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In this work, three-units monolithic fixed dental prostheses (FDPs) have been analysed and a novel model
for reliable testing has been proposed. Such model is based on a new design of the polymeric base of the
FDP, realised via additive manufacturing (AM) - a solution that conveys at the same time quick manufac-
turability, low cost, custom-ability, and design freedom. By means of this new model, the load-bearing
capability of three-units monolithic FDPs has been thoroughly tested; in particular, three different anal-
yses were performed: (i) analytical with a beam-like model, (ii) numerical, using non-linear three-
dimensional Finite Elements (FE) models and (iii) experimental, by static bending test. The FDPs consid-
ered in this work were manufactured using a fourth-generation zirconia, namely 4Y-TZP. The findings
demonstrated the undoubted advantages of the new base configuration, which minimized the effect of
the base (which as a matter of fact is absent in in-vivo conditions) on the stress state of the connectors
in the FDPs, and increased the repeatability and reliability of the experimental bending tests, able to
determine the load bearing capability of the 4Y-TZP FDPs.
� 2023 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The main treatment options for the replacement of a missing
tooth include single implant-supported crowns, resin-bonded
restorations and three-unit fixed dental prostheses (FDPs). Three-
unit FDPs are currently still a valid alternative to implantology,
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in particular in cases where the teeth adjacent to the missing tooth
have already been treated with prosthetic or conservative restora-
tions [1,2].

FDPs demonstrate excellent clinical results [3–5] with an
annual complication rate of 2.5% [6]. Three-unit FDPs can be real-
ized using different materials. The gold standard remains Porcelain
Fused to Metal (PFM) which demonstrates survival rates of around
94% over a 5 years period [7]. Alternatively, several all-ceramic
options including monolithic lithium disilicate, veneered zirconia
and monolithic zirconia can be chosen. All-ceramic FDPs in a
monolithic or veneered setting allow for excellent aesthetic results.

For the fabrication of posterior FDPs, yttria-stabilized tetragonal
zirconia polycrystal is the most reliable material among the all-
ceramic systems available today. The indications for all-ceramic
FDPs based on zirconia have been extended to the posterior region
due to their favourable mechanical properties and the growing
demand for aesthetic restorations [8,9]. The addition of 3 mol %
yttria allows to stabilize the tetragonal phase of the zirconia at
room temperature and permits its use in dental prostheses (3Y-
TZP) [10,11]. The first and second generation of zirconia (3Y-TZP
high strength) are able to counteract crack propagation. This is
due to the phase transformation from tetragonal to monoclinic,
which results in a volume expansion of 3%-5% able to stop the
crack [8,10–12]. The main zirconia phase is decisive for the proper-
ties of individual zirconia systems [13,14].

Despite excellent mechanical properties, the opacity of 3Y-TZP
makes it less attractive than the glassy ceramics, which conversely
exhibit high translucency and good aesthetic quality. This aesthetic
deficiency is conventionally overcome by a porcelain layer added
on a zirconia core; however, bi-layered structures are unfortu-
nately vulnerable to chipping and delamination, exacerbated by
thermally induced residual stresses [15]. Clinical trials prove that
layered zirconia FDPs exhibit significantly more chippings of the
veneering ceramic than PFM [3,7,16]. Cohesive failure has been
detected in the veneering porcelain of the FDPs with a 3Y-TZP
framework [4,7,17–20].

To avoid the early chipping of veneering porcelain in bi-layered
restorations [8] and to minimize the preparation of dental hard tis-
sues, high-translucent and monolithic zirconia ceramics are more
advisable than the multi-layered restorations. Thus, subsequently,
a dental zirconia with a higher content of yttrium oxide was intro-
duced to overcome aesthetic limits: the amount of yttrium oxide
was brought to 5 mol% (5Y-TZP, third generation zirconia) or
4 mol% (4Y-TZP, fourth generation zirconia) [21–23]. The quantity
of added yttria influences the phase content i.e., tetragonal, cubic,
the size of the grains and, thus, the strength, the translucency, and
the thermal expansion coefficient.

The aesthetic properties of the third and fourth generation of
zirconia and the advances in CAD/CAM technology allowed an
increasing spread of zirconia monolithic restorations [24–29].

It is worth noting that, to properly design FDPs, it is considered
that restorations need to survive bite forces that can exceed 500 N
in a hostile oral environment, with values that can even reach
800 N in the posterior region [30–34].

Many studies have shown favourable results in the overall
strength and clinical performance of monolithic zirconia FDPs
[27–29,35].

However, it has been pointed out that the design of the connec-
tor area is the most influential factor in the clinical failures of zir-
conia FDPs, being second only to chip-off fracture [7,18,36–43]. In
[44], it was shown that 3Y-TZP components can be successfully
used as framework materials for posterior all-ceramic bridges, as
long as their initial mechanical strength is sufficiently high, and
the connector is appropriately designed to lower the maximum
tensile stresses applied on the bridge.
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Currently 4Y-TZP has been introduced as a modern and aes-
thetic solution for the realization of monolithic posterior FDPs.
Thus, the aim of the present work is to set up a reliable methodol-
ogy for the testing of zirconia FDPs. Since previous studies demon-
strated that in three-unit posterior dental bridges the maximum
tensile stresses occur on the gingival side of the connector between
the two abutments [36,45–46], the design of three-units FDPs
should carefully consider these critical features. In fact, the mor-
phology of the connector design at the gingival embrasure is cru-
cial in reducing the fracture probability of the FDP. Further
design parameters like the height and the stiffness of the abutment
teeth might be taken into account; in fact, the minimal stump
height for posterior regions is recommended to be at least 4 mm
[47–49]. Even if it would be preferable to increase as much as pos-
sible the size of the connector, this is not always applicable due to
the damage that would be induced on the periodontium or because
in certain clinical situations there is not enough vertical height.
Moreover, if the connector is too large in size, the oral hygiene
manoeuvres at the prosthesis may become hard. Therefore, it
would be necessary to adopt a material that allows a reduction
in vertical height thanks to its mechanical properties.

Generally speaking, the mechanical and physiological parame-
ters affecting the lifetime of all-ceramic prostheses are several
and difficult to control and to reproduce in tests in vitro. Even if
the analysis is limited only to static loads, it is not easy to define
in a quantitative manner the concurrent influence on the load-
bearing capacity of the various geometric dimensions. Despite
the great differences between the materials, the clinical conditions,
the shapes, and the dimensions that can be encountered in the
design of an all-ceramic FDP, it is desirable to define standardized
testing procedures. Care must be taken to controlled parameters,
conditions, and recording of details, in order to obtain more repro-
ducible comparisons among different tests [50].

Moreover, the influence of the base material on the stress state
of the connectors is significant and well-known [36,45,49,51–53].
This affects the repeatability of the tests and the comparisons
between different tests. In fact, a critical issue lies in the fact that
the base and the abutments can be damaged or even fail before
the bridge itself fails, under the hypothesis that the gluing connec-
tion resist. The failure of the base influences the failure of the FDP,
as it represents a sudden change of the base geometry. Conse-
quently, since the stress at the connectors depends on the base
stiffness, the repeatability of the test deteriorates. This failure is
more likely if polymeric materials are employed, especially in the
case of high static loads that mimic the occlusal forces in the pos-
terior region. Conversely, metal bases would avoid the failure. In
fact, the strength of polymeric abutments is much lower than their
metal counterpart. However, the high stiffness of monolithic metal
abutments cannot reproduce the worst-case scenario for the
prosthesis.

Thus, the scope of this paper was multi-fold: (i) define and set
up a model for assessing the overall load-bearing capability of
the FDP, minimizing the effect of the base material, which actually
is not present in in vivo conditions; (ii) produce test specimens that
can be economical and manufacturable in a short time, achieving
at the same time a statistical significance of the data, by adopting
AM for the abutment base; (iii) realise bending tests for FDPs that
are objective, repeatable and reliable.

In this study, a new concept of the abutment base was proposed
and realised by exploiting the design freedom of AM. In fact, a new
model for assessing the overall load-bearing capability was set up.
Three different analyses were performed, namely analytical (with a
beam-like model and stress concentration factor analysis), numer-
ical, using non-linear three-dimensional FE models and experi-
mental, by static bending tests.
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Such approach enabled to ensure that appropriately designed
three-unit 4Y-TZP monolithic FDPs could be used for prosthetic
restorations in heavy load-bearing areas. The so-defined reliable
testing method, coupled with the new design, is intended to prove
that 4Y-TZP is a promising and potentially reliable material for
monolithic FDPs.
Fig. 1. Beam with rotational spring (A) and simply supported beam (B).

Fig. 2. Traditional base geometry (A) and new base geometry (B).
2. Materials and methods

2.1. New concept and design of the abutment base

The new design of the abutment base is derived frommany con-
siderations illustrated in the following, evaluating all the inter-
linked factors governing the mechanical behaviour.

First of all, it is well known in the literature that the FDPs design
needs to account for the influence of geometric features on the
maximum stress and the probability of failure [54,55]. Since the
ceramics are highly susceptible to tensile stress, in FDPs the con-
nector area is considered as a fracture-risk factor, which may act
as a stress raiser subjected to a global bending loading condition;
hence, the stress field at the root of connector area needs to be
monitored. The connector should preferably be designed with
smoothed gingival embrasures, e.g. U-shaped, in order to avoid
sharp notches that can contribute to generating risky stress con-
centration. Sharp embrasures decrease the load-bearing capacity
of monolithic zirconia FDPs. The strength of the prosthesis is
improved by increasing the radius of the gingival embrasure of
the FDP [36,43,44,56], without affecting aesthetics while keeping
the occlusal embrasure as sharp as possible. Many contributions
investigate the minimum sizes and the shape of the connector area
[38,39,57,58].

A polymeric 3D-printed abutment base is desirable due to the
customizable shape, the quick manufacturability, and the low cost
[59]. However, the high loads applied in an FDP test make the base
prone to fail before the FDP itself. This failure may affect the results
and the repeatability of the test. In fact, the stiffness of the base
influences the stress state of the FDP. Considering also that the
tooth mobility is variable and difficult to mimic in vitro, the choice
of the base stiffness becomes crucial.

Among the various possibilities, a suitable test should focus on
the FDP strength only and should reproduce the worst-case sce-
nario [50], i.e. a test that induces the highest level of stress at the
connectors, for a given occlusal load. By decreasing the stiffness
of the base (Young’s modulus, geometry, boundary conditions),
the stresses at the connector increase [60]. Thereby, if the base
stiffness is minimized, the load-bearing capacity collected during
the test is reduced. This maximum load may be considered as a
lower bound for the actual load bearing capacity of the analysed
FDP.

In the light of the previous considerations, a new concept of the
abutment base is here proposed. The design of the new base con-
cept has been prompted by the analogy between dental prostheses
and straight beam models, as depicted in Fig. 1. A beam loaded in
its midpoint is considered, and two different boundary conditions
applied at its extremities are analysed: A) supports restrained with
rotational springs, and B) simply supported. The simply supported
configuration represents a statically determinate condition.

If compliant boundary conditions are applied (configuration A),
the stress magnitude depends on the stiffness of the springs, and it
is lower than simply supported boundary conditions (BCs), config-
uration B. If the stiffness of the compliant supports tends to infinite
(i.e. double-fixed boundary condition) the maximum stress would
be halved with respect to the configuration B.

Configuration A is more adherent to common in-vitro tests,
whereas configuration B is more desirable for the stress analysis,
3

since it eliminates the influence of the support material, and it
reproduces the worst-case scenario of the connectors.

A new base concept is here proposed to mimic the statically
determinate condition of configuration B, Fig. 2. Beside this, a typ-
ical arrangement of a three-units FDP bending test has been con-
sidered for comparison. The ‘‘traditional” geometry of the base
consists of a monolithic structure, which can be modelled by con-
figuration A.

The FDP is cemented to two abutments that represent the nat-
ural teeth. Then, the abutments are connected to a base.

The new configuration has been designed exploiting the free-
dom allowed by AM. It consists of two separated parts, one for each
abutment. The lower surfaces of the two parts are cylindrical, with
a radius equal to 20 mm, see Fig. 3. This significant radius is
adopted to increase the contact area and thus to limit the Hertzian
pressure between the base and the testing machine ground. More-



Fig. 3. New base configuration B, with dimensions, nomenclature, and directions.
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over, the stair-case effect due to the printing process is reduced
using this larger radius. The abutments are arranged vertically,
and radiused at the transitions with the bases with a fillet radius
of 2 mm. The bases are squared and 20 mm thick. The cylindrical
surfaces are aligned with the centres of gravity of the abutments
(Gap;Gam in Fig. 3). In this way, the abutments work as a beam sub-
jected mainly to compression, thus the bending moment is mini-
mized. In fact, in configuration A the bending moment is
theoretically applied by the abutments on the bridge and vice
versa. To position the two abutments correctly one with respect
to the other, the base is printed starting from a monolithic STL file,
then the portion of material that connects the two parts is removed
a posteriori.

In the traditional base configuration A, the shape, the fillet
radius, and the height of the abutments are the same of configura-
tion B, as well as the material and the manufacturing process.

The bending test is performed using a steel sphere indenter,
with a diameter of 5.5 mm. This diameter lies in the range of the
pertinent literature and mimic a cherry pit.

The new configuration is close to a statically determinate condi-
tion because it allows the free rotation and the relative translation
of the two abutments, under the hypothesis that the friction coef-
ficient between the base and the ground is low.

The minimization of the influence of the base stiffness has a
positive effect on the repeatability of the test, because the analysis
focuses on the strength of the FDP individually. In fact, the magni-
tude of the stress at the FDP connector is not affected by the sam-
ple preparation (adhesive cementation, material of the base), to the
boundary conditions, and to the progressive damages of the
abutments.

The probability that the abutments failure occurs before the
FDP failure is reduced if compared to the traditional configuration.
This is ascribable to two concurrent effects: 1) the stress at the
connectors is higher, and 2) the polymeric abutments are loaded
by axial compression.

Thus, this allow for a reliable determination of the load-bearing
capability of the FDP in vivo (where the base is absent).
4

2.2. Materials and samples preparation

A maxillary full-arch master cast with abutment tooth prepara-
tion for a three-unit FDP was scanned (MEDIT T710 3D Scanner).
The teeth preparation is characterized by a rounded 120� chamfer
angle; the axial and occlusal surfaces reductions were 1 mm, and
1.5 mm, respectively. The scanning data of the prepared teeth
(abutment teeth: first premolar and first molar) were transferred
to a computer loaded with Computer-Aided Design (CAD) using
the Exocad DentalCAD 3D Design software.

FDP experimental abutment base models were computer-aided
designed and realized in polymer (Shining3D Dental Model Resin
DM12, SHINING DENT), 3D printed using additive manufacturing
(SHINING 3D AccuFab). AccuFab-D1, a desktop Digital Light Pro-
cessing (DLP) 3D printer specially developed for use in digital den-
tistry, was used. The following parameters were employed:
printing speed: 40 mm/h; layer thickness: 25 lm, 50 lm,
100 lm; DLP Native resolution: 1920 � 1080, 1080p. Shining
3D’s data planning and printing control software were used.

Monolithic FDPs were computer-aided designed and realized in
4Y-TZP (M�ZR multicolor ST, MERZ, Germany). Manufacturing was
achieved using a milling machine (DWX-50 5-Axis Dental Mill
Roland DGA Corporation) and sintering (TABEO-1/S/ZIRKON-100,
MIHM-VOGT), according to the manufacturer’s instructions. After
final sintering, bridges were polished to a clinically satisfying
standard.

FDPs were realized with the following dimensions of the FDP
retainers: occlusally 1,5 mm, axially 1 mm. The connector cross-
sections are approximatively circular with a diameter of 3.5 mm
(occlusogingival height of 3 mm, buccolingual width of 4 mm,
cross-sectional area of 9.62 mm2). All FDPs were luted using the
resin cement PANAVIATM V5, Kuraray Noritake. The resin dies/abut-
ments were air-abraded with 100 lm Al2O3 particles at 1 bar pres-
sure. The inner surfaces of the zirconia FDPs were sandblasted with
50 lm Al2O3 particles at 1 bar pressure (sandblast, rinse and dry)
and pre-treated with CLEARFILTM CERAMIC PRIMER PLUS. The real-
ized test samples are illustrated in Fig. 4.



Fig. 4. Test samples in configurations A and B.
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Preliminary to analytical and numerical investigations and
bending tests, the material used were experimentally character-
ized in terms of mechanical properties.

In particular, with regard to 4Y-TPZ, indentation tests have been
performed by means of an Open Platform equipment (CSM Instru-
ments, Peseux, Switzerland), with a Vickers indenter tip. The
instrument was able to determine both Young’s modulus and hard-
ness of the material. The 4Y-TZP sample was embedded into epoxy
resin and then lapped and polished. Twenty measurements were
recorded, being the load–penetration depth curve automatically
acquired for each measure. The Young’s modulus was calculated
from the unloading part of the load–depth curve according to [61].

As far as the polymeric base material was concerned, tensile
tests (ASTMD638) have been performed to extract the stress–strain
curve of the Dental Model Resin DM12.

2.3. Beam model and stress concentration factors analysis

Straight beam theory has guided the design of the new 3D-
printed abutment base. In addition, the simply supported beam
model (configuration B) is used to estimate the stress magnitude
[44], before performing time-consuming FE simulations.

To account for the stress-raising effect of the connector geome-
try, the nominal stress under bending is corrected with the Stress
Concentration Factor (SCF) [54]. The theoretical SCF Kt is deter-
mined by the geometry of the component and by the loading con-
ditions, and it can be retrieved from SCFs’ charts [62]. In the
following, a quantitative design formula for the stress state is pro-
posed, and its effectiveness is quantified.

The FDP connector is assumed to behave as a shaft subjected to
bending with a U-shaped circumferential groove, see Fig. 5. The
shaft cross-section is assumed to be circular. The following quanti-
ties are considered for the analytical formulation: F is the vertical
load applied at the indenter, a and b are the distances between the
force and the supports (centers of gravity of the premolar and
molar abutments, respectively), c is the distance of the minimum
section A-A of the connector from the premolar support, d is the
minimum diameter of the connector, r is the radius at the gingival
embrasure (section A-A), D is the outer diameter of the FDP nearby

the connector, W ¼ p=32d3 is the flexural section modulus. Fig. 5
shows the embrasure radius r and the minimum connector size d
of the FDP. The FDPs analysed in this paper present these dimen-
sions: d ¼ 3:5mm, r ¼ 0:5mm, c ¼ 6:5mm, a ¼ 11mm, and
b ¼ 15mm.

The reaction forces at the supports are Fb=ðaþ bÞ and Fa=ðaþ bÞ,
which occur at the premolar and molar, respectively. The bending
moment at the connector is Mfc ¼ Fcb= aþ bð Þ. Thus, the nominal
stress at the connector is rn ¼ MfC=W , and it is located at the root
groove. The SCF depends on the non-dimensional ratios: r=d and
D=d. The influence of D=d on Kt is limited if D=d is approximately
above 1:5 [63]. Conversely, r=d remains a crucial parameter.

The maximum principal value of stress rt equals Ktrn. The mag-
nitude of rt can be compared to the flexural strength provided by
the material supplier or extracted from experimental tests (ASTM
C1161). The maximum principal value of stress criterion is com-
5

monly adopted to predict the static failure of brittle material, con-
sidering the tensile stress. Conversely, the equivalent von Mises
stress criterion would be more suitable for ductile materials such
as titanium alloys adopted in porcelain fused to metal [63], or for
titanium dental implants [64,65].

An approximated formula for Kt is extracted from a non-linear
regression analysis of FE results of the authors, relative to shafts
with U-shaped grooves under bending [63]. To simplify the for-
mula, it is assumed D=d ¼ 2. This assumption is conservative for
most of the r=d values.

Kt ¼
0:0007þ 0:1682 r

d

� �þ r
d

� �2� �
0:0345 r

d

� �þ r
d

� �2� � ð1Þ

Note that when r=d tends to infinite Kt tends to 1, and when r=d
tends to 0, Kt tends to infinite. These two conditions represent the
absence of the groove and an infinitesimal crack, respectively.

By substituting the expression of Kt into rt , an approximated
formula for the maximum principal value of stress is determined:

rt ¼ Kt
F32cb

pd3ðaþ bÞ

 !
ð2Þ

The beam model helps us to identify the most influential
parameters of the problem, such as the simultaneous influence of
the embrasure radius r and the connector size d. In the literature,
it is paid attention to the area of the connector; however, the flex-
ural section modulus W governs the problem. Furthermore, the
force F and the distance c linearly influence the stress.

The effectiveness of the formula is investigated in Section 3.1,
where this analytical formulation is compared to the FE predic-
tions. This approach may be applied to FDPs with more than three
units and can be extended to non-circular cross sections.

Appendix 1 presents a deeper analytical treatise of the beam
models, in which the abutments compliance is considered, and
the analysis is extended also to configuration A. Under the limita-
tions of beam theory, it is there demonstrated that the stress at the
connector depends on the Young’s modulus of the base in configu-
ration A, whereas it is independent in configuration B. In configu-
ration B, the model exposed in the appendix brings to same
results of Eq. (2).
2.4. Finite element analysis

Subsequently to the analytical evaluation of stress by means of
beam theory, FE analysis is performed to refine the stress state
evaluation of the prosthesis.

In this work, the 3D scanning of the FDP sample and the abut-
ments were used to generate the initial STL file. The software pack-
age employed for the mesh generation was Altair Hypermesh 2021,
while the non-linear contact problem has been assessed and eval-
uated using the solver MSC Marc 2017.

The materials properties, determined from the experimental
tests, are assumed homogenous and isotropic. The zirconia is
assumed linearly elastic, whereas the experimental elasto-plastic
curve of the polymeric abutments is adopted. The thin layer of
cement Panavia V5 has been neglected, thus full adhesion has been
assumed between the FDP and the abutments.

In the numerical tests, the sphere is constrained to move along
the vertical direction and the vertical force is applied to its centre.
The sphere is positioned in incipient contact with the tooth. A ver-
tical force from 0 N to 1600 N has been gradually applied to the
sphere, to collect the evolution of the progressive contact problem.
This maximum value of load has been doubled with respect to [66–
68], considering a safety design.



Fig. 5. FDP Beam model analogy in configuration B, actual and idealized stress raiser.

Fig. 6. Experimental set-up of the flexural test, configuration B.
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Two contact interactions were introduced: 1) the frictionless
contact between the indenter and the FDP central tooth, 2) the con-
tact between the polymeric base and the testing machine ground,
with a friction coefficient of 0.3. The nonlinear node-to-segment
contact implementation of the MSC solver has been adopted to
model the progressive contact. No additional BCs are required
because the contacts prevent any rigid body motions.

The indenter and the ground are assumed rigid. It should be
pointed out that the compliance of the steel sphere is neglected
to speed up the simulations, despite that the accuracy of the stress
evaluation nearby this contact area is influenced. This simplifica-
tion is fully justified, since all-ceramic FDPs do not fail for chipping,
and it is not necessary to retrieve the stress in this area.

All the components are meshed by solid elements. Particular
attention has been adopted for the modelling of the mesh in the
contact zone between the sphere and the FDP. The FDP is dis-
cretized by tetrahedral first order elements and by an additional
outer thin layer of hexahedral first order elements. After a conver-
gence analysis of the mesh size, the minimum size equals 0.1 mm.
The element size grades smoothly from the high stress gradient
zones (connectors and the upper contact area) to the zones where
the gradient is lower (0.3 mm). Additional details on the conver-
gence test are provided in Appendix 2.
2.5. Experimental bending tests

The 3-point bending test was performed under quasi-static con-
dition (crosshead speed = 0.5 mm/min) by a universal machine
(Instron 3345) equipped with a loading cell of (5.0 kN ± 0.5%), from
which the load and the displacement were recorded. The speci-
mens were tested at room temperature in a perfectly dry condition.

The vertical force was applied perpendicularly to the occlusal
plane on the mesial fossa of the second premolar. The FDPs were
loaded with a steel spherical indenter of 5.5 mm diameter,
obtained from a ball-ended thrust screw with 15 kN of maximum
load capacity (Halder), Fig. 6. A purpose-built adapter has been
employed to connect the screw to the load cell.
6

The locus of application of the force influences the stress field
within the FDP, i.e. the maximum values of stress and its location.
Therefore, a good repeatability of the contact area is pursued.

The sample base is unconstrained during the test; thus, the
transversal reaction forces are minimized. This boundary configu-
ration allows self-alignment translations of the sample with
respect to the external load, making the test more robust to initial
positioning errors. The area of contact between the central tooth
and the sphere was retrieved by painting the sphere with ink, as
in [69]. This set-up is like a ballpoint pen, and it produces a more
prompted contact imprint than articulating papers.

Moreover, fracture surfaces were investigated by means of
scanning electron microscopy (ESEM – Quanta 2000, FEI Co., Eind-
hoven, The Netherlands).
3. Results

3.1. Materials characterization

Tensile tests have been performed to extract the stress–strain
curve of the resin DM12 (following ASTMD638). The resin presents
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a tensile strength Rm ¼ 29MPa, with standard deviation
STD ¼ 1:2MPa, and a Young’s modulus E ¼ 1054MPa,
STD ¼ 102MPa.

Indentation tests performed on the zirconia MERZ 4Y-TZP gave
the following results: Young’s modulus of 353 GPa with standard
deviation STD = 12 GPa, and hardness of 1623 Vickerswith standard
deviation STD = 21 Vickers.
Fig. 8. FE results of the tensile maximum principal value of stress of the connector
rFE versus the external force F.

Fig. 9. Comparison of the FE results of the equivalent von Mises stress contour plot
of the abutments and their base, at a force of 1600N, for configurations A and B.
3.2. Analytical and numerical results

For the FDP under scrutiny loaded by a vertical force of 1600N,
the approximated formula of Eq. (2) returns rt ¼ 2551MPa. The
stress of the FE model of configuration A is rFE;A ¼ 1837MPa, and
the relative error of the formula with respect to this FE result
equals 39%. From the three-dimensional FE model of the FDP with
the configuration B, the maximum principal value of stress is
rFE;B ¼ 2346MPa. The analytical formulation overestimates the FE
result of about 9%.

The analytical formulation is suitable to be used as preliminary
design tool for the FDP. In fact, it is accurate and slightly conserva-
tive with respect to the worst-case scenario (configuration B). Note
that its effectiveness for configuration B is due to the statically
determinate condition guaranteed by the new base concept.

Fig. 7 shows the contour plot of the maximum principal value of
stress for the proposed geometry, at the maximum force of 1600 N.
The gingival embrasure of the premolar connector shows the high-
est values of stress; therefore, it is likely that the crack originates in
this location. The connector of the molar presents high stresses
also, however to a lesser degree.

The maximum principal value of stress with respect to the
applied force is almost linear, and it is reported in Fig. 8. The FE
simulation agrees with the analytical prediction that configuration
B induces higher stress values with respect to configuration A.

With regard to the stress of the polymer base, the equivalent
von Mises stress (on the polymeric bases) is shown in Fig. 9.

In both configurations, the abutments present a localized criti-
cal stress state at their interfaces with the FDP. Note that this local-
ized stress is not explicable by means of beam theory. However,
this high stress is predictable considering that zirconia 4Y-TZP is
significantly more rigid with respect to the polymeric material,
and since the geometry exhibits a re-entrant corner, similarly to
the singular stress problems of [70]. The transition zone between
the polymer and the zirconia represents a weak point for both con-
figurations, thus a strength and the elongation of the polymeric
material should be sufficiently high.
Fig. 7. Comparison of the contour plot of the FE tensile maximum principal value of
stress of the connectors, under a force of 1600N, section view of configuration B.
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The high stress zone at the lower fillet radii is less extended in
the new configuration, especially for the molar abutment.

The influence of the base Young’s modulus on the stress at the
connector was investigated. Three Young’s moduli were consid-
ered: Ep ¼ 700MPa, 7000MPa, and 70000MPa. The first value corre-
sponds to a polymer, and the last one is typical of aluminium
alloys. The Poisson’s ratio is maintained equal to 0:3, and the FDP
is loaded by a maximum force of 1600N.

Fig. 10 depicts the maximum principal value of stress at the
connector with respect to Young’s modulus of the base material,
for both configurations and considering both the FE and the theo-
retical results of Appendix 1. In configuration A the relative dis-
crepancy between the minimum and the maximum FE stresses is
70%, whereas in configuration B it is only 2:3%.

The FE results corroborate the theoretical ones, and confirms
the indication that the influence of Ep the Young’s modulus of
the base material on the stress state at the connector is heavily
reduced in configuration B with respect to configuration A. By
employing the new design of the base, the experimental tests are
independent from the stiffness and the geometry of the base itself,
thus only the FDP strength is promptly and effectively measured.



Fig. 10. FE results of the maximum principal values of stress at the connector,
versus Young’s modulus of the base material, under a force of 1600N.

Fig. 11. Numerical and experimental contact area between the sphere and the
occlusal surface of the central tooth.
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3.3. Experimental results

Fig. 11 compares the contact area evaluated by FE models and
the experimental tests. The contact area determined by FE is evi-
denced in red, while the experimental one is retrieved at the end
of the test with ink. The numerical and the experimental contact
areas are in close agreement. The location of the contact area is
essentially the same in all the samples, and this assures the
repeatability of the point of application of the load. Furthermore,
the contact area remains similar in both the two base
configurations.

Fig. 12 depicts the force–displacement curves retrieved during
the FDP bending tests, and in the blue bar the maximum force of
each specimen is represented by a solid circle. For each base con-
figuration eight samples were tested.

The average values of the load bearing capability are analysed.
In configuration A, the average force is 1167 N (minimum value
is 731 N). In configuration B, the average load bearing capacity is
1051 N (minimum value is 838 N). The load bearing capability of
8

configuration B with respect to configuration A is 10% lower. These
results agree with the theoretical and numerical suggestion that
the new base design induces higher stress at the connectors.

With regard to the dispersion of the load bearing capability, the
following considerations can be drawn. In configuration A, the
standard deviation of the maximum force is 420 N, and the range
is 1141 N. Conversely, in configuration B the standard deviation
is 230 N, and the range is reduced to 518 N. The dispersions of
the two configurations are compared with the Coefficient of Varia-
tion (CV), or relative standard deviation, which is the standard
deviation over the mean. In configuration A, the CV equals 0:36,
whereas in configuration B the CV equals 0:22; therefore, the dis-
persion is significantly reduced (-39% of relative difference of the
CV).

The stiffness of each sample has been evaluated as the secant
gradient of the curves in their linear interval (from 300 N to
700 N). In configuration A, the stiffness is 3144� 268N=mm. In
configuration it is B 2684 �105N=mm. Configuration B decreases
the CV of the uniaxial stiffness of 54%.

Although the data dispersion is significant in both configura-
tions, the repeatability of the test has significantly improved with
the new base design B.

Note that, thanks to the high strength of the FDP under scrutiny,
this prosthesis is also suitable for posterior applications [66–68].

Therefore, the present study confirms the suitability of the 4Y-
TPZ FDP for dental applications.

The new base configuration is meant to promote the failure of
the FDP at the connector, instead of at the abutments or at the
base. The failure mode is discussed by considering firstly, the cera-
mic FDP, and then the polymeric abutments.

With regard to the failure of the FDPs, in both configuration of
bases the FDPs failed at the premolar connector, except for one
sample per configuration which failed at the molar connector.
Apart from the exception, a sickle-shaped chip is detached from
the central tooth, as depicted in Fig. 13. This peculiar fracture sug-
gest that the crack originates at the gingival embrasure, in keeping
with the FE results. The fracture surfaces were further investigated
by using scanning electron microscopy (SEM), as depicted in
Fig. 14. In Fig. 14A the fracture surface of the connector is illus-
trated, whereas in Fig. 14B and C images at higher magnification
are displayed; in Fig. 14C the fracture surface of the counterpart
is reported. Apart from the site of fracture initiation (on the left)
the fracture surface of the zirconia was pretty smooth.

With reference to the failure of the polymeric abutments, in
configuration A, three samples showed the undesired failure of
the abutments. Two of them failed at the molar one at the interface
with the zirconia, in accordance with the FE simulations. The third
sample failed at the fillet radius of the molar abutment. Conversely,
in configuration B, the failure of polymeric abutments occurred
only once. The failure is located at the molar abutment at the inter-
face with the zirconia (this is the same sample in which the frac-
ture of the FDP occurred at the molar connector). Configuration B
seems to minimize the abutments failure, thus increasing the
robustness and reliability of the test, to better reproduce in vivo
conditions.
4. Discussion

The recent evolution of ceramic materials in prosthetic den-
tistry is aimed at increasing the mechanical and aesthetic proper-
ties and simplifying the manufacturing and decision-making
processes for clinicians and technicians. The interest in zirconia
as a framework material derives from the possibility of advanta-
geously exploiting the phase transition (PTT, Phase Transformation
Toughening), obtaining a ceramic material with high resistance



Fig. 12. Experimental force–displacement curves. The maximum values are indicated with solid circles, the blue bars indicate the range, and the average values are reported.

Fig. 13. Fracture of the premolar connector, sickle-shaped chip, configuration B.
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and fracture toughness. Until a few years ago, it was universally
recognized in the literature that the most mechanically resistant
ceramics offered less advanced aesthetic characteristics, most of
the time resulting more opaque, therefore less translucent and
attractive. Thus, in recent years zirconia has undergone changes
in microstructural composition to improve translucency while
maintaining adequate mechanical properties: with the third gener-
ation of zirconia, born in 2015, and the subsequent fourth genera-
tion, structural changes have been made starting from the increase
of the yttrium oxide content [21,23,26]. Furthermore, the introduc-
tion of monolithic zirconia for its characteristics of reliability and
practicality has led to a downsizing in prosthetic design with indis-
putable advantages for clinicians and technicians [24,25].

The aim of this study is to evaluate that properly designed
three-units 4Y-TZP monolithic fixed dental prostheses can be
potentially valid alternatives to 3Y-TZP FDPs, therefore able to be
used for prosthetic restorations in heavy load-bearing areas and
resist bites forces. The consistency of the food and the position
9

within the oral cavity determine the chewing force. The posterior
regions express the major forces when grinding hard foods. Fur-
thermore, an interindividual difference in bite forces was found
[71].

The resistance of the FDPs to loads is conditioned by the correct
design of the connectors. In three-unit posterior FDPs, previous
studies demonstrated that the maximum tensile stresses occur
on the gingival side of the connector between the two abutments
[36,45,46]. The magnitude of such tensile stresses depends signif-
icantly on the correct shape and size of the bridge and on the load-
ing conditions. The FDPs design needs to consider the geometric
features that influence the maximum stress, such as the morphol-
ogy and dimension of the connector at the gingival embrasure, and
the height and the stiffness of the abutment teeth. In FDPs, the con-
nector area is considered as a fracture-risk factor, which may act as
a stress raiser.

In the pertinent literature, the FDP strength was investigated by
experiments, and/or by FE models. In particular, different authors
focused on the minimum size of the connector for three-unit
zirconia-based FDPs [36,44,72]. For a three-unit 3Y-TZP FDP, the
connector area should be at least 5.7 mm2 and the minimum diam-
eter should be at least 2.7 mm [44]. Following these guidelines, the
lifetime of three-unit FDPs can be extended to more than 20 years.
For the connector size of four-units FDP, a detailed survey of the
literature is reported in [37].

Additionally, in in-vitro tests, the base stiffness plays a crucial
role. In fact, the high loads applied in a typical test make the base
prone to fail before the FDP itself, with obvious consequences on
the reliability and repeatability of the test.

We were able to propose a new design of the abutment base,
able to overcome these criticalities. To the best of the authors’
knowledge, it was the first time that AM was exploited to produce
a polymeric abutment base in FDPs experimental tests. Further-
more, the resulting models (both numerical and experimental)
were focussed FDP strength only and reproduced the worst-case
scenario. In addition, it is worth noting that our study proposes a
design of the FDPs thought also to guarantee adequate hygiene
even in the presence of limited height in posterior regions.

The results showed that tested 4Y-TZP prostheses met the
mechanical strength required for a posterior three-elements FDP.
4Y-TZP was confirmed as a very promising material and its ability
to combine resistance and aesthetics projects it to become a valid
alternative to 3Y-TZP in heavy load-bearing areas. However, fur-
ther in vitro and clinical studies are needed to investigate 4Y-
TZP’s prosthetic long-term reliability and clinical performance.

Additionally, future developments of the new base concept may
deserve further analysis. First, note that the new base concept does
not guarantee a perfect statically determinate condition, since the



Fig. 14. ESEM analysis of fracture surfaces: fracture surface of the connector (A) and higher magnifications (B, C); D counterpart.
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cylindrical surfaces implement statically redundant constraints
with respect to the rotation around the FDP longitudinal axis.
Therefore, a slight torsional effect may be observed. A step forward
in this sense may be achieved if two spherical surfaces of the bases
were employed instead of cylindrical ones. The free rotation of the
abutments around the longitudinal axis may delete the torsional
loading at the connector. However, the samples with the spherical
bases may become unstable without additional support, and their
positioning during the test would be difficult.

Second, with the new base configuration B, the influence of the
material on the stress at the connector is substantially reduced.
Thus, the adoption of metal bases with high Young’s modulus
can be adopted, because the worst-case scenario is reproduced
anyway, see Fig. 10. The complex shape of the abutments can be
obtained in a customized manner with AM process, employing
for instance aluminium alloys [73]. Conversely, the lower cylindri-
cal parts could be manufactured in a standardized manner. This
design could fulfil the need for a standardized testing procedure.
Finally, the new concept B may be profitably employed also for
fatigue loading tests, despite the fatigue investigation is beyond
the scope of this study.
5. Conclusions

In vitro bending tests represent the most used method in the lit-
erature to evaluate the fracture strength and the potential reliabil-
ity of FDPs. However, these tests have limitations and criticalities,
i.e. the base material affects the failure and thus the tests are nei-
ther accurate nor reproducible.
10
This work considered the assessment of the static load-bearing
capacity of posterior monolithic 4Y-TZP FDPs, by means of analyt-
ical, numerical, and experimental analyses.

The beam-like model and the SCFs correction can help to under-
stand the concurrent influence of the geometric parameters on the
stress state at the connectors of the FDP. Using these theoretical
tools, a preliminary evaluation of the stress on FDP could be per-
formed before recurring to non-linear and time-consuming FE sim-
ulations. Furthermore, this approach fostered the design of the
novel base geometry.

For the FDP experimental tests, the employment of a polymeric
AM base is a promising solution thanks to its quick manufactura-
bility, its low cost, and its high level of customization. Taking
advantage of the AM design freedom, the new base concept was
constituted by separated parts and lower cylindrical surfaces.

This solution realized a condition close to the worst-case sce-
nario and increased the repeatability of the tests, since it mini-
mized the influence of the base on the stress state at the
connectors.

The results proved that 4Y-TZP can be considered as a promis-
ing and potentially reliable material for monolithic FDPs in heavy
load-bearing areas.
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Appendix 1: Analytical models

The analytical model of Section 2.3 is further developed by con-
sidering the compliance of the abutments of both the sample con-
figurations. This treatise aims to show that the stress at the
connectors depends on the base stiffness in configuration A,
whereas in configuration B does not.

The following detailed models, Fig. A1, are confined to the
appendix because the simplicity of Fig. 1 in Section 2.1 better
exemplifies the title problem. The abutments and the base are
modelled as straight beams. Configuration A is composed by four
beam segments that are continuously connected in a closed ring,
uninterrupted by the supports. Configuration B is composed of
three segments. The supports represent the contacts between the
samples and the ground of the testing machine. In configuration
A this hypothesis seems reasonable because the FE show that the
contact pressure reaches its maximum under the abutments,
whereas in Configuration B it is fully justified.

The cross-section properties and the Young’s moduli character-
ize each segment: the zirconia bridge has the Young’s modulus Ez,
the area Az and the inertia moment Jz are determined using a med-
ium diameter and a circular cross-section; the two abutments have
the polymer Young’s modulus Ep and the circular section proper-
ties Ap1, Jp1 and Ap2, Jp2; the base has Ep and a rectangular cross-
section with Ap0, Jp0.

Configuration A is a statically indeterminate structure (inter-
nally), thus three compatibility equations are introduced for its
solution by means of Castigliano’s second theorem. Configuration
B is statically determinate, thus the stress on the bridge can be
determined only with equilibrium equations.

By introducing proper dimensions in the model, and by correct-
ing the solution with a SCF, the stress at the connector is evaluated
in both configurations. The resulting formula is omitted for brevity.
The stress depends both on Ep and Ez. In Fig. 10 of Section 3.1 the
stress is reported with respect to the Young’s modulus of the poly-
Fig. A1. Detailed an
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mer, depicted with a fine dotted line. It is possible to observe that
that in configuration A there is a strong dependency on Ep and in
configuration B the dependency is eliminated.

Note that the point-like support is a strong hypothesis since the
actual contact area is distributed. This hypothesis allows us to
obtain simple formulas and models, and it is justified examining
the contact areas collected from the FE.

In fact, in configuration A, the plane-to-plane contact is regres-
sive: initially, the area is in full contact with the machine ground,
then, as the force increase, a detachment is shown in the middle
zone and the contact is restricted to the area below the two abut-
ments. Therefore, the point-like supports hypothesis is rough but it
is acceptable.

In configuration B, the cylinder-to-plane contact is progressive,
it is initially mono-dimensional and then its area increases but it
remains narrow. Therefore, the point-like supports hypothesis is
fully justified.
Appendix 2: Numerical convergence

The numerical convergence of the stress field at the connector
was performed by adopting a simplified model, due the high com-
putational cost of the detailed non-linear FE model, see Fig. A2.

In this problem, the highest stresses are at the connectors of the
FDP, which are far from the indenter contact area. In addition, the
zirconia remains linear until the brittle fracture occurs abruptly.
Thus, the following suitable simplifications are adopted: 1) the
simulation is linear, 2) the element type is first order tetrahedra,
3) the abutments and their base are substituted by two multipoint
constraints of RBE2 type. 4) At the retained nodes of the RBE2,
simply-supported BCs are applied, and a polymeric layer
0.75 mm thick has been interposed between the RBE2 and the
FDP. 5) The load is 1600 N, and it is applied to the occlusal area
of the FDP with multipoint constraints of RBE3 type.

The element size is minimum at the connectors, and grades
smoothly to the further zones of the FDP where the stress gradient
is expected to be lower. Three minimum mesh sizes have been
analysed: s ¼ 0:2;0:1;0:05mm. The relative error of the maximum
principal stress between the intermediate and the finest mesh is
negligible, in the order of 1%.

An additional FE model of the FDP with a minimummesh size of
0.1 mm has been analysed. This model employs mixed element
types, tetrahedral first order elements at the FDP core, and an outer
layer of hexahedral first order elements. The layer of hexahedral
elements enhances the accuracy of the contact area evaluation.
The same settings of the previous models have been maintained.
alytical models.



Fig. A2. Mesh size sensitivity, and detail view of the mesh.
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This model exhibits a 4.5% relative discrepancy with respect to the
tetrahedral model with 0.05 mm element size. Thus, the mixed
mesh model has been selected for the non-linear and detailed anal-
yses of the titled problem.
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