatment would be necessary.

CONCLUSION

It should be noted that the measured forces at fracture
are much larger than the chewing forces expected
during mastication®?, This permits the conclusion
that the bridge used in these experiments should be
able to withstand normal chewing loads without further
complications, even at chewing velocity.

Overall, the results of the present study show that the
characteristics of the material can change significantly
with increasing chewing velocity and that the forces at
which fracture can occur in the material can decrease
with increasing test velocity. This is of great significance
for future studies, given that investigations should not
be limited to low test speeds. Furthermore, DIC makes
it possible to investigate the behavior not only after a
fracture is observed but also during the fracture process
itself, allowing more accurate statements to be made
about the fracture behavior.
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