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Finite element analysis of stress in
removable lower complete denture
under vertical and oblique occlusal
forces
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Frequent fractures of complete removable dentures during mastication in the anterior zone cannot

be explained by bite forces in this area, because occlusal forces on the incisors are small. It appears
that the mechanism of fracture must be from lateral mastication forces. The hypothesis of the study
was that, under stable support of a complete removable denture on the foundation, its fracture in

the anterior segment is possible due to stress generated under masticatory forces typical for denture
wearers. This study analyzes stress distribution in removable complete dentures (designed in Exocad),
using the finite element method (FEM, Nx Siemens). The denture was loaded on the first molars with
bilateral vertical forces of 100 N and oblique forces of 140 N at an angle of 45°. Under oblique bilateral
mastication forces the anterior zone exhibited nominal stresses originating from tension on the lingual
side and compression on the labial side. These values were significantly lower than the material’s
strength, even under conservative criteria for semi-brittle polymer in tension-dominant zones. The
study also showed that the stress in properly manufactured dentures without defects or excessively
sharp grooves did not reach the fatigue strength of the denture materials. This negated the hypothesis
that denture fracture in the anterior segment is possible under such conditions. Further investigation
is required, incorporating factors such as denture foundation resiliency, misfit, occlusal imbalance, and
potentially different loading patterns to fully elucidate intraoral failure modes.
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Removable complete dentures, supported by soft tissue without implants, are a conventional prosthetic option
for fully edentulous patients. These dentures depend entirely on the oral mucosa covering the residual alveolar
process!. Their biomechanical performance under masticatory forces is crucial for durability, patient comfort,
and preventing fractures, which is why the strength of denture base materials is a key property that research
focuses on. Unfortunately, many dentures fracture, occurring in 20-30% of cases, approximately half due to
impact and half during intraoral service’~>. Impact fracture is self-explanatory, but there is a significant problem
with fractures during chewing. Experimental studies of denture load-bearing capacity require forces significantly
exceeding the maximum human occlusal forces to achieve fracture>. Moreover, dentures mainly break in the
anterior section during chewing®’. Meanwhile, it is worth noting that according to the basics of prosthetics,
it is impossible to generate significant forces in the anterior zone in removable dentures, and only balancing
the denture wings allows for achieving forces sufficient for food mastication in the lateral zones®. This is also
confirmed by clinically performed occlusal force measurements®'°.

A paradox arises because dentures fracture in the anterior region, where occlusal forces are minimal, and
explaining this phenomenon through experiments or simulations requires excessively large forces or conditions
facilitating fracture. Stress distribution, deformation, and load bearing capacity of complete dentures are analyzed
using the finite element method (FEM)!!. FEA of the stress state in the dentures requires the introduction of
very deep anatomical undercuts'? or material defects'?, around which the stresses increase to levels justifying
fracture. Simulation tests taking into account the mandibular movement'* also require forces exceeding the
values achieved by denture wearers. Another concept is the introduction of selective support of the denture
with a load above the fracture zone'®. The result of the stress value in FEM is strongly influenced by the size of
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the finite elements. In older studies, due to limited computer power, the finite elements were relatively large!®17.
In some analyses, attention is paid to the size of finite elements or at least their number is given'"!>. However,
the exact size of finite elements in the region of interest is not given, and no study of the effect of element size on
the stress result is presented. Therefore, it is not known whether the stress value converges to the exact value of
the model according to the principles of FEM simulation studies. Inadequate mesh refinement underestimates
stress values; thus, this study aimed to assess stress convergence under clinically relevant bite forces (100-140 N).
Additionally, as masticatory efficiency depends on denture stabilization, support conditions in the model should
align with prosthodontic principles.

The hypothesis of the study was that, under stable support of a complete removable denture on the
foundation, its fracture in the anterior segment is possible due to stress generated under masticatory forces
typical for denture wearers.

Methods

The geometry of a lower complete denture was designed using dental CAD software (Exocad DentalDB ver.3.2,
Exocad GmbH, Darmstadt, Germany, https://exocad.com/), ensuring accurate representation of prosthetic
features. The model was exported and imported as a surface triangular mesh (STL) with standard default settings
into engineering CAD software (NX Siemens PLM Software ver.2312, Plano, TX, USA, https://plm.sw.siemens
.com/en-US/) for preprocessing and finite element analysis (Figs. 1 and 2). A mucosal layer with a thickness of
about 2 mm was generated by offsetting the mucosal surface in cad software (Nx Siemens).

The boundary conditions were set by completely fixing the movement of the basal mucosal surfaces that
touch the alveolar ridge. This setup replicated the mucosas adherence to and support by the underlying rigid
bone. Bone elastic modulus (10-20 GPa) is several orders of magnitude higher than that of the soft tissues,
and bone deformation under denture loading can be considered negligible (rigid body) compared to mucosal
strain'®. The edges of mucosa were left free to move naturally when load was applied.

All materials were modeled with linear elastic behavior to focus on the influence of mesh density.

The denture material was designated a Young’s modulus of 2000 MPa and a Poisson’s ratio of 0.3, indicative
of standard characteristics of acrylic-based denture materials (Table 1). The mucosa was characterized by a
Young’s modulus of 5 MPa and a Poisson’s ratio of 0.45 to replicate its compliant behavior'®. Denture to mucosa
interface was modeled with perfect adhesion (bonded contact) and no sliding or separation behavior was
assigned emulating perfect denture stability. The artificial teeth were integrated into the denture (not modeled
as separate parts), what reflects conventional denture fabrication processes using base and tooth materials with
similar moduli of elasticity.

Two loading scenarios were simulated to emulate functional occlusal forces:

o Vertical loading: A symmetrical bilateral vertical force of 100 N was exerted on the molar cusps.

Fixed area

PMMA

Soft tissue

Fig. 1. View of CAD model (NX Siemens) after import of STL model from dental CAD (Exocad) and cross-
sectional schematic through the first molar region showing model layers: denture base and artificial teeth (the
same PMMA material), mucosa, and fixation area on bone (bone as rigid body excluded in FEA).
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Fig. 2. FEM model of lower removable complete denture on soft tissue and loading area of first molar cusps
with vertical 100 N and oblique 140 N symmetric forces (mesh size 0.3 mm).

Denture (PMMA) | 2000 0.30
Mucosa 5 0.45

Table 1. Mechanical properties of materials.

0.8 mm ~209,581 ~325,358
0.5 mm ~651,669 ~971,415
0.3 mm 2,301,576 3,326,502

Table 2. Mesh characteristics.

« Oblique loading: The vertical load of 100 N was supplemented with a horizontal force of 100 N given exter-
nally to the dental arch to replicate lateral masticatory forces, resulting in a bilaterally resultant oblique (45°)
forces of 140 N on each side.

Three mesh densities levels were created to assess convergence of stress results (Table 2): coarse (0.8 mm
element size), medium (0.5 mm), and fine (0.3 mm). Tetrahedral 2nd order elements (10-node) were employed
across all models to ensure computational efficiency while maintaining accuracy. Finally, after achieving mesh
convergence for the nominal stress value, local mesh refinement® to sizes 0.15 mm and 0.1 mm was implemented
to systematically assess the influence of element size on stress value in and around the assumed sharp anatomical
groove in the criterion anterior zone (presented in Results section for clearance). Finite element analysis (FEA)
was performed to assess equivalent Huber-Mises-Hencky stress (eqvHMH-according to maximum distortional

strain energy density Huber-Mises-Hencky theory) and principal stresses distribution.

Results
Oblique forces caused significantly higher stresses than vertical forces in a way disproportionate to 40% difference
in their values - Fig. 3.

Convergence analysis revealed that elemental and nodal eqvHMH stress distributions were uniform and
very similar for all meshes, with the only differences occurring locally around sharp undercuts and grooves-
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Fig. 3. Equivalent Huber-Mises-Hencky nodal stress value under bilateral oblique 140 N forces and vertical
100 N.

Figs. 4 and 5. The finest mesh (0.3 mm) provided the highest resolution without significant discrepancies and the
detection of stress field edges was visible smoother compared to coarser meshes (0.5 mm and 0.8 mm).

Stress concentrations immediately adjacent to the loading nodes on molar cusps were identified as finite
element method (FEM) artifacts (Fig. 4 - “A”) and excluded from further analysis. Stress values in molar tooth
were assessed in deeper regions beneath the loaded cusps, beyond the influence of these artifacts.

The model is assumed to converge to its exact numerical solution if the stress values for successively smaller
elements differ by no more than 10%. For example, for the deeper region, the elemental value with decreasing
finite element size was 9.63, 9.05, and 9.34 MPa, while the nodal value was 6.76, 8.87, and 8.95 MPa, respectively.
The region between 12.5 and 15 MPa (yellow range at scale) can also be considered stable and quite distant from
artifact “A” The elevated stress values were also observed at the lateral side of molar tooth bases in elements
in the cervical groove. The elemental value increased from 11.2, 12.5, and 15.8 MPa, while the nodal values
increased from 13.1, 13.8 and 17.3 MPa, respectively, across mesh densities (0.8, 0.5 and 0.3 mm). Elevated stress
values were also revealed at the anterior segment, as shown in Fig. 5a for the subsequent mesh sizes. Elemental
and nodal eqvHMH stress values on the zone between the canine and second incisor tooth were 13.35, 15.62 and
17.61 MPa, and 20.70, 19.87 and 24.65 MPa, respectively.

For comparison, nodal values at the lateral zone between the molar and premolar tooth on the finest mesh
(Fig. 5b) were 28.97 and 26.83 MPa. The values are larger than those on the scale because the scale was limited to
20 MPa to avoid reducing the red zone range in the views. However, it should be noted that these are local stress
values in finite elements into grooves, whose sizes are similar to the smallest finite elements of 0.3 mm. Finest
mesh still was unable to smoothly approximate these shapes, and arrangement of the finite elements was random,
and the values were not stable and convergent within 10%. For comparison, elemental and nodal eqvHMH
stress values in the area immediately adjacent to the grooves below the canine were stable and convergent, and
amounted to 8.86, 9.14, 9.41 MPa, and 9.47, 9.57, 9.58 MPa, respectively (Fig. 5a). To examine how deep the
elevated stress zone reaches, similarly to the molar tooth, a cross-section through the canine is presented in
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Fig. 4. Elemental and nodal value of equivalent Huber-Mises-Hencky stress in cross-section through loaded
first molar tooth regarding to mesh size under bilateral oblique forces 140 N.

Fig. 5¢c. In contrast to the loaded molar tooth, here the stresses reached very shallowly, and the stress range of
10-12.5.5 MPa was barely visible at the surface, while in the molar cusp was stable and reached at least one scale
increment higher, 12.5-15.5 MPa. If we consider values convergent and distant from the uncertain values into
grooves, the stress at the anterior segment was lower than inside the molar cusps. Similarly, if we compare values
into grooves to those at the posterior critical zones, the stress was higher than in the anterior segment.

In the anterior region, highest eqvHMH stresses were noted at the canines (Fig. 5), particularly on the lingual
side, where tensile stresses were higher than in the labial region (Fig. 6). Minimum principal stress reveal that
molar tooth was compressed toward lateral direction and also labial side of anterior segment under canine was
compressed from bending (Fig. 7).

The highest eqvHMH stress under vertical load was around labial undercut. It came from compression
(Fig. 7) and the values reached only a few megapascals. At the same time, the highest maximal principal stress
was between incisor grooves (Fig. 6). This showed that the denture under vertical forces was bent in a simple way
relative to the plane of the occlusion and the foundation, while under oblique loads it experienced bending and
torsion outside relative to the arch.

To better illustrate the complex stress state, Fig. 8 presents the maximum (tension) and minimum
(compression) principal stress values together, with a clearly visible boundary between compression and tension.
In the cross-section through the incisors, a clear separation between tension on the lingual side and compression
on the labial side, characteristic of bending, can be observed. In the cross-section through the canine region,
bending is no longer so clearly visible - in the saddle on the lingual slope, tension has disappeared and
compression has appeared. Displacements are also presented to better illustrate the directions of deformation,
which document that the denture wing is not only bent but also torsion, while the incisor region migrates slightly
inward as a result of tension.

Stress analysis showed that molar tooth was more prone to fracture, despite clinical observations of occasional
fractures at lateral side and rare moral cusp failure. In this situation, we analyzed the results of local mesh size
increments to 0.15 mm and 0.1 mm between the canine and incisor, a region where fractures frequently occur
in clinical practice - Fig. 9. Local mesh densification was performed for this area, considering it the primary area
of interest because brittle materials are significantly more sensitive to tension, thus omitting the compression
region from the local analysis. In the area adjacent to the groove, the nominal stress values remained stable,
slightly below 10 MPa (9-9.6.6 MPa) for the 0.15 and 0.1 mm meshes. Within the groove, the nodal values
converged between 25 MPa and 27 MPa, and the elemental values were 18 MPa and 19 MPa. Although the stress
within the groove did not increase to values critically higher than in the molar tooth area, its influence should be
considered because, unlike the molar tooth, it originates from tension. In the concentration zones in the grooves
and adjacent areas, we checked the intermediate stresses, but the biaxiality ratio did not exceed 0.5-0.6 in groove

Scientific Reports |

(2026) 16:11997 | https://doi.org/10.1038/s41598-026-37756-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Fig. 5. Elemental and nodal equivalent Huber-Mises-Hencky stress values on the zone between canine and
2nd incisor tooth (a) nodal value on lateral zone (b) and at cross-section through canine (c) under bilateral
oblique 140 N forces.

and was very low around groove in adjacent zones. The risk of immediate fracture and fatigue strength has been
discussed in more detail depending on the denture material and the application of the appropriate failure theory
depending on its sensitivity to stress state.

Discussion
The study showed that stresses under bilateral vertical loading were not criteria for denture fracture and were
incomparably lower compared to bilateral oblique force.

The highest eqvHMH stress value with clear convergence to the exact solution was observed inside the
loaded molar tooth and reached 15 MPa inside the cusp at a distance of several finite elements below the nodes
loaded with occlusal force. We physically applied the occlusal force over a relatively large surface area to reduce
the effect of overestimating displacements at the loaded nodes. However, we decided not to consider these values
and assumed a significant distance from the loaded nodes to avoid overestimating stresses and preferred to take
lower stresses, as we were looking for causes of fractures through the anterior part. Here, on the lingual side of
anterior saddle the convergent stress value was up to 10 MPa at a sufficient distance from the disturbances on
local grooves. This observation challenges the hypothesis that mesh refinement would reveal critical anterior
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Fig. 6. Maximum principal nodal stress (tension) value under bilateral oblique 140 N forces and vertical
100 N.

stresses capable of explaining the most frequent clinical fractures in the anterior zone. In the case of local stress
concentration, a higher stress value of 29 MPa was observed at the transition between the molar and premolar
teeth, while 25 MPa was observed for the canine tooth.

Here, it is necessary to distinguish between immediate fractures and fatigue fractures. The mechanism of
fatigue fracture depends on the number and amplitude of cycles and material degradation, and the value of the
cyclic load results from food comminution, which requires much lower values than the maximum occlusal force.
Immediate fractures should be related to the maximum occlusal forces and instantaneous strength, while lower
values of cyclic forces should be related to fatigue strength.

The ultimate flexural strength of PMMA denture base materials is governed by ISO 20795-1:2013 (Dentistry
- Base Polymers - Part 1: Denture Base Polymers), which specifies a minimum flexural strength of 65 MPa for
heat-polymerized PMMA. Commercially available PMMA materials typically exhibit ultimate flexural strengths
ranging from 70 to 90 MPa, with values often clustering around 80 MPa under standardized three-point bending
tests?!. However, there are examples of strength reaching 130-146MPa??-2%, The critical stress area in the anterior
segment should be referred to tensile strength. Tensile strength studies are not as popular, however, denture base
materials typically range from 40 to 120 MPa, depending on processing techniques such as heat polymerization,
injection molding, or CAD-CAM milling?>-34. Brittle PMMAs generally exhibit around 1.5-2 times higher
compressive strength than tensile strength. This suggests that the use of hydrostatic-dependent criteria may
better capture failure. Drucker-Prager or parabolic modifications (e.g., Raghava-type) of Mohr-Coulomb would
predict higher allowable stresses in compressive or mixed zones compared to eqvHMH stress, thereby further
reducing the estimated failure risk in posterior regions where stresses originate from compressive nature.
Similarly, in mixed tension-compression zones. However, in the state of biaxial tension, caution should be
exercised when applying the eqvHMH criterion, which may overestimate strength (i.e., underestimate failure
risk). It is safer to use the principal stress criterion. We did not observe a dangerous state in this criterion, as the
observed stresses represent a mixed state far from equibiaxial tension (biaxiality ratio 0.5-0.6.). The Drucker-
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Fig. 7. Minimum principal nodal stress (compression) value under bilateral oblique 140 N forces and vertical
100 N.
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Fig. 8. Maximum and minimum principal stress revealing tension and compression in a cross-section
centrally through the incisors and through the canine (green guide) and displacements (scaled 4:1) with
directional indications relative to the undeformed model. Bilateral oblique mastication force 140 N.
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0.15 mm

Fig. 9. Elemental and nodal equivalent Huber-Mises-Hencky stress values after local mesh size increments to
0.15 mm and 0.1 mm on the zone between the canine and incisor. Bilateral oblique 140 N forces.

Prager criterion is even more conservative in states of near-equibiaxial tension. There are several examples. In
the study™, in equibiaxial tension yield stress for PMMA was approximately 40-50 MPa, while eqvHMH stress
predicted 55-70 MPa (20-40% overestimation). Similarly, in®, in biaxial tension for PMMA measured values
were lower than predicted by eqvHMH (45 MPa vs. 55 MPa, 15-25% lower). The work®” also indicates that
eqvHMH overestimates by 20-30% in biaxial paths (~ 50 MPa measured vs. ~ 60-65 MPa predicted). Even
assuming a conservative tensile strength of 40-50 MPa, the stresses in our model remain significantly lower
(with approximately 3-fold safety margin at 140 N).

However, such conservative criteria appear to excessively underestimate the strength of current modern
denture materials. Firstly, the state was far from biaxial uniform tension. Secondly, there are available results
of studies on the biaxial states of brittle polymers dating back many years**~%’. Denture base materials have
evolved from simple brittle PMMA and, through modifying additives, have achieved significant elongation at
break of up to 2-6%23-3032343839 or even 10-30%, depending on the injection or printing technology used?’-*2.
In light of this, it appears that adopting a conservative criterion for currently used denture materials excessively
underestimates their strength in the equibiaxial state (i.e., overestimates failure risk). However, this remains
speculative due to the lack of biaxial/multiaxial data for current PMMA denture resins.

In the model, we assumed a bite force load of 140 N, which could be negated as too low. It is clinically
documented that in the case of implant-fixed dentures* full bite forces can be recovered. The chewing forces,
which should be related to fatigue strength, reach standard values of 250-350 N, as in people with full natural
dentition. Maximum bite forces, which should be related to immediate strength, are also recovered significantly
above 500 N, corresponding to nominal mandibular muscle forces**.

Bite forces in removable complete denture wearers are constrained by mucosal and bone support, denture
instability, and pain. It is well documented clinically that full bite force recovery is not achieved with traditional
dentures and is significantly lower compared to implant-fixed dentures and two-implant retained soft tissue-
supported removable dentures. The bite force is 139 N for a removable complete denture and almost twice as
high at 235 N for a two-implant-supported removable prosthesis in work?. Also in“® bite forces for removable
dentures are twice as low as for overdentures on two implants. Similarly, in*” the force for removable dentures
is 254 N and 416 N for overdentures and even 841 N for 8-implant fixed dentures. Studies report bite forces in
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removable complete denture wearers typically ranging from 35 to 200 N in the posterior region?®->°. However,
removable denture wearers can, in exceptional cases, achieve surprisingly high values, reaching 461 N°! and even
exceeding 500 N°2. If we apply these individual cases of denture wearers to our model, then assuming a linear
increase from 140 N to 500 N, we would have a 3.57x higher stress of 35-70 MPa. These values begin to approach
the tensile strength of denture materials. However, even if we assume that these few cases of denture wearers
with bite force values of about 500 N justify fractures, the statistics small number of such denture wearers®">? is
inconsistent with a significant number of fractures.

In work™ stress reaches of 10.9-12.2 MPa under vertical load of 100 N, however it is peak value at artifact
node at force application. The value 7.8 MPa is also artifact because at edge between tooth and base and in
more distant zones value about 3 MPa is visible. The model is rigidly supported on a metal base, which is not
able to deform like a resilient mucosal foundation. In such conditions, the material is mainly subjected to stress
generated by local pressing against the foundation. Mucosal resiliency is considered in'®, and the load force
was 100 N and vertically oriented. Mesh is smooth and elements are relatively lower in size. However, only the
posterior part of dentures is modeled in limitation to molars zone.

In the work!! tensile strain reaches values of only 0.18-0.19%, which at modulus of elasticity 3200 MPa gives
stresses of 6.4 MPa far from critical. Compression strain reaches 0.36% only around labial frenal notch, which
is still far from critical values. The model was loaded with two symmetrical vertical occlusal forces on molars of
230 N each and the model contained 256,431 tetrahedral elements and their size was smaller compared to the
work®®. In work®® the size of finite elements of 0.5 mm on the surface of the prosthesis was assumed as appropriate
and the number of elements in the model was 61,108. The optimization of the prosthesis reinforcement design
was based on the displacement of the prosthesis, which was rigidly supported on the mucosa. This makes it
difficult to compare the results, as the dentures work on an flexible foundation, which significantly changes their
deformation mechanism. Nevertheless, the results of our work, as well as the convergence analysis in> confirm
that the optimization approach requires taking into account the stress criterion. Also in®® with increasing the
number of elements, higher stresses were obtained, although the displacements were considered convergent. The
values of maximal principal stress for the mesh of 2, 1, 0.5 and 0.25 mm were 20.7, 20.7, 24.5 MPa and 34.8 MPa,
respectively. Unfortunately, the stress distribution was not shown in the work™, so it is not known in which area
these values occurred. It is known, however, that vertical forces were applied simultaneously with values of 900
N on posterior teeth, 450 N on premolars and 150 N on anterior teeth. The stresses were much lower than the
critical ones for denture materials, although these forces were much higher than those recorded for removable
denture wearers and natural dentition.

Difficulties in explaining fractures lead to the search for reasons in material fatigue and the processes of crack
initiation and growth. In fatigue analysis, it is important to determine the number of cycles and the average value
of loads during mastication. Removable denture wearers perform approximately 2,000-7,500 chewing cycles
per day, with a median of 4,000-5,000 cycles, based on 20-50 cycles per bite and 100-150 bites daily, as derived
from studies on mastication efficiency®*~*°. Assuming an average of 5,000 cycles per day, 1 million cycles would
be reached in approximately 200 days (1,000,000 + 5,000 = 200 days), or roughly 6.5 months of continuous use.
For a lower estimate of 2,000 cycles/day, this extends to 500 days (1.5 years), and for an upper estimate of 7,500
cycles/day, it reduces to 133 days (4.5 months).

In the work!? it is suggested that defects increase stress around crack to value 112 MPa. However, it was not
stated what force was used to load the denture. Besides, the stress value in node at crack tip in FEM is singular
point and artifact. Determining the exact value in artifact node requires a special procedure to assess the effect
of mesh size and approximation or extrapolation from nodes adjacent to the singular node. It is therefore not
known how to relate the results of the work!? to the singular node, however it seems that the stress was at least
twice as small in the areas distant from the node bordering the defect. More information can be found in another
work of this team®!, which states that the upper denture was loaded with 70 N vertically and symmetrically.
The denture model consisted of 154,742 tetrahedral elements, which is similar in size to our initial model. The
approach to cracking by assuming a void is original and presents an interesting modeling technique, however,
in practice, in a well-made prosthesis, the voids are the same size as in the samples on which fatigue strength is
tested. The crack assumed in work® is substantially larger than typical voids in fatigue-tested denture materials
(10-200 um)®!-%3. These cracks are 5-100 times larger than common voids, suggesting they are oversized relative
to typical porosity. The studies appear to model worst-case scenarios, simulating macroscopic flaws (for example
from a denture impact) rather than microscopic voids, which may not fully represent the defect population
in well-processed denture materials. The fatigue strength value tested on the samples includes such typical
imperfections as well as the effects of aging and residual monomer washout®. Therefore, these values of stress
calculated by simulation can be directly related to fatigue strength without introducing defects in the material.

Our results show that local fillet radii introduced stress values in the range decisive for fatigue life. In our
analysis, stresses in the canine zone were exactly in the fatigue strength range (10-20 MPa). However, it is clear that
by slightly increasing the fillet, it would be easy to achieve a stress reduction below 10 MPa, so the fatigue strength
limit has not been reached even for the weakest materials. The value of the force accompanying mastication is
not certain. According to sources, the value 140 N we have adopted is in the upper range and maximal force
while about half of the value is considered as necessary for food comminution and mastication*®-3%6-70, Some
studies may suggest that forces accompanying mastication may reach 200-250 N*&>152, but these are maximum
forces and individual cases as we discussed earlier.

Compression fatigue strength at 1 Hz is higher than tensile or flexural strength and ranges between 34-
40MPa”!, which could justify the hypothesis that if the lateral segment is compressed, lower tensile fatigue
strength justifies the occurrence of fracture earlier in the anterior segment than in the posterior segment. On
the other hand, our results indicate that the denture was bent in the critical anterior region, so bending tests on
specimens in which one side works in tension and the other in compression (labial/lingual) are reliable in terms
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of fatigue strength. We also took over the good conditions of the alveolar ridge, which favour higher mastication
forces*®6>6%72 and also, by limiting the available space, force thinner and less durable prostheses.

Some studies indicate that material fatigue is not necessary for fracture. In a large research group in’® out
of 22.4% of all fractures most of them occurred from 6 months to 1 year after insertion. Similarly in”* out of
160 fractures 16% occurred in the initial period of 6 months and 38% in 6-12 months and 45% in the period of
12-36 months. Studies of the morphology of fractures that occurred in oral cavity during service are limited and
we find basically only one work” from 50 years ago on 7 dentures. The fracture topography of acrylic complete
dentures reveals’ fine, regular striations, smooth surfaces indicative of slow crack growth, and rough terminal
zones, suggesting a possible mixed fracture mechanism, though mastication as a cause remains unconfirmed.
Differences in striation size and regularity and hackle mark prominence remain unclear due to limited clinical
context in”®. The works’®7® are helpful in distinguishing the type of fracture in samples, in which the main
differences are indicated. Presence of regular striations (1-10 pm spacing) is diagnostic, indicating cyclic
loading. Fatigue zones dominate (50-70%), with smooth areas and minimal hackle marks. Impact fracture is
characterized with chaotic river lines (10-50 um), prominent hackle marks, and rough, fragmented terminal
zones and no striations. Static fracture shows straighter river lines (10-30 pum), subtle hackle marks, cleavage
steps, less rough terminal zones and no striations. In practice, the distinction between striations and river lines
leaves much room for interpretation, especially since, as we have shown in our calculations, fracture initiation
and its course may occur from several stress concentration areas simultaneously, i.e. in a completely different
way than in samples with full knowledge and control of the fracture initiation area and knowledge of the loading
history.

Our results indicated that stress concentration around small interdental and cervical grooves should be
addressed in the prevention of fatigue fractures, a topic that is largely absent in the current state of knowledge.
Beyond studies focusing on exaggerated undercuts or defects to induce fracture conditions'>!%, such as large
voids or frenum notches, there has been no detailed analysis of anatomical grooves with radii below 0.3-0.8 mm
on strength of removable dentures. The main limitation of our analysis was the use of elements no smaller than
0.3 mm. As is known, any curvatures on anatomical shapes smaller than the size of finite elements are ignored in
the FEM model, because the mesh generator approximates the shapes to the assumed size of finite elements. The
observed convergence (elemental-nodal stress difference < 10%) suggests that the 0.3 mm mesh is sufficient for
study purposes, but local refinement could enhance accuracy in future studies targeting the smallest anatomical
features. The choice of a 0.3 mm mesh size in this study was guided by the need to maintain computational
efficiency and taking into account critical anatomical features. Cervical margins and interdental grooves exhibit
fillet radii of 0.1-0.5 mm and 0.2-0.8 mm, respectively®’*80. The 0.3 mm parabolic 10-node element size is
centrally positioned within these ranges, but ensuring adequate resolution for higher radii value about 0.6 mm,
because minimum 4 elements at the bottom of the groove are required. It points out that the areas most stressed
by tension are located on the lingual side. Aesthetics are not required there. Also, the canine area, which is one
of the most heavily loaded, is not very visible during a smile, especially in the lower denture. It seems better to
design these areas with a certain disregard for aesthetics. Our results may be useful for dental technicians in
designing, as they schematically show red areas, the smooth filling of which allows to avoid stresses close to
fatigue strength.

To address fractures, dental technicians should prioritize smoothing these red areas and maximizing radii to
the upper range of 0.5-0.8 mm given in prosthetics, and in the case of stable conditions of a convex foundation
and a thin denture saddle, it is best to fill the interdental space on the lingual side as tangentially as possible to the
saddle and tooth surfaces. However, further studies are needed to obtain precise data for designing which fillet
radii are critical and pose a risk of fracture as a result of local stress concentration. Without further analysis, it is
difficult to say whether it is possible to reduce stress and achieve fatigue life thanks to fillets while maintaining
acceptable aesthetics under such load. Currently, despite the fact that the use of dentures reaches 100 years, we lack
data. This is due to the fact that clinical fracture data do not measure and classify the basic geometric parameters
necessary to assess fatigue life. The shapes of these local details depend on the manufacturing technology used.
In traditional dentures, the technician can easily eliminate excessively sharp transitions between teeth by waxing
the teeth. In CAD/CAM dentures, gluing teeth requires an oversized hole in the denture base for the adhesive
bond. The design process for dentures for CAM differs from that for aimed for FEA, which requires no gaps for
adhesive bonding. Obtaining the same shape as with adhesive bonding is challenging and may require separate
future work. In principle, it would be necessary to scan several finished dentures and compare them to the CAD
model. A strategy for designing denture models for FEA analysis would be developed, especially if one wants to
study cervical margins and interdental grooves depending on radius size.

The limitation of our model was also the linear behaviour of the mucosa. On the other hand, the stresses
in the prosthesis are influenced by the final deflection of the prosthesis on the flexible soft tissue, while the
nonlinear hyperelastic behaviour can be approximated by a single modulus of elasticity. The secant modulus
value for the mucosa, depending on the points for higher loads in the range of 100-300 kPa, takes values between
0.4 and 1 MPal8!, In the work?, although 3,188,247 elements were used, the model contained whole mandible
and implant retained dentures, and the work was focused on soft tissue loads, so the load capacity of denture
results cannot be compared. There are many works®2-8> concerning the loading of soft mucosa and bone tissue
beneath dentures, including implant-retained overdentures, but in such works the denture load bearing capacity
is not analysed. In addition, this type of prosthesis breaks in the area of the action of the supporting forces on
the implants®, where additionally the cross-section of the prosthesis is reduced by the cavity for the implant
attachment. However, it is noted that the modulus of elasticity of the foundation based on the work8! does
not take into account the fact that the characteristic of the mucosa under the prosthesis is stiffer compared to
the characteristic under the penetrator'’. The reason is the limitation of deformation by the denture saddle.
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Therefore, smaller moduli of elasticity based on the penetration characteristic do not seem to correspond to the
conditions of compression under denture saddle.

Despite constraints from the denture saddle, the mucosa exhibits patient-specific and local variability in
deformation and viscoelastic behavior®”. Increased deformation due to tissue compliance and creep reduces
stresses in the mucosa by 20-50% through creep-induced relaxation#¥%. Load redistribution occurs from
highly compressed posterior regions to less loaded anterior ones. Consequently, reaction forces under the
denture wings may shift forward, which increases outward bending of the denture arch. Higher mucosal
compliance elevates denture base stresses by up to 30%5*%. However, studies using 2D models or different
loading conditions may distort actual effects. The extent to which creep influences critical stresses, particularly
under destabilized conditions (e.g., asymmetric support amplifying bending), remains for future investigation.

The third limitation was the perfect fit and adhesion of the denture to the mucosa, which in real conditions
slips and detaches from the mucosa.

Conclusions

1. Vertical forces generated stress values incomparably lower than the material strength, and only oblique forc-
es should be considered as relevant for potential failure.

2. Under oblique bilateral mastication forces typical of denture wearers, the anterior zone exhibited nominal
stresses originating from tension on the lingual side and compression on the labial side. These values were
significantly lower than the material’s tensile strength, even in tension-dominant zones under conservative
criteria for semi-brittle polymer. This negated the hypothesis that denture fracture in the anterior segment is
possible under such conditions.

3. The study also showed that, under the commonly assumed loading scheme, the stress in properly manufac-
tured dentures without defects or excessive grooves does not reach the fatigue strength of the denture mate-
rials. The prevailing view regarding the fatigue fracture mechanism relies on limited historical fractographic
analyses of only a few in-service failures and therefore requires further validation through comprehensive
fractographic studies of dentures fractured in the oral cavity.

4. Further investigation is required, incorporating factors such as denture foundation resiliency, misfit, occlusal
imbalance, and potentially different loading patterns to fully elucidate intraoral failure modes.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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