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Load response of the natural tooth and dental 
implant: A comparative biomechanics study

Dale Robinson1, Luis Aguilar1, Andrea Gatti1, Jaafar Abduo2, Peter Vee Sin Lee1, David Ackland1*
1Department of Biomedical Engineering, University of Melbourne, Victoria, Australia
2Melbourne Dental Shool, University of Melbourne, Victoria, Australia 

PURPOSE. While dental implants have displayed high success rates, poor mechanical fixation is a common 
complication, and their biomechanical response to occlusal loading remains poorly understood. This study 
aimed to develop and validate a computational model of a natural first premolar and a dental implant with 
matching crown morphology, and quantify their mechanical response to loading at the occlusal surface. 
MATERIALS AND METHODS. A finite-element model of the stomatognathic system comprising the mandible, 
first premolar and periodontal ligament (PDL) was developed based on a natural human tooth, and a model of a 
dental implant of identical occlusal geometry was also created. Occlusal loading was simulated using point 
forces applied at seven landmarks on each crown. Model predictions were validated using strain gauge 
measurements acquired during loading of matched physical models of the tooth and implant assemblies. 
RESULTS. For the natural tooth, the maximum vonMises stress (6.4 MPa) and maximal principal strains at the 
mandible (1.8 mε, -1.7 mε) were lower than those observed at the prosthetic tooth (12.5 MPa, 3.2 mε, and -4.4 
mε, respectively). As occlusal load was applied more bucally relative to the tooth central axis, stress and strain 
magnitudes increased. CONCLUSION. Occlusal loading of the natural tooth results in lower stress-strain 
magnitudes in the underlying alveolar bone than those associated with a dental implant of matched occlusal 
anatomy. The PDL may function to mitigate axial and bending stress intensities resulting from off-centered 
occlusal loads. The findings may be useful in dental implant design, restoration material selection, and surgical 
planning. [ J Adv Prosthodont 2019;11:169-78]
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INTRODUCTION

Dental implants have demonstrated a survival rate of  94.6% 
over the last ten years;1 however, short- and long-term com-
plications occur in 10 - 20% of  the cases.2-4 Most failures of  
dental implants are attributed to a range of  biological and 
mechanical factors that influence implant osseointegration, 
such as periimplant infection and bone overloading, which 
can lead to component loosening and fracture of  the under-

lying bone.4-7 A number of  studies have assessed mecha-
nisms of  load transfer from the occlusal surface to bone, as 
it is thought that the resultant biological response of  bone 
within the vicinity of  the implant may ultimately influence 
bone remodelling, implant osseointegration and prosthesis 
longevity.8-10 At present, however, the stress and strain 
response of  dental implants under normal occlusal loading 
conditions is not well understood, as they cannot be mea-
sured in vivo.

Finite element models have been widely used to estimate 
the influence of  implant positioning, stress thresholds that 
initiate or inhibit alveolar bone resorption, and the impact 
of  tangential loading on bone stress response.11-13 Compared 
to natural bone-periodontal ligament (PDL)-tooth complex-
es, implant-bone complexes have demonstrated greater 
mobility and yield at lower alveolar bone strains;14,15 however, 
the way in which load is transferred from different regions 
on the occlusal surface to the alveolar bone in these cases 
has not been quantified to date.16 Bone stress and strain lev-
els at the dental implant-bone interface are clinically rele-
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vant, since low loading of  the alveolar bone socket and adja-
cent bone have the potential to result in bone resorption 
and ultimately implant loosening, while excessively high 
strains may lead to bone loss and microfracture.17-19

The biomechanical response of  the bone-implant com-
plex, including mechanical strain, is influenced by a number 
of  factors including bone-implant contact behaviour and 
the location of  the load on the occlusal surface. The aims 
of  this study were twofold. Firstly, to develop and validate a 
three-dimensional (3D) model of  a natural mandibular first 
premolar and a dental implant of  identical crown morphol-
ogy; and secondly, to use this model to quantify the 
responses of  the tooth, implant and associated dental struc-
tures and underlying bone to loading through a range of  
positions on the occlusal surface. 

MATERIALS AND METHODS

An intact right side first mandibular premolar of  a healthy 
adult (age 23 years) was extracted prior to orthodontic treat-
ment. The tooth was cleaned and soaked in saline solution. 
The severed periodontal ligament was removed, and the 
tooth was stored at room temperature until testing. A pre-
vulcanized natural rubber latex film (Blatex-500; Barnes 
Products, Sydney, Australia) was brushed onto the tooth 
root with a thickness of  approximately 0.2 mm to represent 
the geometry of  the PDL. The tooth was embedded in a 
polymethyl methacrylate (PMMA) model representing the 
right quadrant of  the mandible. A single-crown dental 
implant set (4 mm diameter and 13 mm length) comprising 
a titanium implant (External Hex Brånemark, Mk III 
TiUnite, Nobel Biocare AB, Göteborg, Sweden), abutment, 
abutment screw, and a premolar crown made of  monolithic 
zirconia was implanted into an identical PMMA model of  
the mandible in the same position as the natural tooth. 
Ethical approval was obtained through the University of  
Melbourne human ethics advisory group, and written 
informed consent provided (Ethics ID: 1442212.1).

Using a previously described method,20 two tri-axial 
strain gauge rosettes (N32-FA-1-120-11-VS3, Showa, Tokyo, 
Japan) were attached to the natural and implant tooth assem-
bly, with one rosette placed on both the buccal and lingual 
surfaces of  the mandible at the bone crests near the tooth 
and the implant. The principal strains recorded at each strain 
gauge were calculated using:

(1)

(2)

where ε1 and ε2 are the two in-plane principal strains, 
and εa, εb, and εc are the strain gauge readings measured in 
directions a, b, and c, respectively. Directions b and c were 
oriented 45º and 90º anticlockwise from direction a, respec-
tively.

The natural tooth and dental implant assemblies, as well 
as the strain gauges, were imaged using a micro-CT scanner 

(µCT 50, Scanco Medical, Brüttisellen, Switzerland) with an 
isotropic resolution of  10 µm. The enamel and dentin of  
the natural tooth, the outer boundary of  the components in 
the dental implant set, and the mandible segments were all 
segmented and digitally reconstructed from the CT images 
using intensity-based thresholding (Mimics version 19.0, 
Materialise, Leuven, Belgium). The geometries of  the sur-
faces were then smoothed with 3D rendering software 
(Geomagic Wrap version 2015, 3D systems, Bethesda, MD, 
USA).

The natural tooth and dental implant assemblies were 
loaded in compression using a calibrated material testing 
system (Model 8874, Instron, Norwood, MA, USA). The 
mandible was secured to a potting fixture by embedding it 
in dental cement, along with two stainless steel screws that 
passed through the base of  the mandible to provide addi-
tional fixation (Fig. 1A). A coordinate system for each 
assembly was defined with the x-y plane parallel with the 

Fig. 1.  Schematic diagram of tooth-loading experiment 
(A) and the coordinate system employed in modelling 
and experiments (B). During testing, a flat-ended end-
effector indenter applied compressive load to the highest 
point of the buccal cusp. Two triaxial strain gauges 
rosettes were positioned on the mandible immediately 
below the tooth on both the buccal and lingual sides. The 
mandible was potted in a fixture using dental cement and 
further secured with two stainless steel screws. For the 
tooth assembly coordinate system, the x-y plane (dashed 
red line) was coincident with the four corner points at the 
base of the mandible. The x-axis pointed laterally in a 
direction parallel to the centreline of the mandible base, 
the y-axis pointed anteriorly, and the z-axis was 
perpendicular to the x- and y-axes and directed toward 
the highest point on the buccal cusp. 
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bottom four corners of  the mandible, the x-axis pointing 
laterally in a direction parallel to the centreline of  the man-
dible base, the y-axis pointing anteriorly, and the z-axis per-
pendicular to the x-y plane directed toward the highest 
point on the buccal cusp on the tooth (Fig. 1B). The potting 
fixture was secured to the base of  the Instron testing system 
with the z-axis of  the tooth assembly aligned with the cen-
treline of  the load applicator. A flat ended micro-indenter 
attached to the load applicator was lowered until a minimal 
amount of  contact with the buccal cusp was achieved (< 1 
N). The indenter was used to compress the tooth at a dis-
placement rate of  0.05 mm/s to a maximum load of  100 N. 
Applied force and displacement data were synchronised to 
the strain gauge measurements during testing. 

The 3D geometries of  the enamel, dentin, as well as 
those of  the implant assemblies, were meshed with tetrahe-
dral elements using commercially available software 
(Hypermesh version 13.0, Altair HyperWorks, Troy, MI, 
USA) (Supplementary Material) and imported into a finite 
element modelling package (Abaqus version 2017, Dassault 
Systèmes Simulia Corp, Providence, RI, USA). All compo-
nents were modelled as isotropic and homogeneous, and the 
thread of  the screw and implant were represented as uni-
form cylindrical surfaces. The material properties of  the 
enamel, dentin, PDL, and dental implant components were 
taken from previously reported data (Supplementary 
Material). A cylindrical specimen of  dimensions 6 mm 
diameter and 6 mm height was machined from each PMMA 
mandible, and its corresponding Young’s modulus measured 
with a calibrated micro-testing device (model 5548, Instron). 
Each cylinder was tested under five sets of  compression 
repetitions from 0 N to 150 N, from which the resultant 
engineering stress and strain were used to derive an average 
Young’s modulus of  the material. The natural tooth and 
implant assemblies were assumed rigidly connected to bone 
via tied constraints. The outer surface of  the mandible that 
contacted the dental cement was assumed fixed. 

A series of  occlusal loading simulations were performed 
with the finite element model of  the natural tooth and 
implant using point loads applied at seven discrete land-
marks across the surface of  the crowns (Fig. 2). For each 
simulation, a 100 N load was distributed across 6 - 8 nearby 
surface nodes at the given landmark in the negative (com-
pressive) z-direction. Crown displacements were computed, 
as well as reaction forces and moments about the x-, y-, and 
z-axes associated with the tooth coordinate system. Maximum 
von Mises stress (σVM) and the maximum and minimum prin-
cipal strains (εmax, εmin, respectively) were also quantified.

Simulations of  the experimental loading protocol were 
performed to validate the finite element models. The loca-
tions of  the strain gauges on the tooth and implant assem-
blies were registered to the models, and a rigid cylindrical 
indenter model was aligned with the z-axis and lowered 
until its bottom surface was in slight contact with the most 
superior point on the buccal cusp. Contact between the 
indenter and the crown was subsequently modelled without 
penetration. The indenter was then translated down in the 

z-direction at a rate of  0.5 mm/s, in a quasi-static simula-
tion. The simulated reaction forces and principal strains at 
the strain gauge locations were then directly compared to 
those measured experimentally. 

RESULTS

Under 100 N of  compressive loading, the experimental dis-
placement of  the natural tooth was 0.16 mm, more than 
double that recorded for the dental implant (0.06 mm) (Fig. 
3A). The occlusal load simulations predicted the experimen-
tal compressive force with coefficients of  determination 
(R2) greater than 0.99 and a root-mean-squared error of  5.1 
N and 5.0 N, for the natural and implant tooth assemblies, 
respectively.

For the first 40 N of  compression, the simulations 
underpredicted the minimum principal strain at the lingual 
side of  the mandible of  the natural tooth, and overpredict-
ed the strain by up to 44% (Fig. 3B). The maximum princi-
pal strain predicted at this location was greater than the 
measured strains at each increment of  compression by up 
to 76%. On the buccal side of  the mandible of  the natural 
tooth assembly, the simulations overpredicted the maximum 
and minimum principal strains obtained experimentally at 
100 N of  load, with the experiment and simulation predict-
ing 0 mε and 250 mε, respectively (Fig. 3B). 

In the case of  the implant assembly, the simulated 
strains reliably predicted the temporal behaviour of  the 
experimental principal strains (Fig. 3C). For example, on the 
lingual side of  the mandible at 100 N of  compression the 
simulations underpredicted the measured principal strains, 
with the maximum and minimum principal strains differing 
by 1% and 43%, respectively. On the buccal side, the simu-
lations overpredicted the maximum principal strain and 
underpredicted the maximum principal strain by 85% and 
4%, respectively. 

Fig. 2.  Position of point loads applied to the landmarks 
on the occlusal surface in finite element model 
simulations, including the buccal cusp (yellow), cuspal 
inclination (green), central groove (pink), mesial marginal 
ridge (black), distal marginal ridge (red), mesial fossa 
(brown), distal fossa (purple) shown on the lingual side of 
tooth (A), right view (B) and left view (C). 
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For the natural tooth assembly, occlusal loading at the 
distal marginal ridge resulted in the largest calculated anteri-
or-posterior bending moment (-171.6 Nmm), whilst loading 
at the mesial marginal ridge resulted in the greatest medial-
lateral bending moment (-334.8 Nmm) (Table 1). For the 
implant assembly, occlusal loading at the central groove 
resulted in the largest calculated anterior-posterior bending 
moment (-237.7 Nmm), while loading at the distal marginal 
ridge produced the largest medial-lateral bending moment 
(323.4 Nmm). The maximum axial-torsion bending moment 
was 2.2 Nmm and -24.7 Nmm for the natural tooth and 
implant, respectively. 

For the natural tooth, the maximum stress at the enamel 
and dentin occurred during loading of  the mesial marginal 
ridge (338.0 MPa and 28.0 MPa, respectively) (Table 2). For 
the PDL and mandible, the peak stress occurred at the buc-
cal cusp (4.1 MPa and 6.4 MPa, respectively). The maximal 
principal strains in the natural tooth occurred at the same 
location as the maximum principle stress. For example, the 

maximal principal strains at the enamel (3.3 mε and -4.0 mε) 
and the dentin (1.1 mε, -1.3 mε) were observed at the mesial 
marginal ridge, whereas the maximal principal strains at the 
PDL (336.3 mε, -502.5 mε) and the mandible (1.8 mε, -1.7 
mε) occurred at the buccal cusp. 

The maximum stress at the crown (324.4 MPa) and 
implant assembly (212.7 MPa) occurred during occlusal 
loading at the cuspal inclination and the mesial marginal 
ridge, respectively (Table 3). The maximum stress at the 
abutment screw and mandible (153.7, 78.4 and 12.5 MPa, 
respectively) occurred during loading at the distal marginal 
ridge. At the crown, the maximum principal strain occurred 
during mesial marginal ridge loading (1.0 mε), while the 
minimum principal strain occurred during loading at the 
cuspal inclination (-1.6 mε). For all remaining components, 
the maximal principal strains occurred at either the mesial 
or distal marginal ridge. 

The maximum stress incurred by the mandible was 
greater during dental implant loading than natural tooth 

Fig. 3.  Force-displacement curves measured experimentally and predicted by the finite element models for the natural 
and implant tooth assemblies (A), principal strains measured experimentally for the natural tooth on the lingual and 
buccal sides of the mandible compared to strains calculated using the finite element model (B), and principal strains 
measured experimentally for the dental implant on the lingual and buccal sides of the mandible compared to strains 
calculated using the finite element model (C).

A

B C
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loading for six out of  the seven occlusal load positions (Fig 
4). With the exception of  loading at the distal marginal 
ridge, the maximum principal strains at the mandible during 
loading of  the dental implant were generally invariant to 
occlusal loading position, with strains ranging between 

-46% and 40% of  those in the mandible of  the natural 
tooth (Fig. 5). For all occlusal load positions, the minimum 
principal strains of  the dental implant mandible were 
between 8% and 349% larger than those predicted for the 
mandible of  the natural tooth.

Table 3.  Stresses and strains calculated during occlusal loading of the dental implant. Values provided are the 
maximum von Mises stress (MPa) and the maximum, minimum principal strains (mε) when the occlusal load was 
applied at the mesial fossa, distal fossa, buccal cusp, central groove, cuspal inclination, mesial marginal ridge, and 
distal marginal ridge

Maximum von Mises stress Maximum and minimum principal strains

Crown Abutment Implant Screw Mandible Crown Abutment Implant Screw Mandible

Mesial fossa 208.0 106.6 186.2 53.8 8.6 0.9, -1.1 0.4, -1.2 1.1, -1.7 0.4, -0.5 1.5, -3.5

Distal fossa 220.3 105.7 180.4 65.8 9.0 0.6, -1 0.8, -1.2 1.1, -1.9 0.6, -0.6 1.9, -3.3

Buccal cusp 185.9 46.2 78.5 37.2 4.6 0.4, -0.9 0.2, -0.5 0.8, -0.9 0.4, -0.3 1.1, -1.8

Central groove 188.6 93.4 129.2 57.2 7.0 0.5, -1.1 0.4, -1 0.9, -1.3 0.4, -0.6 1.6, -2.7

Cuspal inclination 324.4 59.2 72.4 37.5 4.8 0.9, -1.6 0.4, -0.6 0.8, -1 0.4, -0.4 1.2, -1.8

Mesial marginal ridge 302.2 95.3 212.7 59.5 12.0 1, -1.4 0.5, -1 1.4, -1.9 0.4, -0.6 1.7, -4

Distal marginal ridge 294.7 153.7 152.6 78.4 12.5 0.9, -1.4 1, -1.7 1.3, -2.6 0.7, -0.8 3.2, -4.4

Table 1.  Maximum reaction moments calculated during 100 N loading on the crown of the natural tooth and dental 
implant assembly. Given are the moments (in Nmm) calculated when the occlusal force was applied at the mesial fossa, 
distal fossa, buccal cusp, central groove, cuspal inclination, mesial marginal ridge, and distal marginal ridge

Natural tooth Dental implant

Mx My Mz Mx My Mz

Mesial fossa -76.7 -248.3 1.2 -202.7 -135.1 20.5

Distal fossa -121.0 -117.3 1.4 -187.6 -206.8 2.4

Buccal cusp 84.4 -47.5 1.3 71.6 26.8 6.6

Central groove -154.6 -86.1 2.0 -237.7 18.7 11.2

Cuspal inclination -45.0 -67.6 0.6 -137.7 38.8 4.5

Mesial marginal ridge -11.5 -334.8 0.7 -158.8 -226.4 -24.7

Distal marginal ridge -171.6 219.7 2.2 -149.2 323.4 14.6

Table 2.  Stresses and strains calculated during occlusal loading of the natural tooth. Values provided are the maximum 
von Mises stress (MPa) and the maximum, minimum principal strains (mε) when the occlusal load was applied at the 
mesial fossa, distal fossa, buccal cusp, central groove, cuspal inclination, mesial marginal ridge, and distal marginal ridge

Maximum von Mises stress Maximum and minimum principal strains

Enamel PDL Dentin Mandible Enamel PDL Dentin Mandible

Mesial fossa 196.1 2.9 22.8 5.4 1.4, -2.8 276.6, -357.8 0.9, -1.1 1.5, -1.4

Distal fossa 140.3 2.9 17.2 4.5 1.5, -1.8 288.8, -388.8 0.3, -0.8 1.3, -1.2

Buccal cusp 184.7 4.1 14.3 6.4 0.6, -2.8 336.3, -502.5 0.3, -0.7 1.8, -1.7

Central groove 255.4 3.1 15.3 4.5 2.7, -3.5 320.8, -414.2 0.4, -0.7 1.3, -1.1

Cuspal inclination 279.0 2.6 11.6 5.4 2.0, -3.7 249.7, -333.6 0.3, -0.6 1.5, -1.4

Mesial marginal ridge 338.0 3.5 28.0 6.0 3.2, -4.0 306.4, -437.3 1.1, -1.3 1.7, -1.6

Distal marginal ridge 252.1 3.2 26.3 3.9 1.9, -3.0 317.7, -425.2 0.6, -1.2 1.1, -1.0

Load response of the natural tooth and dental implant: A comparative biomechanics study
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DISCUSSION

The objective of  this study was to develop and validate a 
computational model of  a natural first premolar and a cor-
responding dental implant of  matched crown morphology, 
and quantify their responses to loading over the occlusal 
surface. A vertical point force of  100 N was employed, as a 
similar load magnitude has been measured during normal 
chewing,21,22 and a range of  clinically relevant load applica-
tion positions on the occlusal surface evaluated.23,24 The 
modelling results showed that the natural tooth was more 
effective at attenuating occlusal loading than the dental 
implant, as evidenced by substantially smaller stresses and 
strains in the socket and surrounding bone compared to 

those in the dental implant. Stresses and strains in the vicin-
ity of  the natural tooth socket were relatively insensitive to 
change in load position on the occlusal surface compared to 
those estimated in the dental implant, while load position 
on the occlusal surface of  the dental implant had a substan-
tial influence on bone-implant contact and transfer of  load 
to surrounding alveolar bone.

Fig. 5.  Maximum von Mises stresses (A), maximum 
principal strains (B) and minimum principal strains (C) 
predicted at the mandible for the natural tooth and dental 
implant assembly. Data are shown for occlusal loading 
applied at the mesial fossa, distal fossa, buccal cusp, 
central groove, cuspal inclination, mesial marginal ridge, 
and distal marginal ridge.

A

B

C
M

ax
im

um
 vo

n 
M

ise
s s

tre
ss

es
 (M

Pa
)

M
ax

im
um

 P
rin

cip
al

 S
tra

in
 (m

ε )
M

in
im

um
 P

rin
cip

al
 S

tra
in

 (m
ε )

14

12

10

8

6

4

2

0

3.5

3

2.5

2

1.5

1

0.5

0

0
-0.5

-1
-1.5

-2
-2.5

-3
-3.5

-4
-4.5

Bu
cc

al
 c

us
p

C
us

pa
l i

nc
lin

at
io

n

C
en

tra
l g

ro
ov

e

M
es

ia
l f

os
sa

M
ed

ia
l m

ar
gi

na
l r

id
ge

D
is

ta
l f

os
sa

D
is

ta
l m

ar
gi

na
l r

id
ge

Natural tooth

Dental implant

Mesial fossa

Distal fossa

Buccal cusp

Central groove

Cuspal
inclination

Mesial marginal
ridge

Distal marginal
ridge

Fig. 4.  Contour plots of von Mises stress distributions 
predicted for the natural tooth (A) and dental implant (B). 
Data are given for occlusal loading applied at the mesial 
fossa, distal fossa, buccal cusp, central groove, cuspal 
inclination, mesial marginal ridge, and distal marginal 
ridge.

A B

J Adv Prosthodont 2019;11:169-78



The Journal of Advanced Prosthodontics    175

The strains predicted in simulations of  dental implant 
loading were in reasonable agreement with experimentally 
measured strains applied at the same strain rate. For exam-
ple, on the lingual side of  the mandible at 100 N of  com-
pression, the maximum principal strains calculated by the 
model and measured experimentally were within 1%; how-
ever, there was some discrepancy in the buccal strains on 
the natural tooth model, which were over-estimated by the 
computational model. These model inconsistencies may be 
due to inadequate fixation of  the strain gauge at this loca-
tion resulting in comparatively lower strain measurements. 
An alternative explanation may be variable stiffness in the 
PDL as a result of  the curing process. This may have caused 
the PDL to be stiffer on the buccal side, resulting in greater 
loads being transferred to the buccal side of  the mandible 
and increased bone strains. The PDL had uniform material 
properties in the FE model, which neglected any heteroge-
neity present in the experimental setting.

For most of  the occlusal load application cases, both 
stresses and strains were considerably greater in the bone 
surrounding the implant compared to the bone in the vicini-
ty of  the natural tooth. This may be attributed to the pres-
ence of  the PDL, which in the present model, may reduce 
stress concentrations at the alveolar bone socket, absorbing 
the applied load during its deformation, delaying the devel-
opment of  stress in the socket, and more effectively distrib-
uting the stress and strain to the surrounding bone. In con-
trast, the integrated implant is distinguished by its ankylotic 
nature within the bone and the lack of  periodontal ligament, 
with occlusal loads observed to be directly transferred to the 
underlying alveolar bone resulting in early development of  
higher stress concentrations at the implant-bone interface. 

Geometric and morphology factors are likely to have 
contributed to the larger mandibular stresses observed in 
the implant socket and surrounding bone compared to 
those in the natural tooth. For example, the apex of  a pre-
molar tooth has a locally rounded geometry,25 which allevi-
ates stress concentrations that would arise if  the apex were 
a sharp tip. In comparison, the sharp lower edge taper of  
the dental implant’s cylindrical geometry, along with its 
thread, may result in stress concentrations at the contacting 
mandibular bone. Moreover, greater rigidity of  the implant 
(titanium) compared to the natural tooth (dentin) may result 
in increased stress transfer to the bone. These finding are in 
general agreement with several studies that have observed 
maximal bone stresses to occur primarily at the crestal por-
tion of  the alveolar bone.26-29

In the present study, multiple occlusal loading positions 
were simulated to represent variable contact force positions 
that occur during mastication. Altering the positions of  the 
load application point on the occlusal surface produced dif-
ferent bending moments about the natural tooth and the 
implant since the moment arm of  the applied force was 
subsequently changed. In the case of  the natural tooth, the 
bone was relatively insensitive to loading at different posi-
tions on the occlusal surface, suggesting that differing bend-
ing moment magnitudes have only a minimal effect on load-

ing of  the surrounding bone. The natural tooth thus 
appears to effectively support varying occlusal forces and 
occlusal guidance.30,31 In addition to the function of  the 
PDL, the root of  the natural tooth is tapered and blends 
with the crown, which may attenuate applied bending 
moments and facilitate more even distribution of  stresses 
within the bone during lateral loading. Contrary to the 
tapered morphology of  the natural root, the implant is 
cylindrical in shape and restored with a crown that is mor-
phologically cantilevered at the peripheries, which may have 
contributed to the larger bending moments and strains 
observed in the bone immediately surrounding the dental 
implant. 

The periimplant bone was more vulnerable to peripheral 
or laterally positioned forces, whilst more centrally applied 
forces such as the buccal cusp tip and central groove result-
ed in lower stresses and strains for most of  the implant 
components, the tooth and the bone.26,27 For the implant 
crown, the location of  the buccal cusp corresponds to the 
central axis of  the tooth, and it is this cusp that is common-
ly in contact with the opposing dentition at maximal inter-
cuspation in normal occlusion. This may explain why bone 
stresses were smaller after loading at the buccal cusp than 
other sites, which is supported by previous research that has 
showed centrally applied axial forces to be distributed even-
ly within the periimplant bone.28,29,32,33

Forces applied more laterally on the occlusal surface, 
such as at the mesial and distal fossae, resulted in larger 
bone stresses and strains than loads applied at the buccal 
cusp. Non-axial forces may occur during peripheral loading 
of  the implant crown or occlusion against inclined surfaces, 
which commonly occurs during functional excursion. 
Several studies have confirmed that lateral (non-axial) forces 
have the potential to induce greater localized stress concentra-
tion than concentric, central axial loads.27-29,34 Furthermore, as 
the distance from the centre of  the implant increases, the 
periimplant stresses have been shown to increase consider-
ably.27,34 The present study confirms that loading on more 
lateral landmarks, such as marginal ridges, is associated with 
larger bone stresses than loading of  the fossae within the 
vicinity of  implant midline. When the distance between the 
applied force and the centre of  the implant increases, the 
moment arm of  the applied force on the implant increases, 
resulting in a greater bending moment and aggravate stress-
es in the socket bone.22,28,31,33 For the dental implant, this 
corresponds to larger flexure loads in the abutment and 
screw.35

The present study suggests that design and placement 
of  a dental implant crown to produce light occlusal contact 
may be beneficial to offset implant stiffness resulting from 
direct implant-bone contact and absence of  a PDL. During 
light closure, the implant crown should not have contact 
with the opposing dentition; however, contact is likely to 
exist during maximal clenching.31 To reduce bone-implant 
overloading and larger bone stresses during lateral occlusion 
(guidance), reduction of  lateral occlusal contact forces on 
the implant is recommended.21,34 This may be achieved by 
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narrowing the occlusal table, reducing cuspal inclination, 
minimizing the cantilever effect on implant crown, and 
eliminating the guiding contacts on the implant crown. It is 
preferable that the majority of  the contact force should be 
on flat surfaces of  the implant crown near the implant 
axis.21,36,37 In general, natural teeth are less prone to lateral 
occlusion overloading than implants, and are equipped with 
proprioceptive feedback to guide lateral motion.34,37 However, 
dental occlusion remains a complex mechanism and the 
long term consequences of  implant occlusion is influenced 
by many variables such as implant angulation, dimensions 
and connection, restoration design, number of  implants, 
and condition of  opposing teeth,30,31,38 which ought to be 
explored in future studies. 

There are some limitations of  this study that may influ-
ence the generalizability of  the data. Firstly, the loading 
applied in the experimental and computational models were 
idealised vertical forces, whereas normal occlusal forces 
during mastication comprise axial and shear loading. While 
axial loading comprises the majority of  the occlusal force 
generated during normal chewing,39 future investigation of  
the response of  dental implants and natural teeth to shear 
loads ought to be undertaken. Secondly, the contact assump-
tion that the implant had achieved full osseointegration in a 
laboratory study may not accurately reflect implant integra-
tion within natural bone. 

Another limitation was that homogeneous material 
properties were assumed for the mandible in each FE mod-
el, while cortical and trabecular bone are known to have 
variable density and exhibit inhomogeneous material behav-

iour.22 To assess the generalizability of  our findings, we 
repeated our simulations using the inhomogeneous material 
properties of  bone derived from a cadaveric mandible spec-
imen. Briefly, one fresh-frozen mandible from a partially 
edentulous human cadaver (age: 58) was harvested, and the 
right side of  the mandible was scanned using micro-CT. 
The micro-CT was calibrated with a hydroxyapatite phan-
tom to facilitate calculation of  the apparent bone mineral 
density directly from the micro-CT images. The three-
dimensional density distribution was mapped to the PMMA 
mandible using adaptive radial basis functions,39 after which 
the non-homogeneous elastic modulus was calculated fol-
lowing a power law for cortical and trabecular mandibular 
bone (Fig. 6).40 Load simulations for the natural tooth and 
the dental implant were performed for the seven occlusal 
loading positions. The peak stresses in the enamel, PDL, 
dentin, and mandible were within 2 MPa of  those of  the 
PMMA model for all occlusal loading positions (compare 
Table 2 and Table 4). These findings suggest reasonable 
agreement in overall load response between mandible mod-
els. Larger differences in stress between the homogeneous 
and non-homogeneous models were observed for the 
implant, screw, and mandible, with increases of  123.4 MPa, 
15.6 MPa, and 16.1 MPa, respectively, for occlusal loading at 
the distal marginal ridge (compare Table 3 and Table 4). 
This discrepancy may be attributed to the stiffness of  the 
bone surrounding the implant within the alveolar socket 
(2.2 GPa), which was lower than that of  the PMMA. It is 
likely that this stiffness allowed the implant to move more 
readily under bending loads, increasing interface stresses. 

Fig. 6.  Micro-CT image of natural tooth from a cadaveric specimen (A), 3-dimensional reconstruction of entire rightside of 
the mandible from micro-CT images (B), and resulting density map for the natural tooth (C) and prosthetic tooth (D). 
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Table 4.  Maximum von Mises stresses calculated during occlusal loading of the natural tooth and dental implant. Data 
are given for occlusal load applied at the mesial fossa, distal fossa, buccal cusp, central groove, cuspal inclination, 
mesial marginal ridge, and distal marginal ridge

Natural tooth Dental implant

Enamel PDL Dentin Mandible Crown Abutment Implant Screw Mandible

Mesial fossa 196.1 3.2 22.8 5.6 208.1 107.0 177.6 64.4 14.3

Distal fossa 140.4 2.6 17.3 4.3 220.2 110.1 218.7 77.5 22.4

Buccal cusp 184.7 2.9 12.7 7.3 185.8 48.6 79.4 35.8 12.3

Central groove 255.4 2.6 15.2 3.7 188.7 88.5 129.6 67.1 14.7

Cuspal inclination 279.0 2.3 10.0 5.2 324.4 62.0 130.4 42.6 13.8

Mesial marginal ridge 338.0 3.5 28.7 6.8 302.3 100.5 205.2 73.4 15.0

Distal marginal ridge 252.1 2.8 26.5 5.5 294.7 162.9 276.0 94.0 28.6

CONCLUSION

The present study showed that loading of  a dental implant 
resulted in larger stress and strain in the alveolar bone com-
pared to those on a natural tooth. As the position of  the 
occlusal load increased from the central axis of  the tooth, 
greater stresses and strains were observed in both the natu-
ral tooth and dental implant. These behaviours demonstrate 
the role of  the PDL in mitigating axial and bending stresses 
and strains in the natural tooth caused by off-centered 
occlusal loads and bending moments, findings which may be 
useful in dental implant design and surgical planning.
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