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Abstract
During a root canal treatment, fluid streaming and acoustic effects generated by irrigation tip’s oscillation,
in combination with root canal irrigant dissolve tissue and kill microbes effectively. For a gentle passive
ultrasonic irrigation, the frequencies and displacement amplitudes as well as the tip’s temperature increase
are required to predict streaming effects and the device’s fatigue behaviour. As an initial step an operating
deflection shape analysis was performed to understand the free vibration behaviour of irrigation tips. The
operating frequency and the three-dimensional displacement of two specimens of irrigation tips (IRRI S
21/25, VDW) driven by an ultrasonic irrigation device were measured by means of scanning laser vibrometry.
Both irrigation tips oscillated sinusoidally at a frequency of 30 kHz. With growing power level the maximum
deflection increased up to 30 µm at the tip’s free end. This study can be seen as preliminary investigations of
the vibration characteristic of a metallic endodontic tip and will be used to design further experiments under
realistic conditions.

1 Introduction

Ultrasonic tips driven by a piezoelectric ultrasonic generator are widespread for dental treatments, especially
for effective root canal treatments [1]. Passive ultrasonic irrigation (compare [2, 3]) is the cleaning of root
canal systems by means of irrigants and a small tip or wire. The passive ultrasonic irrigation tipes oscillates
freely in the root canal and induces acoustic microstreaming. Collis et al. describe, that the effects of
cavitation and microstreaming as well as shear stress fields are introduced by microbubbles [4]. The irrigant
sodium hypochlorite (NaOCl) reduces friction between the instrument and dentine to prevent the dentine’s
removal during the dental treatment, dissolves tissue and kills microbes effectively [5]. Ultrasonic vibrations
move the irrigant to hard reachable areas, such as lateral canals, isthmi and ramifications [5]. In this way,
the impact to root canal walls not touched by mechanical instrumentation is significantly improved by means
of irrigant. The deformation of the irrigation tip generates a temperature increase, which can influence
the tissue dissolving properties of root canal irrigants [3]. An extensive literature review about ultrasonic
irrigation was given by van der Sluis et al. in 2007 [3]. The intensity of the acoustic streaming is directly
related to the driving frequency, the diameter of the instrument and the displacement amplitude [3]. The
understanding of the ultrasonic irrigation tip’s vibration characteristics helps to improve the efficacy of root
canal treatments. The investigated ultrasonic irrigation tips operate at frequencies between 28 and 36 kHz
and have a displacement amplitude from 4 to 200 µm [6]. Endodontic instruments’ oscillations have a high
impact, especially the load cycling, on material fatigue and the prediction of canal perforations or instrument
fractures [7, 8, 9]. Preliminary investigation of endodontic instruments made of fibre-reinforced polymer
composites show that the usage of non-metal irrigation tips has a great potential [10]. Another important
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Figure 1: Cross-sectional and longitudinal dimensions of ultrasonic endodontic tip (Irri S 21/25).

aspect to design new dental instruments is the shaping ability of the tip in curved root canals of human
teeth. Therefore an assessment and a statistical evaluation of the root canal geometry, especially root canal’s
curvature and cross-sectional dimensions, is required [11].

There are several studies considering the displacement amplitude of ultrasonic endodontic instruments.
Walmsley et al. [12] investigated the effects of constraint on the oscillatory pattern of endosonic irriga-
tion tips compared to the free oscillations in air by means of photomicrograph. Lea et al. measured the
vibration characteristic of ultrasonic scalers [13] and endosonic tips using scanning laser vibrometry (SLV)
[14]. Similar studies are carried out by Verhaagen et al. [15]; simulating the oscillation characteristics of
endodontic tips and validate their numerical results by SLV measurements. Compared to earlier studies
[12, 15], the new approach in this study provides the benefit to examine all velocity components and not
only an one-dimensional deflection of the transverse bending vibration by means of simultaneously three-
dimensional SLV. The employed SLV is an established vibration measurement method and applied on various
applications, such as experimental characterisation of sensor-actuator arrays for ultrasonic applications [16]
or novel developed sandwich structures for adaptive vibration control [17] and is particularly suitable for
measurements of small and light objects.

The aim of this study is the accurate and non-invasive measurement of the temperature development and the
three-dimensional operational deflection shapes (ODS) of two ultrasonic irrigation tips for different power
levels. The temperature variation of the instrument’s active parts and their deflection with the beginning and
the operating at driving frequency were determined by means of infrared thermography (IR) and SLV. This
study can be seen as a preliminary investigation for further experiments on ultrasonic oscillating endodontic
instruments.Using the non-surface-contacting method , the three-dimensional of were measured.

2 Materials and methods

2.1 Specimens and geometrical dimensions

For this study a commercially available ultrasonic irrigation tip (IRRI S 21/25, VDW) was selected. The
investigation was carried out for two specimens; in the following denoted as irrigation tip A and irrigation
tip B. A high resolution 3D scanner (ATOS SO 4M, GOM) was used to measure the dimensions of these
ultrasonic irrigation tips. Resembling the real tip, a CAD geometrical model was created to visualise the
tip’s dimensions (Figure 1). The instrument’s active parts were divided into the sonotrode of the ultrasonic
handpiece, and the ultrasonic irrigation tip. The irrigation tip was connected by an angle adapter with the
sonotrode. The tip had a blade, a shaft and a transition section between these parts. The total length of the
tip’s free end was 18 mm with a 15.2 mm long working part, which was made of stainless steel. The shaft’s
diameter amounted 0.6 mm. The blade had the shape of a right-hand helix with a pitch length of each helix
of 3.6 mm and a taper of approximately 0.25 percent. From Figure 1 it can be seen, that the blade had a
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Figure 2: Measurement of the vibration characteristic of ultrasonic irrigation tips using three-dimensional
scanning laser vibrometry.

square cross-section with an edge length of 0.22 mm at the beginning of the helix. The edges of the square
were rounded and had a corner radius of 0.05 mm.

2.2 Measurement equipment

Due to the irrigation tip’s visibility, both measurements were performed for the free oscillation of the ultra-
sonic irrigation devices in air at a relative air humidity of 52.8 ± 4.2 percent and a temperature T = 22.8 ◦C
± 0.7 K. The operating tip’s temperature development was measured for a period of 200 s at a frame rate
of 2 Hz by means of an infrared camera (Variocam, Jenoptik). The camera system had a temperature reso-
lution at 30◦C up to 0.04 K with a measurement accuracy of ± 1◦C for a temperature measuring range of
-40...1,200◦C. The temperature measurements were performed with different power settings.

A high voltages generator delivered the power supply of the ultrasonic device (ultrasonic handpiece, VDW);
driving the ultrasonic irrigation tip by means of piezoelectric elements at a constant driving frequency. For
this excitation, an operating deflection shape analysis was carried out. The ultrasonic tip’s vibration charac-
teristics were investigated using a SLV (PSV 500 3D Xtra, Polytec). The SLV consisted of three scanning
heads and allowed the measurement of a three-dimensional velocity vector at different measurement posi-
tions at the device to obtain the velocity field of the visible measured objects. The vibrometer operated at
a velocity range up to 30 m/s with a maximum sampling frequency of 2 MHz. This measurement set-up
had the benefit, that all relevant velocity amplitudes of the ultrasonic irrigation tip’s oscillating parts were
accurately measured and thus the main amplitude can be securely derived.

Using an industrial robot systems, the scanning heads with the integrated video camera were placed perpen-
dicular above the ultrasonic tip at a distance of approximately 450 mm (Figure 2). The camera was used
for the alignment and the spatial calibration of the scanning heads. The three scanners of the SLV covered
a common area with a diameter of approximately 50...100 µm. A virtual measurement grid was adjusted
at the sonotrode, the angle adapter and along a line upon the working part. Using the manufactures orig-
inal software, a fast Fourier transform (FFT) was performed for a bandwidth from 0...50 kHz for 400 data
point, which yielded an frequency resolution of 125 Hz. For the evaluation, a flat top window function with
75 percent overlap and the average of 200 frequency spectra was used. This approach allowed the measure-
ment of all fundamental frequencies as well as higher harmonics.

The operating deflection shape analysis was performed for two new and previously unused ultrasonic tips.
Using the oscillation pattern, the displacement ui at the antinodes (points of maximum oscillation) and half
wavelength λ, which represent the distance between two consecutive nodes (points of minimum oscillation),
were calculated. For three different power settings P (10 percent power, 20 percent power, 30 percent power)
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Figure 3: (a) Temperature distribution of ultrasonic irrigation tip A after an operating time of 60 s (between
dashed vertical lines at t0 and t1) and (b) curve of temperature variation with 30 percent generator power
setting at different measurement positions denoted as point 1 to point 4.

Power level (%) Temperature increase ∆T (K) at different measuring positions

Free end (1) Shaft (2) Connection (3) Thread (4)

10 0.1 0.1 0.2 0.1

20 1.6 1.5 1.7 1.1

30 3.8 5.5 6.7 3.8

Table 1: Temperature increase of a ultrasonic irrigation tip A with different generator power levels at the
measurement positions illustrated in Figure 3

according to the manufacture’s original control dial; markings ensured a repeatable adjustability. During the
measurement the irrigation device was mounted to an optical table. The displacement was measured after
a setting time of 10 s due to the transient change of the velocity amplitude of the excitation after starting
the ultrasonic device. Between each measurement, there was a interruption of 300 s. The oscillation of
the ultrasonic tip was damped due to interaction with the surrounding air and material damping. For the
estimation of the damping behaviour of the irrigation tip, the velocity’s decay curve of one tip was measured
and hence the logarithmic decrement Λ was calculated for all investigated power settings and all velocity
components.

3 Results

3.1 Temperature development

Due to dissipation effects during the operating of piezoelectric driven generator, the device’s active parts
warm up. The dashed vertical lines at t0 and t1 in Figure 3 represent the generator’s operating time interval
t1 − t0 = 60 s. For all power setting, the highest temperatures were reached at the connection between
working part and the angle adapter. As expected, it can be seen that with increasing power level the maximum
temperature increased (Table 1). The temperature of the irrigation tip’s free end quickly grew to a maximum
value in less than 10 s and cooled down fast to ambient temperature T0 = T (t = t0) when the generator was
switched off (Figure 3, b). The heating process of the tip had a proportional transfer function with first order
time-delay. This yields the following temperature variation

∆T (t) = T∞ − T0

(
1− e−

t
τ1

)
for t0 ≤ t < t1, (1)

where T∞ = T (t → ∞) is the maximum temperature and τ1 is the time constant. For 30 percent power
level, an evaluation of the time signal of the tip obtained a time constant of T1 = 1.1± 0.1 s. The temperature
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Figure 4: a) Velocity amplitude of the angle adapter of irrigation tip B with 30 percent generator power
setting, b) Measured velocity in y-direction after the ultrasonic device’s operating (dashed vertical line at
t− t1 = 0) and its exponential decay curve

Direction i Logarithmic decrement Λ at different generator power levels

10 % 20 % 30 %

x 0.011 0.011 0.012

y 0.011 0.01 0.013

z 0.01 0.011 0.01

Table 2: Estimation of logarithmic decrement using the free vibrations method of ultrasonic irrigation tip A
at different power settings

increased to T∞ − T0 = 0.1 K for the smallest power level and 3.8 K for 30 percent power. After operating,
the temperature rapidly decreased to ambient temperature with according to the time curve of an transient
cooling process

∆T (t) = T∞ − T0

(
e
− t
τ2

)
for t ≥ t1. (2)

The temperature delay time τ2 was 3.1 ± 0.14 s for the highest investigated power level. Considering the
other investigated positions, the temperature did not reach their maximum value and it decreased much more
slowly than the tip’s blade.

3.2 Excitation and damping of the endodontic irrigation tip

The piezoelectric driven sonotrode induced vibrations of the angle adapter. For a period of 10 ms, the angle
adapter was excited with a transient changing velocity amplitude. The velocity in each direction was up to
three times higher than in steady-state condition. After this transient period, the velocity amplitude v̂i became
stationary over the measured time period. The angle adapter’s velocity reached values of vl = 7.7·10−1 m/s
in longitudinal direction and velocities from vt1 = 1.1·10−2 m/s to vt1 = 1.2·10−3 m/s in transversal direction
(Figure 4a). The time signals of the angle adapter in longitudinal and transversal directions can be approx-
imated by sine curves and oscillated in a frequency of f = 1/T = 30.6 kHz. Taking into consideration the
displacement amplitudes, there was, as expected, an almost longitudinal movement of the sonotrode which
excited the angle adapter.

Using the time signal after the piezoelectric generator’s operating, an exponential decay curve with a decay
time of less than 10 ms was determined for irrigation tip A at 30 percent power (Figure 4b). The logarithmic
decrement
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Figure 5: (a) Frequency spectrum of the displacement amplitude with 30 percent generator power setting at
the free end of irrigation tip A and (b) of irrigation tip B.

(µ
m

)

Figure 6: Comparison of displacement amplitude ûi of irrigation tip A with 30 percent generator power
setting.

Direction i Specimen Displacement amplitude ûi with different generator power levels (µm)

10 % 20 % 30 %

x Tip A 0.8 ± 0.003 2.5 ± 0.014 5 ± 0.046

Tip B 0.4 ± 0.052 1.5 ± 0.100 3 ± 0.469

y Tip A 4.7 ± 0.012 14.7 ± 0.023 28.4 ± 0.430

Tip B 4.9 ± 0.054 15.6 ± 0.548 30.8 ± 1.490

z Tip A 0.1 ± 0.010 0.2 ± 0.018 0.6 ± 0.134

Tip B 0.4 ± 0.068 1.4 ± 0.313 2.3 ± 0.190

|(ûi| Tip A 4.8 14.9 28.8

Tip B 4.9 15.7 31

Table 3: Mean and standard deviation of the maximum measured displacement amplitude of the top end of
two ultrasonic irrigation tips at different power settings (f = 30,6 kHz)

Λi =
1

k
ln

∣∣∣∣
v̂i(t0)

v̂i(t0 + kT )

∣∣∣∣ , (3)

where k is the number of investigated periods T . The value differed between 1.0·10−2 and 1.3·10−2 for the
different power settings and the different three-dimensional direction (Table 2). Averaging all logarithmic
decrements, a mean value of Λ = 1.1·10−2 ± 9·10−4 was obtained.
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Figure 7: Operating deflection shapes of the ultrasonic irrigation tip A with increasing generator power
setting illustrate at both reversal point of the oscillation: (1a, b) P = 10 percent, (2a, b) P = 20 percent,(3a,
b) P = 30 percent.

3.3 Vibration characteristics and oscillation pattern

As expected, the irrigation tip’s ODS analysis obtained a operating frequency of f = 30.6 kHz; both tips
oscillated at the same frequency as the angle adapter (Figure 5). During the steady state oscillation, the
highest amplitudes could be seen at driving frequency. Vibrations at other frequencies were excited as
well, however theirs amplitudes were very small. The highest displacement amplitude was measured at
the irrigation tip’s free end at z = 0 (Figure 6). With increasing power level, the displacement components
increased (Table 3). Considering magnitude of the displacement vector it can be seen that the results differed
for the investigated irrigation tips. The tip showed a three-dimensional deflection. The main deflection was in
transversal x- and y-direction; the transversal displacement amplitude ûy achieved the highest values. There
was a axial elongation as well which can be mainly seen as the result of the angle adapter’s bending. The
bending resulted in a longitudinal displacement of the irrigation tip (compare Figure 7). The axial amplitudes
ûy were smaller compared to transversal amplitude.

Both irrigation tips had the transverse oscillating pattern of a standing wave (Figure 7) with five nodes
and five antinodes. Denoting the antinodes and nodes, starting from the tip’s free end, the displacement
amplitudes decrease whereas the wavelength simultaneously increased (Figure 8). The nodes and antinodes
in x- and y-direction had similar positions (Figure 6). The irrigation tip’s displacement amplitudes follow an
exponential trend, comparable to Verhaagen et al. [15]

ûi,n = ûi,0e
αin for n ∈ N, 0 ≤ n ≤ nmax, (4)

where n is counted from the tip’s free end, ûi,0 is the displacement amplitude of the antinode and αi is the
exponential component. Analogously, the wavelength increases linearly and can be approximated by [15]

λi,n = λi,0 + n∆λi. (5)

The wavelength λi,0 represented the distance between the first and the second node. Using (4), (5), the
maximum number of nodes nmax and the driving frequency of the irrigation tip can be characterised. The
resulting parameters are listed in Table 4.
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Figure 8: Experimental results of wave pattern characteristics of ultrasonic irrigation tips (Irri S 21/25)
starting from the tip’s free end: (a) x-component’s wavelength and (b) displacement amplitude of the of the
transverse wave, (c) y-component’s wavelength and (d) displacement amplitude of the transverse wave.

4 Discussion

The characterisation of the ultrasonic irrigation tip’s vibration shapes placed high demands on the applied
measurement technology due to the small dimensions and design as well as the oscillations at high frequen-
cies. The quantification of the vibration pattern by means of SLV enabled an accurate and non-contacting
measurement method of the ultrasonic oscillations. Furthermore, the usage of IRT allowed to measure the
temperature variation during the tips sinusoidal oscillation.

The irrigation tip’s helical shape consisted of only a few areas approximately perpendicular to beam direction,
which allow a correct focusing of the laser beams and ensure a high reflection. Upon the blade this areas
restricted the number of measurement positions and thus spatial resolution of the operational deflection
shape analysis. However, the number of scanning points allowed the determination of the occurring bending
vibration mode. Furthermore, a minimal gradual displacement of the irrigation device was not avoidable and
yielded a minimal shifting of the scanning points’ position during the measurement. Both effects influenced
the results of deflection amplitude and could justify the different measured displacement amplitudes of both
investigated specimens. Similar studies on ultrasonic driven endodontic instruments had shown that the
deflections differed for structurally identical tips as well [13]. The alignment of the scanning heads to the
measured object influences the individual components of the deflection vector. This results in the demand
for a subsequent transformation of the coordinate directions according to the irrigation tip’s orientation.
However, the analysis of the magnitude of the displacement vector allowed a comparison of the vibration
characteristics of the measured specimens.

The measurement of vibration characteristic at driving frequency showed that there were lower as well as
higher order harmonics, which are around three to four orders smaller than the amplitude at operating fre-
quency and thus were neglected. The longitudinal oscillation of the sonotrode and the angle adapter resulted
in bending vibration of the irrigation tip. Comparable to [12, 15], the oscillation pattern had the form of a
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Direction i Specimen Generator Power level
(%)

ûi,0 (µm) −αi λi,0 (mm) ∆λi (mm)

x Tip A 10 0.8 0.16 2.77 0.45

Tip B∗ - - 2.64 0.54

Tip A 20 2.5 0.16 2.77 0.45

Tip B∗ - - 2.78 0.5

Tip A 30 5 0.16 2.78 0.45

Tip B∗ - - 2.74 0.5

y Tip A 10 4.7 0.11 2.78 0.49

Tip B 4.9 0.05 2.71 0.51

Tip A 20 14.7 0.11 2.78 0.49

Tip B 15.6 0.06 2.82 0.47

Tip A 30 28.4 0.11 2.78 0.48

Tip B 30.8 0.06 2.87 0.44

∗ The measured displacement amplitudes did not shown an exponential trend.

Table 4: Oscillation pattern characteristic of endodontic tip (Irri S 21/25)

standing wave with five nodes and five antinodes. Counted from the tip’s free end, the wavelength increased
linearly whereas the displacement amplitude at the antinodes showed an exponential decrease. The discrep-
ancy of this trend, especially for the amplitudes in x-direction could be justified by the finite resolutions of
the measuring grid and the lower signal-to-noise ratio. The antinode’s and node’s position did not change;
the deflection amplitude at the antinodes increased with growing power level (Figure 8). In this way it can be
seen that the different power settings did not influence the operational deflection shape, though the displace-
ment amplitudes. The highest displacement amplitude was measurable at the free end in transversal direction
with an amount of 5 µm (10 percent power), 15 µm (20 percent power) and 30 µm (30 percent power), which
represent y-direction in Figure 8. These results were similar to the results of Lea et al. [14] and Verhaagen
[15]. Walmsley et al. [12] and Verhaagen et al. [15] considered a transverse oscillation of the irrigation
tip. Verhaagen et al. [15] measured the vibrations perpendicular to main direction and identified a sinu-
soidal oscillation pattern but did not investigate this effect for all endodontic tips. The measurements in this
study showed that there were vibrations in all directions (Table 3). According to the coordinate directions
in Figure 8, the displacement amplitudes ûx and ûz differed between almost 0.1 µm and 5 µm. Compared
to this investigation, which was performed in air, the majority of the irrigation tip is immersed in irrigant
and interacts with the solution in practical use. Taking into consideration the three-dimensional motion
of the tip, the fluid-structure interaction (FSI), as argued by Verhaagen et al. [15], had to be considered
as three-dimensional as well. This results in more complex relation between the displacement amplitude
and the streaming velocity in the irrigant [3]. Further investigations are required, which quantify the three-
dimensional FSI of the acoustic microstreaming and the caused shear flow. Especially at the beginning of
the irrigation tip’s excitation an increase of displacement amplitude was measured. This transient behaviour
have to take into consideration for practical use of the endodontic tips. The risk of a fatigue fracture is most
probable during this time. To prevent the fracture due to fatigue, the irrigation tip should be replaced after a
certain operating time which is not quantified in this study.

The investigation had shown a temperature increase of oscillating parts and obtained the highest value at the
connection between the angle adapter and the irrigation tip. This can be seen as dissipation due to friction in
the clamping. Further dissipative processes were the transformation of deformation energy into thermal en-
ergy, especially at the angle adapter. Both effects causes the damping of the system and obtained an averaged
damping ratio of 1.1·10−2. Compared with the damping in a liquid, the influence of the damping effected by
FSI decreases in air [15]. Due to the small tip’s front-facing area, a small volume, small displacements am-
plitudes and the low density of air, the interaction with the surrounding air had a neglectable influence [18].
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It has to be admitted that the measured temperatures are not completely comparable to the temperature dis-
tribution and development in practical use. The boundary conditions, mainly of the irrigation tip’s immersed
part, differ from a freely oscillating tip in air. However, even in practical use, most vibrating components are
surrounded by air and therefore the thermal behaviour, apart from the irrigation tip’s behaviour, differs only
slightly.

At this stage it should be noted that the deflection shape and the displacement amplitudes will change de-
pending on effects such as the contact pressure, the form and the condition of the contact surface, dentine’s
material properties and the surrounding fluid. As Walmsley described [12], different constraints influence the
irrigation device’s oscillations. However this investigation of ultrasonic oscillating irrigation tips can help to
quantify the structural-dynamic and thermal FSI related to the movement of ultrasonic irrigation tips.

5 Conclusions

The usage of non-contacting measurement technique enabled the determination of the oscillation charac-
teristics, geometry and operating temperature of ultrasonically driven low mass passive ultrasonic irrigation
tips. Using scanning laser vibrometry, the transient, as well as the steady state conditions of the irrigation
tip was measured successfully. The sonotrode’s longitudinal excitation results in three-dimensional bending
vibrations of the irrigation tip; having the highest displacement amplitudes in transversal direction at the tip’s
free end. The amplitude grows with increasing power level and obtains much higher values when operation
starts than in steady-state condition. The irrigation tip’s oscillation pattern at steady-state conditions is a
sinusoidal wave with antinodes and nodes. During operating, the irrigation tip’s temperature increase and
reaches the highest values in the clamping due to friction between the irrigation tip and the angle adapter.
With increasing power level, the temperature rise grows. The temperature development and operational de-
flection shape are both different compared to measurements of an immersed instrument. Permanent changing
boundary conditions influence the temperature variation as well as the vibration characteristic and are dif-
ficult to quantify. Further research is required to investigate the temperature distribution and vibration of
immersed irrigation devices within natural root canals and the interaction with the irrigant during a root
canal treatment. Nevertheless this study shows the three-dimensional deflection shape and the influence of
different power levels on the operating of an ultrasonic irrigation tip and can be used for further investigation
in the field of endodontic research.
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