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The biomechanics of bone-tooth and bone-implant interfaces affects the outcomes of several dental treatments,
such as implant placement, because bone, tooth and periodontal ligament are living tissues that adapt to the
changes in mechanical stimulations. In this work, mechanical testing coupled with micro-CT was performed on
human cadaveric mandibular bone-tooth and bone-implant constructs. Using digital volume correlation, the 3D
full-field strain in bone under implant loading and tooth loading was measured. Concurrently, bone morphology
and bone-implant and bone-tooth contact were also measured through the analysis of micro-CT images. The
results show that strain in bone increased when a tooth was replaced by a dental implant. Strain concentration
was observed in peri-implant bone, as well as in the buccal bone plate, which is also the clinically-observed bone
resorption area after implant placement. Decreasing implant stability measurements (resonance frequency
analysis and torque test) indicated increased peri-implant strain, but their relationships may not be linear. Periimplant bone strain linearly increased with decreasing bone-implant contact (BIC) ratio. It also linearly
decreased with increasing bone-tooth/bone-implant contact ratio. The high strain in the buccal bone plate lin
early increased with decreasing buccal bone plate thickness. The results of this study revealed 3D full-field strain
in bone-tooth and bone-implant constructs, as well as their several morphological influential factors.

1. Introduction
Bone is a living tissue and adapts to the changes in mechanical loads
(Cowin and Hegedus, 1976; Frost, 1994; Roberts et al., 2004; Verner
et al., 2016; Wolff, 1986; Yang et al., 2017). Therefore, the biomechanics
of bone-tooth and bone-implant constructs affects the outcomes of
several dental treatments, such as prosthodontic (Kratochvil and
Caputo, 1974), orthodontic (Nanda, 2005), and dental implant treat
ments (Brunski, 1992). There is a need to study and compare the
biomechanics of bone-tooth and bone-implant constructs and their
influential factors.
Bone has a complex hierarchical structure and is inhomogeneous,
anisotropic, and viscoelastic (Rho et al., 1998). Dentin in tooth has also
been shown to be viscoelastic (Zhang et al., 2014). The periodontal
ligament (PDL) supports the teeth in their sockets and allows them to
withstand the mastication forces. It consists cells and an extracellular
compartment, which mainly is collagen fiber bundles in ground sub
stance (Nanci and Bosshardt, 2006). The PDL has non-linear

load-displacement relationship (Yoshida et al., 2001) and viscoelastic
material properties (Dorow et al., 2002).
Micro X-ray computed tomography (micro-CT) has often been used
to assess changes in bone morphology, microstructure, and bone density
due to disease, treatment, diet, and other factors (de Bakker et al., 2017;
Hammond et al., 2018; Oestreich et al., 2015; Perosky et al., 2016;
Scheller et al., 2016). Micro-CT and synchrotron micro-CT have also
been used to study the fracture and toughening of bone and changes in
them due to age, disease, and treatment (Busse et al., 2013; Launey
et al., 2010; Lloyd et al., 2017; Oestreich et al., 2015; Ritchie et al., 2009;
Zimmermann et al., 2011; Zimmermann and Ritchie, 2015). Mechanical
testing coupled with micro-CT and digital volume correlation have been
applied to map strain in trabecular bone blocks (Bay et al., 1999; Gillard
et al., 2014; Jirou�sek et al., 2011; Liu and Morgan, 2007), cortical bone
(Christen et al., 2012; Dall’Ara et al., 2014), whole bones (Hussein et al.,
2012; Kusins et al., 2019; Tozzi et al., 2016), bone-cement interfaces
(Tozzi et al., 2012; Zhu et al., 2016). This method has been extended to
map strain in bone-implant constructs first in our prior work and later
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also in other studies (Du et al., 2015; Le Cann et al., 2017; Zhou et al.,
2019).
In this study, mechanical testing coupled with micro-CT was per
formed on cadaveric mandible bone-implant and bone-tooth constructs.
Using digital volume correlation of micro-CT images under no-load and
loaded conditions, the 3D full-field strain in bone under implant loading
and tooth loading were measured and compared. Concurrently, bone
morphology and bone-implant and bone-tooth contact were also
measured through the analysis of micro-CT images. Statistical analysis
was carried out to study the possible influential factors for strain in bone
and to study the relationship between clinical implant stability mea
surements and the strain in bone. The implications of the results were
discussed as related to the buccal bone resorption after dental implant
treatments.

observed the change of specimen height was minimal, which indicated
that the viscous components in the specimens were settled and clear
micro-CT images could be obtained. Micro-CT scans were performed
before loading and after 1-hr holding, respectively, using a voltage of
150 kV, a current of 100 μA for bone-teeth specimens and a voltage of
180 kV, a current of 85 μA for bone-implant specimens. Micro-CT images
with isometric voxel size of 15 μm were obtained.
2.3. Bone morphology analysis
The micro-CT images (Fig. 1) were converted from 32-bit to 8-bit
without resampling in ImageJ (National Institute of Health, Maryland,
USA) and then cropped and segmented using the watershed algorithm in
Avizo (FEI Visualization Sciences Group, Burlington, MA). The teeth,
implant and alveolar bone were labeled, respectively. Using the
segmented images, the bone-tooth contact area, Ab-t, and bone-implant
contact area, Ab-i, and total implant area, Ai were calculated, respec
tively. The bone-implant contact (BIC) ratio, Ab-i/Ai and bone-tooth/
bone-implant contact area ratio, Ab-t/Ab-i, were calculated, respec
tively. The thickness of the buccal (lip-side) bone plate, tb, was measured
on the transverse section of micro-CT images of teeth where the buccal
bone plate was the thinnest (Fig. 2a). The thickness was considered
unchanged after implant placement.

2. Material and methods
2.1. Specimen preparation
This study was exempted by Institutional Review Board (IRB) at
Pennsylvania State University (STUDY00007794) on 7/27/2017. Three
fresh frozen cadaveric mandibles were obtained from National Disease
Research Interchange (NDRI). 7 single-rooted teeth were chosen as test
sites, including central incisors, lateral incisors, canines, and premolars.
The sample preparation protocol was similar to those used in our prior
work (Du et al., 2015). The mandibles were thawed and sectioned by a
diamond saw (Isomet 1000 Precision Cutter, Buehler, Lake Bluff, IL) to
specimens that each contained a tooth to be tested and its two adjacent
teeth. The sectioned specimens were then partly embedded in poly
methylmethacrylate (PMMA, Ortho-Jet BCA, Lang Dental, Wheeling,
IL). The crowns of the teeth to be tested were slightly polished with
sandpaper (CarbiMet Plain 320, Buehler, Lake Bluff, IL) to create a flat
surface for better load transfer in the subsequent mechanical testing on
teeth (section 2.2). The top one-third of the crowns for the two adjacent
teeth were cut off to avoid load transfer during mechanical test (section
2.2).
Following the mechanical testing on teeth (section 2.2), the tested
teeth were extracted and dental implants (SLActive® Roxolid®, TiZr,
Straumann, Basel, Switzerland) were installed using a dental surgical
drill kit (Straumann BL, stainless steel, Straumann, Basel, Switzerland)
by a practicing dentist. This type of implant was chosen because it has
been commonly used in clinical settings (French et al., 2015) and it was
also used in our prior proof-of-concept work (Du et al., 2015). One
implant was placed in each specimen, except for the one bone-tooth
specimen that fractured during tooth exaction. The implant specifica
tions were chosen and the implant installation was performed according
to the manufacturer’s instruction and clinical standards by the prac
ticing dentist. Peak insertion torque value (ITV) was measured by torque
gauges (ATG6CN-S and BTG60CN-S, Tohnichi, Tokyo, Japan) during
implant placement. Implant stability quotient (ISQ) was measured by an
implant stability meter (Osstell ISQ, Osstell AB, Gothenburg, Sweden).
Conical healing abutments (Straumann, Basel, Switzerland) were then
installed onto implants.

2.4. Bone strain analysis
3D full-field displacement field inside the alveolar bone under tooth
loading and implant loading was calculated using digital volume cor
relation (DVC) of micro-CT images of alveolar bone at no-load and
loaded conditions in DaVis software (LaVision, Goettingen, Germany).
Besides the alveolar bone, other objects in the images were masked and
only the correlation windows that contain more than 50% valid voxels
were used in the following correlation. Multiple passes of correlation
were carried out with reducing correlation window size of 512 � 512 �
512, 256 � 256 � 256 and 128 � 128 � 128 voxels. The overlap ratio
between adjacent correlation windows was 50%. Fast Fourier trans
formation (FFT) was used for the first step and Direct Correlation (DC)
was used in subsequent steps. Strain components were computed using a
centered finite difference (CFD) scheme. A few displacement vectors
with correlation value below 0.8 or peak ratio below 1.5 were removed
from the results and replaced by an interpolation of neighboring vectors.
3D full-field strain field inside alveolar bone was obtained by taking
numerical differentiation of the displacement field. The partial de
rivatives were mostly approximated by central difference, except for the
correlation windows at the boundaries, where forward or backward
difference was used. The strain in about 10 correlation windows in the
middle of the buccal bone was extracted and defined as mid-buccal bone
strain for bone-tooth and bone-implant specimens, respectively. Also,
for bone-implant specimens, a sub-volume covering the implant surface
with a thickness of 0.75 mm was defined as the peri-implant region. Its
shape was similar to a cylindrical hollow tube with one end capped. The
strain in it was extracted and defined as peri-implant bone strain.
The accuracies of the results were estimated using the following
three methods. First, the micro-CT images at loaded condition were
restored based on the calculated displacement vectors. They were then
compared with the micro-CT images at no-load condition visually to
ensure the accuracy of the calculated displacement vectors. Second, the
noise level in the results was evaluated using a zero-strain approach (Bay
et al., 1999; Hardisty and Whyne, 2009; Verhulp et al., 2004; Zauel
et al., 2006) on two sets of images both taken at no-load condition.
Third, the uncertainties in the results were also estimated by the
constant-strain analyses using repeated images virtually deformed by
1% in the vertical direction, which was also the loading direction
(Comini et al., 2019).

2.2. Mechanical testing coupled with micro-CT
Mechanical testing was performed on the bone-tooth and boneimplant specimens, respectively, using a loading device (CT5000,
Deben, Suffolk, UK) coupled with micro-CT (Phoenix v|tome|x L300,
GE, Boston, MA). The specimens were kept moist during testing. The
loading protocol was similar to that used in our prior work (Du et al.,
2015). A compressive load was applied onto the single tooth or the
implant at the center of each specimen at a constant displacement rate of
0.1 mm/min until the load reached 100 N, because the forces measured
during mastication and swallowing were reported to be between 5 and
364 N (Kelly, 1999). Then the load was held at 100 N for 1 h, when we
2
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Fig. 1. Schematics of experimental setup and sample preparation. T – tooth; I – Implant; B – Bone.

random effect and tooth/implant as a fixed effect. The bone-tooth
specimen that fractured during tooth extraction was excluded in the
ANOVA. For bone-implant specimens, simple linear regression was
performed between ISQ and ITV. Simple linear regression was also
performed between ISQ and peri-implant strain, between ITV and periimplant strain, as well as between Ab-t/Ab-I and peri-implant strain.
Simple linear regression was also performed between the mid-buccal
bone strain and the buccal bone plate thickness, tb, for bone-tooth and
bone-implant specimens, respectively.
3. Results
3.1. Strain distribution in bone
The typical 3D field of maximum principal strain in one bone spec
imen before and after implant placement was compared in Fig. 3a.
Before implant placement, the strain was relatively uniformly distrib
uted in alveolar bone around the tooth, and was below 0.28% in most
part of the specimen, except some strain concentration regions in the
buccal bone plate, where the strain was 0.40% to 0.50%. After implant
placement, more regions in bone exhibited strain concentration,
including some regions in contact with implant, bone crest, and buccal/
lingual bone plate, where strain could sometimes be above 0.8%.
Fig. 3b summarizes the maximum principal strain in all correlation
windows for all bone specimens before and after implant installation.
The strain in bone ranged from 0.15% to 1.27% under tooth loading.
The buccal bone plate of specimen 7 was very thin and fractured during
tooth extraction, hence no implant was installed in it. The strain in bone
ranged from 0.13% to 0.94% under implant loading. The median
values of strain ranged from 0.08% to 0.18% in bone under tooth
loading and ranged from 0.15% to 0.40% for bone under implant
loading. In each bone specimen, the median value of strain increased
after implant placement. The ANOVA results show that the mean strain
values were significantly different (P < 0.05) in the bone-tooth category
and the bone-implant category. The difference between individual bone
specimens is not statistically significant (P > 0.05).
The accuracies of the results were estimated by the zero-strain
approach and constant-strain analysis. The zero-strain approach resul
ted in a strain of 0.0106% � 0.0290%. The constant-strain analyses
using 1% virtually deformed images resulted in 0.969% � 0.151% for
bone-tooth and 0.949% � 0.116% for bone-implant specimen.

Fig. 2. A transverse slice of micro-CT images shows a bone-tooth specimen and
the definition of buccal bone plate thickness, tb. Specimen in (a) went through
tooth extraction and implant placement and became a bone-implant specimen
in (b).

2.5. Statistical analysis
Statistical analysis was carried out using Minitab software (Minitab,
LLC, State College, PA). The maximum principal strain in every corre
lation window inside bone was summarized in box plots for each spec
imen, including the mean and median values. The term strain in the
following statistical analysis refers to the maximum principal strain.
Analysis of variance (ANOVA) was carried out for the mean values of
strain, using a mixed-effects model with each bone specimen as a

3.2. ITV, ISQ and peri-implant strain
For all implants, the ITV was measured to be between 2.5 and 54 cN
m, and the ISQ was measured to be between 7 and 60. The average
3
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Fig. 3. (a) Experimentally measured typical strain distribution inside the same piece of bone under tooth loading and under implant loading. The 3D rendered images
were virtually sectioned and rotated to reveal the strain inside the two halves of bone. (b) Measured maximum principal strain inside bone under tooth loading and
implant loading for all specimens.

maximum principal strain in peri-implant region was measured to be
between 0.17% and 0.26%. Generally, ISQ increased with increasing
ITV; peri-implant strain decreased with increasing ISQ; and, it also
decreased with increasing ITV. Simple linear regression between ISQ
and ITV resulted in a coefficient of determination, R2, of 94.5% and the
p-value P ¼ 0.001 (Fig. 4a), between ISQ and the peri-implant strain
resulted in R2 of 65.8% and the P ¼ 0.05, between ITV and peri-implant
strain resulted in R2 of 63.8% and the P ¼ 0.057.

3.4. Buccal bone plate thickness of and strain
The thickness of the buccal bone plate was measured to be from 0.10
to 0.18 mm for all specimens. The average maximum principal strain in
the buccal bone plate was measured to be from 0.13% to 0.95% under
tooth loading, and 0.28%–0.84% under implant loading. It reduces with
increasing buccal bone plate thickness, for bone-tooth specimens and
bone-implant specimens, respectively (Fig. 7). Simple linear regression
between the strain in buccal bone and the thickness of buccal bone
resulted in R2 of 77.2% and P < 0.05 for bone-tooth specimens and R2 of
82.9% and P < 0.01 for bone-implant specimens.

3.3. Contact area and peri-implant strain
In bone-tooth specimens, teeth were in full contact with alveolar
bone via periodontal ligament (PDL) (Fig. 5a), and the bone-tooth
contact area, Ab-t, was measured to be from 93.83 to 240.61 mm2.
After implant placement, dental implant was only in partial contact with
the alveolar socket, usually in the distal and mesial sides, while the
buccal and lingual sides were not in contact with bone (Figs. 2a and 5b).
The bone-implant contact area, Ab-i, was measured to be from 15.64 to
109.82 mm2. The BIC ratio was calculated to be from 7.00% to 53.64%,
and the bone-tooth/bone-implant contact ratio was calculated to be
from 0.85 to 12.83.
The average maximum principal strain in peri-implant region
decreased with increasing BIC ratio. Linear regression analysis between
peri-implant strain and BIC ratio resulted in R2 of 87.1% and P < 0.01
(Fig. 6a). Peri-implant strain increased with the increasing bone-tooth/
bone-implant contact ratio. Also, the results of simple linear regression
between them show that R2 is 91.9% and P < 0.01 (Fig. 6b).

4. Discussion
4.1. Implant stability and strain in bone
Implant stability is a prerequisite for implant osseointegration and
long-term positive outcomes for osseointegrated implants (Javed and
Romanos, 2010; Lioubavina-Hack et al., 2006). Clinical methods to
measure implant stability include percussion test, torque test (insertion
torque and reverse torque), periotest, and resonance frequency analysis.
The results of this study show that there was a strong linear relationship
between the results of torque test (ITV) and resonance frequency anal
ysis (ISQ) (Fig. 4a), which is consistent with the prior discoveries by
some other research groups (Akça et al., 2006; Gallardo et al., 2016; Jun
et al., 2010; Turkyilmaz et al., 2009). But it should also be noted that
some studies showed that the correlation between torque value and ISQ
was not statistically significant (Akça et al., 2007; Akkocaoglu et al.,
2005).
The fundamental reasons behind the correlation between implant
4
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Fig. 5. Typical (a) bone-tooth contact area, Ab-t and (b) bone-implant contact
area, Ab-i are highlighted in red for the same piece of bone before and after
implant placement. The 3D rendered images were virtually sectioned and
rotated to reveal the contact area.

1998), electronic speckle pattern interferometry (Zhang et al., 2001)
and digital image correlation (Chuang et al., 2008), can only measure
strain on the surface of bone, teeth or dental materials. The experimental
methods used in this study, mechanical testing coupled with micro-CT
and digital volume correlation, are advantageous over the conven
tional methods, because the 3D internal strain in bone and the 3D in
ternal structure of bone-implant constructs can be measured
concurrently.
Fig. 4. (a) Simple linear regression between ITV and ISQ (R2 ¼ 94.5%, P ¼
0.001); (b) Simple linear regression between ISQ and average maximum prin
ciple strain in peri-implant region (R2 ¼ 65.8%, P ¼ 0.05); (c) Simple linear
regression between ITV and peri-implant strain (R2 ¼ 63.8%, P ¼ 0.057).

4.2. Influential factors of strain in bone
The results of this study show that when the teeth were extracted and
replaced by implants, the increment of mean strain in bone is statisti
cally significant (P < 0.05) (Fig. 3). It can be attributed to the fact that
the interfacial area for load transmission usually decreased after implant
placement (Fig. 5). The results also reveal two strain concentration re
gions, the bone-implant contact region and the buccal bone plate, which
are consistent with our prior findings through experimental measure
ments (Du et al., 2015) and numerical simulations (Mao et al., 2019).
Moreover, the influential factors for these two strain concentration re
gions were investigated in this study, respectively.
Under loading, the implants pressed on the alveolar bone and caused
high strain concentration at bone-implant contact regions. The results of

stability and implant success are associated with the mechanobiology of
bone-implant interface. Under loading, implant micromotion causes
stress and strain field in bone, which then affects the cellular responses
(Leucht et al., 2007) and contributes to bone-implant interface healing
(Wazen et al., 2013) or damage (Cha et al., 2015). Measurement of strain
in bone is therefore important in the study of implant biomechanics and
implant success. However, conventional strain measurement methods,
such as strain gauges (Howell and Manly, 1948), photoelasticity (Kra
tochvil and Caputo, 1974), Moir�
e fringe pattern (Wang and Weiner,
5
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Fig. 7. (a) Simple linear regression between the buccal bone plate thickness
and the average maximum principal strain in mid-buccal bone plate under tooth
loading (R2 ¼ 77.2%, P < 0.05) and implant loading (R2 ¼ 82.9%, P < 0.05).
(b) Comparison of experimentally measured strain distribution in two implantbone specimens with buccal bone plate of different thicknesses (0.1 mm and
0.15 mm). The 3D rendered images were virtually sectioned to reveal the strain
inside bone.

The results of this study also show that the linear relationship be
tween peri-implant strain and the ratio between bone-implant and bonetooth contact area was statistically significant (Fig. 6b), which has never
been reported before to the best of our knowledge. Chewing and biting
forces on teeth were transmitted to bone through bone-tooth interfaces,
whereas those on implants were transmitted to bone through boneimplant interfaces (Fig. 5). Assuming those forces were similar before
and after implant placement, if the strain in alveolar bone surrounding
teeth were similar under normal physiological condition, the strain in
peri-implant bone should be inversely proportional to the bone-implant/
bone-tooth contact ratio, i.e. proportional to the bone-tooth/boneimplant contact ratio, which is consistent with the discoveries in this
study (Fig. 6b).
Moreover, the relationships between the stability measurement (ISQ
and ITV) and peri-implant strain (Fig. 4b and c) suggested that although
the peri-implant strain generally decreased with increasing ISQ and ITV,
the linear correlations were not statistically significant (P � 0.05). The
strain-ISQ and strain-ITV relationships might not be linear. The litera
ture also shows that the relationships between implant stability mea
surements and BIC ratio are still inconclusive. In some studies, the BIC
ratio was shown to be significantly correlated with ISQ (Huang et al.,
2013; Park et al., 2011) and ITV (Hsu et al., 2013; Liu et al., 2012).
While other studies showed no statistically significant correlation be
tween BIC ratio and ISQ (Abrahamsson et al., 2009; Jun et al., 2010;

Fig. 6. (a) Simple linear regression between the peri-implant strain and BIC
ratio (R2 ¼ 87.1%, P < 0.01). (b) Simple linear regression between peri-implant
strain and bone-tooth/bone-implant contact ratio (R2 ¼ 91.9%, P < 0.01). (c)
Comparison of experimentally measured strain distribution in the peri-implant
region for two implant-bone specimens with different contact areas. The 3D
rendered images were virtually sectioned to reveal the strain inside bone.

this study show that the peri-implant strain linearly decreased with
increasing BIC ratio (Fig. 6a). It is consistent with the discoveries by Hsu
et al. (2013), who found that strain on the surface of bone-mimicking
polymeric foams increased when BIC ratio decreased. In other implant
studies, BIC ratio was commonly used to represent the degree of
osseointegration after implant treatment (Proff et al., 2008; Veis et al.,
2007).
6
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Manresa et al., 2014; Scarano et al., 2006) or between BIC ratio and ITV
(Degidi et al., 2009). Although ISQ and ITV are current clinical stan
dards for implant stability measurements, they may not be linearly
correlated with BIC contact or peri-implant strain. It is needed to further
investigation their relationship with larger specimen size or more
complex models.
Upon tooth/implant loading, strain concentration also appeared in
the buccal bone plate. The results of this study show that thinner buccal
bone plate resulted in higher strain in buccal bone plate for bone-tooth
constructs (Fig. 7a). Implant placement and implant loading further
increased the strain in buccal bone plate, compared with that in bonetooth constructs (Fig. 7a). Thinner buccal bone plate resulted in
higher strain for bone-implant constructs as well (Fig. 7a). The high
strain in buccal bone can be attributed to the fact that it is thinner and
less stiff than the lingual bone (Fig. 2). Using finite element simulation,
Li et al. also found that the stress and strain for buccal bone increased
with decreasing bone thickness, and the initial bone thickness subse
quently affected the mechanobiology and bone resorption (Yoda et al.,
2017). A commonly seen clinical and esthetic complication of dental
implants is associated with the mid-buccal bone loss and its reason is
poorly understood (Chen and Buser, 2014, 2009). Upon further in
vestigations, the mechanobiology altered by abnormal strain in thin
buccal bone plate may provide a possible explanation for the mid-buccal
bone loss.
Besides the maximum principal strain, median and minimum prin
cipal strain, and effective strain were also calculated. No statistically
significant correlation was found between these strain components and
stability measurements (ISQ and ITV). No statistically significant cor
relation was found between these strain components and influential
factors being studied in this paper (BIC ratio, bone-tooth/bone-implant
contact ratio, and buccal plate thickness).

tooth and bone-implant biomechanics. Using mechanical testing
coupled with micro-CT, the bone morphology, internal contact in
terfaces, and the 3D full-field strain in bone were measured. Several
influential factors for the strain in bone were also studied. Overall, strain
in mandibular bone increased when a tooth was replaced by a dental
implant. Two strain concentration regions in bone-implant constructs
were revealed to be the peri-implant region and the buccal bone plate.
Decreasing implant stability measurements (ISQ and ITV) indicates
increased peri-implant strain, but their relationships may not be linear.
Peri-implant bone strain linearly increased with decreasing BIC ratio or
increasing bone-tooth/bone-implant contact ratio. The high strain in the
buccal bone plate in bone-tooth constructs further increased when the
teeth were replaced by implants. Also, it linearly increased with
decreasing buccal bone plate thickness, for both bone-tooth and boneimplant constructs. The results of this study paved the way for future
work including in vivo investigation on the evolution of bone
morphology, bone-implant interface, and bone strain after implant
placement.
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4.3. Limitations of this study
In this study, besides the strain inside bone, the strain at the surface
of bone, at the bone-tooth interface, and bone-implant interface was also
reported. To deal with these interfaces, only the images of bone were
used in the correlation calculation, and the images of other objects were
masked. Also, only the correlation windows that contained more than
50% valid voxels were used in the correlation calculation. But, the re
sults at these interfaces may still be less accurate than those inside the
bone.
There are multiple factors affecting implant mechanics and implant
stability that were not studied in this work. These factors include bone
density and quality, implant shape, design and surface characteristics,
and surgical technique. A suggested direction of future work would be
individual-specific numerical models with controlled influential factors.
It should also be noted that the sample size in this study was small.
Another limitation of this study is that simplified loading condition was
used in this study whereas the physiological loading conditions are more
complex. Hence, other loading conditions are considered as possible
directions for future work.
Moreover, the experimental setup in this study was related to the
immediate placement and immediate loading in the clinical setting,
since cadaveric specimens had no biological activities (Du et al., 2015).
A possible direction of future work would be in vivo studies, in which the
bone strain during and after osseointegration can be investigated. Bone
substitutes were not used in this study, but they were sometimes used to
fill the space between the implant and the socket in the clinical envi
ronment (Schlegel and Donath, 1998). It is worth studying the effects of
these bone substitute materials, such as Bio-Oss, on the bone-implant
contact and on the strain in bone in future works.
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