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INTRODUCTION

results in a fact that people may (partially) lose a number of vital functions, including tooth loss due to vatious
reasons [3-5]. In some cases, this problem is solved by application of removable complete dentures (RCDs), the
warranty period of which is varied from one to five years, depending on the country [5-6]. First of all, it is limited by worn
out of cosmetic teeth in dentitions and failure of the RCD bases [7—10]. To reduce the production cost, dental polymers are
used, primarily polymethyl methacrylate (PMMA) [11, 12].
Dental products and structures made of PMMA can also be fabricated by additive manufacturing [13—15], which significantly
reduces both time and costs, as well as enables to implement up-to-date digital technologies for reproduction of the
anatomical features of each specific patient upon making RCDs. Despite all the advantages of using this polymer (the
possibility of manufacturing and subsequent individualization by a dental technician), its mechanical properties are far from
the highest levels [16, 17]. Due to this reason, some researchers have suggested to embed reinforcing meshes, made of
various metals (i.e. steels), glasses, nylon and polyethylene fibers [18-22] (or even frameworks [23]), especially with regard
to the RCDs of the maxilla that include the palatal domes. However, the aspects of both adhesion and manufacturability
when embedding them into the polymer (PMMA) bases are the key limiting factors [24], in spite of the high mechanical
properties of the reinforcing metal meshes. In addition, they increase both weight and mechanical incompatibility (difference
in elastic moduli) of the components of such layered structures [25].
When discussing the aspects of reinforcing RCDs from the standpoint of the structural mechanics, it is important to note
the main reasons of their failure:
1. The area and the pattern of supports of the RCDs on alveolar ridge are not constant, during both a single day (short-
term conditions upon wearing or mastication) and the entire operational period (long-term conditions associated with
a gradual decrease in heights of the alveolar ridge, for example, due to bone resorption) [26, 27]. In this regard, the
RCDs as a component of the ‘prosthesis—mucous membrane—alveolar ridge’ biological structures can be exposed to
non-axial loads that significantly exceed the average statistical levels of 100 N upon mastication [28].

2. V-shaped notches are cut in the central parts of the RCD bases to isolate frenulums [29]. Being a stress raiser, the
notches can cause the initiation of cracks at the notch tips and their propagation resulting in failure of the bases.

3. During mastication, the anterior teeth may experience differently oriented loads, which may cause the development of
overturning stresses [30]. As a result, the RCDs change their support conditions and expetience local ovetloads,
contributing to their premature failure.

4. Dentitions are characterized by inconsistent cross sections and their fixation is carried out by packing PMMA doughs,
so stress raisers can also be found at the fixation points.

It is known [31] that reinforcing meshes and frameworks made of high-strength polymers can be an alternative to the use
of metal ones. So, the operational performance of RCDs can be improved by integrating of reinforcing frameworks from
more durable polymers into the PMMA base domes. To prove this hypothesis, computer simulation of the operation of
such structures should be performed. Its results enable to evaluate possible changes in the stiffness/strength/load-bearing
capacity of the RCDs with such reinforcements by varying their parameters before solving the technological issues of their
manufacture and integration into the base domes.

In this study, the problem of embedding of perforated reinforcing frameworks from polyetheretherketone (PEEK) into the
PMMA bases of RCDs was considered. PEEK possesses higher strength properties compared to those of PMMA and can
be used as a feedstock in additive manufacturing. By computer simulation, changes in the stress—strain states (SSSs) of the
RCDs were analyzed [32]. In these cases, variations of the support conditions (due to the degradation of the alveolar ridge
caused by bone resorption) were considered as one of the key causes of failure. The null hypothesis was the possibility of
improving both stiffness and strength of the RCDs by embedding the PEEK frameworks.

T he population aging is one of the inevitable consequences of the gradual improvement in the life quality [1, 2]. This

STATEMENT OF THE PROBLEM

fabricated according to the analogue protocol [29] with an additively-manufactured perforated PEEK framework in
its base [33]; the model was exported into ‘“ABAQUS’ code then (Fig. 1). Cosmetic teeth, which comprised an
individual dentition, were attached to the base. As noted above, a V-notch is made in the front part of the base for the
frenulum (shown by a circle in Fig. 1, a), as well as ones of individual shapes according to anatomical features (cords on

T he authors of this paper have developed an individual digital model for a RCD of the maxilla made of PMMA,
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both sides, marked by an oval in Fig. 1, b). The cosmetic teeth had a visible part protruding above the base and a hidden
layer recessed into it (in sockets according to Fig. 1, b). The contact area between the cosmetic teeth and the base is clearly
visible in Fig. 1, b, where the only PMMA base is shown. In real RCDs, dental arches and bases are joined with PMMA-
based adhesives, so the conditions for the dentition attachment to the base were taken into account.

Inner surface Alveolar ridge Virtual support
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Figure 1: The model of the RCD of the maxilla with the cosmetic teeth (a) and without it (b); the virtual support, indicating the areas of
both alveolar ridge and torus (c); the model of the RCD with the virtual support (d); ideal adhesion.

In order to justify boundary conditions close to the real ones for supporting and fixing RCDs, a virtual support was added
to the model, reflecting the typical shape of an alveolar ridge of the maxilla (Fig. 1, c and d). Thus, the RCD based on the
virtual support instead of the alveolar ridge in computer simulation.

The load-bearing capacity of the RCD, both with the PEEK framework and without it, was assessed by analyzing its SSSs
under operational loads by applying the finite element method (FEM). The problem was solved using the ‘ABAQUS’ FEM-
based software package, v. 2019 (Dassault Systemes, France) in the linear-elastic static formulation implemented in the
‘ABAQUS/Standard” module.

The boundary conditions from the inner side of the virtual support assumed its immobility; in doing so the displacements
along all the axis as well as any rotations were zeroed (Fig. 1, d). In the contact between the RCD and the virtual support,
the ideal adhesion conditions were preset, reflecting the suction of the prosthesis to the maxilla. This statement
corresponded to the conditions of both normal and tangential contacts without friction for the ‘ABAQUS’ software package
(Normal behavior — ‘Hard contact’ and Tangential behavior — Frictionless’), which prevents mutual penetration of adjacent
materials. The contact stiffness (‘Cohesive behavior’) of 30 MPa was assumed to be the same in all regions. For providing
the contact restrictions, the direct method was used by default, which ensured strict observance of the ‘rigid” connection
between the contacting surfaces due to the equality of forces and moments. As a result, the mating surfaces could not
penetrate into each other.

In the virtual support (Fig. 1, ¢), areas with different mucosal compliance were identified (according to E.I. Gavrilov [34]):
the alveolar ridge area (along the perimeter of the RCD) and the torus (in the center), which were characterized by negligible
mucosal compliance, i.e. lower damping properties than those at other regions [35]. Due to this reason, the elastic modulus
of both alveolar ridge and torus was taken to be 30 MPa, while it was 5 MPa in all other regions of the virtual support [36],
simulating different compliance of the mucous membrane of the palate. Poisson’s ratio was assumed to be 0.45.

The materials were assumed to be elastic and isotropic. The elastic modulus of the cosmetic teeth was assumed to be 2.2 GPa
under both tensile and compressive loads (cotresponding to ones fabricated by additive manufacturing from the PMMA/GF
composite). For the base, the mechanical properties corresponded to those of the NOLATEK 3D LCD/DLP’ PMMA
feedstocks (‘VladMiVa’ LLC, Belgorod, Russia), namely the tensile elastic modulus of 0.9 GPa and the ultimate tensile
strength of 22 MPa [30]. Its Poisson’s ratio was assumed to be 0.3. In computer simulation, the values determined in tensile
tests were applied, since they were typically several times lower than those for both compression and shear ones [37].
Accordingly, such a scheme made it possible to ensute a certain margin of safety. Regardless ethe assumed elastic response
of the materials under study, the calculations took geometrical nonlinearity into account. In addition, step-by-step loading
was implemented. Since the stiffness of the virtual base was low, large strains could develop. Thus, rebuilding of the stiffness
matrix would be necessary at every computational step.

The initiation and propagation of cracks were simulated using the extended FEM (XFEM) algorithms.

When developing the FEM model, C3D8R volumetric tetrahedral elements with linear approximation of displacements
were used. Based on the data on mesh convergence, the following optimal number of FE-elements and nodes were
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established: 959486 elements and 206441 nodes, excluding the PEEK framework, which additionally consisted of
1176187 elements and 421657 nodes.

CALCULATION OF SSSs OF THE RCD WITHOUT A FRAMEWORK

To assess the effect of this process on the load-bearing capacity of the RCD, its SSSs were calculated considering

such patterns by partially reducing the virtual support height. This phenomenon was simulated by deforming the
virtual support in the anterior part of the base (shown by a red oval in Fig. 2, b). As a result, the virtual support locally did
not fit tightly to the base; in doing so, the contact was absent in the region.

O ver time, the alveolar ridge height could decrease locally (due to bone resorption), changing its shape and volume.

(b)

Figure 2: The RCD with the initial (a) and deformed (b) virtual supports

The SSSs were calculated for different loading conditions, which corresponded to the impact of symmetrical and
asymmetrical operational loads upon biting or chewing food. Under the symmetrical loads, the following options were
considered:

1) No.1 on four incisors at an angle of 30 ° (Fig. 3, a),
2) No.2 on four incisors at an angle of 0 ° (hereinafter, relative to the vertical axis of the teeth, according to Fig. 3, b),
3) No.3 on both two canines and two premolars at the angle of 0 °,

4) No.4 on both two canines and four incisors at the angle of 0 °;
while they were the following under the asymmetrical loads:

5) No.5 on both two premolars and two molars at the angle of 0 °,

6) No.6 on both one incisor and one premolar at the angle of 0 °,

7) No.7 on both one canine and one incisor at the angle of 0 °,

8) No.8 on two incisors, one canine and one premolar at the angle of 0 ° (Fig. 3, ¢),
9) No.9 on both three incisors and one canine at the angle of 0 °,

10) No.10 on two premolars at the angle of 0 °.

(@) (b)

Figure 3: The loading options for the RCD: (a) No.1 — on four incisors at the angle of 30°, (b) No.2 — on four incisors at the angle of

0°, and (c) No.8 — on two incisors, one canines and one premolar at the angle of 0°
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The loads were simultaneously applied to several teeth. At the same time, they were distributed equally to each of the teeth.
As a criterion for assessing the loss of the load-bearing capacity, which corresponded to the initiation of a crack upon
reaching the threshold for the PMMA base, the maximum (tensile) principal stresses of 22 MPa were taken; this made it
possible to consider the fracture processes induced due to the development of tensile stresses (since the tensile strength of
the PMMA is multiply less in contrast the compression strength) [30].

Results of calenlations of SSS's of the RCD with the initial and deformed virtual supports

Fig. 4 shows diagrams on calculated ultimate loads (on each of the loaded teeth), i.c. their load-bearing capacities,
corresponding to the crack initiation (according to the accpeted failure criterion). In the case of the deformed virtual support,
the mechanical properties of the base were mainly reduced, although they remained almost constant under some loading
conditions. The reason was the deformation of the virtual support, since its contact with the base was set as ideal.
Respectively, the base was reliably fixed on some parts of the virtual support even with partial local absences of contact
zones. So, this presetting allowed the base to withstand loads similar to those for the nondeformed virtual support.
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Figure 4: The ultimate loads (per tooth) for the RCD with the initial and deformed virtual supports under various loading conditions

By comparing the obtained results, it could be concluded that the most critical was option No.1 under the symmetrical
loading conditions (the ultimate load per tooth of 32 N was minimal, while its total value for all loaded teeth was 128 N).
Under the asymmetrical loading conditions, their minimum levels were revealed for option No.9 (72 and 288 N,
respectively).

Upon loading, the teeth could be turned (possibly in different directions), causing the action of turning moments on the
base that bent it. Even if the loading direction coincided with the vertical axis of the tooth (for example, on the incisors at
the angle of 0 °, according to Fig. 5, a), the rotation of the teeth took place (since it was not parallel to the normal to the
plane of their support). So, the teeth bent the base due to the action of tangential stresses, as it was reported in [14]. Typical
patterns of base bends are shown in Fig. 5 in terms of principal stresses (including at a 40-fold zoom in the strain scale)
under different loading conditions. Here and below, the values of stresses are given in MPa, displacements are presented in
millimeters, while strains are dimensionless.

The most obvious options No.2, No.3 and No.6, shown in Fig. 5, reflected the deformation of the base due to the bending.
The locations of cracks in the base are indicated by arrows: the red ones are oriented normal to the directions of their
propagation, while the blue lines are parallel. In most cases, the cracks initiated between the teeth due to the tensile stresses
in the base, which mainly arose because of the rotation of the teeth in different directions (Fig. 5, 2 and b). Two exceptions
were options No.5 and No.6 with the deformed virtual support, when cracks initiated in the notches for the cords (Fig. 5, ).
The main cause was the overbending of the base in the alveolar ridge, when tensile stresses developed in the notches for
the cords due to the compressive loads on the teeth. With asymmetric loading on both premolars and molars (option No.5),
the turning moment along the tooth axis either was not observed or was characterized by a small value (in contrast to the
other options). For this reason, the applied compressive load was concentrated at the area of the base under these teeth (the
alveolar ridge), as a result of which the base was bent precisely in this region.

According to Fig. 5, b and ¢, great compressive stresses extended from the premolar to the outer surface of the base. At the
same time, the area located under the bending point (on the edge of the base) experienced tensile stresses. Since the ultimate
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compressive stresses were twice as large as the tensile ones, a crack initiated in the tensile area, just in the notches for the

cords (Fig. 5, ¢).
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Figure 5: Distributions of the maximum principal stresses (MPa) in the RCD (without scaling (top) and with the 40-fold zoom in the
strain scale (bottom)) for different loading conditions: (a) option No.2; (b) option No.3; (c) option No.6; the incomplete ‘base—virtual
support’ contacts

In all cases, the edge of the base was bent in the regions of the notches for both frenulum and cords (indicated by arrows
in Fig. 5), where tensile and compressive stresses were localized. In adjacent areas, stresses were characterized by the
opposite sign, as a rule. If tensile stresses developed in the notches for the cords, then they were compressive in the notch
for the frenulum, and vice versa. Therefore, in addition to static cracks in the notches of the base, fatigue damage could
accumulate over time.

For the option No.4, comparison of the calculated SSSs showed that bending of the base was smaller (at high loads) for the
RCD with the initial virtual support than that for the deformed one (Fig. 6, highlighted by an oval). Upon loading, the teeth
rotated in different directions for both virtual supports, contributing to turning moments in the base and its bending. For
this reason, the maximum tensile stresses were in the base at the areas between the tooth sockets, leading to the initiation
of cracks. With the deformed virtual support, a crack initiated in the base between the canine and premolar (Fig. 6, b) due
to the greater bending of the base in this region. This phenomenon was different from that for the initial virtual support,
when a crack initiated between the incisor and canine (Fig. 0, a).

Due to the action of the turning moments in the loaded teeth, both negative (compressive) and positive (tensile) stresses
were observed on the palatal surface of the base (i.e. behind the dental arch, where tensile ones arose, according to Fig. 6)
and on the vestibular surface (i.e. in front of the teeth, where compressive stresses developed). With the deformed virtual
support (Fig. 6, b), compressive stresses increased in the area of the torus in the base due to the support features, providing
a different pattern of the stress distribution. For this reason, a crack initiated at a different area in this case.

Different stress distributions in the virtual supports reflected variations in the support conditions for the base (Fig. 6). In
the RCD with the deformed virtual support (Fig. 6, b), stresses were almost zero, since there were no contacts with the base.
In other areas, stresses were greater and had a negative sign compared to those for the RCD with the nondeformed support
(Fig. 6, a). Taking into account the deformation of the virtual support, the maximum displacements in the base increased
from 0.130 mm (for its initial state) up to 0.273 mm (with the deformed one) at the maximum loads of 77 and 64 N,
respectively (Fig. 4).
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Figure 6: Distributions of the maximum principal stresses (MPa) in the RCD (option No.4), the base, as well as the initial (a) and
deformed (b) virtual supports.

Thus, the load-bearing capacity of the base decreased with alveolar bone resorption due to the low ultimate tensile strength
of PMMA (22 MPa). In some cases, this polymer did not withstand the minimum operational load per tooth of about 50 N
[38]. As noted above, it was possible to improve the load-beatring capacity of RCDs by the embedding the reinforcing
perforated frameworks inside the palatal dome of the base.

CALCULATION OF SSSs OF THE RCD wiTH THE PEEK FRAMEWORK

the maxilla. The most common are metal ones [24, 25], but the development of additive manufacturing and the
invention of new high-strength polymers made it possible to use reinforcing frameworks from them. As mentioned
above, the authors did not consider the aspects of production routes for the manufacturing such structures, since the key
task was to evaluate the prospects of the solution from the mechanics standpoint.
A model of the PEEK framework with perforated holes 2 mm in diameter repeated the shape of the inner surface of the
base (Fig. 7, a and b). The perforation was intended to increase its adhesion to the base by flowing PMMA through the
holes (Fig. 7, ). As an idealization, the ideal adhesion conditions were preset between the PEEK framework and the base,
while the following mechanical properties were applied for PEEK [39]: the elastic modulus of 3600 MPa and the ultimate
tensile strength of 92 MPa. Similar to the results described above, alveolar bone resorption was considered via the
deformation of the virtual support (Fig. 2).
As shown above, the base was deformed to a greater extent in the alveolar ridge area under loading, so changing the PEEK
framework location in this region had to affect the mechanical properties of the base. To assess the effect of this factor on
the load-bearing capacity of the RCD, the PEEK framework was located at the following areas (Fig. 8):
1) on the inner side of the base, i.c. in the contact with both palate and alveolar ridge (Fig. 8, a);
2) in the center of the base dome relative to its thickness (Fig. 8, b);
3) as close as possible to the outer side of the base (Fig. 8, c).
In addition, a solid PEEK framework (without holes) was considered to evaluate the effect of perforation, located in the
center of the base (Fig. 8, d) by analogy with the one presented in Fig. 8, b. As in the previous cases, both initial and
deformed virtual supports were considered. Since the minimum thickness of the base in the dome area was about 2.0—
3.0 mm and it was 1.0-1.5 mm for the PEEK framework, its displacement from the inner surface of the base (from the side

of both palate and alveolar ridge) to the center was ~0.5 mm (Fig. 8, b) and the displacement closer to the outer side was
~0.7 mm (Fig. 8, c).

I n dental practice, reinforcing meshes (metal or polymer) are used to increase both stiffness and strength of RCDs of
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Figure 7: An additively manufactured polymer prototype for the model of the PEEK framework (a), the model separately (b) and
inserted inside of the base (c).
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Figure 8: The RCD with the PEEK framework located: (a) on the inside, (b) in the center, and (c) on the outside; (d) represents the case
but without petforated holes in the framework.

Comparison of SSSs of the RCD with different locations of the PEEK framework

Among the loading options considered above, those characterized by the minimal mechanical properties were applied,
namely No. 1-4 and No. 7-9. According to the calculated data, the use of the perforated PEEK framework increased the
load-bearing capacity by ~20-40% for the RCD with both initial (Fig. 9, a) and deformed (Fig. 9, b) virtual supports. At the
same time, different locations of the PEEK framework enhanced this parameter by <10%.

In all studied cases, the load-bearing capacities of the RCD were predominantly lower when the perforated PEEK
framework was located closer to the outer side of the base (Fig. 9). When it was located in the center or on the inner side
of the base, these values were almost the same, differing within the calculation error of 5%. The absence of the perforation
increased the load-bearing capacity of the base within similar ranges (probably for the same reason), with the exception of
options No. 2 and No. 9.

It should be noted that the load-bearing capacities of the base with both the PEEK framework and the deformed virtual
support turned out to be greater than that for the initial one in a number of cases. For option No. 8, the RCD with the
deformed virtual support withstood slightly higher loads of 124-132 N (Fig. 9, b) than those of 118-124 N for the initial
one (Fig. 9, a). However, the opposite was true without a framework (Fig. 4). The difference was within 10%, so the reason
could be a combination of the applied load, the presence of the PEEK framework and the deformation of the virtual
support. As a result, stresses were redistributed, increasing in the load-bearing capacity of the base.

Fig. 10 shows a comparison of the SSSs of the RCD with the deformed virtual support for option No. 9 with the PEEK
framework located in the center of the base dome and closer to the outer surface. In both cases, the load-bearing capacities
of the RCD and its SSSs were similar, but the areas of the initiation of cracks were different (these patterns were also typical
for other loading options, so the authors did not consider them separately in detail). Since the virtual support was deformed
in these cases, the maximum compressive stresses were distributed equally both in the denture base and in the PEEK
framework, i.e. they were concentrated in front of the RCD (in the vestibular region) and in the torus area. In the PEEK
framework, compressive stresses of ~13.9 MPa were slightly higher when it was located closer to the outer surface of the
base than that of ~11.1 MPa, when it was in the center. At the same load of 88 N per tooth, displacements were smaller
both in the base (0.249 mm) and in the PEEK framework (0.214 mm) when the latter was located in the center than those
for the outer side of the base dome (0.288 and 0.256 mm, respectively). Thereby, the location of the PEEK framework in
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the center of the base dome provided the greater load-bearing capacity with the deformed virtual support than that, when
it was closer to the outer surface of the base.
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Figure 9: The ultimate loads for the RCD with different locations of the perforated PEEK framework (and without it) under various
loading conditions; the initial (a) and deformed (b) virtual supports.

For option No. 4, the presence of the PEEK framework in the center (Fig. 11) reduced bending of the based compared to
that without a framework (Fig. 5, ¢) with both initial and deformed supports. Upon loading, the base slightly changed its
shape since compressive stresses were lower at the contact with the virtual support. For this reason, less bending was
observed in the area of the notch for the frenulum under a greater load (highlighted by a circle in Fig. 11, b). Localization
of tensile stresses between the sockets of the cosmetic teeth (Fig. 11) was caused by their rotation due to both applied load
and bending of the base (as in the case of the RCD without a framework under the same conditions, according to Fig. 5, b).
For both virtual supports, cracks initiated along the axis of symmetry of the base in the presence of the PEEK framework
(Fig. 11), in contrast to that without a framework (Fig. 5, b). The reason was the fact that the PEEK framework, in addition
to the reinforcement function, redistributed the load more uniformly with both initial and deformed virtual supports.

For both virtual supports, compressive and tensile stresses were concentrated on the inner area of the base (from the alveolar
ridge side) in the region of the notch for the frenulum and cords, similar to the above considered cases. For the deformed
virtual support (Fig. 11, b), compressive stresses increased at the area of the torus in the base, as for the PEEK framework.
This fact was caused by a decrease in the support area of the base in the alveolar ridge region. In the PEEK framework, the
maximum compressive stresses were above 14.2 MPa (at the low load) than that of 10.8 MPa for the initial virtual support
(Fig. 11, a). In the virtual supports, they lowered from 14.2 down to 6.5 MPa due to the deformation and the reduction of
the contact area with the base. In the base and the PEEK framework, displacements were smaller by approximately 1.5—
1.7 times for the initial virtual support (Fig. 12).
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Figure 10: Distributions of the maximum principal stresses and displacements in the RCD, the base and the PEEK framework for its
locations in the center (a) and on the outside of the base (b); option No. 9, the deformed virtual support.
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Figure 11: Distributions of the maximum principal stresses (MPa) in the base and PEEK framework for the RCD with the initial (a) and
deformed (b) virtual supports
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Figure 12: Distributions of displacements (mm) the base and the PEEK framework for the RCD with the initial (a) and deformed (b)
virtual supports.

Thus, the greatest load-bearing capacity of the base was ensured by the location of the PEEK framework in its center and
on the inner surface of the dome (in the contact with the alveolar ridge), while the lowest levels were observed for its
location closer to its outer side. Changing the location of the PEEK framework varied the load-bearing capacity of the RCD
by <10%. Such a phenomenon was expected, since it was increased primarily due to lower bending of the base. For this
reason, frameworks should be more stiff, for example, via increasing their thicknesses or using stiffeners, instead of slightly
changing their positions. However, such innovations are less convenient for patients.

The obtained results showed that the embedding of the PEEK framework allowed to withstand the following mastication
loads applied simultaneously on all teeth (according to the considered options): the minimum level of 192 N when loading
only incisors (No.1) and the maximum value of 1000 N when loading both premolars and molars (No.3). This conclusion
was valid for both initial and deformed virtual supports.

For the studied RCD, the use of both perforated and solid PEEK frameworks enhanced its mechanical properties by 20—
40% under different loading conditions, including the case with the deformed virtual support. Comparison of the perforated
and solid PEEK frameworks showed that the presence of holes of the given diameter and locations reduced the mechanical

properties of the base by <5% in some cases.

CALCULATION OF SSSS OF THE RCD OF THE MAXILLA AT LOW ADHESION BETWEEN THE PEEK
FRAMEWORK AND THE BASE

a case of its low level was considered in order to assess the played role. For this purpose, the contact properties were

changed in the model of the RCD, namely, the contact stiffness and the separation stress were reduced down to
1 MPa that was an order of magnitude less than the contact stresses with ideal adhesion. So, the detachment of the PEEK
framework from the base dome began immediately from the first steps of loading. Tab. 1 presents the load-bearing capacities
of the base with the initial virtual support under several loading conditions. They were lower compared to those for ideal
adhesion between the PEEK framework and the base (more negligible than those without a framework in some cases). This
result was consistent with the practice of using reinforcing metal meshes [40]. Thereby, the use of PEEK for additive
manufacturing of perforated frameworks could solve this issue.

: ; ince ideal adhesion between the base and the PEEK framework is difficult to ensure under real operational conditions,

Models Option, No.
1 2 7 8
Without a framework, N 34 73 146 107
PEEK framework in the center (without adhesion), N 43 81 148 92
PEEK framework in the center (ideal adhesion), N 47 86 178 128

Table 1: The load-bearing capacities of the base with the initial virtual support under several loading conditions.

Fig. 13 shows distributions of the maximum principal stresses in the base, the PEEK framework for the RCD with the
initial virtual support under the low adhesion (option No. 2, i.e. loading on four incisors at the angle of 0 °). In contrast to
the above results for ideal adhesion, stresses concentrated in the base at the area of sockets caused by the development of
displacements. Upon loading, the PEEK framework practically did not prevent bending of the base, which withstood the
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same load as in its absence (and even lower in some cases). Thus, improving adhesion was a prerequisite for inserting the
PEEK framework into the RCD.
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Figure 13: The distributions of the maximum principal stresses (MPa) in the base and the PEEK frameworkfor the RCD with the initial
virtual support without adhesion ( option No. 2).

Before concluding, the authors considered it necessary to note the following. The results obtained in this study were
theoretical in nature, despite the fact that their formulation was based on the consideration of real objects and methods of
their loading. For this reason, the reported data should not be regarded as an exact quantitative assessment, but rather as a
recommendation for designing RCDs with reinforcing perforated PEEK frameworks.

The authors suggest three directions for the development of these investigations. Firstly, adhesion between the PEEK
framework and the base dome can be improved by increasing the contact area, for example, by treating with supercritical
carbon dioxide or mechanical texturing. Secondly, it is advisable to supplement the PEEK framework with stiffening ribs,
for example, two ones on both sides along the entire dental arch, i.c. in areas of the greatest bending of the base. The ribs
can increase its bending stiffness and prevent the movements in the contact between the base and the PEEK framework,
as with low adhesion. Thirdly, failure of RCDs often occurs due to the cyclic pattern of applied loads, so it is important to
carry out calculations on the fatigue life of the dental structures under such conditions.

CONCLUSIONS

he new approach was proposed and computer simulation of the deformation behavior of the RCD was performed

for improving its mechanical properties. In this way, the perforated PEEK framework was installed in the dome of

the PMMA base. For this dental structure, the model was developed taking into account the conditions of the
attachment of the base, close to real ones. Namely, the prosthetic bed was simulated as the virtual support, for which the
presence of ‘accomodation zones’ with different compliance of the oral mucosa was considered. The application of these
boundary conditions represents the novelty when simulating deformation behavior and calculating the strength properties
of the removable denture structures.
The calculations taking into account the deformed virtual support with ideal adhesion with the base showed that the
mechanical properties decreased by <50% under some loading conditions, in contrast to the model with the initial virtual
support.
Under different loading conditions, two cases of bending of the base were observed, which led to its failure. The first one
was caused by the action of the turning moments (predominant under loading on the anterior teeth), while the second
bending type (overbending) initiated in the area of its attachment to the alveolar ridge (predominant under loading on the
lateral teeth). In the last case, both tensile and compressive stresses were localized in the existing notches for the frenulum
and cords along the edge of the base under all applied loading conditions. Accordingly, they could be the regions of its
failure, including due to the accumulation of fatigue damage.
The presence of the perforated PEEK framework in the PMMA base increased the load-bearing capacity of the RCD of
the maxilla by 20—40% under different loading conditions (even taking into account alveolar bone resorption). This
phenomenon was ensured by the more uniform distributions of stresses in the base and the reduction of its bending due to
improved rigidity. Perforation decreased bending of the base to the greatest extent for the RCD with the deformed virtual
support.
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The greatest load-bearing capacity of the base was ensured by the location of the perforated PEEK framework on its inner
side and in the center of the dome. At the same time, changing the location varied the load-bearing capacity of the RCD by
<5%. The perforated framework located inside the PMMA base increased its stiffness. However, the presence of
accommodation zones on the mucosa surface ensured the more comfortable wearing of the prosthesis. The presence of
perforation in the PEEK framework reduced the load-bearing capacity of the base within 5% or did not change it (depending
on the location of the PEEK framework).

Adhesion between the base and the PEEK framework played a decisive role. Its absence reduced the load-bearing capacity
of the base to the level of the RCD without a framework.

Based on the obtained results, it was convincingly proven that the embedding of perforated reinforcing PEEK frameworks
is a promising way to improve the load-bearing capacities of RCDs, considering the identified features of their behavior
under typical operational loads. In doing so, further studies will focus on increasing the stiffness of the base due to
modification of the framework design, as well as improving mechanical adhesion between the framework and the base
through the variable perforation and other structural features.
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ABBREVIATION

CAE - computer aided engineering,
FEM - finite element method,

PEEK - polyetheretherketone,

PMMA - polymethylmethacrylate,

RCD - removable complete denture,

SSS - stress—strain state,

XFEM - extended finite element method
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