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Abstract

Dental implants are a common and popular alternative for the replacement of missing teeth. A low degree of regulated
thermal necrosis at the bone-implant interface can help avoid the loss of healthy tissue and the risk of damage caused by the
removal of the implants. A three-dimension (3D) model of a mandibular section of the bone was used to investigate the
optimal contact area required to remove a dental implant via thermal necrosis using a three-dimensional finite element
method. The model includes cortical bone, cancellous bone, dental implant, and the crown was created using Dassault
Systemes CATIA V6® product lifecycle management software. Four different contact areas were analyzed by supplying power
of 5,24, and 40 W. At 5 W, the implant temperature is indeterminable for all the three implants considered - Ti6AI4V, titanium
dioxide, and zirconia. The results of this investigation showed that increasing the diameter of the contact area not only
reduced the time it took for the implant to reach 47°C but also dissipated heat evenly.
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1. Introduction

Dental implants are a common and popular alternative for the
replacement of missing teeth.[? The implants are placed in the
alveolar bone underneath to offer support for single dental,
fastened bridge, or full-arch rehabilitation.®l Several
complications are usually related to the removal of
osseointegrated dental implants that have otherwise failed.
The treatment technique is traumatic and frequently results in
bone loss.[ Several experimental and computational research
is conducted to elucidate the mechanism of implant-to-bone
load transmission and stress distribution.! Manufacturers
have developed different types of implant-abutment
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connections to achieve implant stability. However, component
(implant) behavior varies based on aspects such as geometry,
load circumstances, and implant material properties.?d
Biological factors, such as bacterial plaque subsidence and
peri-implantitis, or mechanical factors, such as abutment
fracture, implant fracture, screw loosening, and implant
displacement, can lead to implant failure after implantation.>*
Implant failures are mainly divided into early failure and late
failure as two primary categories. Early failure occurs during
the healing process due to poor osseointegration and is
physiological and may be due to infection, trauma, and micro-
motion of the dental implant.[™ Treatment suggested for late
biological failures is surgical or non-surgical debridement and
local antimicrobial therapy.l>*! However, the treatment mode
prescribed is implant removal for implants that show a
radiographic bone loss of more than 50% of their implant body
length, mobility, and implants with functional discomfort.["
Many underlying tissues, such as nerves, sinuses, palatine
bones, and adjacent teeth, maybe damaged when
Osseointegrated implants are extracted. The implant cavity
typically necessitates an improved bone graft, and a period of
9 to 12 months is required for healing before another implant
can be placed. The trauma caused thus leads to delayed
treatment schedules, deteriorating the life quality of the patient
considerably, and medical expenses for the treatment are
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exacerbated.®!

The torque ratchet technique is one of the basic implant
removal processes followed by dentists globally. The loss of
healthy tissue and trauma can be minimized by weakening the
connection between the implant and bone before removal,
reducing the force needed for removal. This issue is critical, as
the high torque wrench will not easily remove a fairly limited
proportion of implants.®>7  Several research have
demonstrated that, after initial unregulated random thermal
therapy, implants can be extracted quickly, resulting in jaw
osteonecrosis. A low degree of regulated thermal necrosis at
the bone-implant interface can help avoid the loss of healthy
tissue and the risk of damage caused by the removal of the
implants.>791 However, extensive investigations are required
to be carried out to study the effects of the rise in temperature
at the bone premises and to identify the most favorable
conditions for the use of thermal necrosis for a non-traumatic
removal of the implant. Also, the relation between the duration
of the contact provided and implant size needs to be explored.
It has been reported that high-frequency surgical devices and
dental lasers have led to peri-implant bone thermal damage,
leading to implant failure.'% Uncontrolled heating can lead to
serious inflammation and necrosis of the jaw.'! However,
several publications have described the successful loosening
of osseointegrated implants using high temperatures with, for
example, ultra-high frequency surgical devices.*?*31 Despite
the fact that the heat input in these studies was deliberate, it
was uncontrolled and uneven. Nonetheless, this type of
implant removal with little thermal necrosis may aid in the
preservation of valuable bone tissue during explanations that
are challenging. Using the finite element analysis (FEA)
method, the present study seeks to determine the best device
power, electrocautery tip contact area, and contact duration for
inducing deliberate thermal necrosis on an implant system.
Three implant materials considered — Ti-6Al-4V, titanium
dioxide, and zirconia are subjected to the power of 5, 24, and
40 W to simulate the contact with unipolar electrocautery tips
of varied sizes.

2. Experimental

2.1 Materials and methods

A 3D model of a mandibular bone section was utilized in the
present study. Wheeler's suggested standard anatomical
measurementsi! served as the foundation for the created

models. The three-dimensional solid model includes cortical
bone, cancellous bone, dental implant, and crown. The
manufacturer provided the geometry of the dental implant, and
the model was created using Dassault Systémes Catia V6®
product lifecycle management (PLM) software. The study was
carried out as per the approval of the Institutional Ethics
Committee.

2.2 Modeling of the implant

The 3D finite element single-threaded implant with 0.8 mm
was constructed using the implant model as a reference, as
shown in Fig. 1. The mechanical and thermal properties and
restorative materials of the dental structures are defined before
the meshing of the solid model. Regardless of its physical
properties associated with temperature, the tooth was isotropic,
homogenous, and elastic. Table 1 illustrates the elastic
properties of these tissues and materials as homogenous,
isotropic, and linearly elastic.

Fig. 1 Modelled implant using Dassault Systémes CATIA V6
PLM software.

Table 1. Thermal and mechanical properties of the materials used in the FEM model.

Implant Implant
Cortical Trabecular _p . p_ Implant
bone bone (TI-6AI- (titanium (zirconia)
4V) dioxide)
Density (g/cm?) 1.30 1.30 4.38 4.02 6.04
Thermal conductivity (W/m K) 0.59 0.59 6.52 8 2.7
Specific heat (kJ/kg K) 0.44 0.44 0.57 0.69 0.41

226 | Eng. Sci., 2022, 19, 225-235

© Engineered Science Publisher LLC 2022



Engineered Science

Research article

Three types of implant materials were tested, i.e., Ti-6Al-
4V, titanium dioxide, and zirconia. The elastic properties of the
three materials and the cortical and trabecular bone used in the
3D CATIA models are mentioned in Table 2. A few properties
were taken into account when modeling the implant: linear,
isotropic, homogeneous, and elastic.

The interfaces between the implant and bone are assumed
to undergo complete osseointegration. After the sides and the
bottom of the cortical and cancellous/trabecular bones have
been fully constrained, the boundary conditions have been
applied to the respective node. Components were meshed
using tetrahedral meshing with mesh element sizes of 1 mm
and a growth rate of 1.5 mm. Figs. 2(a) and 2(b) shows the
front view and the isotropic view of the meshed model,

respectively. Fig. 2(c) shows the meshed model of the implant.

Table 2. Material properties of the elements used in the study.

Material Young’s (MPa) Poisson’s ratio
Titanium (Ti-6AL-4V) 1.1x10° 0.33
Titani(uTnsoli)ioxide 2.3%10° 0.27
Zirconium (Zr) 8.8x10* 0.30
Cortical Bone 1.5%10% 0.30
Trabecular Bone 1.5%10= 0.30

2.01(m)

0oms 00075

0.0025

ANSYS

2019R3

<

Q01 (m)
00075

Fig. 2 (a) Front view of the meshed model, (b) isometric view of the meshed model, and (c) meshed model of the implant.
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2.3 Finite element conditions

Wang et al. recently developed a more detailed three-
dimensional FEA model from scanned CT image data. The
dimensions of chewing, ligament, and mechanical motion of
the temporomandibular joint (TMJ) have been modelled by
various components.®l Teixera et al. observed that the
simulation of the mandible in a 3-dimensional mandibular
structure in a mesial or distal gap of more than 4.1 mm from
the implant did not lead to a substantial additional yield of
FEA precision.[*!

Defined values of field variables such as relocation and
assistance must be imposed on stimulatory model boundaries.
Node constraints are established to avoid rotation and changes
in either direction. The boundary plays the function of load,
i.e., the loading effects are generated by the movement of
nodes in a specific direction rather than by the applied forces.
In the FEA model, symmetric lines or planes may be described
by the perfect symmetrical boundary conditions supplied to
geometric edges' symmetric sides. The golden law regarding
symmetry is that the vectors perpendicular to the symmetry
line are negative and parallel to the axis.[16:17]

The implants and bones were considered to be at an
unvarying temperature of 36 °C during the initial stages of the
simulation. This specific temperature was chosen because this
is the temperature of the human body. An abrupt rise in the
implant temperature was modelled by supplying power of 5,
24, or 40 W, considering four contact areas on the top of the
implant device. The transient heat distribution was analysed
on the cortical bone, implant, and trabecular bone. A 0.02
second time step was considered during the analysis. The
measurements were performed for 4 seconds in total. Time
was taken in seconds, and the time required for the cortical
bone, implant, and trabecular bone to reach 47 °C was
determined. To find the optimal contact area for the implant to
reach the designated temperature at the earliest, different
circular contact areas were taken up using the diameters of
0.705 mm, 1.41 mm, 2.115 mm, and 2.82 mm. Thus, the
contact areas/tip sizes of electrocautery 1.561 mm?, 6.245
mm?, 14.053 mm?, and 24.983 mm? were considered.

3. Results

As the implant-bone was heated to the desired temperature, i.e.
47 °C, the implant geometry, and the power output effects
were measured.['! The time duration given while performing
this analysis was nearly equivalent for all the power supplies
and contact areas mentioned for the implant and the trabecular
bone to be heated to 47 °C.

This is due to the larger contact area between the implant
and trabecular bone relative to the region of contact between
the cortical bone and the implant. The present study shows an
osseointegrated implant undergoing temperature change due
to heat supplied at the contact surface of the dental implant
using a cautery tip of different sizes with an initial temperature
of 36 °C. Temperature change is observed till 4 seconds with
a time step of 0.02 seconds. The critical temperature of the
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implant is 47 °C, which is critical because the human body can
withstand the maximum temperature of 47 °C.[* Hence, the
time taken to reach 47 °C is noted by applying probes on the
implant teeth surface and cortical bone outer surface.

3.1 Titanium dioxide

3.1.1 When 5 W of power is applied

Applying a power of 5 W, the cortical bone reached 47 °C
at >4 seconds. Table 3 shows the time taken for a cortical bone
and TiO: implant to reach 47 °C at 5, 24, and 40 W. The
implant surface reached 47 °C at 2.64, 2.64, 2.63, and 2.63
seconds for contact areas of 1.561 mm?, 6.245 mm?, 14.053
mm?, and 24.983 mm?, respectively. The temperatures of the
implant when the cortical bone reaches 47 °C for the contact
areas of 1.561 mm?, 6.245 mm?, 14.053 mm?, and 24.983 mm?
are not determinable as the cortical bone does not reach 47 °C
within 4 seconds, which was the time limit taken during the
iteration.

3.1.2 When 24 W of power is applied

Applying a power of 24 W, the cortical bone reached 47 °C
between 3.8-8.82 seconds. The implant surface reached 47 °C
at 1.51, 1.51, 1.51, and 1.5 seconds for contact arcas of 1.561,
6.245, 14.053, and 24.983 mm?® The temperatures of the
implant when the cortical bone reaches 47 °C for a contact area
of 1.561, 6.245, 14.053, and 24.983 mm? are 151.16 150.96,
152.05, and 150.29 °C respectively, which are shown in Table
3.

3.1.3 When 40 W of power is applied

Applying a power of 40 W, the cortical bone reached 47 °C
between 3.27-3.3 seconds. The implant surface reached 47 °C
at 1.3 seconds for contact areas of 1.561, 6.245, 14.053, and
24.983 mm?. The temperatures of the implant when the
cortical bone reaches 47 °C for a contact area of 1.561, 6.245,
14.053, and 24.983 mm?’ are 178.8, 178.55, 180.29, and
179.21 °C respectively is shown in Table 3.

3.2 Titanium - Ti-6Al-4V

3.2.1 When 5 W of power is applied

Applying a power of 5 W, the cortical bone reached 47 °C
at >4 seconds. Table 4 shows the time taken for a cortical bone
and Ti-6AL-4V implant to reach 47 °C at 5, 24, and 40 W. The
implant surface reached 47 °C at 2.63, 2.66, 2.66, and 2.66
seconds for contact areas of 1.561, 6.245, 14.053, and 24.983
mm?, respectively. The temperatures of the implant when the
cortical bone reaches 47 °C for a contact area of 1.561, 6.245,
14.053, and 24.983 mm? is not determinable as the cortical
bone does not reach 47 °C within 4 seconds, which was the
time limit taken during iteration.

3.2.2 When 24 W of power is applied

Applying a power of 24 W, the cortical bone reached 47 °C
between 3.86-3.88 seconds. The implant surface reached
47°Cat 1.56,1.56,1.56, 1.55 for contact arcas of 1.561, 6.245,
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Table 3. Time taken for a cortical bone and TiO2 implant to reach 47 °C for 5, 24, and 40 W.

Time (t) to reach 47°C Approx. the temperature of the implant
Probe Contact area (sec) when
(Watts) (mm?)
Bone Implant cortical bone is at 47°C (°C)
1.561 >4 2.64 -
6.245 >4 2.64 -
5 47 C
14.035 >4 2.63 -
24.983 >4 2.63 -
1.561 3.82 151 151.16
6.245 3.82 151 150.96
24 47 T
14.035 3.81 151 152.05
24.983 3.8 15 150.29
1.561 3.28 1.3 178.8
6.245 3.28 1.3 178.55
40 47 <C
14.035 33 13 180.29
24.983 3.27 1.3 179.21

14.053, and 24.983 mm? respectively. The temperatures of the
implant when the cortical bone reaches 47 °C for contact areas
of 1.561, 6.245, 14.053, and 24.983 mm? are 157.31, 155.9,
157.05, and 156.38 °C, respectively, which are shown in Table
4.

3.2.3 When 40 W of power is applied

Applying a power of 40 W, the cortical bone reached 47 °C
between 3.34-3.36 seconds. The implant surface reached
47 °C at 1.35 seconds for contact areas of 1.561, 6.245, 14.053,
and 24.983 mm?. The temperatures of the implant when the
cortical bone reaches 47 °C for contact areas of 1.561, 6.245,
14.053, and 24.983 mm? are 185.31, 36.11, 186.88, and
185.77 °C, respectively, which are shown in Table 4.

3.3 Zirconia

3.3.1 When 5 W of power is applied

Applying a power of 5 W, the surfaces of the implant reached
47 °C at >4 seconds. Table 5 shows the time taken for a cortical
bone and Zr implant to reach 47 °C at 5, 24, and 40 W. The
implant surface reached 47 °C for more than 4 seconds for
contact areas of 1.561, 6.245, 14.053, and 24.983 mm?>. The
temperatures of the implant when the cortical bone reaches
47 °C for a contact area of 1.561, 6.245, 14.053, and 24.983
mm? are not determinable as the cortical bone did not reach
47 °C within 4 seconds, which was the time limit taken during
iteration.

© Engineered Science Publisher LLC 2022

3.3.2 When 24 W of power is applied

Applying a power of 24 W, the implant surfaces reached 47 °C
in between 3.06-3.08 seconds. The implant surface reached
47 °C at 3.08, 3.08, 3.08, and 3.07 seconds for contact areas
of 1.561, 6.245, 14.053, and 24.983 mm?, respectively. The
temperatures of the implant when the cortical bone reaches
47 °C for a contact area of 1.561, 6.245, 14.053, and 24.983
mm? are not determinable as the cortical bone did not reach
47 °C within 4 seconds, which was the time limit taken during
iteration, which is shown in Table 5.

3.3.3 When 40 W of power is applied

Applying a power of 40 W, the implant surfaces reached 47 °C
in between 2.72-2.74 seconds. The implant surface reached
47 °C at 2.74, 2.74, 2.74, and 2.72 seconds for contact areas
of 1.561, 6.245, 14.053, and 24.983 mm?, respectively.

The temperatures of the implant when the cortical bone
reaches 47 °C for a contact area of 1.561, 6.245, 14.053, and
24.983 mm? are not determinable as the cortical bone did not
reach 47 °C within 4 seconds, which was the time limit taken
during iteration, which is shown in Table 5.

4. Discussion

During this analysis, we have studied the variation in
temperature resulting from the contact of the electrocautery tip
of various tip sizes - 1.561, 6.245, 14.05, and 24.983 mm’.
These tips sizes/contact areas were analyzed on three different
implant materials- Ti-6Al-4V, titanium dioxide, and zirconium
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Table 4. Time taken for a cortical bone and Ti-6AL-4V implant to reach 47 °C for 5, 24 and 40 W.
Time (t) to reach 47 C

Approx. the temperature of the implant

Probe Contact area (sec) when
(Watts) (mm?) . .
Bone Implant cortical bone is at 47 T (C)
1.561 >4 2.63 -
6.245 >4 2.66 -
5 47 T
14.053 >4 2.66 -
24.983 >4 2.66 -
1.561 3.87 1.56 157.31
6.245 3.86 1.56 155.9
24 47 T
14.053 3.88 1.56 157.05
24.983 3.86 1.55 156.38
1.561 3.34 1.35 185.31
6.245 3.34 1.35 185.05
40 47 T
14.053 3.36 1.35 186.88
24.983 3.34 1.35 185.77

using FEA. The rise in temperature in a dental implant is contact with an electrocautery unit!!% 18-21]

usually considered due to various “undesired” consequences Nevertheless, the conditions in which the temperature is
such as exposure to hot or cold liquids, laser surgeries, and deliberately and controllably increased were investigated in

Table 5. Time taken for a cortical bone and zirconium implant to reach 47 °C for 5, 24 and 40 W.

Time (f) to reach Approx. the temperature of the implant

Probe Contact 47 <T (sec) when
Watts area (mm? i i
(Watts) (mm?) Bone Implant cortical bone is at 47 T (C)
1.561 >4 >4 .
6.245 >4 >4 .
5 47 T
14.053 >4 >4 .
24.983 >4 >4 .
1561 >4 3.08 )
6.245 >4 3.08 :
24 47 <C
14053 >4 3.08 )
24983 >4 3.07 )
1.561 >4 2.74 :
6.245 >4 2.74 :
40 47 <C
14053 >4 2.74 -
24983 >4 2.72 -
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the present research as a technique for facilitating the removal
of osseointegrated dental implants or failed implants. To the
best of our knowledge, only Wilcox et al. "% have
experimentally investigated the increase in temperature of
dental implants, an outcome arising from contact with the
electrocautery tips. There was an increase in the temperature
by 8.87 °C when an electrocautery tip of 5 W came into contact
with the implant for 1 second. Figs. 3(a-d) shows the variation
of temperature versus time for 5 W with a cautery tip of the
contact area of 1.561, 6.245, 14.053, and 24.983 mm? for Ti-
6AI-4V, titanium dioxide, and zirconium, respectively.

The results indicate that it is impossible to attain a rise in
temperature of 10 °C in the bone as the implant generally
reaches higher temperatures while the bone reaches 47 °C.
Since the tip sizes were not discussed in the study by Wilcox
et al., the tip sizes - 1.561, 6.245, 14.053, and 24.983 mm?
were assumed with providing a contact duration of 4 seconds,
breaking it down into time steps of 0.02 seconds.!? In the
present study, at 5 W, for all the three implants considered -
Ti-6Al-4v, titanium dioxide, and zirconia, the implant
temperature is indeterminable, as the bone does not reach
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47 °C in the designated contact duration. However, at 24 W,
Ti-6Al-4V and titanium dioxide implants reach a temperature
range of 150 °C-160 °C when the bone reaches 47 °C. But for
zirconia, the bone does not reach 47 °C in the designated
contact duration. Figs. 4(a-d) shows the variation of
temperature versus time for 24 W with a cautery tip of the
contact area of 1.561, 6.245, 14.053, and 24.983 mm? for Ti-
6Al-4V, titanium dioxide, and zirconium, respectively.

Finally, at 40 W, Ti-6Al-4V and titanium dioxide implants
reach a temperature range of 179-185 °C as the bone reaches
47 °C. In contrast, again, for zirconia implants, the bone does
not reach 47 °C in the designated contact duration. For all the
computed results, the time to reach 47 °C decreases in small
values as the contact area increase due to higher heat
dissipation. Figs. 5(a-d) shows the variation of temperature
versus time for 40 W with a cautery tip of the contact area of
1.561 mm?, 6.245 mm?, 14.053 mm?, and 24.983 mm? for Ti-
6Al-4V, titanium dioxide, and zirconium, respectively. These
results imply that the implant material and electrocautery tip
sizes are important factors contributing to achieving controlled
and limited thermal necrosis.[??] According to a study by
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Fig. 3 5 W with a contact area of (a) 1.561 mm? (b) 6.245 mm? (c) 14.053 mm? (d) 24.983 mm?>.
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Fig. 4 24 W with a contact area of (a) 1.561 mm? (b) 6.245 mm? (c) 14.053 mm? (d) 24.983 mm?>.

Mustafa Gungormus et al., the temperature increase of the
implants at 40 W power was very rapid; less than 0.5 seconds,
and the implants were at unacceptable temperatures as the
bone reached 47 °C. Whereas, at 5 W power, a temperature
increase of the implants happened at manageable durations,
less than 1 second. Furthermore, with larger implants and
greater tip diameters, a slower increase in temperature was
observed. As a result, for thermal necrosis-aided implant
removal, low power settings must be used.

5. Conclusions

The study was conducted to understand better heat transfer in
an implant during the removal of osseointegrated implants and
reduce complexity during future surgical procedures. The
removal of an implant using thermal necrosis is a promising
approach for reducing damage and excessive bone loss. This
research showed that every brief contact at various power
settings leads to a drastic rise in the temperature of implants.
In deciding the contact length, the implant and the
electrocautery tip contact region were also considered. At 24
W, Ti-6Al-4V and titanium dioxide implants reached a

232 | Eng. Sci., 2022, 19, 225-235

temperature range of 150 °C-160 °C when the bone reached
47 °C. Concerning zirconia, the bone does not reach 47 °C. At
40 W, Ti-6Al-4V and titanium dioxide implants reached a
temperature range of 179-185 °C as the bone reaches 47 °C.
In contrast, again, for zirconia, the bone does not reach 47 °C.

Moreover, the results of this investigation also showed that
increasing the diameter of the contact area reduced the time it
took for the implant to reach 47 °C and dissipated heat evenly.
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Fig. 5 40 W with a contact area of (a) 1.561 mm? (b) 6.245 mm? (c) 14.053 mm? and (d) 24.983 mm?.
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