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Abstract

Introduction: The geometric analysis is of important value for
exploring the functional adaptation of the human teeth. The mandibular
first premolar is one of the permanent teeth that has unique geometric

Published: April 2024 features to properly perform its functions.

Purpose: To assess the geometric features of the mandibular first
premolar functional and the stress analysis of the static occlusal forces
using finite element method.

Materials & Methods: Ten human extracted mandibular first
premolars were photographed from different aspects to analyze the
geometric morphology of the premolars. Dimensional measurements
were done by Image J software. Cone beam computerized tomographies
were taken to the teeth to construct three-dimensional models for finite
element analysis of 150 newtons axial load on buccal cusp tip and distal
marginal ridge of each tooth.

Results: The descriptive and numerical geometric analysis of the
images revealed increased lingual inclination and prominence of the
buccal cusps in comparison to the lingual cuspsallowing the proper
esthetic and masticatory functions. The finite element analysis revealed
that there is harmonious stress distribution with relatively high stress
concentration in the dentin of the cervical regions of the crowns and
roots. The tooth morphology affects the stress distribution.

Conclusion: The mandibular first premolar geometric characteristics
are critical toits functional performance. The lingual inclination and the
cuspal interrelations are of great importance in the geometric pattern of
the mandibular first premolars. The stress distribution is homogeneous
in the tooth and supporting tissues with a relative increase in the
cervical region.
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Introduction:-

One of the main functions of teeth is mastication. The normal tooth form and alignment are essential to perform this
function efficiently [1]. The mandibular first premolar is formed of four lobes, it has a well-developed, only
functioning, buccal cusp and a smaller non-functioning lingual cusp. The mandibular first premolar resembles
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mandibular canine in the sharp buccal cusp, the faciolingual dimension and the diamond shaped occlusal outline.
While it resembles second mandibular premolar except the sharp buccal cusp and the size and number of the lingual
cusps [2]. The increased lingual inclination of the first mandibular premolar has a prominent role in the stress
distribution of the occlusal loads [3].

The proper occlusion of the posterior teeth is a primary requirement for performing the masticatory function. There
is no fixed scheme of the occlusal contact in all individuals in the literature, as these contacts vary according to
many factors including the discrepancies in the teeth and jaws sizes and morphologiesand also, the jaw relations.
Hence, there are several occlusal schemes in healthy people, all attempted to represent the ideal occlusion, however,
these occlusal patterns could be found only in few individuals [4]. One of the suggested patterns stated that the
centric stop contacts in the mandibular first premolar are buccal cusp and distal marginal ridge [2].

Human teeth are subjected to occlusal forces, or loads, which are commonly defined by the expression of their axial
components. Comprehensive and accurate knowledge about these loads are crucial for the optimum management in
different fields of dentistry such as implant dentistry, restorative dentistry and orthodontics [5]. Moreover, the
occlusal forces are correlated to the teeth stability within the supporting tissues. This correlation should be
considered during the restoration of the occlusal surfaces to avoid the possible deteriorating effects on the
periodontium [6].

One of the important aspects of the masticatory forces is the occlusal load distribution. This distribution is affected
by many factors. Kumagai et al. concluded that the occlusal loads on the premolars are inversely proportional to
the degree of clenching. The authors reported the importance of the occlusal forces’control in the analysis of the
occlusal contacts [7]. The measurement of the biting forces revealed their wide range, depending on the anatomical
and physiologic variation between the individuals. Also, the biting forces measurement tool accuracy is a significant
factor in this regard [8]. Several tools and techniques are used to assess the occlusal forces. The use of the three-
dimensional models has been employed in the recent years and was found to be efficient in the evaluation of both
the normal masticatory system and the prosthodontic appliances quality [9].

Finite Element Method (FEM) or Finite Element Analysis (FEA) is a digital technique used to analyze the stresses
and the deformations occurring in a pre-designed three dimensional geometric model of the tested structure. This
three dimensional model is segmented into extremely fine elements (called finite elements). These elements are
interconnected via nodes. The constructed FE model could be formed of more than one material (such as models of
combined dental tissues). In this case, each material is designated in the software by specific properties. Then
thespecified applied load is determined and the boundary conditions (The fixed base against which the load would
be applied) is allocated. Various software packages are used in the FEM to construct the models, simulate the
applied loads and to analyze the stresses and deformations occurred in the tested materials [10].

In recent years, FEM had numerous applications in dentistry to investigate the mechanical properties of dental
tissues and restorative materials. FEM has many advantages, it is inexpensive, doesn’t cause tissue damage,
reproducible and provides relatively accurate results [11]. Moreover, FEM has no ethical considerations and allows
modifications in the study designs [12]. However, FEM limitations are reported, including the inability to perfectly
simulate the clinical conditions. Also, the stress analysis is usually performed using static loads which do not reflect
the real loads in the oral cavity. Thus, FEM studies should be complemented by clinical trials [10].

To our knowledge, there are few studies conducted to geometrically analyze the mandibular first premolars in
correlation to their functions. The aim of the current work was to analyze the main geometric features and
dimensions of a sample of human mandibular first premolars and to assess the primary axial occlusal load via the
FEM.

Materials and Methods:-

The photographic imaging and analysis

Tenextracted human mandibular first premolars were used in this study. The teeth were photographed by a digital
camera from five directions (buccal, lingual, mesial, distal and occlusal) with a scale in the image to be used in the
software of image analysis. The general descriptive geometric data (e.g. the geometric outlines) were analyzed.
Furthermore, the images with clear measurable details were analyzed by Image J software (version 1.53e) to
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measure different dimensions (Crown height, root length, mesiodistal and buccolingual dimensions at the cervix and
crown). The numerical data were tabulated and represented by mean values and standard deviation.

Finite element method procedures
The teeth underwent scanning using a PlanmecaProMax 3D Mid cone-beam computed tomography (CBCT)
machine (Planmecalnc, Helsinki, Finland). The machine settings were configured to 90 kV and an X-ray beam
current of 12.5 mA, with a voxel size of 75 um. The scanning process lasted for 15 seconds, generating a total of
668 slices for subsequent modeling.

The scanned data were then imported into a 3D segmentation and editing software package (Mimics Innovation
Suite, Mimics 14.0 / 3-matic 7.01; Materialise, Leuven, Belgium) to generate the surface model. Within the Mimics
software, masks for enamel and dentin were created using thresholding and region growing tools. These masks were
then utilized to produce 3D models of enamel and dentin, which were later imported into 3-Matic software in
Standard Tessellation Language (STL) format.In 3-Matic software, the enamel and dentin geometries underwent
thorough error checking. Furthermore, the bone geometry was modelled to comprise an inner block representing
trabecular bone, with dimensions of 11.5 mm buccolingual, 10.5 mm mesiodistal, and 21.5 mm in height,
accompanied by an outer shell measuring 1 mm in thickness to simulate cortical bone. Lastly, a periodontal ligament
(PDL) with a thickness of 0.3 mm was meticulously modeled(Fig. 1).

Subsequently, all geometries were imported into ANSYS Workbench software (version 14.0, ANSY'S Inc., Houston,
USA) in the CDB file format for FEA. Within ANSYS Workbench, the volume mesh was created utilizing
'Solid187' 10-node linear tetrahedral elements, with a maximum element size set to 0.5 mm (Fig. 2). The total count
of nodes and elements is detailed in table (1). Material properties were subsequently assigned according to their
elastic modulus and Poisson's ratio. Enamel, dentin, bone, and the PDL were all assumed to possess linear, elastic,
homogeneous, and isotropic properties. The specific material properties, including the modulus of elasticity and
Poisson's ratio, for each material are listed in table (2). Furthermore, bonded contact interactions were assumed
among all contact bodies.

Concerning the boundary conditions, the base of the bone block was established as a fixed support in all directions.
A nodal force of 150 N, aligned parallel to the long axis of the tooth, was applied and evenly distributed across two
contact points: the distal marginal ridge and the tip of the buccal cusp(Fig. 2). Each of these points encompassed 10
selected nodes, ensuring uniformity in node selection and distribution across all models for standardization
purposes. Subsequently, linear static analysis was conducted to calculate the total von Mises stress values for all
models.

Table (1):- The number of nodes and elements of all objects of the finite element model.

Tooth serial number Nodes Elements

1 28,620 15,618

2 38,789 21,323

3 45,416 25,048

4 39,898 21,889

5 54,777 31,066

6 76,431 45,117

Table (2):- Material properties assigned to different objects in the finite element model.
Material Elastic modulus (MPa) Poisson’s ratio
Enamel 84100 0.33
Dentin 18600 0.32
Cortical bone 13700 0.30
Trabecularbone 1370 0.30
PDL 70 0.45
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Fig. (1):-Three dimensional models generation with distinct enamel and dentin layers. The alveolar bone and
periodontal ligament (PDL) are added to the model.
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Fig. (2):-(A)Three-dimensional finite element volume mesh of the model. (B) The nodes that were subjected to the
occlusal loads (BC= buccal cusp. DMR= Distal marginal ridge).

Results:-

General geometric criteria of the mandibular first premolar

The descriptive analysis of the photographic images revealed common geometric features in the tested samples
including the crown geometric outlines and the relative positions of the cusps. The following criteria are the main
geometric features that could be correlated with the main functions of the mandibular first premolars:

A- The buccal aspect showed roughly trapezoid geometric outline of the crown with the shortest side cervically and
the contact areas were almost in the same level in most samples. The buccal cusp was well-developed resembling
the canine cusp which allows for the esthetic role of mandibular first premolar in combination with the canine. The
apical third of the root was curved in most of the samples, predominantly to the distal side (Fig. 3a).

B- The proximal aspect showed roughly rhomboid geometric outline due to the lingual inclination which was
accentuated, this leads to the shifting of the buccal cusp towards the midline and aligned almost with the midline of
the crown in all samples. The lingual cusp was less developed than buccal cusp and its tip was aligned with the
lingual border of the root(Fig. 3b).The geometric significance of this finding is that the buccal cusp is the only
occluding cusp which necessitated its positioning at the midline to receive the occlusal load and transfer it to the
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center of the long axis for better stress distribution. Moreover, the shortening of the lingual cusp prevents its
protrusion lingually that would occur as a result of the increased lingual inclination. This protrusion could interfere
with the tongue in addition to that the cusp tip would be out of the root confines, which increases the deteriorating
forces on the unsupported cusp.

C- The occlusal aspect revealed rounded or diamond geometric outlines with clearly observed transverse ridge in
many samples. The buccolingual and mesiodistal dimensions were almost equal (Fig. 3c).

Fig. (3):-(A)Buccal aspect on one sample with trapezoid outline and nearly parallel contact areas (arrow). (B)
Mesial aspect with rhomboid crown outline and the buccal cusp aligned with the midline (arrow). (C) Occlusal
aspect of one sample with symmetric diamond symmetric outline and the observed transverse ridge (TR).

Dimensional details of the mandibular first premolar

The dimensions of the measured samples were consistent in the tested parameters (low standard deviations) except
for the root length which showed apparent variations between the samples reflected by a relatively high standard
deviation (Table 3).

Table (3):- The mean and standard deviation of the measured parameters.

The measured dimension Mean Standard deviation
Mesiodistal dimension at the cervix. 5.44 0.30
Mesiodistal dimension at the crown. 7.81 0.49
Crown height. 8.69 0.91
Root length. 15.24 2.15
Buccolingual dimension at the cervix. 7.46 0.60
Buccolingual dimension at the crown. 8.85 0.72

Finite element analysisresults

The tested samples were subjected to an axial load (150 N) on the buccal cusp tip and distal marginal ridge of each
premolar. The descriptive analysis of the representative color-coded images of the FEA revealed that the stresses
were homogeneously distributed all over the tooth structure and the supporting tissue. The stress concentration was
observed mainly in three regions, the two sites of load application and the cervical regions of crown and root at the
distal surface(Fig. 4a).

The highstressvalues in the regions of load application (buccal cusp tip and distal marginal ridges) was restricted
toenamel (Fig. 4a, b).The cervical parts of the crowns and roots revealed the maximum stress values in most of
samples particularly in dentin and PDL. It was noticed that these increased stresses occupied wider areas in the
cervical root dentin in the teeth with apparently more root curvatures in the apical third(Fig. 4c, d).

The alveolar process received almost medium level of stresses with no marked increase in stress valueswith

occasionally detected increased stresses in some regions such as those adjacent to the cervical part of the tooth(Fig.
4e).In many samples, the enamel of the mesio-occluso-buccal angles showed minimal stress values (Fig. 4f).
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Fig. (4):-FEA imagesshowing (A): Homogeneously distributed stresses with concentration in the enamel of buccal
cusp, distal marginal ridge and the cervical portion of crown and root at the distal surface. (B): No detected high
stress values in the dentin of buccal cusp tip and distal marginal ridges (arrows). The dentin (C) and the PDL (D) of
the cervical region had maximum stresses (arrows). (E): The alveolar process showed high stress in the cervical

region (arrow). (F): Enamel of the mesio-occluso-buccal angle had minimal stresses (arrow).

The quantitative analysis of the stress distribution was performed via the recording of von Mises stress values in
specific regions of six selected representative samples. The detailed numerical recordings are listed in table (4). The
buccal cusp tip and distal marginal ridges showed the highest stress values. While the least values were recorded in
the lingual cusp tip and the root apex. The transverse ridge and the mesial marginal ridge revealed intermediate
stress values. Two samples revealed marked increase in the stress values at the buccal cusp tip in comparison to the
other samples. One of these two samples showed high stress on the distal marginal ridge also. By examining the
images of these two samples, it was found that one of them had a slightly deviated transverse ridge(Fig. 5a).The
other showed relatively increased discrepancy between the length of the buccal cusp slopes compared with the other
samples(Fig. 5b) and also had slight deformity in the geometric outline of the occlusal aspect in the mesiolingual
region (Fig. 5¢).
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Table (4):- Detailed numerical recordings of maximum von Mises stress (MPa) in six regions in the selected
representative samples.

Tooth number Buccal cusp | Lingual cusp | Mesial marginal | Distal marginal | Transverse Root

tip tip ridge ridge ridge apex
1 50.36 4.12 5.42 83.86 18.85 2.1
2 54.1 2.03 3.33 58.82 13.63 2.12
3 102.81 3.3 2.53 62.73 7.32 2.57
4 37.47 2.5 4.22 39.67 13.17 14
5 62.93 2.09 2.62 74.5 10.12 0.362
6 314.46 1.27 4.43 279.15 18.33 1.33
Mean 103.69 2.55 3.76 99.79 13.57 1.65
Standard 105.62 1.01 1.13 89.14 451 0.79
Deviation

oy 4

Fig. (5):-FEA images of the tWo 'samples with eccentric values. (A) One sample showed a slightly deviated
transverse ridge (arrow). The other showed (B) discrepancy between the length of the buccal cusp slopes (arrows)
and (C) slight deformity in the mesiolingual region.

Discussion:-

The current study aimed to analyze the main geometrical criteria of the mandibular first premolar and to correlate
between these features and the static axial load distribution using the finite element analysis (FEA). The mandibular
first premolar has specific function as a transition between the canine and the second premolar [13]. Consequently,
its morphology is adapted for this transition and requires the analysis to explore the correlation between its
geometric features and its functional performance.

In the present study, two techniques were used for the analysis. The first was the dimensional measurement on
photographic images, using image J software, to investigate the dimensions of the samples and demonstrate the
basic geometric concepts. The second method was the use of three-dimensional models performed via cone beam
CT images to assess the occlusal loads. The use of computational models for the three-dimensional load analysis
enhances the masticatory performance assessment [9]. FEA is considered an efficient tool to explore the
biomechanics of various tooth structures, thus, it is recently used in dentistry mechanical researches [11,14] due to
its several advantages including the repeatability and the absence of ethical considerations in its procedure [12].

Although one of the limitations of our work is the restriction to axial load application, however, this selection of
axial forces agreed with DelLas Casas et al. [5] who stated that the dental masticatory forces are commonly
represented in research using the axial compartment of the load only. In the current study, 150 Newton (N) was
selected to be applied. This was in harmony with Maravi¢ et al. [15] who reported that 150 N on the occlusal
surface mimics the ordinary biting force. In the present work, the occlusal load was applied on two occlusal contacts
which are the buccal cusp tip and the distal marginal ridge. These points were selected in accordance to the centric
stops of the supporting cusps and marginal ridgespreviously reported in 1993 by Ash [2].

Our results revealed the common geometric outlines of the buccal, proximal and occlusal aspects. The trapezoid
geometric outline of the buccal aspect and the sharp buccal cusp, resembling the mandibular canine might be
important to the first premolar to assist the mandibular canine in the esthetic function of teeth. Additionally,
Vukovi¢ et al. [13] have reported that the mandibular first premolar performs a similar role asthe canine in
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mastication. Regarding our numerical results of the premolar dimensions, the measurements were comparable to
those reported by Ash in 1993 [2] in terms of the crown height, root length, mesiodistal dimensions. However, the
buccolingual dimensions were slightly of larger values.

The geometric analysis of the unique accentuated rhomboid outline of the proximal aspect could be explained as
follows: The rhomboid outline is accentuated due to the increased lingual inclination of the crown over the root to
obtain the proper intercuspation with the opposing teeth in addition to bringing the long axes of the opposing teeth
parallel [2]. This increase in the inclination would lead to relative lingual protrusion of the lingual cusp, which
necessitated the shortening of the lingual cusp to avoid undesirable interference with the tongue and to ensure the
alignment of the cusp within the confines of the root. Hence, this shortened lingual cusp is out of occlusion leading
to that the buccal cusp is the only occluding cusp. This is compensated by the well-developed buccal cusp which is
aligned almost at the midline buccolingually. This size and position of the buccal cusp provided an appropriate load
direction along the long axis of the tooth. This explanation is in harmony with Ahmi¢ et al. [3] who correlated
between the lingual inclination and the proper stress distribution in the mandibular first premolar.

The FEA in the present study revealed the proper von Mises stress distribution in the premolar under the axial load
applied. This agreed with Yang & Chung [16] who conducted three dimensional FEA of the stresses over the
premolars. The authors reported that the axial occlusal loads resulted in a relatively low von Mises stress values and
resulted in decreased stresses on the tooth and PDL. Moreover, our results might be explained by the nature of
mandibular bone which tends to absorb the occlusal forces more than maxilla [17].

One of the prominent observations in the current study was the stress concentration on the cervical region
particularly in dentin and PDL. This finding coincides with several previous studies reported that the lower first
premolar is the most common tooth to be affected by a lesion called (abfraction), a non-carious lesion in the form of
microstructural loss of the hard tooth structures as a result of the occlusal load concentration in this region [3, 18-
21].

Our results revealed high stresses in the buccal cusp which decrease towards the lingual cusp. This was in
accordance withAhmi¢ et al. [3] who stated recorded maximum stress on the occlusal contacts particularly the
buccal cusp tip and reported decrease in the tissue deformation in the lingual portion. Moreover, the affection of
dentin more than enamel in our results coincides with Yang & Chung [16]who stated that the dentin lesions are
exaggerated with the occlusal stresses.

In our results, there was a correlation between the size of the root dentin area subjected to high stresses and the
degree of the root curvature. This might be explained by the possible eccentric forces generated by the increased
root curvature. These eccentric forces might aggressively affect the supporting tissue and cause PDL trauma [16].

Interestingly, in our study, there were occasional variations in a few samples in the stress distribution. These
samples were characterized by some anatomical deviation from the regular morphology which might affect the FEA
results [3]. Although our results presented a correlation between the fundamental geometric features of the
mandibular first premolar. However, the results obtained from FEA need to be augmented by complementary in
vivo models for obtaining valid and relevant conclusions [22].

Conclusion:-

The mandibular first premolar is a uniquely designed human tooth with geometric features that arecorrelated to its
functions. The FEA revealed harmonious stress distribution with relative stress concentration in the cervical region
particularly in dentin. The lingual inclination and the cuspsize and position are important in the functional
performance and stress distribution. Further studies are needed that applying different forces’ directions and
assuming possible abnormal anatomical features to evaluate the impact of these abnormalities on the stress
distribution within the human dental tissues.
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