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Featured Application: Patients suffering from various levels of periodontal breakdown show in-
creased problems related to the amount of orthodontic force (usually light) needed to be safely
applied to minimize ischemic, necrotic, resorptive, and further periodontal loss risks. At the
bracket level, the bond failure risk is another issue that must be addressed. This study helps
practitioners regarding the biomechanical stress distribution in both the stainless-steel bracket
(commonly used in daily practice) and the enamel component, proving a non-homogenous stress
distribution nature and a lack of influence of the periodontal breakdown process over this stress
distribution. From a scientific point of view, both practitioners and researchers have a clearer
image about the biomechanical behavior of the stress distribution in periodontal breakdown
simulation (with this being the first study to address this issue) and are provided with a more
comprehensive modality to understand the finite element analysis principles and the correct se-
lection and use of different failure criteria.

Abstract: This study assessed the stress distribution (in eighty-one 3D models of the second lower
premolar) in a stainless-steel bracket and enamel crown under 0.5 N of intrusion, extrusion, rotation,
translation, and tipping during a horizontal periodontal breakdown of 0-8 mm. The FEA simulations
(totaling 405) employed five failure criteria and assessed the adequacy and accuracy of Von Mises
(VM), Tresca (T), Maximum Principal (51), Minimum Principal (S3), and Hydrostatic Pressure. T and
VM criteria showed no change in stress display areas during the periodontal breakdown, seeming to
be more correct and adequate than the other three (with unusual stress displays). Both VM and T
(found to be more adequate) generated maximum stress areas on the attachment side and the entire
base of the bracket, confirming the non-homogenous stress distribution areas and the risks of bond
failure. Rotation, translation, and tipping were the most stressful movements and showed slightly
lower quantitative values for 8 mm bone loss when compared with the intact periodontium, while
intrusion and extrusion showed the opposite behavior (slight increase). Periodontal breakdown
did not influence the stress display in the bracket and its surrounding enamel area during the five
orthodontic movements.

Keywords: stainless-steel bracket; light orthodontic forces; horizontal periodontal breakdown; FEA
analyses; failure criteria; dentistry; orthodontics
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1. Introduction

Many patients suffering from periodontal disease need orthodontic treatment. Never-
theless, a reduction in periodontal support (i.e., bone and periodontal ligament—PDL) af-
fects the biomechanical behavior of the tooth during various orthodontic movements [1-5].
The bracket and enamel components of the tooth are the first to suffer from stresses pro-
duced by orthodontic force application.

The most sensitive area is the internal side of the bracket where the bracket-cement—
enamel bond/attachment is found and the failure usually occurs (i.e., 6-28.3% of the failure
rate, especially in posterior teeth mandibular [1]) [1-5]. Among the consequences of the
failure of the bracket bond are the complication of the movements and fine adjustments due
to difficulty in finding the original position and angulation of the bracket and the increase
in treatment time [1,2]. This type of failure is due to interference with contact loading,
incorrect bonding procedures, fatigue of the bonding material, and/or the association
of these factors [1,2]. Moreover, the slot walls are also subjected to various forms of
deformation that significantly influence the biomechanical stress distribution in the bracket
and enamel depending on the bracket and arch materials, geometry, dimensions, and
applied forces [5,6]. There are studies [1-7] limited only to the assessment of the stress
distribution in the bracket (either in the slot walls or on the attachment/internal side), but
no studies describing how the progress of periodontal breakdown influences the stress
distribution in the bracket and enamel (or in the tooth and PDL) were found.

A clear image of the stress distribution and dissipation that occurs in the bracket and
enamel is possible only via in vitro experiments and finite elements analysis (FEA) [1-7].
In vitro tests allow us to identify the maximum amount of force to be applied and max-
imum bond strengths (e.g., brackets attached to various types of surfaces subjected to
machine testing loads), but do not provide any data regarding the stress distribution and
absorption or the areas suffering from higher stresses (since the bonding area is not equally
loaded) [1-3]. There are also reports of variable changes in physical properties of teeth
subjected to in vitro experiments [8]. Other reports considered FEA analysis to be superior
to in vitro experiments regarding accuracy due to issues in modeling and validation [9]. On
the other hand, FEA studies can accurately reconstruct the anatomical tissues and proper-
ties compared with in vitro studies where the tooth is integrated with various materials not
resembling human tissue [9]. Earlier reports showed that shear, compressive, and tensile
stresses are not homogenous, with the weak point being a void, a crack, or the border of
the bracket [2,3]. Nevertheless, the FEA method also has limitations, the most significant
being that it cannot accurately reproduce the complexity of clinical situations.

Cement is a brittle material that has no elastic deformation, ending rapidly in the
fracture and debonding of the bracket [2]. The bracket is made of several types of materials,
the most common being stainless steel (a ductile material) and ceramics (a brittle mate-
rial), which behave completely differently biomechanically when subjected to orthodontic
stresses [2,3]. According to the material’s yielding theory, the ductile materials have the
ability to undergo various reversible elastic deformations (before the plastic one occurs),
while the brittle materials suffer directly from various plastic deformations closely followed
by buckling (changes in shape under loads) and fracture. Despite the acknowledged en-
gineering data related to the type of material (brittle, ductile, liquid, and gas) with the
specific failure criteria, its use in dental studies is almost nonexistent (except for a few
studies [10-13]).

Enamel is considered a brittle material due its internal micro-architecture structure,
while all tooth components and the surrounding periodontium are of ductile resemblance,
having various abilities of absorption and dissipation of loading stresses [7,8,10,11,13-17].
Thus, the entire tooth and support system behave as ductile materials (the stainless-steel
bracket included) since the enamel is only an extremely small percentage of the tooth
and the periodontium’s entire volume [8,13,18]. The ductile resemblance (however, with
a certain brittle flow mode) of these structures is supported by the reported absorption—
dissipation ability of these tissues [13,15,16].
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It would therefore be of clinical importance to have a simulation of stress distribution
in bracket and enamel components during the periodontal breakdown process to find
the areas with highest stresses for a better understanding of bracket bond failures and
their prevention.

FEA allows the individual assessment of stress distribution in the bracket and enamel,
but for correct results, the type of analyzed material (ductile of brittle) needs to be consid-
ered, since each failure criterion is designed to accurately describe a certain biomechanical
behavior. In dental studies the most used failure criteria are the Von Mises (VM) [9,12,19-23]
and Tresca (T) [10,11,13,24,25] criteria designed for ductile materials, the Maximum Princi-
pal S1 tensile [12,20,26-29] and Minimum Principal S3 compressive [12,26,27,29-32] stresses
designed for brittle materials, and Hydrostatic pressure (HP) [33-37] designed for liquids
and gases. Additionally, variables such as force levels [38] and mechanical characteristics
of orthodontic wires [39] should also be taken into consideration. Nevertheless, there are
no studies besides our earlier ones [7,10,11,13,24,25] which address this essential issue for
the accuracy of the FEA method.

Current FEA studies of stress distributions in brackets are concentrated on iden-
tifying the bond strength of several types of brackets and stresses in bracket-cement—
enamel structures [1-3]. FEA analysis is usually used to assess the shear bond strength
(i.e., 4-10 MPa of Reynolds) and tensile bond strength (i.e., 6-8 MPa of Reynolds) [1-3],
correctly applicable if the analyzed materials are either entirely brittle or ductile. The slot
size of the bracket (e.g., reports of 0.018-inch brackets supplying a better torque control
than 0.022-inch brackets) and arch diameter, material, and form had equally considerable
influence over FEA stress distributions [4]. The bracket slot walls, depending on their
design and materials, suffer from several types of deformations [5,6] that could alter FEA
results if the entire tooth’s biomechanical behavior is not assessed. However, since previous
reports [1-6] have only concentrated on assessing a small region of the tooth (i.e., artificially
designed and 3D modeled [1-3]) without taking into consideration the analysis of a larger
structure, such as the bracket or entire enamel component (i.e., the crown) or tooth and its
surrounding supporting structures (improving thus the knowledge), they do not address
the problem of selecting the adequate failure criteria in their FEA analyses. Moreover, if an-
alyzed structures are made of different types of materials (i.e., enamel, cement, and ceramic
brackets are brittle, while stainless-steel brackets are ductile) in relatively equal percent
proportions, the failure criteria must be carefully selected due to their specific mathematical
design to better describe the ductile or brittle materials’ behaviors [10-13,24,25]. However,
if the brittle/ductile material represents only an extremely small percentage of the entire
volume of an analyzed structure, the failure criteria that best describe the predominant
material’s type of structure should be employed [7,10,11,13,24,25].

These FEA studies [1-3] reported that shear loading at the short side of the bracket
produced the highest bond strength and lower tensile stress, with ceramic having a higher
strength than stainless steel. Moreover, due to the different behavioral mechanical mean-
ings, the tensile bond strength should not be compared with the shear bond strength
(Reynolds interval used as reference) [1]. Nevertheless, to find the actual shear bond
strength, only pure shear force should be applied directly to bracket—adhesive interface,
which is extremely difficult, even in an FEA [1].

Usually in clinical practice, low /light orthodontic forces (0.5-1.2 N) are recommended
to be employed, and their efficiency has been clinically proven [17]; meanwhile, the causes
of bracket bond failure are more so due to bonding technique problems than to a high
amount of applied force (e.g., forces of 10 N). The acknowledged limitations of all these
studies [1-3] are that the results are theoretical in nature and reflect an in vitro approach [1]
(e.g., 10 N stroke applied, while the number of strokes for each bracket failure was found
vs. acknowledged clinical behavior). However, this type of approach is far from the reality
of clinical biomechanical stress distribution; thus, an approach closer to the reality of
clinical mechanical behavioral must be used to assess stress distribution—absorption in
both brackets and enamel components. Moreover, not only the light orthodontic force but
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also several types of bone loss and the knowledge of biomechanical behavior of the other
structural component tissues of the tooth and periodontal support system must be taken
into consideration when assessing the stress distribution—absorption mechanism. The tooth
and surrounding support tissues are anatomically anisotropic, non-homogenous, and have
various properties and biomechanical behaviors (i.e., linear elastic vs. non-linear elastic,
varying with amount of applied force) depending on experimental circumstances, and
usually do not abide by Hook’s law [8]. Thus, correlating several types of studies (i.e., FEA,
in vivo/in vitro) for a better and clearer image of the entire tooth and periodontal system’s
biomechanical behavior and addressing the issues of the results” accuracy is of importance.

Based on the above, the need for a different approach closer to clinical reality in the
study of stress distribution is obvious. Thus, the aim of the present study was to assess
both stress distribution and absorption—dissipation in the bracket and enamel crown com-
ponents for lower premolars in the presence of a gradual horizontal breakdown of 0-8 mm
and under 0.5 N of intrusion, extrusion, rotation, translation, and tipping. Moreover, shear,
overall, tensile, compressive, and pressure stresses were assessed by employing the ade-
quate failure criteria for each of these stresses, thus investigating the failure criteria more
suitability for the study of brackets and enamel.

2. Materials and Methods

Herein, a finite elements study is a part of a broader step-by-step research (i.e., clinical
protocol 158/02.04.2018) investigating the accuracy of the FEA method in the study of dental
structures subjected to orthodontic forces and periodontal breakdown [7,10,11,13,24,25].

This analysis employed eighty-one 3D mesh models (in 405 simulations) of the second
lower premolar with surrounding support tissues, reconstructed from the CBCT exams of
nine patients (mean age 29.81 £ 1.45 years, four males, five females, with oral informed
consent) in need of orthodontic treatment and with various levels of bone loss (usually in
cervical third of PDL).

For this research, a higher number of patients was examined, but due to inclusion
criteria, only nine qualified. The main inclusion criteria were non-inflamed periodontium,
good oral hygiene, intact investigated teeth, no tooth loss in the investigated region, no
malposition or unhealthy oral habits, and reduced various bone loss levels. Due to all of
the above criteria the sample size of 9 patients (9 patients, 81 models, 405 simulations)
considered to be acceptable for the accuracy of results and conclusions, since most of other
FEA studies related to bracket and PDL/dental pulp/tooth subjects employed a sample
size of one (one model/one patient/few simulations, usually reconstructed based on ideal
anatomic dimensions and anatomy, with no anatomical accuracy related to the complexity
of human tissues).

The CBCT examinations were performed with ProMax 3DS (Planmeca, FI-00880
Helsinki, Finland), with a 0.075 mm voxel size. The region of interest was the mandibular
sector with two premolars and molars.

CBCT images were loaded into Amira 5.4.0 reconstruction software (Visage Imaging
Inc., 300 Brickstone Square, Suite 201 Andover, MA 01810, USA) to obtain mesh models.
The reconstruction process was manually performed by a single experienced practitioner,
since the automated software algorithm met difficulties in finding the limits and small grey
shades of dental pulp, PDL, and cementum. Thus, tooth components (enamel, dentine,
dental pulp, neurovascular bundle (NVB)), supporting tissues” periodontal ligaments, and
the cortical and trabecular bones were found and reconstructed. The cementum separation
from dentine was found to be impossible and was acceptable to be reconstructed as dentine
due to their similar physical properties (Table 1).

The bracket (stainless steel) was manually reconstructed in this phase of the study
to be able to simulate a close contact to the enamel component (an almost perfect bond),
Figure 1H. The slot of the bracket was chosen not to be reconstructed to avoid any problems
related to variability in dimensions, angulations, and geometry and to allow orthodontic
forces to be directly applied to the base of the bracket. Cutting the deformations of slot
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walls due to orthodontic forces (aspect acknowledged in the study) allowed the assessment
of total amount of stress directly applied to the base of the bracket (eliminating absorption—
dissipation of stresses due to deformations). Clinically, there are no pure orthodontic
movements, but rather a combination of them. Thus, in clinical biomechanics, the amounts
of stresses are usually lower when compared to pure movements, and due to the small
amount of applied force (0.5 N), the deformation effects are reduced and do not influence
the accuracy of the results.

Table 1. Elastic properties of materials.

Material Young's Modulus, E (GPa) Poisson Ratio, v Refs.
Enamel 80 0.33 [7,10,11,13,24,25]
Dentin/Cementum 18.6 0.31 [7,10,11,13,24,25]
Pulp 0.0021 0.45 [7,10,11,13,24,25]
PDL 0.0667 0.49 [7,10,11,13,24,25]
Cortical bone 14.5 0.323 [7,10,11,13,24,25]
Trabecular bone 1.37 0.3 [7,10,11,13,24,25]
Bracket (stainless steel) 190 0.265 [7,10,11,13,24,25]

Figure 1. Mesh model: (A)—2nd lower right premolar model with intact periodontium,
(B)—with 4 mm bone loss, (C)—8 mm bone loss, (D)—element warnings in dentine component,
(E)—element warnings in PDL component, (F)—element warnings in bracket and enamel compo-
nents, (G)—dentine component (red) with dental pulp-NVB (orange) and bracket (green), (H)—tooth
(enamel-blue, dentine-red) with bracket (green) and NVB (orange), (I)—PDL component (grey),
(J—enamel (blue) and bracket (green) components, (K-O) applied load vectors: (K)—extrusion,
(L)—intrusion, (M)—rotation, (N)—tipping, (O)—translation.

PDL has a variable anatomical thickness of 0.15-0.225 mm and includes the neuro-
vascular bundle of dental pulp, for each of these models [7,10,11,13,24,25], Figure 1G-1.

All the components of the tooth and surrounding support system were assembled
into a 3D mesh model, keeping only the second lower premolar (other teeth being replaced
by bone), with various levels of bone loss (in cervical third of PDL). Missing bone and
PDL were then reconstructed, obtaining a model with intact periodontium. Thus, nine
original models with intact periodontium were reconstructed following the above protocol.
In each of these models, there was a simulation of a horizontal periodontal breakdown via
a reduction of 1 mm of PDL and bone (from 0 to 8 mm of loss), obtaining for each of the
nine intact periodontium models nine models with various levels of bone loss (totaling
81 models analyzed in the study), Figure 1A-C.

The intact periodontium models had 5.06—6.05 million C3D4 tetrahedral elements,
0.97-1.07 million nodes, and a global element size of 0.08-0.116 mm (Figure 1A). An-
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other aspect that must be acknowledged (i.e., due to manual anatomical reconstruction)
is the presence of a reduced number of surface anomalies/irregularities in all models
(Figure 1D-F), with no error warning to be found. Thus, in Figure 1D-F, some of element
warnings for one of the nine intact periodontium models were displayed: D for dentine,
22 element warnings (0.004%) from 540,969 elements; E for PDL, 20 element warnings
(0.00835%) from 23,970 elements; F for enamel and bracket. 17 element warnings (0.0136%)
from the 124,532 elements. Nevertheless, the quasi-continuity of the models in areas af-
fected by stress was maintained; thus, the accuracy of the simulations was found to be high.
The internal control and safety check of both software (i.e., image reconstruction and finite
elements analysis) do not allow the next phase of the process to be completed if errors or
too many anomalies are present, an aspect that was not seen in our study.

As in all earlier dental studies, the physical properties were linear elasticity, homogene-
ity, and isotropy; perfectly bonded interfaces; and model bases with zero displacements.
All these properties were found acceptable because of their almost exclusive use in all
earlier FEA studies and due to the fact that both applied forces (0.5 N) and displacements
are extremely small [7,10,11,13,24,25].

The applied forces were of 0.5 N (approx. 50 gf) directly to the base of the bracket,
simulating intrusion, extrusion, rotation, translation, and tipping (Figure 1K-O). The
amount of force was selected because it is small enough to be safely applied to both intact
and reduced periodontium and to produce orthodontic movements and because it allows
the results obtained here to be compared with our previous FEA simulations (using the
same conditions as herein) over PDL, dental pulp and NVB, and tooth [10,11,13].

The finite elements analysis totaled 405 simulations employing Abaqus 6.13-1 software
(Dassault Systemes Simulia Corp., Stationsplein 8-K, 6221 BT Maastricht, The Netherlands)
and the five most used failure criteria: Von Mises (VM), Tresca (T), Maximum Principal
Tensile (S51), Minimum Principal Compressive (S3), and Hydrostatic Pressure (HP).

The results were qualitatively displayed as color-coded projections of several types
of stress (e.g., Figures 2-6) and quantitatively (in Table 2) as an average of stresses. These
results were then correlated with previous bracket FEA studies [2-5], with those of the
entire biomechanical behavior of the tooth and surrounding support tissues [10,11,13],
with other tooth and PDL FEA reports [9,12,19-22,26-37]. Meanwhile, the biomechanical
correctness was assessed through correlations and relationships with acknowledged clinical
mechanical and materials yielding theoretical principles and properties [8,12,15,16].

Figure 2. Comparative stress display of the five failure criteria in intact, 4 mm, and 8 mm periodontal
breakdown for the extrusion movement under 0.5 N of load: (A)—Tresca, (B)—Von Mises, (C)—Max.
Principal S1, (D)—Min. Principal S3, (E)—Pressure.
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breakdown for the tipping movement under 0.5 N of load: (A)—Tresca, (B)—Von Mises, (C)—Max.
Principal S1, (D)—Min. Principal S3, (E)—Pressure.
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Figure 6. Comparative stress display of the five failure criteria in intact, 4 mm, and 8 mm periodontal

breakdown for the translation movement under 0.5 N of load: (A)—Tresca, (B)—Von Mises, (C)—Max.
Principal S1, (D)—Min. Principal S3, (E)—Pressure.

Table 2. Maximum stress average values (KPa) produced by 0.5 N of orthodontic forces.

Resorption 0 1 2 3 4 5 6 7 8
(mm)
Intrusion  Tresca E 15094 15094 150.94 150.94 150.03 158.45 166.60 174.70 182.93
B 15094 15094 150.94 150.94 150.03 158.45 166.60 174.70 182.91
Bext. 15889 15800 158.00 158.00 157.75 166.43 175.11 183.79 192.47
Bint. 15889  158.00 158.00 158.00 157.75 166.43 175.11 183.79 192.47
VM E 13192 131.92 131.92 131.92 131.95 139.06 146.17 153.28 160.39
B 13198 13192 131.92 131.92 131.95 139.06 146.17 153.28 160.39
Bext. 13892 13892 138.92 138.92 138.90 146.41 153.91 161.41 168.92
Bint. 13891 13892 138.92 138.92 138.90 146.41 153.91 161.41 168.92
Pressure E 9255  100.97 109.38 117.80 12621 130.13 134.05 137.97 141.90
B 25081 25153 252.25 252.98 253.71 278.34 302.97 327.60 352.23
Bext.  257.02 25741 257.80 258.19 258.61 282.01 305.41 328.81 352.21
Bint. 85.80 92.25 98.70 105.15 111.63 113.86 116.09 118.32 120,56
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Table 2. Cont.

Resorption 0 1 2 3 4 5 6 7 8
(mm)
s1 E 18340  183.00 18300 18100 18095 18393 18692 18991  192.90
B ~22991 -22553  —221.15  —21678  —21242  —22115 —231.89 24162 25136
Bext.  —22091 -—22553 22115 21678 21242 22115 23189 24162  —251.36
Bint. 15025 15025 15025 15025  150.88 15358 15628 15899  161.69
3 E 36485 36924  —373.63 37802 38241 38241 38241 38241 38231
B ~15000 —158.83 —167.67 —17650 18534  —201.46  —217.58  —23370  —249.82
Bext.  —36485 —369.24 37363  —378.02  —38324 38241 38241 38241 38231
Bint. 15251 15663 —160.76 —16488 —169.01  —18055 19210 —203.64 —215.19
Extrusion  Tresca E 15094 15094 15094 15094 15003 15845 16660 17470  182.93
B 15094 15094 15094 15094 15003 15845 16660 17470 18291
Bext. 15880 15800 15800 15800 15775 16643 17511 18379 19247
Bint. 15889 15800 15800 15800 15775 16643 17511 18379 19247
VM E 13192 13192 13192 13192 13195  139.06 14617 15328 16039
B 13198 13192 13192 13192 13195  139.06 14617 15328 16039
Bext. 13892 13892 13892 13892 13890 14641 15391 16141 16892
Bint. 13891 13892 13892 13892 13890 14641 15391 16141 16892
Pressure E —9226  —9278  —9330  —9382  -9435 9748  —100.63 —10376  —106.90
B ~31410 31495 31580 —31666 31751 32619  —33486 —34353 35221
Bext.  —31411 31495 31580 -31666 31751 32619 33486 34353 35221
Bint.  -8581 8590  —8591  —8600  —86.19 8642 8672  —87.02  —87.42
s1 E 24219 25273 26227 27381 28435  297.80 31123 32467  338.12
B 36481 36918 37355 37792 38233 38230 38230 38230  382.32
Bext. 36481 36918 37355 37792 38233 38230 38230 38230  386.34
Bint. 24350 25453 26556 27659  287.62 30159 31557 32954 34352
3 E 18340 18390 —18440 —18490 —18580 18757 —189.35 —191.12  —192.90
B 22990 22998 23000 23015 23024 23550 24077 24600 25131
Bext. 22990 22998 23000 23015 23025 23550 24077 24600 25131
Bint. 15021 15021 —15021 —15021 —150.89 15358 15627 —15896 —161.66
Translation  Tresca E 41983 40293 38590 36800 35181 35156 35131 35106  350.51
B 503.61 48322 46284 44246 42208 44200 44200 44200  422.09
Bext.  503.61 48322 46284 44246 42208 44200 44200 44200  422.87
Bint. 38437 36882 35326 33770 32215 32210 32210 32210 32276
VM E 36477 35216 33955 32694 31434 31434 31434 31434 31471
B 43751 42241 40732 39222 37713 37713 37713 37713 377.54
Bext.  437.51 42241 40732 39222 37713 37713 37713 37713 37754
Bint. 33391 32248  311.06 29963 28821 28821 28821 28821  288.14
Pressure E 15060 15265 14570 13875 13180 13170 13160 13140 13121
B 24510 23550 22590 21630 20671 20670 20670 20670  206.87
Bext. 24331 23441 22551 21661 20771 20770 20770 20770  207.77
Bint. 11311 10891 10471  100.50 96.31 96.30 96.30 96.30 96.36
s1 E 239.00 23754 23600 23446 23292 23290 23290 23290  232.39
B 29351 29000 28662 28317 27973 27970 27970 27970  279.04
Bext.  250.51 24690 24329 23968 23607 23600 23600 23600 23559
Bint. 20411 20218 20026 19834 19642 19600 19600 19600 19622
3 E 28563 28342  —28122  —27901 27681 27681  —27681  —27681 27681
B 30581 -293.11 -29042  —287.73 38503 —385.03  —385.03  —385.03  —385.03
Bext.  —397.16 —39453 39190 38927  —386.64 —386.64 38664 38664  —386.65
Bint.  —20072 -280.12  —260.52  —25892 24832 24832 24832  —24832 24832
Rotation  Tresca E 59203 59200 59200 59200  592.60 59200 59200  592.00  592.92
B 37053 37000 37000 37000  370.68 37000 37000 37000  370.92
Bext. 35375 35628 35882 36136 36390 36393 36398 36400  364.05
Bint.  553.82 55537 55692 55847 56003 56000  560.00  560.00 56097
VM E 51880 51880 51880 51880 51924 51924 51924 51924  519.44
B 32470 32470 32470 32470 32480 32480 32480 32480 32452
Bext.  309.60 31173 31386 31599 31813 31813 31813 31813  318.15
Bint. 48504 48612 48720  488.02 48936 48936 48936 48936  489.57
Pressure E —40303 —39598 38894 38190 37486 37053 36621  —361.88  —357.56
B 47920 47436 46951 46465 45980  —458.85 45791 45697  —456.03
Bext.  —47921 -—47436 46951  —464.65 —459.80 —45885 45791  —45697  —456.03
Bint. 17443 16926 —16409 —15892 15375 15370 —153.70 —153.70 —153.77
s1 E 43993 43713 34333 43153 42873 42800 42800 42800  428.53
B 64511 64218 63926 63634 63342 63350 63350 63350 63472
Bext. 64511 64218 63926 63634 63342 63350 63350 63350 63472
Bint. 33743 33402 33062 32722 32382 32422 32462 32502 32542
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Table 2. Cont.
Resorption 0 1 2 3 4 5 6 7 8
(mm)
S3 E —441.82 45234  —462.87  —47339  —48392  —47467 46542  —456.17  —446.92
B —54931 —560.34 —57138  —58242 59345 —583.00 —57259  —562.16 —551.74
B ext. —549.31 —557.14 —564.97 —572.80 —580.63 —573.40 —566.18 —558.95 —551.74
Bint. 44182 —452.34  —462.87 —47339  —48392  —47467  —46542  —456.17  —446.93
Tipping Tresca E 25460  246.45 238.30 230.15 222.01 221.81 221.61 221.41 221.21
B 102.25 95.27 88.30 81.31 74.34 74.27 74.20 74.15 74.11
B ext. 81.79 76.76 71.74 66.70 61.70 61.60 61.50 61.40 61.42
Bint. 225.42 219.25 213.08 206.91 200.74 200.48 200.22 199.96 199.71
VM E 22092  208.73 196.55 184.37 172.19 172.19 172.19 172.19 172.31
B 88.67 83.76 78.85 73.94 69.03 69.03 69.03 69.03 69.21
Bext. 75.54 70.74 65.95 61.15 56.36 56.36 56.36 56.36 56.22
B int. 210.16  195.96 181.77 167.57 153.38 153.38 153.38 153.38 153.41
Pressure E 13849 13896 139.44 139.92 140.40 140.69 140.99 141.29 141.59
B 13849 13896 139.44 139.92 140.40 140.69 140.99 141.29 141.59
B ext. 122.30 122.93 123.56 124.19 124.82 124.90 124.98 125.06 125.14
B int. 63.75 63.43 63.12 62.81 62.50 62.24 61.99 61.73 61.48
S1 E —130.11 —130.11 —130.11 —130.11 —130.80 —131.08 —131.08 —131.08 —131.18
B —~130.81 —130.11  —130.11 —130.11 —130.86 —131.08 —131.08 —131.08 —131.11
Bext.  —12446 —12644 —12843  —13041 —13240 —13240 —13240 —13240 —132.37
Bint. —7146  —72.69 —73.93 —75.15 —76.39 —76.39 —76.39 —76.39 —76.77
S3 E —39851 —403.92 —409.34 —41475 —420.17 —420.17 —420.17  —420.17  —420.61
B 14861 —15024 —151.87 —15350 —155.14 —155.14 —15514 —155.14 —15557
Bext.  —16491 -16751 —17011 —17271 —17531 —17531 —17531 —17531 —175.36
B int. —16491 —16751 —170.11 —17271 —17531 —17531 —17531 —17531 —173.61

E—enamel; B—bracket; B ext.—external side of bracket; B int.—internal side of bracket.

3. Results

The results of this analysis (Figures 2—6, Table 2) are based on a total of 405 FEA
simulations. No differences related to gender, periodontal status, or age were seen.

From a qualitative point of view (i.e., color-coded projections), all five types of failure
criteria displayed higher stress areas on and around the bracket area, Figures 2—-6. The
stress distribution areas remained the same (with some small particularities) independently
of levels of bone loss, suggesting that periodontal breakdown does not change the stress
distribution pattern from 0 to 8 mm of tissue loss. As expected, the maximum stress areas
were displayed on sites/surfaces of applied force, on the internal surface of the brackets,
and on the enamel around the bracket area. The Von Mises (maximum overall/equivalent
stress) and Tresca (maximum shear stress) criteria displayed similar stresses and visible
distribution patterns for all five movements and periodontal breakdown levels (0-8 mm),
opposite to the other three failure criteria (Maximum Principal Tensile stress, Minimum
Principal Compressive stress, and Hydrostatic Pressure).

From a quantitative point of view (i.e., average numerical values in KPa), all five
types of failure criteria showed comparable results, Table 2. Hydrostatic pressure criteria
displayed the lowest values among all five criteria. The amount of stress displayed on the
bracket (internal surface and force appliance site/surface) was higher than that displayed
in the enamel component. Based on the quantitative results, rotation and translation
movements seem to be the most stressful among all five types. During simulated bone
loss, both T and VM showed a small variation (less than 10%) in the amounts of stress: a
light increase for intrusion and extrusion, a light decrease for translation and tipping, and
consistent results for rotation. The light variations were also seen for the other three criteria:
a general slight increase for intrusion and extrusion and a decrease for translation; for
rotation, a decrease for S1 and HP and an increase for S3; and for tipping, an increase for S1
and S3 and a decrease for HP. The quantitative results (stress displayed) of the simulations
for enamel (in KPa) in this study were lower than those reported for enamel (in MPa) for
maximum compressive stress of 62.2 MPa (premolars and canines) [8], maximum tensile
strength of 11.5-42.1 MPa (third molar) [15], and maximum shear stress of 53.9-104 MPa
(third maxillary molar) [16].
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This analysis aimed to assess stress distribution of the five most used orthodontic light
forces in the stainless-steel bracket and enamel component of the tooth. Additionally, the
biomechanical changes in the stress distribution during a gradual horizontal breakdown
process from 0 to 8 mm were assessed. The present assessment was the result of an FEA
employing five of the most used failure criteria, also aiming to select the most exact one in
supplying trustworthy results.

It must be emphasized that all failure criteria to be employed in the FEA are designed
to accurately describe the biomechanical behavior of a certain type of material (i.e., brittle,
ductile, gas, or liquid). Thus, their employment without assessing the type of material and
the internal micro-architecture the analyzed structure is made of could lead to incorrect
results [7,10-13]. The main difference between the design of different failure criteria is
related to the biomechanical behavior of the material when subjected to forces (i.e., the
yielding of materials theory—the ability to absorb mechanical overload).

As is common knowledge in the engineering field of materials science, a ductile
material (e.g., steel, rubber, platinum, copper) suffers from several types of elastic and/or
plastic deformation (recoverable /non-recoverable) before rupture/destruction occurs when
subjected to tensile and compressive stress [7,10,11,13,24,25]. The type of deformation
consequences cannot be changed by simply dropping the applied force. Firstly, elastic
deformation occurs, the effects of which disappear when the force is removed, and the
object returns to its original shape (recoverable). Secondly, if the amount of tensile stress
increases, plastic deformation occurs (i.e., in the strain hardening region closely followed by
the necking region), resulting in the fracture/rupture of the material. The pre-fracture state
of necking is shown by the reduction in cross-sectional area, beginning after the ultimate
strength is reached, so the material can no longer withstand the maximum stress. The
application of compressive stress to materials leads to their shortening, such that when the
maximum compressive strength is reached, buckling (sudden change in form/shape under
deformation) and then structural failure occurs. The yielding point is the limit moment of
elastic behavior and the beginning of the plastic one. Below the yielding point, the material
will suffer from elastic deformation (returning to original form if stress is removed), while
if this yielding point is passed, the deformation will be permanent and non-reversible,
ending with the fracture of material. Polymers are also considered as ductile materials
suffering from plastic deformation.

Brittle materials (e.g., glass, stone, clay, concrete, cast iron) suffer from extremely
small deformations (usually non-recoverable) before fracture/destruction occurs. There
are also materials that have a more ductile behavior depending upon the temperature
(i.e., higher or lower) called thermoplastic materials (soft and hard). Soft thermoplastic
materials suffer from a wide range of plastic deformation (i.e., copper, gold, steel, rubber).
Hard thermoplastics suffer a minimal plastic deformation (e.g., plastic, rubber, crystal).

For liquids/gas, pressure criteria were specially designed since there are no shear
stresses in their biomechanical behavior.

The internal structure of materials (i.e., homogenous, non-homogenous) is important
in accurately describing their behavior [7,10,11,13]. For ductile materials, Tresca is designed
for non-homogenous materials, while Von Mises for homogenous ones [7,10,11,13]. For
brittle materials, Maximum Principal Tensile S1 and Compressive S3 stresses accurately
describe their behavior. For liquids and gases, pressure criteria are suitable [7,10,11,13].

In our analysis all five of the above failure criteria were assessed. The analyzed bracket
was made of stainless steel and considered a ductile material. The enamel component
is a brittle material due to its micro-architecture and physical properties [8,12,15,16,18].
Nevertheless, the enamel component accounts for only an extremely small percentage of
the total volume of the tooth, while all other tooth components (dentine, cementum, dental
pulp, and neuro-vascular bundle) are considered of ductile resemblance. Thus, from the
biomechanical point of view, the tooth structure behaves as a ductile non-homogenous
material with a certain brittle mode flow, being accurately described by VM and T fail-
ure criteria [8,11,13-15]. Moreover, biomechanically speaking, a small orthodontic force
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of 0.5 N produces extremely small movements able to display an almost linear-elastic
behavior [10,11,13,24,25]. If brittle materials or liquid/gas criteria are used in these con-
ditions, the biomechanical description of stress distribution and dissipation might not be
entirely correct [10-13,24,25].

Previous studies [10,11,13,24,25] analyzing the description of the biomechanical be-
havior of the tooth and surrounding periodontium under small orthodontic forces (0.5 N)
during periodontal breakdown have been reported for PDL, dental pulp, NVB, and tooth
structure ductile resemblance, where only T and VM criteria are suitable (with T providing
the better accuracy), while S1, S3, and HP provided inaccurate results [10,11,13]. Here,
the results agree with these findings, proving that Tresca and Von Mises criteria are better
suited for the analysis of stainless-steel brackets and enamel. A stress increase was also re-
ported in the apical, middle, and cervical third of the PDL, and radicular dentine correlated
with the progression of periodontal breakdown, with visible increase in color-coded stress
display areas and quantitative results (all lower than MHP of 16 KPa) [10,11,13]. Herein,
the results reported for T and VM showed little or no change in stress display areas during
periodontal breakdown (Figures 2—6 and Table 2), since the main absorption and dissipation
components of the tooth and periodontium are in the dentine-cementum structure and
periodontal ligament, which agrees with clinical and biomechanical knowledge. The other
three analyzed criteria showed unusual stress displays, with changes in stress distribution
(increase or decrease), especially in the site of force applied to the bracket, along with the
progression of periodontal loss. Nevertheless, S1, S3, and HP (despite their inaccuracies)
confirmed the general behavior described by T and VM.

Thus, based on this study’s qualitative and quantitative results, it seems that peri-
odontal breakdown (0-8 mm) does not influence stress distribution in either the bracket or
surrounding enamel component, which is clinically important when treating patients with
periodontal disease and assessing the use of various cements for cementing steel brackets.
However, during the simulated bone loss, both T and VM showed a small variation (less
than 10%) in the amounts of stress: a light increase for intrusion and extrusion, a light de-
crease for translation and tipping, and consistent stress for rotation. These light variations
were also seen for the other three criteria (Table 2). These differences in biomechanical
behavior are particularly related to the reduction in periodontal support and the way move-
ments interfere with PDL and bone (i.e., a supposing increased interference in intrusion
and extrusion and a decrease in tipping and translation).

By correlating the results of this study with other reports [7,10,11,13], a clearer de-
scription of the biomechanical stress distribution and absorption during the periodontal
breakdown process (i.e., 0-8 mm of loss) is provided. Periodontal support loss is highly
correlated with the increase in stress, especially in the periodontal ligament (most important
stresses being displayed in the cervical third). Thus, 0.5 N of force was determined the
highest stress during orthodontic movements in the cervical third of PDL (nevertheless, a
lower than accepted MHP value was obtained), with lower amounts of stress in the apical
and middle thirds of PDL, dental pulp, and radicular dentine-cement. Rotation and trans-
lation, closely followed by tipping, seem to be the most stressful movements, especially for
the periodontal ligament and NVB, with potential ischemic, resorptive, and further tissue
loss risks if MHP is exceeded. The tooth’s ability (i.e., dentine—cement and coronal dentine
components) to absorb and dissipate the stresses produced by orthodontic forces are also
confirmed (approx. 86.66-97.5% of stresses before reaching PDL, 97.56-98.25% of stresses
before reaching NVB, and 99.59-99.94% before reaching dental pulp [13]).

No other studies investigating the aims of this study were found; thus, the correlations
with our earlier reports were the only possibility and thus necessary [10,11,13].

Few studies [1-6] about the analysis of stress distribution (shear and tensile) in bracket
were found, with FEA analyses being limited to brackets. These studies concentrated on
the bracket bond’s shear and tensile stress strength under excessive amounts of orthodontic
forces without investigating the biomechanical behavior under light forces and the influ-
ences of intact and reduced periodontium over the stresses displayed in the surrounding
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tissues (e.g., the enamel component). Another aspect seen in these studies was that de-
spite the same applied forces being used, the stress distribution in the bracket showed
unexplained discrepancies.

Magesh et al. [5] (maxillary central incisor, constructed SS bracket 0.022 in. stainless-
steel and titanium with 472,556 elements and 118,045 nodes) assessed the generated torque
(4-28.5 N) correlated with deformations of slot walls. The quantitative wall deformations
for stainless-steel were 0.3 pm top, 0.1 um middle, and 0 pm bottom (for 4 N) and up to
44.8 um top, 36.8 pm middle, and 9.28 pm bottom (for 28.5 N), while titanium deformed two
to four times more. In both models of bracket (stainless steel and titanium), deformations
were exclusively found at the slot walls, while the base of the bracket and the internal
side/attachment suffered no deformation (which is biomechanically unusual, suggesting
no bond failure risks and contradicting clinical-data-related knowledge). Biomechanically,
the slot walls, through deformations, absorb and dissipate the applied force (e.g., an
applied torque of 7.14 N generating a torque of 4 N), but there should be stress areas in
the attachment side of the bracket since it transmits the movement to the tooth, while the
average reported risks of bond failure are up to 28.3% [1]. Moreover, in our study, the
applied force was 0.5 N (eight times lower than Magesh et al. [5]) and generated stress
areas in the attachment side and entire base of the bracket, confirming stress distribution
areas and risks of bond failure [1].

Elsaka et al. [3] investigated bond strength (intrusion/extrusion, translation, and
tipping) of three type of brackets (stainless steel, 68,192 elements /99,487 nodes; ceramic,
73,922 elements /108,071 nodes; and titanium, 60,599 elements/80,019 nodes) on upper
central incisors by qualitatively and quantitatively assessing shear stress and maximum
principal stress, with (200 pm height) and without adhesive/cement. They reported that
shear loading at the short side (e.g., intrusion/extrusion) of the bracket resulted in the
highest bond strengths and the lowest maximum principal stress on both the cement and
enamel compared with other loading modes. They also concluded that the manner of
loading and choice of bracket materials influence the bond strength and stress distribution.
Our results agreed with some of these reports (i.e., intrusion/extrusion movements are
less harmful than rotation and translation, while the loading conditions are extremely
important for stress distribution). However, their study unusually displayed stress areas
located only at the edges of the bracket’s internal surface, suggesting that the entire base of
the bracket suffers no stress (biomechanically debatable if the yielding and failure behaviors
of materials are acknowledged), which opposes our simulation results, where, with no
exception, the entire surface of the bracket had various color-coded stress areas.

Algera et al. [2] (in vitro and FEA experiments) studied the shear and tensile bond
strengths of metal brackets in an FEA analysis limited only to the bracket and a small
enamel wall (100 N of intrusion, translation, and tipping on a stainless-steel bracket with
23,392 elements in isotropic, homogenous, and linear elasticity conditions) and reported
that the stress distribution in the bracket-cement-enamel system is not homogeneous,
in agreement with our results. They [2] also reported that bracket design and loading
method is more important (i.e., direct correlation between loading and stress distribution)
for the bond strength than the size of the bonding area, which is also in line with our
research. In the color-coded stress distribution [2], the stress areas in the internal surface of
bracket had various displays: For 100 N of translation, a maximum shear stress of 20.6 MPa
appeared at the edge of loading side (similarly for 100 N of intrusion and 15.9 MPa), with
a progressive decrease toward force-free side, which is comparable with our qualitative
and quantitative results (0.384-0.5 MPa for 0.5 N of translation and 0.15 MPa for 0.5 N of
intrusion). However, for 100 N tipping movement, the maximum of 25.8 MPa color-coded
shear stress distribution was located only on the two short sides of the internal surface
of the bracket, which opposes our simulation results, where the maximum shear stress
of 0.225 MPa (for 0.5 N of force) was located in a more accurate biomechanical display
around all the edges of internal surface. We assume the differences come from the loading
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conditions of the investigated area (enamel wall with bracket in [2] vs. enamel crown with
bracket in our simulation).

When compared (above FEA three studies), despite investigating stress distribution
(shear and tensile) in the bracket bonded to a small wall of enamel, the color-coded stress
distributions showed significant differences between Algera et al.’s [2] and Elsaka et al.’s [3] re-
sults (maximum stress areas in the internal surface of the bracket), as well as Magesh et al.’s [5]
(maximum stress located in the slot wall). Moreover, their [2,3,5] stress distributions biome-
chanically showed unusual displays (i.e., concentration of the maximum stress only in a small
line on the two short/long edges of the bracket, without other stress areas) when compared
with a more biomechanically realistic stress display on the entire surface of the internal side
in our simulations. We assume that all these differences come from the dimensions of the
analyzed models (entire crown vs. a small enamel wall) that are not only more realistic simu-
lations of clinical conditions but also takes into considerations the absorption—dissipation and
stress distributions in the entire components and how these materials deform under loadings.

In Algera et al.’s [2] and Elsaka et al.’s [3] studies, loading forces were directly applied
on the base of the bracket (in a similar manner as our study and with comparable results),
while Magesh et al. [5] simulated the applied force directly on the bracket slot walls (with an
unusual deformation limited to the slot walls). Due to difficulties in accurately reproducing
clinical conditions (e.g., variability in the geometry of the slot walls, arches of various
materials and geometry, cement dimensions and properties inducing a high number of
variabilities and potential interferences with the accuracy of the results), the application
of force directly to the base of the bracket was preferred. In our study, the construction of
the bracket was performed during reconstruction of dental tissues from the CBCT images;
thus, only the base of the bracket was chosen to be modeled. Both here and in earlier
studies [2,3], the forces were applied in the same manner, that is, on the base of the bracket.
Moreover, for a more realistic distribution of the stresses, perfectly bonded interfaces were
preferred. Based on the above, we found this modeling approach acceptable, as it provided
comparable results with earlier studies [2,3].

Most FEA studies assume isotropic, homogenous, and linear elasticity properties,
which require certain conditions to supply correct results since biological tissues are
anisotropic, non-homogeneous, and nonlinear elastic. Under low forces of up to 1 N,
small displacements, and amplitude movements, all structures show linear elasticity be-
havior [7,10,11,13,24,25]. Nevertheless, the higher the force, the higher the displacements
should be, and nonlinear elasticity would become increasingly predominant and would
finally bias the FEA results. In Hemanth et al.’s [28,29] studies, the differences between
linear and non-linear elastic behavior for PDL (of ductile resemblance) employing S1 and
S3 brittle material failure criteria for a force up to 1 N reported that 20-50% less force
was needed for non-linear vs. linear simulation. This study employed a brittle failure
criteria design for describing a ductile material’s biomechanical behavior, which could
significantly alter the results’ accuracy, since significant differences between results were
reported if non-adequate failure criteria are used [10-13,24,25]. This aspect, despite not
being clearly addressed in FEA studies, was visible when interpreting and correlating the
results with clinical data and anatomical and physiological constants [7,10,11,13,24,25].
Thus, Field et al. [22], in an intact periodontium FEA study employing multiple failure cri-
teria (VM, S1, S3, and HP), reported in the apical third of PDL and root multiple hydrostatic
pressure stresses exceeding 16 KPa of physiological hydrostatic pressure and signaling
ischemic, resorptive, and further periodontal loss risks for a tipping force of 0.35-0.5 N
(which normally do not appear in clinical practice) [17]. Other FEA studies [33-37] employ-
ing hydrostatic pressure failure criteria in intact PDL reported optimal orthodontic forces
of 0.28-3.31 N (but with significant differences from one study to another for the same
tooth and movements, contradicting both clinical knowledge and Proffit’s reports [17]), and
quantitative hydrostatic pressures exceeding the physiological one by far (i.e., MPa vs. KPa).
None of these studies addressed these inconsistencies that contradicted clinical knowledge,
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with the only obvious explanations being non-adequate failure criteria employed, since
there are reported differences for criteria analyzing the same material [12].

There are failure criteria specially designed for homogenous (Von Mises) and non-
homogenous (Tresca) materials, which supply 15-30% quantitative differences when ap-
plied to the same material [7,10,11,13].

The reduced sample size of most FEA studies is another issue that must be addressed,
evaluating if and how the results’ accuracy is influenced. Most FEA studies (despite various
failure criteria being employed) used a sample size of one (one patient, one model, few sim-
ulations) [9,12,19-23,26-37], mostly examining an idealized model of the tooth and bone.
Nevertheless, we were able to draw valid conclusions from their simulations (i.e., accuracy
of the results was not influenced by the reduced number of analyzed models but rather
by the misuse of failure criteria, extremely high forces, or/and other boundary condition
issues). FEA being based on a mathematical algorithm, the number of models is less impor-
tant than the input data and boundary conditions, since the results will remain identical
independently of the number of models/sample size if the information uploaded to the
software suffers from bias. In our study, the sample size was nine (nine patients, eighty-one
models, 405 simulations), all supplying comparable results, thus enabling us to draw valid
conclusions. Moreover, the use of numerous 3D models in the FEA implies difficulties
related to time consumption and computing power (the manual segmentation technique far
superior in providing anatomical accuracy when compared with the automated software
reconstruction method).

Far from being the most correct method in the study of tissues, FEA has numer-
ous limitations related to the fact that it cannot accurately reproduce clinical situations
(e.g., complex interactions and movements between the components of anatomical tissues,
identical internal architecture of human tissues, complex associations of orthodontic move-
ments). Additionally, more variables should be taken into careful consideration such as
force levels [38] and mechanical characteristics of orthodontic wires [39]. Thus, correlating
FEA results with in vivo and in vitro studies for a better image of the biomechanical behav-
ior of tissues is of importance. Nevertheless, FEA is the only possible method that provides
a detailed individualized analysis for each anatomical component of the tissues (i.e., not
allowed by other methods that supply a general view).

4. Conclusions

1.  The Tresca (found to be better suited) and Von Mises criteria are more correct (qualita-
tively) than the other three criteria in both intact and reduced periodontium in the
study of stress distribution in stainless-steel brackets.

2. Qualitatively, the Tresca and Von Mises criteria simulations with 0.5 N of force and
five orthodontic movements generated the maximum stress areas in the attachment
side and the entire base of the bracket, confirming non-homogenous stress distribution
areas and risks of bond failure.

3. Qualitatively, for all five failure criteria, maximum stress areas were displayed on the
applied force site/surface, on the internal surface of the bracket, and in the enamel
around bracket area in a non-homogenous manner.

4. Quantitatively, all five types of failure criteria showed comparable results, with higher
amounts of stress displayed on the bracket (internal surface and force appliance
site/surface) when compared with the enamel component.

5. Allfive failure criteria quantitatively showed rotation and translation, closely followed
by tipping to be the most stressful movements.

6. Inall five failure criteria’s simulations rotation, translation and tipping movements
showed slightly lower quantitative values for 8 mm bone loss when compared with
intact periodontium, while intrusion and extrusion has shown the opposite behavior
(i.e., a slight increase).

7. The periodontal breakdown has little to no influence over the stress display in the
bracket and surrounding enamel area for all five orthodontic movements.
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