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Numerical investigation of root canal irrigation
adopting innovative needles with dimple and protrusion
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As important passive flow control methods, dimples and protrusions have been successfully implemented via geometric modifica-
tions to manipulate flow fields to get a desired flow parameters enhancement. In this research, two novel needles were proposed based on
a prototype by means of the dimple and protrusion, and flow patterns within a root canal during final irrigation with these needles were
numerically investigated. The calculation cases consistent with the clinically realistic irrigant flow rates, which are 0.02, 0.16 and
0.26 mL s–1 are marked as case A, B and C, respectively. The characteristic parameters to estimate irrigation efficiency, such as shearing
effect, mean apical pressure, irrigation replacement and fluid agitation, were compared and the optimal geometry in every calculation
case was obtained. As shown from the results, flow rates and needle geometries were the causes of irrigation parameters variations. The
sum of shear stress, irrigation replacement and fluid agitation were equal in the low flow rate case A, however, the needle with a protru-
sion on its tip had advantages in the three irrigation characteristic parameters above in calculation case B, and the needle with a dimple
on its tip had advantages in calculation case C. Furthermore, the needles proposed did not give rise to the risk of irrigant extrusion. These
needles can be better choices at larger flow rates. Therefore, needle geometry optimizations utilizing passive flow control methods are
worthy to be investigated in the root canal irrigation enhancement.
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1. Introduction

Root canal irrigation is a fundamental procedure to
facilitate removal of bacteria, debris, biofilm and
therapeutic materials by means of irrigant fluid me-
chanical action, especially from the areas that have
not been prepared completely by mechanical instru-
ments [1], [2]. It has been shown that 35% or more of
the root canal system is untouched by endodontic
instruments because of its complexity, which high-
lights the importance of root canal irrigation in canal
preparation process [3]. The chemical ability of ir-
rigant is mainly to kill bacteria and dissolve organic
and inorganic tissue in the direct contact area, whereas
fluid mechanical action has more effect on mixture of

irrigant within the canal lumen and removal of adhe-
sive biofilm and smear layer on the canal wall. The
detailed flow structures and parameters in the flow
field are the reflection of flow mechanical action, so
evaluating the irrigation efficacy of debridement and
irrigant replacement could be accomplished by ana-
lyzing irrigant flow dynamics.

Computational fluid dynamics (CFD) is a valuable
research tool for investigating flow patterns by
mathematical modeling and computer simulation.
Although CFD was widely used in industrial and en-
gineering applications [4]–[6], recent research shows
that utilizing CFD in biomechanics reasonable results
are obtained, especially in conditions in which in vivo
and ex vivo experiments are hard to carry out due to
the limited testing means or expenses [7]–[11]. Re-
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cently, based on many CFD investigations, irrigant
flow patterns in the root canal lumen have been ob-
tained [12]–[15]. The results above show that the ge-
ometry of needle affects the irrigant replacement ef-
fectiveness significantly, so the focus of this research
is to investigate the influence of needle geometry in-
novation on irrigation efficiency.

The ability to manipulate a flow field to effect
a desired change is of immense practical importance,
so flow control is perhaps more hotly pursued by sci-
entists and engineers than any other area in fluid me-
chanics [16]. As an important aspect, passive flow
control has been successfully implemented via geo-
metric modifications. Dimples and protrusion devices
are so adaptive to various operating conditions and
easy to manufacture that they are always selected as
a passive flow control method. Utilizing these de-
vices, the desired effects, such as enhancement of
fluid mixture and diversiform fluid characteristics, are
obtained [17]–[20]. The authors also investigated the
effects of dimple and protrusion on the flow structures
and heat transfer enhancement resulting from fluid
mixture, and optimized the dimple and protrusion
constructions and combinations [21], [22].

Based on the previous studies on the flow control,
the advantages of enhancing fluid mixture of the dim-
ple and protrusion were obtained, however, little re-
search has been conducted on the effect of the flow
control method on the irrigation efficiency, so two
novel needles with dimple and protrusion were pro-
posed based on a prototype in the present study. Fur-
thermore, in search for the optimal needle geometry
for irrigation using various flow rates, based on an
experimental validated CFD model, flow patterns
within the prepared root canal during final irrigation
with these needles were investigated. The characteris-
tic parameters to estimate irrigation efficiency, such as
shearing effect, mean apical pressure and irrigation
replacement and fluid agitation [23], were compared
among three needles and the optimal geometry in
special calculation case was obtained.

2. Materials and methods

2.1. Geometry

Similar to a previous study [24], 30G KerrHawe
Irrigation Probe needle was selected as the prototype
(named needle I) in this study, where Dext = 320 μm,
Dint = 196 μm, l = 31 mm represented the external and

internal diameter and the length of needle I, respec-
tively. Based on needle I, two novel needles with pas-
sive flow control device were proposed. There was
a protrusion with a height of 0.03 mm and a diameter
of 0.09 mm on the tip of needle II; moreover, there
was a dimple with a depth of 0.04 mm and diameter of
0.17 mm on the top of needle III. The other features
of needles II and III were the same as those of needle I.
Detailed geometries are shown in Fig. 1.

Fig. 1. Geometry structure of irrigation system
and detailed characteristics of needle prototype and variations,
where the tips of needles I, II, III are marked with red eclipse,
and enlarged drawings on X-Z plane are shown in figures a, b

and c, respectively (unit: mm)

The root canal was simulated as a geometrical
frustum of a cone of 18 mm in length, with a diameter
of 0.45 mm at the apical surface and a diameter of
1.57 mm at the canal orifice surface (6.2% taper). The
needle was fixed and centred within the canal, 3 mm
short of the canal apical surface (Fig. 1), which was
a reasonable way to judge the effect of irrigant flow-
ing to the space between the needle tip and the canal
apical surface.

2.2. Grid generation

For the purpose of increasing the accuracy and va-
lidity of the model, an all-hexahedral mesh was gen-
erated and refined near the walls and in the areas
where high gradients of variables were anticipated. To
enhance the quality of meshes in the flow channel, the
region near curvature surfaces, such as the near-wall
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regions and flow control devices, were O-type meshed,
meanwhile, the far-wall region was H-type meshed (see
Fig. 2). Balancing the simulation accuracy and compu-
tational resource, a grid-independence check was car-
ried out to determine reasonable grid nodes for com-
putational analysis (Table 1), where the mean apical
pressure was chosen as the evaluation criterion. As is
shown, the relative discrepancy was just 0.054%
adopting 2.12 million computational nodes, therefore,
the proposed mesh was the calculation condition 4,
whose minimum orthogonality angle was 35 degree
and maximum mesh expansion factor was 9.9.

Fig. 2. Computational mesh of key region

Table 1. Verification of grid independence
in computational domain

Calculation
conditions

Number of
nodes/million

Mean apical
pressure/kPa

Relative
discrepancy (%)

1 1.2 10.221 —
2 1.86 10.168 0.52
3 2.03 10.156 0.12
4 2.12 10.150 0.054

2.3. Boundary conditions
and solver setup

To simulate the clinical irrigation conditions, the
walls of the canal and the needle were set as imper-
meable and no-slip boundary conditions, irrigation
inlet as shown in Fig. 1, and canal orifice was set as
outlet. As is shown in Table 2, consistent with the
clinically realistic irrigant flow rates [25], constant
axial velocities were imposed at the inlet for all the
cases studied, normal to the surface. A pressure outlet
boundary condition was set at the outlet surface,
whose value was that of atmospheric pressure. Gravity
was included in the flow field in the direction of posi-
tive z-axis and the turbulence model was none [24].
Sodium hypochlorite 1% aqueous solution [26] with
density ρ equal to 1040 kg m–3 and viscosity μ equal
to 0.986 10–3 Pa s was selected as the irrigant.

Table 2. Inlet boundary condition for the cases studied

Calculation
cases

Irrigant
flow rate
(mL s–1)

Reynolds
number

at the needle inlet

Inlet velocity
(m s–1)

A 0.02 137 0.7
B 0.16 1096 5.3
C 0.26 1678 8.6

The equations for conservation of mass (continuity
equation) and conservation of momentum in an iner-
tial (non-accelerating) reference frame can be written
as follows
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where p is the static pressure, v  is the fluid velocity
vector, and gρ  is the gravitational body force. The
above equations were solved by an implicit solver
adopting a finite volume approach to analyze this
problem. An unsteady simulation was carried out
without turbulence model in the study as the Reynolds
numbers were so small that laminar flow was antici-
pated. The time-step was set at 10–6 s and total time
was 50 ms for the real flow time. The convergence
criterion was 10–5 to ensure more reasonable results.
The numerical calculations were conducted by means
of a commercial CFD code FLUENT6.3. The hard-
ware of the computational system consists of four
Intel Xeon CPUs at 2.8 GHz, an internal memory with
capacity of 32 G and a hard disk with capacity of 1 T.
The start method of the parallel environment is
mpich2 local parallel for Windows. The time for each
calculation case is about 14 hours.

2.4. Validation of the CFD model

Calculation condition C was chosen to validate the
CFD model and compare with the PIV experiment
results [24]. The PIV images were recorded at a speed
of up to 250 000 frames s–1 and the exposure time was
set to one-eight of the inter-frame time. The computa-
tional process adopted in this study was completely
consistent with that proposed by Boutsioukis et al. For
explanatory purposes, the flow velocity contours and
vectors of the most critical region in the Z-Y plane
and Z-X plane were illustrated in order to compare
them with PIV results (Fig. 3). As was shown, the
CFD results were in good agreement with PIV results
in terms of fluid velocity distributions and directions
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at the needle ejection region and the main action ex-
tent. The tiny distinction shown was possibly due to
the inherent limitation of the test method, mainly in
the vicinity of canal wall. Velocity was calculated in
an interrogation area in the PIV code, instead of a sin-
gle point, moreover, in the vicinity of canal wall, the
interrogation area is comprised of the fluid region and
the wall, so the average of this area may lead to ve-
locity deviation. The tiny distinction is usually ac-
cepted in the simulation model validation [24]. There-
fore, the CFD model proposed in this study was
reasonable to simulate needle irrigation process gen-
erally.

Fig. 3. Velocity contours and vectors along the Z-Y (side view)
and Z-X (front view) plane of the key region. PIV results close to

the wall of the root canal are not considered accurate
due to inherent limitation of PIV method [24]

3. Results

The fluid field results revealed that the irrigant
flow fully developed in the needle lumen before
reaching the needle outlet, then it formed a side im-
pinging jet in the vicinity of the needle outlet because
of the sudden expansion of the flow region, next the
jet flowed to the tip of the needle and twisted around
there motivated by some Moffatt’s corner vortices,
finally the irrigant flowed to the canal outlet mainly
from the channel behind the needle outlet. During the
irrigating process, bacteria, debris, biofilm and thera-
peutic materials within the canal and on the canal wall
were taken away by the irrigant flushing effect.

3.1. Analysis of irrigation
increasing depth and irrigant agitation

An important role of root canal irrigation was to
remove the debris and enhance irrigant exchange.
Within canal, velocities higher than 0.1 m s–1 were
considered clinically significant for adequate irrigant
replacement. Therefore, time averaged distributions of
the axial Z-component of irrigant velocity near the
needle tip were extracted to analyze irrigant replace-
ment potency (see Fig. 4), and increasing depth, de-
fined as the farthest place distal to the needle tip
where velocity was higher than 0.1 m s–1, was com-
pared among three needles (see Table 3). Time aver-
aged stream-lines of apical third in calculation case C
demonstrated fluid dynamics near the needle tip, the
needle tip geometrical feature affected the flow con-
dition to a large extent, and needle III was far superior
to others in terms of increasing depth and irrigant
agitation. Furthermore, velocity distributions also
verified this; in detail, velocity distributions near the

Fig. 4. Stream-lines provide visualization of irrigant flow path,
using some mass-less particles released from needle inlet.

Time averaged velocity W (Z-component) of irrigant along Z-axis
for all the cases and all the needle geometries studied,

which reflect the increasing depth of irrigant replacement
and velocity fluctuation near needle tip. In Z-axis, 0.016 m

(labeled as black line) is the position of needle tip, and 0.019 m
is the canal orifice plane

Table 3. Time averaged increasing depth
of irrigant replacement (mm)

Calculation
cases

Needle I
(prototype) Needle II Needle III

A 0.15 0.15 0.15
B 0.52 0.69 0.63
C 0.84 1.08 1.27
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needle tip were basically the same in case A, whereas
in cases B and C, velocity fluctuated more intensely
using needles II and III, especially in the range of
0.015–0.016 m, and penetrated much further than
needle I. The statistical data listed in Table 3 shed
light on the increasing depth difference among the
three needles. Irrigant penetrations were equal at low
flow rate, as flow rate increased, the differences be-
came gradually distinct, and the needles with dimple
and protrusion had an advantage over the prototype
in view of increasing depth. When the flow rate was
0.16 mL/s, the increasing depth of needle I was
0.52 mm, whereas it was 0.69 mm and 0.63 mm for
needles II and III, respectively. For the flow rate
of 0.62 mL/s, needles II and III had the potential
to achieve increasing depth as far as 1.08 mm and
1.27 mm, much further than 0.84 mm, which was the
prototype irrigation increasing depth.

3.2. Analysis of wall shear stress

Irrigation effect relied partly on the irrigant flush-
ing within the root canal, and partly on the irrigant
dissolution and physical shearing on the canal wall
generated by fluid flow, where the latter was the key
cause for biofilm and smear layer removal. Therefore,
shear stresses on the canal wall should be analyzed to
find a better choice. Time averaged sums of shear
stress on canal wall of all the needles (WSS, for short)
studied for different calculation cases are compared
in Fig. 5. The results showed that WSS primarily
depended on flow rates. As flow rate increased, WSS
increased gradually. Furthermore, geometrical features

Fig. 5. Time averaged sums of wall shear strain rate (WSS)
of all the cases and all the geometries studied,

indicating the irrigant shearing effect on the root canal wall.
The irrigant dissolving and removal potency

on the root canal wall was obtained

of the needle tip affected WSS simultaneously. For
calculation case A, WSS of all the needles were equal
to each other. In case B, the largest and smallest val-
ues of the sum of stress were obtained by employing
needles II and I, respectively. In case C, the smallest
value was also generated by needle I, however, the
largest value was produced by needle III. In case B,
the differences among the three needles were smaller,
but in case C, the differences were comparatively
large. As a result, needles II and III were better than
needle I in respect of the needle wall shearing effect at
a large flow rate.

3.3. Analysis of mean apical pressure

Under the root canal irrigation procedure, irrigant
extrusion occurred as a diffusion of the spent irrigant
into the periapical tissues, and adverse reactions, such
as tissue irritation, may be caused by adopting sodium
hypochlorite as irrigant, so that a sufficient volume is
extruded. Therefore, mean apical pressure of root
canal should be analyzed to estimate the risk of ir-
rigant extrusion and to evaluate the whole perform-
ance of irrigation [23]. Time averaged mean apical
pressures of all the needles studied for different calcu-
lation cases are shown in Fig. 6. The results showed
that the mean apical pressure primarily depended on
flow rates. As the flow rate increased, especially
from cases B to C, mean apical pressure increased
gradually, however, mean apical pressures for all the
needles were almost equal in the same calculation
case. In calculation case A, mean apical pressures of
all the needles were equal to each other. In case B,
there were minor differences among the three needles,

Fig. 6. Time averaged mean pressure at the root canal apical plane
of all the cases and all the needles studied, implying the risk

of extrusion to periapical tissues
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and the largest and smallest values were produced by
needles III and I, respectively. In case C, mean apical
pressure adopting needle II was larger than others,
and needle I produced the smallest value while irri-
gating.

4. Discussion

Generally, the numerical simulation model pro-
posed should be validated by related experimental
results. For CFD models, the flow field visualization
technique PIV is usually selected as the validation
method. In the present study, the simulated flow ve-
locity contours and vectors were compared with PIV
results (Fig. 3). As was shown, CFD results were in
good agreement with PIV results, except the tiny dis-
tinction mainly in the vicinity of canal wall, which is
possibly due to the inherent limitation of test method.
The velocity was calculated in a interrogation area in
the PIV code, instead of a single point, moreover, in
the vicinity of canal wall, the interrogation area is
comprised of the fluid region and the wall, so the av-
erage of this area may lead to the deviation of veloc-
ity. A tiny distinction is usually accepted in the simu-
lation model validation [24]. Therefore, the CFD
model proposed in this study was reasonable to simu-
late needle irrigation process generally.

The needles proposed had advantages in irrigant
penetration, especially at higher flow rate, which
made it possible to enhance the fluid mixing and ex-
change at the top of the canal, so the irrigation effi-
ciency could be improved. Adopting needles II and
III, more violent flow velocity fluctuation emerged in
the range from the needle outlet to its tip in cases B
and C, which induced stronger impact and disinfection
on the canal wall and also was a potential power to
penetrate further. As a result, in respect of irrigant
penetration and fluid agitation, the needles proposed,
needle II for case B and needle III for case C, might
be a better choice. Although the absolute values im-
proved of increasing depth were small, the values
relative to that of prototype were very large, so it was
meaningful to use these flow control devices. Utiliz-
ing the dimple and protrusion to improve irrigation
efficiency was a beneficial attempt; in addition, asso-
ciated with geometrical construction optimization of
dimple and protrusion one could obtain some other
better results.

Combining the flow field velocity analysis, the
reason why WSS differed among the three needles
might be that as the flow rate rose, the flow within the

root canal was more turbulent adopting novel needles
(Fig. 4), so the interaction between irrigant flow and
root canal wall advanced, in addition, the penetration
and increasing depth for irrigant replacement were
further using needles II and III (Table 3), resulting in
more extended flushing region, consequently, WSS
rose due to the joint action of these two aspects.

In our research, WSS was used to analyze irrigant
flow shearing effect, instead of the contour of shear
stress distribution, which was because: 1) although the
shearing effect on the canal wall was improved em-
ploying needles with dimple and protrusion, a relatively
small difference could not yet be reflected clearly in
shear stress contours, while the bar chart could show it
intuitively; 2) the key region studied was the apical
third of root canal, and the main differences also
emerged here, whereas other region was basically
identical, so the difference of WSS could reflect the
shear stress difference on the apical third canal wall;
moreover, the whole shearing effect not only acted on
the apical third region, but also the other region, so
WSS could be regarded as the integrated difference of
the shearing effect, which was more informative.

Summarizing the above results of the analysis,
a noteworthy finding of this study was the advantages
of the proposed needles with dimple and protrusion
while irrigating. As shown from the results, the pro-
posed needles had advantages in increasing depth of
irrigant flushing, fluid agitation (Fig. 4 and Table 3)
and canal wall shearing effect (Fig. 5). Moreover,
another heartening finding was the minor difference
of mean apical pressure while irrigating employing
the needles proposed (Fig. 6), which meant that util-
izing these needles, the irrigating shearing effect on
the root canal wall and flushing effect within the root
canal lumen advanced, meanwhile, the risk of extru-
sion did not increase, so the whole performance of
root canal irrigation was reasonably improved. The
results verified that the passive control devices, dim-
ple and protrusion, were useful to control the flow
field inside root canal lumen to improve irrigating
effect, and some further research should be worth
conducting, such as optimization of the geometry,
number and position of dimple and protrusion to pro-
duce higher irrigation efficiency.

Micro-Electro-Mechanical System (MEMS) is
a booming micro-fabrication technology, and is used
widely in healthcare and medical devices [27]. Although
the dimple and protrusion devices on the tip of the
needles proposed are small, they can yet be fabricated
precisely by means of MEMS technology, and optimi-
zation of flow control devices can also be conducted
easily.
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5. Conclusions

The irrigation flow fields within a prepared root
canal employing three needles with different tip geo-
metrical feature at different flow rates were investi-
gated, and the whole irrigation performances were
compared to find a better choice for the specific con-
dition. The main conclusions are as follows:

1) Flow rates are the dominant causes of the
changes of irrigation replacement, fluid agitation,
shear stress on the canal wall and mean apical pres-
sure within fluid domain, however, the differences
due to the changes of the needle tip geometry are also
significant in some calculation cases.

2) Irrigation replacement, fluid agitation and
shearing effect are equal at low flow rate, whereas, the
needles with passive control devices are more useful
for fluid mixture, biofilm and smear layer removal at
larger flow rates.

3) Mean apical pressures for the three needles are
almost equal in the same calculation case, except mi-
nor differences, which means that the needles with
passive control devices have not given rise to the risk
of irrigant extrusion.

In summary, flow control methods, as a powerful
method for obtaining favored flow change, can also be
used to enhance root canal irrigation effect. The pres-
ent study is a beneficial exploration to discover the
significance of flow control methods on root canal
irrigation, and the results clarify the orientation to
endeavor. Investigation on the effects of geometry,
number and position of dimple and protrusion devices
on the irrigation efficiency may be a promising re-
search direction.
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