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Abstract

Objective: This study aimed to investigate the effects of irrigation needles with various tip shapes on the flow inside the root canal and 
predict their irrigation capabilities based on Computational Fluid Dynamics simulations.

Methods: Computational Fluid Dynamics simulations of 7 commonly used irrigation needle models performed, and their irrigation per-
formances were evaluated based on apical pressure and shear stress. The working fluid representing the irrigant was water with constant 
thermophysical properties. Its flow was assumed to be laminar and steady at all inlet Reynolds numbers.

Results: The open-ended needles create maximum irrigant replacement toward the apex, among which the notched ones appear to 
be the least efficient. In contrast, the closed-ended needles show limited flow toward the apex and show lower apical pressure, which 
reduces the risk of apical extrusion. The apical pressure is found to be the highest for the open-ended needles with a blunt tip, followed 
by the open-ended, beveled needle. Lower apical pressures are observed with the GNC needle, which is a closed-ended and double 
side-vented irrigation needle. Among all configurations, the GNC needle outperforms others as it provides the lowest apical pressures but 
least irrigant penetration. On the other hand, open-ended, blunt needles showed the highest apical pressures associated with sufficient 
irrigant penetration.

Conclusion: The results showed that the needle tip design influences important parameters for the effectiveness and safety of the irriga-
tion. Also, Computational Fluid Dynamics is a valuable tool in assessing the impact of needle tip designs on these parameters.
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Introduction

Irrigation of root canals is considered to be essential for removing debris, bacteria, and necrotic tissues from the root canal 
system during chemomechanical preparation for optimal success in the root canal treatment.1-3 About 40%-50% of the 
root canal wall surface remains uninstrumented owing to the complex anatomy of the root canals, and this eventually 
yields insufficient debridement.4,5

The aim of the irrigation must be irrigant penetration into the entire root canal system, and this is influenced by the irriga-
tion needle.6,7 Irrigation with disposable syringes and needles has been recommended as being a sufficient method.4 Con-
ventional syringe irrigation is considered to be the most widely used method, with the irrigant being delivered into the root 
canal by a syringe and needle, either passively or with agitation.8 Irrigation needle tips are designed in various geometries 
to increase the efficiency of irrigation.9,10

Many challenges have been undertaken, and a variety of study models have been used to reach the goal of safe, effec-
tive, and predictable irrigation. These studies have attempted to describe the flow pattern of the irrigant inside the root 
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canal based on macroscopic observations.11 Yet, these studies 
were limited, wherein such a macroscopic approach can only 
provide a general description of the irrigant flow. In addition, 
micro-computed tomographic imaging, scanning electron 
microscopy, optical microscopy, root canal sectional analysis, 
and microbiological analysis were used to evaluate irrigation 
flow.12,13 However, these methods neglect the process of fluid 
dynamics and only examine the final static condition.14

Computational Fluid Dynamics (CFD) is a numerical approach 
that enables finding a solution of fluid flow and heat trans-
fer in complex geometries based on finite volume or similar 
methods and helps interpret and better explain the outcomes 
of studies.15 Compared with conventional and experimental 
methods, various details of the flow can be easily obtained 
with CFD, especially in cases where experimental measure-
ments are difficult to perform in a microscale flow situa-
tion.16-20 Recent studies confirm that CFD is a powerful nu-
merical tool to evaluate flow structures, velocity fields, shear 
stress, and pressure distributions in the root canal.15,16,19,20 
With its superior advantages, CFD can be considered as a 
promising technique to investigate the effect of needle tip 
design on root canal irrigation and potential irrigant extrusion 
risk in endodontics as in many engineering problems.

The aim of this study was to investigate the effect of vari-
ous open-ended and closed-ended irrigation needles on ir-
rigation performance and safety using CFD analysis. This was 
done with a simplified root canal model to assess a true root 
canal in a patient.

Methods

A three-dimensional model resembling a prepared root ca-
nal of a maxillary central incisor was numerically simulated. 
The geometry of interest consisted of the root canal and the 
apical part as the control volume containing two geomet-
rical frustums of cones, as shown in Figure 1. The accepted 
average maxillary central incisor’s length was 23.3 mm and 
considering geometrical simplification, the length of the root 
canal part was modeled as 19 mm, which is supported by 
Boutsioukis et al.16 The root canal must be enlarged to 0.40 
mm (ISO 40) at the apex for the irrigation to be effective, 
according to Ram,21. In correlation with this, the model has 
0.45 mm apical diameter, 4% taper, and an outlet diameter 

of 1.21 mm. The apical part is modeled as a 0.5 mm inverted 
conical frustum where the narrower area is attached to the 
root canal tip. The apical part has a diameter of 0.3 mm at 
the narrower side and a diameter of 0.35 mm at the wider 
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Main Points
•	 Significant irrigant replacement is evident, the irrigant can 

almost reach the apex with the open-ended needles, con-
trary to close-ended needles that demonstrate poorer pen-
etration of the irrigant toward the apex.

•	 The close-ended side-vented needles have similar shear 
stress distributions, maximum shear stresses are concen-
trated on the wall facing the outlet of the needle and the 
proximal outlet for the double side-vented needle types.

•	 The close-ended needles create much lower apical pressure 
compared to the open-ended needles.

•	 The close-ended needles have the highest averaged wall-
shear stress values in the apical region.

Figure 1. Dimensions of the root canal and the apical part.

Figure 2. a-g. Commercially available irrigation needles  
used in this study. (a-c) Open-ended needles: (a) Open- 
ended needle (C-K Blunt, CK Dental, Gyeonggi-Do,  
Korea), (b) open-ended beveled needle (C-K Ject, CK 
Dental, Gyeonggi-Do, Korea), and (c) open-ended 
notched needle (Ultradent Endoeze, Ultradent Products 
Inc., South Jordan, UT, USA). (d-g) Closed-ended needles:  
(d) Closed-ended side-vented needle (Kerr-Hawe  
irrigation probe, KerrHawe SA, Biggio, Switzerland),  
(e) closed-ended side-vented needle (CERKAMED  
Endo-Top, PPH CERKAMED, Stalowa Wola, Poland), 
(f) closed-ended double side-vented needle (Ultradent 
Navitip, Ultradent Products Inc., South Jordan, UT, USA), 
and (g) closed-ended double side-vented needle (GNC 
Endo Irrigation, Tribest Dental Products, Jiangsu, China).



side. This shape conforms to the final shaping of the 45.04 
AF Rotary File (Fanta Dental Material Co., Shanghai, China) 
used at full working length to standardize the canal shape. It 
should be mentioned that irrigation needles are placed 3 mm 
from the apex.

Seven needles that are commercially available and most 
widely used in clinical practice were selected, and the shape 
parameters of the needles were used as the basis for their 
3D models (Figure 2). The two main groups of needles were 
identified as the closed-ended needles and the open-end-
ed needles. The necessary information for these models has 
been obtained through images from a stereomicroscope 
(Olympus SZ61, Olympus KeyMed Comp., Tokyo, Japan). The 
external and internal diameters and the length of all the nee-
dles are standardized as 30 gauge (Dext=320 mm, Dint=196 
mm, and L=31 mm) in order to isolate the effect of the nee-
dle tip design on flow pattern and irrigation effectiveness.

In this study, CFD simulations of root canal irrigation flow 
were carried out using a finite-volume-based flow solver AN-
SYS Fluent 17.2. After determination of the needle configu-
rations with appropriate boundary conditions for the accurate 
representation of the physical phenomenon, mesh conver-
gence tests were performed in order to obtain mesh-inde-
pendent solutions.

The problem of interest is related to the momentum trans-
port, so the Reynolds number (Re) as given in Equation 1 
below is considered to be the main dimensionless number for 
the problem:

	 (Equation 1)

In Equation 1, V represents the average inlet velocity, Dh is 
the hydraulic diameter of the needle, ρ is the density, and µ 
is the dynamic viscosity of the fluid. The irrigant is assumed 
to be incompressible, homogeneous and a Newtonian fluid, 
e.g., distilled water, with a constant dynamic viscosity of 10-3 
kg/m-s and a density of 1,000 kg/m3 as standard values re-
ported in literature.18 Since the Reynolds number based on 
the hydraulic diameter of the needle is below the critical Re 
number (Recr = 2,300) excluding the nozzle section of the 
needle or needle tip, the flow is assumed to be laminar. The 
CFD analyzes have been carried out for a steady-state con-
dition. The flow is single-phase, since the root canal and the 
needles are assumed to be completely filled with fluid.

Conservation of mass22 in Equation (2) and laminar Navier–
Stokes equations22 in three dimensions in Equations (3–5) 
are solved iteratively until the convergence criteria have been 
achieved. The semi-implicit method for pressure-linked 
equations (SIMPLE) algorithm is used for pressure-velocity 
coupling, where a second-order upwind scheme is used for 
momentum equations. Convergence criteria for continuity 
and momentum are set to 10-4 and 10-5, respectively.

	 (Equation 2)

	 (Equation 3)

	 (Equation 4)

	 (Equation 5)

Boundary conditions for the problem are specified as follows:

·	 No-slip boundary conditions are applied on the walls of 
the canal and the needles,

·	 The apical foramen is a rigid and impermeable wall,
·	 Uniform velocity profile is imposed at the inlet of the 

needle, and
·	 Pressure outlet condition is defined at the outlet of the 

needle or needle tip.

The meshing process is performed with ANSYS Meshing, 
where tetrahedral and quadrilateral elements are used in the 
boundary regions. A representative mesh with the first nee-
dle model is shown in Figure 3.

As seen in Figure 3, to be able to capture the boundary layer 
flow development, dense quadrilateral elements are used in 
the inflation region with a growth rate of 1.3. Smaller el-
ements are preferred in the vicinity of the canal root and 
the needle tip to more precisely predict velocity fields in this 
region.

As seen from Figure 4, mesh convergence tests are con-
ducted to ensure that the solutions are mesh independent. 
Needle model D was used during mesh convergence tests. 
The reason behind the selection of this needle is the fact that 
the dimensions of needle model D are well known, and this is 
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Figure 3. a-d. Representative mesh and details of different 
regions: (a) inlet region, (b) mid-region, (c) needle tip, 
and (d) apical region.



investigated in literature as well. In this manner, mesh con-
vergence tests are performed in two stages by changing two 
different parameters. The area-weighted average of apical 
pressure on prescribed surfaces on root and mean shear stress 
for all of the root is evaluated during mesh convergence tests. 
In the first stage, 18 different meshes with different element 
sizing are tested for the reference needle model. In the sec-
ond stage, the effect of different face sizing on the selected 
evaluation parameters is considered. Consequently, a mesh 
consisting of approximately 2.3 million elements is found to 
be sufficient for further simulations.

Results

In order to understand the effect of the needle tip design, 
observing the flow patterns in the irrigation needles and the 
root canal, as well as the pressures and wall-shear stress dis-
tributions in the apex area are crucial.

Figure 5 shows the findings from the CFD simulations for  
7 investigated needle geometries in terms of streamlines, 
velocity magnitudes, shear stress, and pressure. Streamlines 
indicate the route of fluid particles released from the nee-
dle inlet. They provide information on how far the irrigant 
can reach in the apical region; in other words, they provide 
information about irrigant penetration. Open-ended needles 
(models A, B, and C) indicate clearly different results com-
pared with closed-ended needles (models D, E, F, and G). 
Significant irrigant replacement is evident; the irrigant can 
almost reach the apex with the open-ended needles con-
trary to closed-ended needles that demonstrate poorer pen-
etration of the irrigant toward the apex. Irrigation replace-
ment is limited to 1–1.5 mm for closed-ended needles, while 
extending more than 2 mm apically to the tip of open-end 
needles.

A dead zone is defined as the zone where the irrigant can-
not penetrate. As shown in Figure 5a, among open-end-
ed needles, models A and B show almost no dead zone, 
model C shows only a 1 mm dead zone, whereas almost 
all closed-ended needle models show a 2 mm dead zone. 
According to streamlines in Figure 5a, open-ended needles 

provide strong jets directed to the apical zone and appear to 
break up gradually because of the irrigant present in the ca-
nal. The closed-ended, side-vented needles show an irrigant 
jet at the needle outlet that is first directed to the root canal 
wall, then toward the apex with a divergence, and finally to-
ward the canal orifice. It should be noted that strong vortex 
structures predominate in the flow behavior of irrigation. For 
needle model F that is a closed-ended, double side-vented 
needle, the most intense jets are formed at the most proxi-
mal outlet, while the flow from the distal outlet presents only 
a minor influence on the flow structure.

Velocities above 0.1 m/s were considered clinically significant 
for adequate irrigant replacement.19 As the velocity contours 
from Figure 5b indicate, the highest velocities are observed 
inside the needle lumens, and they reach a maximum value 
of about 12.5 m/s. As expected, the velocity profiles have the 
highest values at the centerline of the needle lumen, sat-
isfying no-slip boundary conditions on the interior walls of 
the needle. Open-ended needle models create irrigant jets 
as free-shear layer flows, which are directed into the root ca-
nal in different forms depending on the needle tip design. 
The closed-ended needles show a sudden deceleration of 
the irrigant approaching the needle nozzle, and since the tip 
of the needle is closed, no significant irrigant penetration is 
observed in the apical part of the root canal.

Figure 5c shows the wall-shear stress distribution on the in-
terior walls of the root canal. The closed-ended, side-vent-
ed needles have similar shear-stress distributions. Maximum 
shear stresses are concentrated on the wall facing the out-
let of the needle and the proximal outlet for the double 
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Figure 4. a, b. Mesh convergence tests: (a) element sizing 
and (b) face sizing.

Figure 5. a-d. Computational fluid dynamics predictions for 
7 irrigation needle geometries, contours of (a) streamlines, 
(b) velocity magnitudes, (c) shear stress, and (d) pressure.



side-vented needle types. It should be noted that the outlet 
velocities at the needle nozzles have a dominant effect on 
the wall-shear stresses.

Figure 5d demonstrates the pressure distributions in the nee-
dle lumen and the apical region. Open-ended needles cre-
ate a free-shear layer flow. Thus, the irrigant jet impinges the 
apical region, causing stagnation pressure on the apical walls 
of the root canal. The pressure levels vary depending on the 

strength of the jet and its impingement angle. Thus, needle 
models A and B show the highest apical pressure, and needle 
model C has a comparatively lower apical pressure.

The side-vented, closed-ended needle models (D, E, F, 
and G) create a much lower apical pressure compared with 
the open-ended needles. In fact, the irrigant jet impinges 
the closed-ended wall of the needle, causing considerably 
high stagnation pressures within the needle lumen tip. For 
instance, needle model G offers the lowest apical pressure 
among all.

Figure 6 summarizes the CFD results based on area-weighted 
averaged apical pressure and area-weighted averaged apical 
wall-shear stresses at various inlet Reynolds numbers. As it 
can be seen from Figure 6a and has been confirmed by the 
pressure contours in Figure 5d, open-ended irrigation nee-
dles provide the considerably high apical pressures at all irrig-
ant flow rates, i.e., inlet Reynolds numbers. If clinically tested 
threshold value for apical pressure is assumed not to exceed 
3,000 Pa, closed-ended needles should be the safer choice, 
since they perform well in a wide range of operating flow 
rates. Commercially available open-ended irrigation needles 
should only be regarded if the irrigation is performed at low 
flow rates corresponding to maximum inlet Reynolds num-
bers 600.

Figure 6b shows the area-weighted, averaged apical wall-
shear stresses at various inlet Reynolds numbers. Contrary 
to apical pressure, closed-ended irrigation needles have the 
highest averaged wall-shear stress values in the apical region. 
However, all needle types show similar wall-shear stresses 
with significant deviations only at high flow rates.

Discussion

In studies about the effectiveness of irrigation, parameters 
such as the geometry of the root canal; volume, pressure, 
and flow rate of the irrigant; and the type, size, and insertion 
depth of the irrigation needle have been examined.10,20 This 
paper represents our first attempt to apply CFD to the investi-
gation of the root canal irrigation. The purpose of this study is 
to monitor the effect of different irrigation needle geometries 
on irrigant flow and compare their performances.

There are several different types of irrigation needles on the 
market, and the main objectives of various designs are to 
maximize the effectiveness and safety of irrigation.4,23 It has 
been reported that the use of small-diameter needles leads 
to more efficient irrigant replacement than larger-diameter 
needles,6,24 and they may therefore result in better debri-
ment.24,25 In our study, 30-gauge needles were used because, 
according to Shen et al.9, they are small enough to allow for 
irrigant exchange without forceful apical extraction.23

The root canal should be flushed with an irrigant while the 
irrigation needle tip is placed in the apical third of the root 
canal during preparation, according to Zehnder.11 In the large 
root canals, the irrigant had approached to the apex when 
the needle tips were placed close to the apex14,21. On the 
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Figure 6. a, b. Computational fluid dynamics predic-
tions for 7 irrigation needles: (a) area-weighted averaged  
apical pressure and (b) area-weighted averaged apical 
wall-shear stresses versus inlet Reynolds number.



other hand, open-ended irrigation needles should not be 
placed at 1 mm from the apex because of high apical pres-
sure.17 Needle tips have been inserted at various depths in a 
root canal (3–6 mm short of the working length [WL])14,16,19 
Also, Shen et al.9 showed that the irrigant either completely 
reached or almost reached the apex when the needles were 
placed 3 mm short of the WL. Complementary to them, 
in our study, the needles were positioned at 3 mm short of 
the WL.

Sodium hypochlorite solutions are widely recommended in 
clinical endodontic practice, 11,23 and distilled water has close 
density and dynamic viscosity to that of sodium hypochlo-
rite.26 Hence, sodium hypochlorite and water exhibit the 
same flow characteristics. In our study, water was used as the 
irrigant. The simulated root canal was assumed to be com-
pletely filled with the irrigant in all cases in order to simplify 
the CFD model. There is a possibility of air bubble entrapment 
in the most apical part of the root canal during irrigation. 
However, the extent of air bubble entrapment was very limit-
ed and could be ignored. This finding is actually supported by 
Gulabivala et al.27 and Adıgüzel et al.28 Therefore, the influ-
ence of bubble entrapment was neglected in the simulations 
reported in this study.

No-slip boundary conditions were applied on the walls of 
the needles and the canal root. It was assumed that both 
the root canal walls and those of the needle were station-
ary, smooth walls. The apical foramen was simulated as an 
impermeable and rigid wall because of existing limitations of 
the applied model. As long as the flow remains laminar, wall 
roughness was expected to have a limited effect on pressure 
drop.29 Simulating the apical foramen as an impermeable wall 
does not exclude the possibility of irrigant extrusion toward 
the periapical tissue, and the evaluation of irrigant pressure 
applied at this impermeable wall can give information about 
the possibility and severity of irrigant extrusion.30

Irrigant velocity and dynamics on the root canal wall have a 
significant role in debris removal, tissue dissolution, and an-
timicrobial effectiveness.9 The pressure difference developed 
between the syringe barrel and the root canal is the cause of 
irrigant flow and determines the flow rate. The flow rate of 
the irrigant has a significant effect on irrigant replacement 
throughout the canal, but it does not directly affect flow pat-
tern within the root canal.15 In all cases, stagnant behavior 
of the irrigant has been seen within the most apical part of 
the root canal. Minimum irrigant replacement was observed 
in the closed-ended models (D-G) through CFD analysis. 
Irrigant replacement that apically extended to the needle tip 
was 2.5 mm for models A and B, 2 mm for model C, 1.5 mm 
for models D, E, and F, and 1 mm for model G, as shown in 
Figure 5.

In this study, laminar flow conditions were ensured by calcu-
lating the inlet Reynolds number, which was below 2,300 for 
all the cases and consistent with the data given in the liter-
ature from Boutsioukis et al. and Adıgüzel et al.17,19,28 While 
the irrigant flow was laminar, the streamlines were not as 

smooth as expected. Slow replacement cannot be consid-
ered adequate, and velocities higher than 0.1 m/s should be 
considered clinically significant for adequate irrigant replace-
ment.19

Wall-shear stress has an impact on the detachment of de-
bris and is directly associated with the efficacy of the irri-
gation. Although quantitative data on the required mini-
mum shear stress do not exist, the distribution of the shear 
stress along the root canal wall provides us the evidence 
about the debridement efficacy of each needle type. Un-
fortunately, detachment of the biofilm or debris cannot 
guarantee their removal from the root canal, unless there 
is a favorable irrigant flow to carry them toward the canal 
orifice.19,28 The area of high shear stress was identified in the 
apical part of the canal and quite close to the tip of the 
needle in this study (Figure 5c), which is in agreement with 
Boutsioukis et al.19 The wall-shear stress was higher when 
the closed-ended, side-vented needle models (D-G) were 
used, and it was the highest for model G, which has the 
smallest side vent.

Irrigant extrusion toward the periapical area is known to oc-
cur in clinical practice. Irrigant extrusion has been associated 
with forceful delivery of the irrigant. When the tissue back 
pressure is overcome by irrigant pressure, there is a possibility 
of irrigant extrusion, and it is more likely to occur with the 
presence of periapical lesions.6,7,21 It is strongly recommended 
that any needle lies passively in the canal and does not pen-
etrate the walls, as the needle binding to the canal wall will 
likely result in the blockage of backflow and forced extrusion 
of the irrigant into the periapical tissue. There is no definite 
evidence on the minimum irrigant pressure that leads to ex-
trusion, so there are no safety limits set for the apical wall 
pressure.9,17 Guyton et al.31 measured interstitial tissue pres-
sure, and it ranged from 2,666 to 3,999 Pa (20–30 mmHg), 
mean value 3,333 Pa (25 mmHg). Also, pathological condi-
tions can reduce interstitial tissue pressure to 1,333 Pa (10 
mmHg). Therefore, the mean value of the interstitial tissue 
pressure may represent the limit at which periapical extrud-
ing is possible, and this assumption is supported by Salzgeber 
et al.,7 who found increased apical irrigant extrusion in cases 
of root canals containing necrotic pulp tissue versus cases of 
root canals with vital pulp tissue.

In this study, we did not see any significant advantage of 
models B and C over model A, and for the models B and C, 
the flow velocity was slightly higher at the exits because of 
the beveled and notched needle tips (Figure 5b). Moreover, 
the sharp tip of the beveled needle might increase the risk of 
needle wedging inside the root canal, and it also possesses 
serious risks of injury for both the patient and the dentist, as 
mentioned by Boutsioukis et al.19

It has been reported that the side-vented, closed-ended 
needles are more efficient than the beveled and notched 
ones in the removal of a dye or bioluminescent bacteria.10 
This study did not investigate the detachment of debris or 
microbes from the canal wall to assess the ability of needles. 
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It rather investigated the exchange of the dye particles and 
the bioluminescent bacteria in the irrigant. Their results con-
tradict with the current findings; side-vented, closed-end-
ed needles have higher shear stress on the canal wall. They 
also have lower apical pressure and irrigant exchange that 
is limited and lower than those with beveled and notched 
ones. In addition, the flow on the side opposite to the vent 
was very low (Figure 5). These results are in line with earlier 
studies that also reported limited irrigant exchange for the 
side-vented needle.9,11,16

A lower apical wall pressure might have a negative impact 
on the effectiveness of irrigation in some areas of the ca-
nal, but it indicates improved safety. The results indicated 
that the closed-ended needles have a lower apical pressure, 
whereas open-ended needles have higher apical pressure, 
which is consistent with other studies.9,19 The lower apical 
pressure supports the claims of a reduced risk of apical ex-
trusion for closed-end endodontic needles available on the 
market.

In this study, it was confirmed that the shear stresses devel-
oped by models D, E, F, and G were significantly higher on 
the wall facing the needle vent. For the double side-vented 
needles, the proximal outlet mostly affected the overall per-
formance and the outlet that was further from the apical did 
not seem to provide any advantage, which was in agreement 
with previous studies.10,19 An additional disadvantage for all 
needle types was the concentration of high shear stress on a 
very limited area.

Needle model G appeared to be safer than other models in 
terms of apical extrusion. On the other hand, the limited 
penetration and replacement of the irrigant apically necessi-
tates needle placement very close to the apex in the root ca-
nal. Specifically, needle model G can be recommended since 
it satisfies apical extrusion condition at all operating condi-
tions. In this respect, closed-end needles are considered to 
be safer than open-ended needles in terms of irrigant extru-
sion toward the periapical tissue, and needle model G can be 
suggested as the safest among all the models.

In conclusion, the findings in this paper can lead to the deter-
mination of factors that can enhance or lessen the root canal 
treatment. The results showed that needle tip design influ-
ences important parameters for the effectiveness and safety 
of the irrigation. In addition, CFD is a valuable tool for assess-
ing the impact of needle tip designs on these parameters. 
The CFD results of the investigated irrigation models were 
clinically realistic and within the limitations of the current 
study design.
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