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Effect of biomechanical load factors
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ABSTRACT

BACKGROUND: The biomechanical conditions under which teeth, implants, and bone tissue function clearly determine their
resistance to overloading and subsequent destruction. However, mathematical modeling has not previously been used to
compare functional stress in teeth across a wide range of sensitive biomechanical load conditions.

AIM: To compare the stress-strain state parameters of tooth and socket tissues under various biomechanical load conditions.
MATERIALS AND METHODS: A mathematical model was used to assess the stress-strain state parameters of dental tissue
and sockets under vertical and oblique load (150N) with various modeling settings, compared to reference model parameters.
The following parameters were assessed: enamel attrition, bone density reduction, bone resorption by 30% and 50%, supra-
occlusion, tooth cavity, composite restoration, and ceramic inlay.

RESULTS: Enamel attrition significantly increases stress under vertical and oblique loads: 1.9 and 1.6 times for enamel, and
1.5 and 1.2 times for dentin, respectively. Tooth cavities increase stress by 1.2 and 1.8 times (enamel; vertical and oblique
loads, respectively), and 1.3 times (dentin; vertical load). Increased functional load causes a proportional increase in stress in
hard tooth tissues and adjacent bone tissues. Supra-occlusion causes a sharp increase in stress in the enamel, with a point
stress concentration. When a tooth cavity is filled with a composite or ceramic material, the stress-strain state parameters are
similar to those in intact teeth (however, the enamel still experiences a 1.5-fold increase in stress under vertical pressure).
CONCLUSION: 3D mathematical modeling revealed a significant difference in maximum stress in tooth and socket tissues
compared to normal biomechanical conditions, as well as when comparing various sensitive load conditions. Stress in tooth
and bone tissues increased in all cases of abnormal biomechanical conditions, especially when oblique load was applied.
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Bauanue 6uoMexaHnuyeckux ¢pakTopoB HarpysKku
Ha Hanps)XéHHo-aedopMUpOBaHHOE cOoCcTOsAHMe 3yba
M nopnexaiiey KOCTHOM TKaHU

3.A. Onecosa, A.A. Unbux, A.B. IM, M.C. I'puwkos, [.B. MapTbiHoB

l'ocynapcTBEHHbIN HayuHblil LeHTp Poccuiickoii epepaumn — DepepanbHblit MeAUUMHCKUIA Bruoduandeckmii LeHTp uMenn A.W. bypHassHa
®epepanbHoro Meauko-6uonornyeckoro areHTcTea, Mocksa, Poccus

AHHOTALMA

06ocHoBaHUe. BnnsHue B1OMeXaHUYECKUX YCIOBUI (YHKUMOHUPOBaHUS 3yD0B, UMMNNAHTATOB, KOCTHOM TKaHW Ha MX Compo-
TMBISEMOCTb NEPErpy3ke 1 NocseaytoLLeMy paspyLleHnto 04eBnaHo. OHAKO C MOMOLLbI0 MaTEMaTUHECKOr0 MOAENIMPOBaHMSA
cpaBHeHue GYHKUMOHANBHBIX HANPSKEHWIA B 3ybe B LUIMPOKOM NepeyHe yA3BMMbIX BOMeXaHMYecKWX YCNOBUN Harpy3ku pa-
Hee He NpoBOAUNOCh.

Llenb nccnepoBaHus — conocTaB/ieHNe NapaMeTPOB HanpsKEHHO-Ae(hOpMUPOBaHHOTO COCTOAHMA TKaHel 3yba u anbBeo-
NSAPHOW NYHKM B pasHblX 61OMeXaHU4EeCKUX YCIIOBUAX HarpysKu.

Matepuanbl M MeTopbl. B MateMaTtyeckon Mojenu msydeHbl NapaMeTpbl HanNpsKEHHO-Ae(OPMUPOBAHHOIO COCTOSHUA
3yba W KOCTHOI TKaHW Npu BEPTUKa/bHOW W HaKNOHHOM Harpyskax 150H B pa3HbiX ycnoBusx MOAENMpOBaHUs B CPaBHEHUM
C napameTpamu B 6a30Boi MOAENN: CTUPaHUE 3Mal1, CHUXEHWE NAIOTHOCTU KOCTHOW TKaHM, pe3opbums KocTHoi TKaHu Ha 30
1 50%, OKKJ/TI03WOHHBINA CYNPaKOHTaKT, NoA0CTb B 3ybe, KOMMO3WTHaA pecTaBpauus, KepaMuiecKas BKIaAKa.

Pesynbtatbl. CTMpaHue 3Manu 3HAUMTENBHO MOBBILLIAET HAMPSKEHUS MPU BEPTUKANbHOW M HAKNOHHOM Harpyskax — B 1,9
un 1,6 pa3a B amanu, 1,5 u 1,2 pasa B feHTvHe. Hannuve nonoctu B 3ybe yeennumsaet Hanpsxenusa B 1,2 u 1,8 pa3a B aManu
MpW BEPTUKaNbHOW U HAKMOHHOMW Harpy3kax, B 1,3 pa3a B fieHTMHe NpW BepTUKanbHOi Harpy3ke. oBbilueHHas GYHKLMOHAMb-
Has HarpysKa NpONOPLMOHANBbHO YBEIMUMBAET HaNPSIKEHUSA B TBEPALIX TKAHAX 3yba WU OKPYXaloLMX KOCTHbIX TKaHAX. OK-
K/TIO3WOHHbIN CYNPaKOHTAKT Pe3Ko MOBBILLAET U TOUEYHO KOHLEHTPUPYET HaNpsXeHUs B 3Manu. 3aMeLLieHne noaocTu B 3ybe
KOMMO3WTHBIM UM KEPAaMUYECKUM MaTepuanoM npubnvkaeT napaMeTpbl HanpsKEHHO-Ae(OpMMPOBaHHOI0 COCTOSAHMSA 3yba
K HanpsXKeHWsAM B MHTAKTHOM 3ybe (NpeBbllLeHNe HanpsixeHuii B 1,5 pa3a coxpaHAeTcs B aManu Npu HaKJIOHHOW HarpysKe).
3aknioyeHue. TpEXMepHOe MaTeMaTMYECKOE MOLENMPOBAHME BbISIBUIO CYLLECTBEHHYH) PasHULY B BENUYMHAX MaKCUMalb-
HbIX HaNPSKEHWI B TKaHAX 3yba U anbBeoNAPHON NYHKU He TONBKO B CPABHEHMM C aflEKBATHbIMM BUOMEXaHUYECKUMU YCIio-
BMSIMM, HO M NPU CPaBHEHWM Pa3HbIX YA3BUMBIX YCIIOBUIA Harpy3ku 3ybos. Bo Bcex cnyyasx HeafieKBaTHbIX B1oMexaHUuecKux
YCNOBMI MPOUCXOOUT YBENIMYEHWUE HANPSXKEHWIA B 3ybe U KOCTHOW TKaHW, 0C0BEHHO NpU HaKIOHHOW Harpy3ke.

KnioueBble cnoBa: 3y0; Harpyska; MaTeMaTU4eCKOe MOLENMPOBAHNE; HANPSKEHMS; OMOMeXaHUYECKUe YCIOBMS.
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BACKGROUND

The impact of biomechanical conditions under which
teeth, implants, and bone tissue function on their
resistance to overload and subsequent destruction
is well-recognized. However, the scientific evidence
supporting this postulate remains insufficient. Individual
clinical scenarios involving significant violations of
biomechanical loading conditions in teeth and implants
have been relatively well-studied. Examples include
cantilever restorations, short and narrow implants, and
lateral loading of abnormally positioned teeth [1-3].

Currently, three-dimensional mathematical modeling
is considered the most informative and evidence-based
method for studying tissue overload [4-7]. However,
this method has not previously been used to compare
functional stress in teeth across a wide range of sensitive
biomechanical loading conditions.

STUDY AIM: To compare the stress-strain state
parameters of tooth and socket tissues under various
biomechanical loading conditions.

MATERIALS AND METHODS

A three-dimensional mathematical model of a single-
rooted mandibular tooth surrounded by the alveolar socket
and a segment of the mandible was developed (Fig. 1).

PoCCuACKIAM CTOMATONOMYECKI ypHaN

The model included enamel, dentin, cortical bone, and
cancellous bone tissues, maintaining their natural size
proportions. The physical and mechanical properties of
the analyzed tissues were obtained from the literature:
the elastic modulus of cortical and cancellous bone was
20,500 MPa and 3,500 MPa, respectively, with Poisson’s
ratios of 0.32 and 0.34. For enamel, the elastic modulus
was 81,700 MPa (Poisson’s ratio 0.28), and for dentin, it
was 23,300 MPa (Poisson’s ratio 0.31) [5, 7]. To ensure
accurate calculations of the stress-strain state, the model
incorporated the mechanical properties of the periodontal
ligament (elastic modulus 10 MPa, Poisson’s ratio 0.3) and
tooth cementum (elastic modulus 4,200 MPa, Poisson’s
ratio 0.3). To account for variability when modifying the
reference model to simulate hard tissue defects, the
properties of restorative materials were also included:
ceramic (elastic modulus 200,000 MPa, Poisson’s ratio
0.22) and composite (elastic modulus 58,840 MPa,
Poisson’s ratio 0.32).

This study analyzed the stress-strain state parameters
of the tooth and bone tissues under vertical and oblique
loads of 150 N with various modeling settings, compared
to reference model parameters. Under vertical loading, the
maximum stress values in enamel, dentin, cortical bone,
and cancellous bone tissues were 44.204 MPa, 9.174 MPa,
5.066 MPa, and 1.382 MPa, respectively. With oblique
loading, stress values increased by 1.5 to 5.5 times [7].

Fig. 1. Options of a three-dimensional mathematical model of a single-root mandibular tooth (premolar) under abnormal biomechanical
conditions: a, intact tooth; b, bone resorption by 30%; c, tooth cavity.
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Color mapping of the integral stress distribution in the
analyzed tissues and materials was presented alongside a
stress scale (Fig. 2). The biomechanical conditions analyzed
included enamel attrition, bone density reduction, bone
resorption by 30% and 50%, supra-occlusion, tooth cavity,
composite restoration, and ceramic inlay.

RESULTS

The study revealed a significant impact of enamel
attrition on the stress-strain state of the tooth (Table 1).
A 30% reduction in enamel thickness led to notable
stress increases. Maximum stress in enamel increased by
47.4% (83.973 MPa) under vertical loading and by 39.2%
(108.003 MPa) under oblique loading. Stress in dentin rose
by 31.6% and 18.6% (13.407 MPa and 57.056 MPa) under
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vertical and oblique loading, respectively. In cortical bone
tissue, stress slightly increased under oblique loading by
8.8% (30.595 MPa).

Mathematical modeling showed that variations in bone
density had no significant effect on functional stress levels
in tooth and bone tissues.

Bone resorption involving one-third of the tooth root
length increased stress levels in dentin and bone tissue.
Stress in dentin under vertical and oblique loading reached
11.546 MPa and 59.767 MPa, respectively, reflecting
increases of 20.8% and 32.3% compared to the reference
model. Stress in cortical bone tissue under vertical and
oblique loading increased by 4.5% and 51.0% (5.304 MPa
and 56.918 MPa), while cancellous bone tissue showed an
increase by 19.6% and 29.9% (1.720 MPa and 6.240 MPa),
respectively.
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(Avg: 75%)
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20,035
10,779
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Fig. 2. Distribution of functional stress values in a tooth and bone tissue under oblique loading in unfavorable biomechanical conditions
(increased enamel attrition): @, enamel; b, dentin; c, cortical bone tissue; d, cancellous bone tissue.
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Table 1. Maximum stress values under functional loading of a tooth in unfavorable biomechanical conditions (MPa)

Test Enamel Bon_e Bone_ Bone_ Increased Supra- Tooth Composite Ceramic
object attrition density resorption resorption load occlusion cavit: restoration inla
! reduction by 30% by 50% y Y

Enamel (v) 83973 44277 48.271 Le4TL 57465 1231636 54531 42.192 43.486
Enamel (o) 108.003  67.610 64.250 72762 85417  1730.188 117520  100.193  82.747
Dentin (v) 13407 9.172 11.546 15866  11.926 18745  12.299 10.888 10.875
Dentin (o) 57.056 46,525 59.767 75015  60.410 56.468 56278 45269 43.276
Cortical bone (v) ~ 4.631 5.065 5.304 6.478 6.586 5.067 6.659 6.220 5.508
Cortical bone (0)  30.595  51.151 56.918 69.431  36.282 51152 27.260  30.026 33.824
Cancellous 1.274 1.390 1720 2.298 1797 1.382 1.985 1.399 1.179
bone (v)
Cancellous 4121 5.644 6.240 10.463 5.688 5.644 4877 5.003 5.005
bone (o)

Note: (v), vertical load; (o), oblique load.

Greater resorption (up to half the root length)
resulted in further stress elevation. When compared to
intact teeth, stress in enamel increased by 4.9% under
vertical loading (maximum stress 46.474 MPa) and by
9.7% under oblique loading (72.762 MPa). Stress in
dentin increased by 42.2% and 38.1% (15.866 MPa and
75.015 MPa, respectively). Stress in cortical bone tissue
increased to 6.478 MPa under vertical loading (21.8%
higher) and to 69.431 MPa under oblique loading (59.8%
higher). In cancellous bone tissue, stress increased
to 2.298 MPa (39.9%) and 10.463 MPa (58.2%) under
vertical and oblique loading, respectively.

A 30% increase in functional loading proportionally
elevated stress across all analyzed layers of the model.

Supra-occlusion sharply concentrated stress,
particularly in enamel, which reached 1,231.631 MPa
under vertical loading and 1,730.188 MPa under oblique
loading, exceeding stress levels in intact enamel by 96.4%
and 96.2%, respectively. Stress in dentin increased by
51.1% under vertical loading (18.745 MPa) and by 17.7%
under oblique loading (56.468 MPa). Stress in cortical
bone tissue increased by 45.4% under oblique loading
(51.152 MPa), while cancellous hone stress increased hy
22.5% (5.644 MPa). Vertical loading caused no changes
in bone stress, with levels consistent with the reference
model (5.064 MPa in cortical bone and 1.382 MPa in
cancellous bone).

A cavity on the occlusal surface, limited to enamel and
dentin while preserving intact pulp, increased stress in all
studied tissues. In enamel, stress increases to 54.531 MPa
under vertical loading (19.0% higher than in an intact
tooth) and to 117.520 MPa under oblique loading (44.1%

DOl https://doi.org/10.17816/dent634253

higher than in an intact tooth). In dentin, the presence of
a cavity results in stress increases of 25.4% and 17.5%
under vertical and oblique loading, respectively, reaching
12.299 MPa and 56.278 MPa. Cortical and cancellous bone
stress levels increased by 24.0% and 30.4% (6.659 MPa
and 1.985 MPa, respectively) under vertical loading. Under
oblique loading, stress levels in cortical and cancellous
bone changed minimally, increasing by 0% and 10.3%
(27.260 MPa and 4.877 MPa, respectively).

Filling a cavity with composite material normalized
enamel stress under vertical loading (42.192 MPa).
However, under oblique loading, enamel stress increased
by 34.5% (100.193 MPa) compared to intact enamel.
Dentin stress approached normal levels (10.888 MPa
under vertical loading, 15.7% higher than intact dentin;
45.269 MPa under oblique loading, which is comparable
to intact dentin). Cortical bone stress levels increased
by 18.6% and 7.1% under vertical and oblique loading
(6.220 MPa and 30.026 MPa, respectively), while
cancellous bone stress levels showed changes of 0% and
12.5% (1.399 MPa and 5.003 MPa, respectively).

Filling a cavity with a ceramic inlay caused minimal
changes in tooth and bone tissues compared to composite
fillings. Stress levels in enamel were 43.486 MPa under
vertical loading and 100.747 MPa under oblique loading.
In dentin, stress levels were 10.875 MPa and 45.276 MPa,
respectively. Cortical bone stress levels were 5.808 MPa
under vertical loading and 33.824 MPa under oblique
loading, while cancellous bone stress levels were
1.179 MPa and 5.005 MPa, respectively.

In the composite restoration, stress levels reached
24.614 MPa under vertical loading and 29.085 MPa under

466



467

EXPERIMENTAL AND THEORETICAL INVESTIGATIONS

oblique loading. For the ceramic inlay, stress levels were
31.126 MPa and 38.419 MPa, respectively.

DISCUSSION

Three-dimensional mathematical modeling revealed
significant differences in maximum stress in tooth and
socket tissues compared to normal hiomechanical
conditions, as well as when comparing various sensitive
load conditions. Stress in tooth and bone tissues increased
in all cases of abnormal biomechanical conditions,
especially when oblique load was applied.

CONCLUSION

Enamel attrition significantly increases stress under
vertical and oblique loading, by 1.9 and 1.6 times in
enamel, and by 1.5 and 1.2 times in dentin, respectively.
A tooth cavity increases stress by 1.2 and 1.8 times
in enamel under vertical and oblique loading, and by
1.3 times in dentin under vertical loading. Increased
functional loading proportionally raises stress levels in
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