
CLINICAL RESEARCH
This study w
(2016FZ0085
aDoctoral stu
Chengdu, PR
bDoctoral stu
cProfessor, D
dProfessor, D

142.e1
An evaluation of fluid distribution at the implant site during
implant placement by using a computational fluid

dynamics model

Shanshan Hu, DDS,a Lunliang Duan, DE,b Qianbing Wan, DDS, PhD,c and Jian Wang, DDS, PhDd
ABSTRACT
Statement of problem. Heat reduction during implant site preparation is critical. However, studies
that assess fluid distribution at the implant site by using saline irrigation as the cooling method
during osteotomies are lacking.

Purpose. The purpose of this study was to evaluate the effect of various parameters on fluid
distribution at the implant site by using a computational fluid dynamics numerical model and thus
predict the cooling effect at the drill site.

Material and methods. The computational fluid dynamics code Flow-3D was adopted to simulate
implant site preparation. A 10-mm-deep implant site was prepared by using a 2.2-mm pilot drill,
with 4 �C saline sprayed onto the drill from an external injection hole. Different drilling
procedures were performed with irrigation volumes of 20, 40, 60, and 80 mL/min at various drill
speeds (600, 800, 1000, 1200 rpm) and feed rates (0.5, 1.0, 1.5, 2.0 mm/s), and the fluid
distribution under various circumstances was respectively investigated and compared. Data were
analyzed by using 1-way ANOVA or the Friedman test according to the normality of the data
distribution (P>.05).

Results. Below the irrigation volume of 60 mL/min, the saline inside the implant site increased with
the irrigation volume (P<.001), but further increase in irrigation volume to 80 mL/min had no
significant influence on the fluid distribution (P>.05). The obtained fluid had an inverse relationship
with the drill speed under the irrigation volumes 20 and 40 mL/min (P<.001), and deeper areas
received less cooling under 20 mL/min (P<.001). However, no significant differences were observed
under 60 and 80 mL/min (P>.05). In addition, the variation of feed rate had no significant effect on
the mean fluid fraction for all the tested groups (P>.05).

Conclusions. The fluid distribution at the implant site could be affected by the irrigation volume
and drill speed but was not correlated with the feed rate. (J Prosthet Dent 2019;122:142.e1-e9)
During bone drilling, an un-
avoidable necrotic zone of bone
will develop around the inser-
ted implant.1 The width of the
necrotic zone is directly pro-
portional to the magnitude of
heat generated during surgery.2

A resorption of the adjacent
bone of 10% might occur if the
temperature exceeds 47 �C for 1
minute and 20% to 30% if the
temperature exceeds 47 �C for
5 minutes.1,2 An even lower
temperature increase (4.3 �C)
has been reported to reduce the
rate and quality of the newly
formed bone after implant site
preparation.3 As a result, this
heat-induced injury would
endanger the primary healing
and osseointegration of dental
implants, leading to early
implant failure.4

Thermal bone injury must
be minimized during the dril-

ling procedure, and several in vivo and in vitro studies
have investigated factors that influence heat generation
during implant site preparation.3,5-13 Heat generation is
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Clinical Implications
During implant site preparation, to receive
adequate cooling, clinicians may consider
increasing the irrigation volume to a certain level,
for example, the 60 mL/min in this experimental
design. However, excessive amounts of irrigation
were also not necessary and may limit the visibility
of the surgical site. Moreover, a relatively larger
irrigation volume should be adopted when drilling
with increased speed.

August 2019 142.e2
during implant drilling.7,8 However, most studies have
only evaluated the use of irrigation with drilling pro-
cedures performed without irrigation or just focused on
comparing different irrigation methods.9-11 Two studies
have investigated the effects of the amount of irrigation
on heat generation, but their conclusions are inconsis-
tent.12,13 Therefore, the effect of irrigation volume re-
mains to be elucidated.

Designing an ideal experiment for determining bone
temperature during implant osteotomy is challenging.
First, in experimental studies, the temperature rise has
been mostly measured by using a thermocouple posi-
tioned adjacent to the drill site.14 However, the ther-
mocouple could be placed no closer than 0.5 mm from
the edge of the drilled hole, and the temperature
measured by the thermocouple did not provide a true
indication of the peak temperature in the immediate vi-
cinity of a drilled hole.15 Other studies used infrared
thermography to detect temperature rise, but it could
only measure temperature fluctuations in the superficial
cortical bone areas and disregarded the heat generation
in the deeper cancellous bone, leading to controversial
outcomes.8,9,11 Moreover, that experimental method only
enabled the temperature to be determined at specific
points and could not provide information related to the
temperature distribution in the entire surgical field.16

Therefore, others have suggested the use of finite
element analysis for simulating the temperature field
during the drilling process as a good way to investigate
the effects of the drilling parameters on the bone tem-
perature.6,15-17 However, the cooling effect of the saline
irrigation was not simulated while using the finite
element analysis in these studies.6,15-17

Computational fluid dynamics (CFD) is a branch of
fluid mechanics which uses numerical methods and al-
gorithms to analyze and solve problems involving fluid
flow by means of computer-based simulations.18,19

Although initially developed for industrial and engi-
neering practice, in recent years, CFD has also been
applied in the biomedical field.20-22 In contrast with ex-
periments, CFD modeling could provide details about the
Hu et al
fluid distribution in areas where experimental measure-
ments are difficult to perform, especially in microscale
and dynamic flow situations.23,24

In the present study, a 3D dynamic CFD model was
constructed to investigate the effects of various parame-
ters on fluid distribution at the implant site. The pa-
rameters included the irrigation volume, drill speed, and
feed rate. The purpose of this study was to evaluate the
fluid distribution at the drill site under different circum-
stances and thus to predict the cooling effect at the drill
site during implant site preparation. The null hypothesis
was that the irrigation volume, drill speed, and feed rate
would have no influence on the fluid distribution at the
implant site.
MATERIAL AND METHODS

The geometry of the 2.2-mm pilot drill (Straumann) was
scanned by cone beam computed tomography (KaVo
Dental GmbH) and reconstructed by using a medical
imaging processing software program (MIMICS 17.0;
Materialise). The alveolar bone was modeled as a cylin-
drical workpiece with a 10-mm diameter and 11-mm
height by using a computer-aided design software pro-
gram (AutoCAD v20.0.51.0; AutoDesk). The developed
geometry model comprising the workpiece (bone) and
the drill is shown in Figure 1A. The drill was initially
placed at the top of the bone to facilitate standardization
under different situations.

The 3D geometric model was imported into the Flow-
3D codes (Flow Science Inc), and the functions of “Fluid
sources,” “Gravity and non-inertial reference frame,”
“Moving and simple deforming objects,” and “Viscosity
and turbulence” in the Flow-3D codes were initialized.
The saline was assumed to be an incompressible and
homogeneous Newtonian fluid. The flow motions were
modeled by solving the Reynolds-Averaged Navier-
Stokes (RANS) equation,25 and the standard k-ε turbu-
lence model26 was adopted to achieve the closure of the
governing equations. Meanwhile, the volume of fluid
(VOF) method was used to track the free surface.27 The
fractional area-volume obstacle representation technique
was applied in the process of mesh generation, and the
mesh type is nonconforming. In the numerical model,
the size of cells was 0.015 cm, and the total flow domain
was meshed with 1 817 200 hexahedral elements
(Fig. 1B). Moreover, the gravity factor was along the
negative z-axis (Fig. 1A).

In this study, a 0.9% solution of 4 �C saline with a
density of 1.0 g/cm3 was used during the irrigation. The
viscosity of the 4 �C saline was 1.55×10−3 Pa$s,
measured by using a rotational viscosimeter (Hengping
Co, Ltd) at room temperature. The implant drilling
procedures with various irrigation volumes (20, 40, 60,
80 mL/min), drill speeds (600, 800, 1000, 1200 rpm),
THE JOURNAL OF PROSTHETIC DENTISTRY



Figure 1. A, Implant site preparation and saline irrigation model. B, Mesh distribution of model. C, Boundary conditions of model. D, Location of
measured points at depth of 2 mm (A1), 4 mm (B1), 6 mm (C1), and 8 mm (D1) and location of A1-A4 along the periphery of the drill.
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and feed rates (0.5, 1.0, 1.5, 2.0 mm/s) were investi-
gated. A 10-mm-deep implant site was prepared under
all circumstances using a 2.2-mm pilot drill, with irri-
gation sprayed onto the drill from an external injection
hole (0.5 mm in diameter) (Fig. 1A). In the CFD model,
the drill was assumed to be the moving object.
Meanwhile, the value of the translation velocity along
the z-axis and the angular velocity were set according
to the feed rates and drill speeds, respectively. The
mass source was used to simulate the fluid injected
THE JOURNAL OF PROSTHETIC DENTISTRY
from the external hole, and the irrigation volume was
specified by setting the fluid normal velocity of the
mass source. In addition, the sink motion velocity along
the vertical direction of the mass source was set to
be the same as the value of the translation velocity
along the z-direction of the drill to make its motion
consistent with the drill. As a result, the movement of
the saline coolant together with the drill in clinical
practice could be modeled based on the aforemen-
tioned procedures.
Hu et al



Figure 2. Fluid distribution at defined depths with different irrigation volumes under drill speed of 1000 rpm and feed rate of 1.0 mm/s. A, 20 mL/min.
B, 40 mL/min. C, 60 mL/min. D, 80 mL/min.
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The sketch of the boundary conditions in the CFD
model is illustrated in Figure 1C. As shown, the boundary
condition type of the 6 planes of the mesh block was set
as the specified pressure (Fig. 1C), which meant the
relative pressure was zero. Moreover, the surfaces of the
bone and drill were all defined as wall boundary condi-
tions based on the assumptions that the surfaces of the
bone and the drill were all rigid, smooth, and imper-
meable. In this study, the minimum time step (the
minimum difference value between two adjacent time
points) was set to be 10−7 s throughout the whole cal-
culations, and the generalized minimal residual method
(GMRES) was applied to solve the water pressure.
Computations were carried out on a Windows 7 Com-
puter workstation with 2 CPU and 128 GB RAM. A series
of computations were performed with various irrigation
volumes, drill speeds, and feed rates. The fluid distribu-
tion, the volume of fluid at the drill site, and mean fluid
fraction (the quantity of water per unit of volume in each
cell) at depths of 2, 4, 8, and 10 mm (point A, point B,
point C, and point D in Fig. 1D) were measured and
compared under different conditions. In addition, at each
Hu et al
defined depth, 4 points (point A1-A4, point B1-B4, point
C1-C4, and point D1-D4 in Fig. 1D) were selected, and
the values of their corresponding mean fluid fraction
were also tested.

Statistical analysis was performed by using a statistical
software program (IBM SPSS Statistics, v22.0; IBM Corp).
The Shapiro-Wilk test was adopted to test the normality
of distribution. Parametric data were tested with 1-way
ANOVA, followed by the Tukey honestly significant
difference test for between-group comparisons (a=.05).
In addition, the Friedman test was used to assess the
nonparametric data, and post hoc analysis between
groups was performed using the Wilcoxon signed ranks
test (a=.05).
RESULTS

Irrigation volumes of 20, 40, 60, and 80 mL/min were
investigated with a drill speed of 1000 rpm and feed
rate of 1.0 mm/s. Figure 2 showed the overall fluid
distribution with different irrigation volumes. In addi-
tion, the variation of volume of fluid at the implant site
THE JOURNAL OF PROSTHETIC DENTISTRY
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Figure 3. A, Variations of volume of fluid at implant site. B, Mean fluid
fraction at defined depths. Different irrigation volumes under drill speed
of 1000 rpm and feed rate of 1.0 mm/s.
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and the mean fluid fraction at various depths are shown
in Figure 3A, B to quantify the fluid distribution at the
implant site. Statistically significant differences were
found among the 4 groups for both the volume of fluid
(P<.001) and mean fluid fraction (P<.001). Specifically,
the 20 mL/min group obtained significantly less fluid at
the implant site than other groups (P<.001). For the 40
mL/min group, although the fluid volume was statisti-
cally less than the 60 mL/min and 80 mL/min groups
(P<.001), it was less only at the beginning of the
implant placement process and increased rapidly later to
be comparable with that of 60 mL/min and 80 mL/min
(Fig. 3). However, when the irrigation volume reached
60 mL/min, a further addition of irrigation volume (80
mL/min) led to no significant differences in the volume
of fluid at the implant site (P>.05). Moreover, the
variation of the dynamic flow developed at the implant
site during the drilling process with an irrigation volume
of 80 mL/min is also shown in Supplemental Video 1
(available online).
THE JOURNAL OF PROSTHETIC DENTISTRY
Drill speeds of 600, 800, 1000, and 1200 rpm were
used with different irrigation volumes, and the feed rate
was fixed at 1.0 mm/s. The variations in the volume of
fluid at depths of 2, 4, 8, and 10 mm with different drill
speeds are illustrated in Figure 4, and the mean fluid
fraction, in Figure 5. When the irrigation volume was 20
mL/min or 40 mL/min, the volume of fluid decreased
with increasing drill speed, and the differences were
statistically significant with various drill speeds (P<.001)
(Fig. 4A, B). However, when the irrigation volume was
above 60 mL/min, no significant differences were found
for all tested drill speeds (P>.05) (Fig. 4C, D). For the
mean fluid fraction, the same variation trend and statis-
tical results were observed with different irrigation vol-
umes. In addition, the deeper area of the implant site
received less saline coolant when the irrigation volume
was 20 mL/min, and the differences were statistically
significant (P<.001) (Fig. 5).

The effect of feed rates on the fluid distribution was
also explored, and the results are shown in Figure 6. Feed
rates of 0.5, 1.0, 1.5, and 2.0 mm/s were assessed with
various irrigation volumes, and the drill speed was fixed
at 1000 rpm. According to the results, the variation in the
feed rate had no statistically significant impact on the
mean fluid fraction for all tested groups with different
drill speeds and irrigation volumes (P>.05).
DISCUSSION

Multiple factors have been reported to be closely related
to heat production, and irrigation is obligatory during
osteotomy.3,5-13 However, an ideal experiment for
determining bone temperature during implant osteotomy
is difficult, and experimental methods cannot provide
information related to fluid distribution or the dynamic
flow developed at the implant site. Consequently, using a
CFD numerical model, the present study made an initial
attempt to investigate the effects of various parameters
on real-time fluid distribution at the implant site. As the
results suggested, the null hypothesis that the irrigation
volume, drill speed, and feed rate would have no influ-
ence on the fluid distribution at the implant site was
rejected.

According to the heat-transfer theory, the heat will
always transfer from the higher temperature area to the
lower temperature area.28 Because the temperature of the
bone is always higher than that of the 4 �C saline coolant,
the heat will transfer from the bone wall to the saline,
and the cooling effect will be proportional to the obtained
volume of saline coolant at the implant site and the
temperature difference. The use of irrigation has been
reported to significantly reduce heat generation as
compared with drilling procedures performed without
irrigation, and irrigation at a lower temperature had a
better cooling effect.9-11 However, the authors are
Hu et al
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unaware of a study evaluating the fluid distribution and
volume of fluid at the implant site. Although Rashad
et al12 and Sindel et al13 have investigated the effect of
the amount of irrigation on the cooling effect by experi-
mental measurement, their results were contradictory.
Therefore, the effect of irrigation volume needed further
investigation. As indicated by the present results, when
the volume of the external irrigation was low, increasing
the irrigation volume could help increase the volume of
fluid inside the implant site (P<.001) and therefore could
improve cooling (Figs. 3, 4); this is consistent with the
study of Rashad et al12 in which increased irrigation
volume resulted in lower temperatures. However, after
the irrigation volume increased to a certain value, for
example, the 60 mL/min in this experimental design, a
further increase in volume (80 mL/min) had no positive
effect on the volume of fluid at the implant site (P>.05).
Therefore, because excessive amounts of irrigation may
limit the visibility of surgical site, clinicians should limit
Hu et al
the irrigation volume to a certain level during implant site
preparation.

Sindel et al13 reported no significant difference in heat
production when using 12 mL/min and 30 mL/min
external irrigation volumes with a drill speed of 1000 rpm.
The discrepancy between the results of the study by
Sindel et al13 and the present study can be explained as
follows. First, as was shown by the present study, when
the irrigation volume was 20 mL/min or 40 mL/min with
a drill speed of 1000 rpm, the volumes of fluid at the
implant site at the beginning of the drilling process were
both quite small (Figs. 2, 3). However, in the study by
Sindel et al,13 only the highest temperature during
implant drilling was measured by using a single ther-
mocouple. The depth of the measured point was not
specified. Therefore, if they only evaluated a point at the
shallower part of the implant site, both the 12 mL/min
and 30 mL/min irrigation groups may only have received
a very small amount of saline coolant at the implant site,
THE JOURNAL OF PROSTHETIC DENTISTRY
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Figure 5.Mean fluid fraction at defined depths with different drill speeds under feed rate of 1.0 mm/s and different irrigation volumes. A, 20 mL/min. B,
40 mL/min. C, 60 mL/min. D, 80 mL/min.
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which was not able to induce a detectable temperature
change between the 2 groups. In addition, their ther-
mocouple probe was inserted into the tissue at 3 mm
from the drill insertion point.13 Because the temperature
at the point which is in direct contact with the cutting
surface of the surgical drill is much higher, and because
bone temperature decreases from the drill center to the
periphery,17,29,30 the measured temperature would be
different at different distances from the drill. Even if there
was a difference in temperature at the drill point of the 12
mL/min and 30 mL/min irrigation groups, that difference
was likely insufficient to be detected by the thermocouple
because the temperature decreased considerably at 3 mm
from the drill point.17

Drill speed is another important determinant of heat
generation at the implant drilling site. An inverse rela-
tionship between the drilling speed and heat production
has been reported,5,6 whereas some others have reported
the opposite conclusion.15,17,31 However, despite this
controversy, for dental implant site preparation, the drill
speed in clinical practice is more dependent on the
implant system chosen and is always limited to 1200
rpm.16 Therefore, instead of changing the drill speed to
THE JOURNAL OF PROSTHETIC DENTISTRY
reduce heat generation, more attention should be given
to how to improve the cooling efficiency by means of
irrigation. The present study investigated fluid distribu-
tion with respect to different drill speeds, and the results
indicated that a lower drill speed was associated with a
larger volume of fluid at the implant site when the irri-
gation volume was 20 mL/min or 40 mL/min (P<.001)
(Figs. 4A, B, 5A, B). According to Newtonian mechanics,
in a rotating reference frame, all objects, regardless of
their state of motion, are under the influence of a radially
outward centrifugal force that is proportional to their
mass, to the distance from the axis of rotation of the
frame, and to the square of the angular velocity of the
frame.32 Therefore, a drill with an increased rotational
speed generates a larger centrifugal force and thus less
fluid is left along the drill groove before the drill enters
the implant site, leaving less fluid there. However, as the
external irrigation volume was sufficiently large, no sig-
nificant differences were observed among various drill
speeds (P>.05) (Figs. 4C, D, 5C, D). In consideration of
this, a relatively increased irrigation volume should be
adopted when drilling with increased speed during
implant site preparation.
Hu et al
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Figure 6. Mean fluid fraction at defined depths with different feed rates under drill speed of 1000 rpm and different irrigation volumes. A, 20 mL/min.
B, 40 mL/min. C, 60 mL/min. D, 80 mL/min.
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Recent publications have reported that deeper
osteotomies induce increased heat generation.11,33,34 The
results of the present study also show that when the
irrigation volume is low (20 mL/min), the mean fluid
fraction decreases with the increase in drilling depths
(Fig. 5A). This finding further demonstrates the impor-
tance of heat reduction in the deeper areas of the implant
site. In addition, bone chips are less likely to escape from
the deeper areas. Therefore, when making deep osteot-
omies, increasing the irrigation volume is extremely
important to ensure an adequate cooling effect and
prevent the clogging of bone chips in the deep area of the
implant-preparation bed.

According to Sener et al,11 heat generation is directly
proportional to the duration of drilling during implant
osteotomy. Therefore, because no significant differences
in the cooling effect were found among the various feed
rates (P>.05) (Fig. 6), shortening the overall drilling time
by increasing the feed rate would benefit the local tissue
and the patient. However, in reality, too fast feed rate is
not recommended and may lead to tissue damage.

The findings of this study require additional evalua-
tion. The present study only investigated a 1-step drilling
Hu et al
procedure by using a pilot drill, and a graduated drilling
sequence is lacking. In addition, the model has some
limitations. For example, neither the removal of the
cutting debris nor the bone density was simulated.
Moreover, gravity variations according to the alignment
of the implant drill and the patient’s orientation in the
chair were not taken into consideration. Further studies
should be conducted to provide more comprehensive
guidance.

CONCLUSIONS

Within the limitations of this CFD study, the following
conclusions were drawn:

1. Below 60 mL/min, the amount of saline coolant
inside the implant site was proportional to the irri-
gation volume but increase of the irrigation volume
to 80 mL/min had no significant influence on the
fluid distribution.

2. The volume of fluid at the implant site had an inverse
relationship with the drill speed when the irrigation
volume was 20 and 40 mL/min, and deeper areas
received less cooling under 20 mL/min. However,
THE JOURNAL OF PROSTHETIC DENTISTRY
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when the irrigation volume increased to a certain
value (60 and 80 mL/min), the volume of fluid at the
drill site was not influenced by the drill speed.

3. Fluid distribution at the implant site was not
correlated with the feed rate regardless of the irri-
gation volume or the drill speed.
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