
 
 

University of Birmingham

Numerical investigation of cavitation generated by
an ultrasonic dental scaler tip vibrating in a
compressible liquid
Manmi, Kawa; Wu, W. B. ; Vyas, Nina; Smith, Warren; Wang, Qian; Walmsley, Damian

DOI:
10.1016/j.ultsonch.2020.104963

License:
Other (please provide link to licence statement

Document Version
Publisher's PDF, also known as Version of record

Citation for published version (Harvard):
Manmi, K, Wu, WB, Vyas, N, Smith, W, Wang, Q & Walmsley, D 2020, 'Numerical investigation of cavitation
generated by an ultrasonic dental scaler tip vibrating in a compressible liquid', Ultrasonics Sonochemistry, vol.
63, 104963. https://doi.org/10.1016/j.ultsonch.2020.104963

Link to publication on Research at Birmingham portal

Publisher Rights Statement:
Contains public sector information licensed under the Open Government Licence v3.0. http://www.nationalarchives.gov.uk/doc/open-
government-licence/version/3/

General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

•	Users may freely distribute the URL that is used to identify this publication.
•	Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•	User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•	Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.

Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 01. Mar. 2020

https://doi.org/10.1016/j.ultsonch.2020.104963
https://doi.org/10.1016/j.ultsonch.2020.104963
https://research.birmingham.ac.uk/portal/en/publications/numerical-investigation-of-cavitation-generated-by-an-ultrasonic-dental-scaler-tip-vibrating-in-a-compressible-liquid(21583195-3b0d-4ee5-9310-cb7c4b9ecd81).html


Contents lists available at ScienceDirect

Ultrasonics - Sonochemistry

journal homepage: www.elsevier.com/locate/ultson

Numerical investigation of cavitation generated by an ultrasonic dental
scaler tip vibrating in a compressible liquid

K.M.A. Manmia,b, W.B. Wuc, N. Vyasd, W.R. Smitha, Q.X. Wanga,⁎, A.D. Walmsleyd

a School of Mathematics, College of Engineering and Physical Sciences, University of Birmingham, Birmingham, United Kingdom
bDepartment of Mathematics, College of Science, Salahaddin University-Erbil, Kurdistan Region, Iraq
c College of Engineering, Peking University, Beijing 100871, China
d School of Dentistry, College of Medical and Dental Sciences, University of Birmingham, Birmingham, United Kingdom
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A B S T R A C T

Bacterial biofilm accumulation around dental implants is a significant problem leading to peri-implant diseases
and implant failure. Cavitation occurring in the cooling water around ultrasonic scaler tips can be used as a novel
solution to remove debris without any surface damage. However, current clinically available instruments pro-
vide insufficient cavitation around the activated tip surface. To solve this problem a critical understanding of the
vibro-acoustic behaviour of the scaler tip and the associated cavitation dynamics is necessary. In this research,
we carried out a numerical study for an ultrasound dental scaler with a curved shape tip vibrating in water, using
ABAQUS based on the finite element method. We simulated the three-dimensional, nonlinear and transient
interaction between the vibration and deformation of the scaler tip, the water flow around the scaler and the
cavitation formation and dynamics. The numerical model was well validated with the experiments and there was
excellent agreement for displacement at the free end of the scaler. A systematic parametric study has been
carried out for the cavitation volume around the scaler tip in terms of the frequency, amplitude and power of the
tip vibration. The numerical results indicate that the amount of cavitation around the scaler tip increases with
the frequency and amplitude of the vibration. However, if the frequency is far from the natural frequency, the
cavitation volume around the free end decreases due to reduced free end vibration amplitude.

1. Introduction

Dental plaque accumulates on teeth and dental implants and re-
quires regular removal to prevent disease. Plaque can mineralise, re-
quiring clinical intervention for removal, using instruments such as
ultrasonic scalers. They have a rigid metal tip which vibrates at re-
sonant frequencies between 25 and 40 kHz [1] and are lightly scraped
along teeth in order to clean bacterial biofilm and other contaminated
deposits from on and around the teeth surfaces [2,3]. However, the tip
cannot be used effectively for cleaning biofilm from dental implants, as
the metal (titanium implant) to metal (stainless steel tip) contact causes
damage. Other methods of implant cleaning, such as rotating brushes or
titanium tips have not been shown to be effective [4,5]. Therefore,
research is being undertaken into novel methods of biofilm disruption.
One method is using cavitation occurring in the cooling water around
ultrasonic scaler tips to allow a non-touch approach.

Cavitation is a phenomenon in which rapid changes of pressure in a
liquid lead to the formation of small vapor-filled cavities, in places

where the pressure is relatively low [6,7]. Cavitation phenomena such
as rapid micro-jet impingement, shock waves and microstreamers can
lead to particle removal and erosion on solid surfaces [8,9]. Ultrasonic
cavitation cleaning has been applied for in a range of industries, for
example to remove marine biofouling or food contamination [10–12] or
to remove biofilms [13–16]. Previous studies have confirmed that the
cavitation occurs around dental scaler tips and aids the cleaning process
[17–19], however it is not sufficient to enable rapid cleaning for clinical
applications [18].

Increasing the cavitation generated by an oscillating scaler tip will
lead to novel clinical approaches to the cleaning process. Numerical
modelling of the tip will provide an insight into how cavitation may be
increased by changing various parameters such as frequency. The data
from numerical modelling can then inform decisions about how to
optimize the instrument in experimental investigations. We will carry
out a numerical study for an ultrasonic dental scaler with a curved tip
vibrating in water considering cavitation generation in the liquid. The
fluid flow is modelled by the linear potential flow theory in terms of

https://doi.org/10.1016/j.ultsonch.2020.104963
Received 29 August 2019; Received in revised form 8 January 2020; Accepted 8 January 2020

⁎ Corresponding author.
E-mail address: q.x.wang@bham.ac.uk (Q.X. Wang).

Ultrasonics - Sonochemistry 63 (2020) 104963

Available online 09 January 2020
1350-4177/ Crown Copyright © 2020 Published by Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/13504177
https://www.elsevier.com/locate/ultson
https://doi.org/10.1016/j.ultsonch.2020.104963
https://doi.org/10.1016/j.ultsonch.2020.104963
mailto:q.x.wang@bham.ac.uk
https://doi.org/10.1016/j.ultsonch.2020.104963
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ultsonch.2020.104963&domain=pdf


pressure, the deformation of the scaler tip is modelled by isotropic
linear elastic theory, and their interaction is modelled through the ki-
netic and dynamic boundary conditions at their interface. The compu-
tations are carried out using ABAQUS based on the finite element
method. The cavitation generation is associated with the evaporation of
liquidized gases subject to low pressure. The detailed micro-processes
of cavitation generation still remain elusive [20]. The pressure cutoff
model has been used in the acoustic finite element transient analysis
[21–25]. Wardlaw and Luton [24] noticed that the pressure cutoff has
little impact on the solution as long as it is positive and small compared
to 1 bar [23,24]. The Blake pressure threshold is given in terms of the
surface tension, temperature and mass in a bubble [25]. The mass in
bubbles is only available after detailed modelling of the evaporation
and condensation across the bubble surfaces.

The physical, mathematical and numerical models are described in
§2. In §3, the numerical model is validated by comparing with ex-
perimental data for the time history of the displacement at the free end
of the scaler. In §4, a systematic parametric study has been carried out
for the cavitation volume around the scaler tip in terms of the fre-
quency, amplitude and power of the tip vibration. The numerical results
indicate that the amount of cavitation around the scaler tip increases
with the frequency and amplitude of the vibration.

2. Interaction modelling of the vibrating scaler tip

A commercially available ultrasonic scaler tip was modelled (Tip
10P, Acteon Group, USA), as the scaler tip is an irregular shape, a nu-
merical model was needed to simulate the three-dimensional, nonlinear
and transient interaction between the vibrating tip and the surrounding
fluid considering the cavitation formation and dynamics. Assume that
the scaler tip is completely submerged in a cuboid tank of water
(Fig. 1c). The vibrations at the scaler tip produce pressure disturbances
in the surrounding water. As a physical system the motion of the scaler
tip (structure) and water (fluid) interact strongly with each other.
Therefore, fluid-structure interactions (FSI) should be considered in the
calculations of the pressure and vibration displacement. The analytical
solution for the FSI problems exists for only a few simple geometric
shapes. Generally, the numerical procedure of the FSI problem is clas-
sified into two approaches. A monolithic approach in which both fluid
and solid are treated as one unified system, and a partitioned approach
in which the fluid and solid are treated as two different systems coupled
through the interface. A partitioned approach was chosen here to re-
solve the coupled problem. The partitioned approach allows existing
fluid and structure solvers to be used with minimal code modifications.
The coupling between the fluid and structure takes place at the
fluid–structure boundary (Fig. 2). The boundary should be identical for
both fluid and structure domains to accommodate the fluid–structure
interaction [26–28].

In this model, the scaler tip is truncated near to the end which is

fixed to the handpiece (Fig. 1a). The geometries of the truncated scaler
tip and fluid domain in cuboid shape were displayed in Fig. 1b & c. The
height and length of the scaler tip is 20 mm with varying circular cross
section. The cross-section-radius at the truncated end of the scaler tip is
1.01 mm, and decreases slightly towards to the straight part and then
decreases rapidly towards to the free end with a final value of 0.01 mm
(Fig. 1b).

The dimension of the fluid domain was chosen as 40 mm
(length) × 20 mm (width) × 40 mm (height), which are relatively
large in comparison with the scaler tip dimensions to avoid nonphysical
reflections of waves from the far boundary of the computational do-
main.

The Cartesian coordinate system oxyz is adopted so that length,
height and width of the fluid domain (cuboid) are parallel to the x, y
and z-axis respectively and the origin o at its centre. The scaler tip is
positioned at the centre of the cuboid in such a way that the free and
truncated ends are equally far from left and right cuboid boundaries
respectively and the straight part is along the x-axis (see Fig. 2).

2.1. Acoustic modelling and cavitation

Assume that the water flow is inviscid and compressible and can be
described by the linear potential flow theory. The momentum equation
of the fluid experiencing velocity-dependent momentum losses can be
expressed as [22,29–32],
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where the ∇ represents the nabla operator, γ is the volumetric drag
(force per unit volume per velocity), p is the pressure in the fluid. x, uf

and ρf are the spatial position, directional displacement and the density
of the fluid, respectively. Kf represents the bulk modulus of the fluid
which is a constant for the problem under consideration.

To obtain the partial differential equation used in direct integration
transient analysis in terms of pressure, Eq. (1) is divided by ρf and the
divergence is evaluated with respect to x. The result is then combined
with the time derivatives of Eq. (2) with the derivative of γ/ρf ne-
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This equation would be equivalent with the linear wave equation, in
the case that the volumetric drag and nonlinear terms were neglected in
(1),

Introducing an arbitrary variation field δp, and integrating Eq. (3)

40mm

(b)(a) (c)9mm

x
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z

Truncated end

Free end

Straight part 40mm

20mm

Scaler tip

Ultrasonic scaler 
hand piece

Dental Implant in 
bone surrounded 
by gum

Ultrasonic 
scaler tip

Fig. 1. (a) Schematic problem description of ultrasonic scaler tip and dental implant, (b) extracted digital geometry of the structure (truncated 10P tip) and (c) the
cuboid computational fluid domain shape with the dimensions 40 mm × 40 mm × 20 mm.
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over the whole fluid field Vf, an equivalent weak form for the equation
of motion can be obtained
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Green’s theorem allows this to be rewritten as,
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where Sfs and S∞ are the structure and the far field boundary surface of
the fluid domain, respectively, and
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where n represents the inward normal to the fluid at the boundary.
Two boundary conditions should be prescribed on the fluid surfaces

Sfs and S∞ through the last term of Eq. (5). Firstly, to consider the fluid
as an unbounded domain the outgoing waves should be absorbed, or
the wave reflection minimized on S∞. This can be achieved here by
considering non-reflection boundary condition through the use of im-
pedance boundary conditions with the proper choice of impedance
coefficients
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where L is a geometric factor related to the metric factors of the cur-
vilinear coordinate system used on the boundary and β is a spreading
loss term. In the current model, we have chosen the planar geometry
(cuboid) so L = 1 and β = 0. More details can be found in [22,30,33].

Secondly, the fluid-structural interaction boundary condition must
be applied by equating the normal components of the displacements of
the fluid and structure (scaler tip)

=n u n u· · ,s f (9)
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where us is the displacement of the structure. The volumetric drag is

considered to be zero in this study as it is small compared with the fluid
inertia.

We assume that cavitation happens instantaneously when the
pressure in the liquid is smaller than a threshold pc, which is taken to be
0 for calculation in this work. After considering cavitation, the pressure
p in the liquid takes

=p p pmax{ , }.c (11)

2.2. Structure modelling

Suppose the structure (scaler tips) with volume V and boundary
surface S obeys the isotropic linear elastic theory and is under the ac-
tion of the external forces: body force b and surface force t. Its dis-
placement us governed by the linear momentum equation is

∇ + = ∂
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ρ ρ
t

σ b u· ,s s s
s

2
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where σs and ρs are the Cauchy stress tensor and density of a point in the
structure, respectively.

The dynamic boundary condition at the interface of the structure
and fluid is the continuous normal stress

= −n σ n σ· · ,s f (13)

where n is the outward normal to the structure.
Integrate the dot product of δus with Eq. (12) over V and using

Gauss theorem with the gradient identity for the first term in the left
side. Moreover, neglecting all loading terms (such as damping, gravity)
except the fluid pressure and surface traction gives us
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where δus is the variational displacement field, δεis the strain variation
of δus, p is the pressure acting on the fluid-structural interface (Sfs) and t
is the surface traction applied to the structure surface (St).

Numerically, a coupling element is placed along the boundary
which has a vibration Degree of Freedom (DoF) on the side that couples
the structure and a pressure DoF that couples the fluid. Accordingly, st
denotes the surface traction on the structure side and sfs denotes the
fluid pressure on the fluid side.

2.3. Discretization finite element equations

The discretization of Eqs. (5) and (14) yields the mass matrix of the
fluid along with the stiffness matrix. This is achieved by introducing
interpolation functions: in the fluid p = HApA, A = 1, 2, … up to the
number of pressure nodes and pA is the pressure at the node A; in the

x

y

Fluid domain 

Outer boundary of 
the fluid S

Prescribed displacement 
(BCs along x and y axis) 
at truncated end 

(Dashed orange line)
Interface surface Sfs

Truncated scaler tip mesh

Fig. 2. Cross section of the tetrahedral mesh of the
geometries at the plane oxy with labels indicating the
position of the displacement boundary condition at
the truncated end (green line), the interface surface
(dashed orange line) and the outer boundary of the
cuboid (Blue line). (For interpretation of the refer-
ences to color in this figure legend, the reader is re-
ferred to the web version of this article.)
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structure = uu N ;s s
BB B = 1, 2, … up to the number of displacement

degrees of freedom, us
B is the displacement component at the node B. In

the above H and N are the interpolation functions and the following
equations assumed that summation is over the superscripts that refer to
the degree of freedom in the discretized model.

Using Galerkin method and the Petrov-Galerkin substitution, the
discretized coupled variational equation is obtained by adding Eqs. (5)
and (14) to give
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where the superscripts A and Q refer to pressure degrees of freedom in
the fluid, and B and M refer to displacement degrees of freedom in the
structure. The bracketed terms are integral expressions of the inter-
polation functions for the structural and fluid domains [22,31].

2.4. Mesh, material properties and time steps

Mesh quality is an important factor in determining the stability and
accuracy of computations. To describe accurately the propagation of
the acoustic wave, the element size should be at least one order smaller
than the acoustic wavelength λ = c/f, where c is the speed of acoustic
wave and f is the frequency of the wave. For the calculations considered
in this paper: c= 1463 m/s and f = 20–56 kHz, the range of λ is thus in
the range of 26–73 mm. As such, we chose the element sizes of the mesh
of the fluid domain to be in the range of 0.02–0.2 mm.

An unstructured mesh with tetrahedral elements is carried out for
the fluid domain based on two considerations. Firstly, the unstructured
mesh is body fitted, which is crucial for simulating the fluid–structure
interaction. Secondly, a non-uniform mesh density is necessary to save
CPU time and this is conveniently achieved by using an unstructured
mesh. In this study the mesh element sizes in the fluid domain increased
gradually from being 0.02 mm at the scaler surface to 0.2 mm at the
external boundaries of the computational domain (Fig. 2), while the
element size in the structure mesh was nearly uniform and about
0.06 mm.

Meshing was performed via the HyperMesh mesh generation soft-
ware (version 2017.2, Altair Engineering Inc.), with their maximum
skewness 0.96, maximum aspect ratio ≤3 for 99.99% of element and
the rest ≤5, and minimum tetra collapse is 0.11 and for 93% of the
elements between 0.2 and 0.5. The total fluid and structure elements
were about 26 and 2 million, respectively. The computation was carried
out with a high performance computing facility with 20 processors and
the run time was approximately 50 hours. The volumes of cavitation at
each time step was calculated in the whole fluid domain and around the
straight part as shown in the yellow frame in Fig. 2.

The time integration was carried out using the explicit central-

difference. The time step tΔ , is given as the time needed for acoustic
wave to pass across the smallest element in the mesh, which is known as
Courant-Friedrich-Lewy (CFL) condition for the stability,

≈t L
c

Δ ,min
(16)

where Lmin is the smallest element size in the model.
The fluid (water) properties are given as the bulk modulus of

K = ρc2 = 2140 MPa, density ρ = 103 kg/m3, c is speed of sound and
the hydrostatic pressure 0.1 MPa. The scaler tip is made of stainless
steel with the following material properties: Young’s
modulus = 210 × 103 MPa, Poisson’s ratio = 0.3, and the density
7.85 × 103 kg/m3 [34].

3. Numerical validation

To evaluate the numerical modelling, we will compare the numer-
ical results with the experimental data.

3.1. Tip vibration measurements using high-speed imaging

In the experiments, high-speed imaging and image analysis was
used to calculate the vibration displacement of the ultrasonic scaler tip.
A P5 Newtron XS scaler (Satelec, Acteon, France) operating at ~29 kHz
was used in conjunction with Tip 10P. The tip was immersed in reverse
osmosis water in a tank with dimensions 750 (length) × 52
(width) × 50 (height) mm. The scaler position was fixed by attaching it
to a XYZ translation stage (PT3, Thorlabs Inc, NJ, USA) and a high-
precision rotation mount (PRO1/M, Thorlabs Inc, NJ, USA). The axial
rotation of the scaler tip was also maintained during each experiment
(Fig. 3).

The scaler was illuminated using an LED cold light source (Hayashi
HDF7010, Japan) in bright field mode. The deformation of the scaler tip
was imaged using a high-speed camera (Photron Fastcam mini AX200)
at 900,000 frames per second (fps). The camera was attached to a long
distance microscope zoom lens (12x zoom lens system, Navitar, USA)
with a 2x adaptor at a magnification of x7, giving a resolution of
1.429 µm/pixel (Fig. 3). Imaging was done at two points along the tip –
the free end and the truncated end. The locations of imaging are in-
dicated in Fig. 1a.

The tip displacement was calculated using Fiji (ImageJ, U.S.
National Institutes of Health, Bethesda, Maryland, USA). Tracking was
done using Trackmate, a plugin for automated particle tracking. For
imaging at the free end of the tip, automatic tracking was done. For
imaging at the truncated end, manual tracking was done. For automatic
tracking, 3 videos with 1000 frames each were used. For manual
tracking, 3 videos with 500 frames each were used. Microscopic in-
dentations of the tip were used as markers for tracking. Images were
cropped to remove noise.

For automatic tracking in Trackmate, the estimated blob diameter of
5–10 pixels was chosen and a threshold of 1–15 was used. The optimum
value was chosen for each high-speed video to ensure that one spot as
detected for one feature in the image. The simple Linear Assignment
Problem (LAP) tracker was used with a linking maximum distance set to
4–7 pixels and a gap closing maximum distance set to 4 pixels. The
Trackscheme option was used to link any unlinked spots and delete
erroneous spots. The x and y coordinates of the tracked spots in each
frame were saved. For manual tracking, spots were manually tracked in
Trackmate and the x and y coordinates were saved as before.

3.2. Tip vibration validation

The deformation of the scaler occurs mainly near the free end. The
section near the handle is thick and does not deform during vibration.
For the case considered, the motion of the scaler is in its symmetric
plane, i.e. the oxy plane. In our computations we truncate the part that

Fig. 3. Schematic of the experimental setup for high-speed imaging to measure
the displacement oscillations at the free and truncated ends.
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does not deform as shown in Fig. 1a, b, where the deformation is pre-
scribed as a boundary condition. The time histories of the x- and y-
coordinates at the truncated end, xtr(t) and ytr(t), were provided from
the experiments. To reduce the random and measurement errors, the
average values of three experimental recorded displacements were used
for the calculation.

However, the averaged data for xtr(t) and ytr(t) are not smooth
(dotted black line), as shown in Fig. 4a, due to limitations in the
maximum frame rate of the high-speed camera used in this study
(900,000 fps). Our calculations showed that the non-smoothed de-
formation at the truncated end, xtr(t) and ytr(t), resulted in numerical
instabilities in the FEM calculations. To resolve this problem, the ex-
perimental data were fitted with the first- term of the Fourier series

+ +a a ωt b ωtcos( ) sin( )0 1 1 , as shown in the Fig. 4a (solid blue line),
with ω = 2πf, where f is the frequency. This is performed by using a fit
function, fit(Data1, Data1, ‘fourier1′) in MATLAB.

The time history of the displacement at the free end is denoted as
yfr(t), since the free end is approximately along the x-axis. Fig. 4b
compares the FEM simulation and the experimental data for the dis-
placement at the free end yfr(t). There is a large discrepancy between

the results for the first few cycles of oscillation, because the scaler tip
and fluid are initially at rest in the computation model but the ex-
perimental data were recorded after many cycles. After the first few
cycles, the free end displacement yfr(t) rapidly stabilizes and agrees well
with the experimental data. The simulation was executed for a period of
1000 μs in all cases throughout this study unless stated otherwise,
however only the first 500 μs is presented in Fig. 4 for clarity.

Fig. 5a displays the contours of the pressure in the fluid and the
scaler tip displacement along the y-axis (Dy) along the symmetric plane
(oxy) at a typical time t = 256 μs, for the case in Fig. 4. Fig. 5b shows
the corresponding experimental image of the cavitation zone near the
straight part of the vibrating scaler tip [18].

The comparison shows that the FEM and experimental results are
correlated in terms of the size and location of the cavitation zone as
well as the locations of the nodes. The simulated pressure contour
(Fig. 5a) shows the predicted areas of cavitation in black. This re-
presents areas where the pressure is 0 Pa, which is the threshold for
cavitation. The cavitation zone is close to the tip. This agrees with ex-
perimental results where high-speed imaging was used to image the
cavitation around the tip [18].

Fig. 4. Comparison between the FEM and the experimentally obtained displacements for ultrasonic dental scaler tip 10P vibrating in water: (a) experimental and
smoothed displacements at the truncated end of the scaler along y-axis ytr(t), (b) Displacement at the free end along the y-direction yfr(t). The first term of Fourier
series parameters in the calculations were frequency f = 30 kHz and a0 = 0 μm, a1 = 0 μm and b1 = 8 μm.
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The scaler tip displacement is maximum at the free end (red area)
and minimum at a location 4–6 mm away from the free end (high-
lighted by red rectangle) where there is no cavitation. There is a region
of cavitation near the free end which is ~3 mm long. This also agrees
with experimental results where Felver et al. [17] found that cavitation
occurred at the points of maximum tip vibration (antinodes) and no
cavitation happened at minimum tip vibration (nodes).

4. Parametric studies using the FEM model

The frequency of ultrasonic dental scalers is fixed in the range of
20–50 kHz [17]. The power of the instrument can be altered, which
leads to a change in the amplitude of oscillation. In this section, a
parametric study was carried out to investigate the effects of frequency
and amplitude on the cavitation occurring.

4.1. Effects of vibration frequency on cavitation

Reconsider the case in Fig. 4 but with various frequencies f = 22,
35, 40, 48 and 56 kHz. The volume of cavitation and the root mean
square (RMS) amplitude of the tip displacement at the free end are
shown in Figs. 6a and 6b, respectively. The total cavitation volume in
the whole flow field increases with the frequency. However, the cavi-
tation volume around the straight part of the tip increases with the
frequency before 30 kHz, then decreases reaching a minimum at
40 kHz. It then increases again at the free end above 40 kHz. To analyze
this trend, we calculated the natural frequency of the scaler vibrating

without surrounding liquid with fixing the truncated end using the
ABAQUS software, which is 34.7 kHz. Considering the added mass for
the scaler vibrating in water, its natural frequency should be decreased.

The RMS amplitude at the free end along the y-axis has a maximum
at 35 kHz (Fig. 6b) which could be due to the proximity to the natural
frequency. On the other hand, although RMS amplitude along y-axis at
56 kHz was smaller than the case at 30 kHz, the cavitation volume
almost tripled. This could be due to two-dimensional vibration at
56 kHz and unidirectional vibration at 30 kHz, since the RMS amplitude
along x-axis at 56 kHz was much larger than at 30 kHz. Note that the
vibration along the z-axis is not considered in this research as it is re-
latively small O(10−2–10−1) μm and it considered as numerical in-
stability.

Fig. 7 shows pressure field in the fluid along the symmetric plane
oxy at two different time instants at t = 240 and 670 μs for the case
f = 56 kHz. In this case the cavitation zone stretches away from the
scaler tip for about ~2–3 mm, unlike the case for f = 30 kHz where the
cavitation zone mainly attached to the scaler surface (see Fig. 5a). A
high pressure zone in the fluid reaching 56 MPa attached to the scaler
surface is noteworthy (Fig. 7 Grey color region).

4.2. Effects of vibration amplitude on cavitation

We then consider the effects of the amplitude of oscillation of the
scaler for the generation of cavitation. The case in Fig. 4 is re-calculated
with various amplitude of oscillation at the truncated end for 7, 9, 10,
and 11 μm, respectively. As shown in Fig. 8a, the cavitation volumes in

Fig. 5. (a) Contours of the fluid pressure and scaler tip displacement along y-axis (Dy) at the symmetric plane (oxy) at a typical time t = 256 μs for the case in Fig. 4.
The black region is considered as the cavitation zone due the pressure reduction to 0 Pa. (b) Experimental high-speed image of cavitation occurring around tip 10P.
The tip displacement and cavitation zones are in agreement with the experimental data. The white arrows indicate the point of least displacement. The cavitation
volume was calculated based on the summation of the volume of elements which had average pressure values of zero.

Fig. 6. (a) The volumes of the cavitation zones in the whole flow domain and around straight part of scaler tip, and (b) the RMS amplitude of the scaler tip at the free
end along x and y axis, versus the oscillation frequency of the scaler tip, for the case in Fig. 4.
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the whole flow field and around the straight part of the scaler tip in-
crease with the amplitude of oscillation, since the scaler oscillating at a
large amplitude generates a pressure field oscillating at a large ampli-
tude.

The RMS amplitude of oscillation at the free end along the x and y
directions increase linearly with the amplitude of oscillation of the
truncated end (Fig. 8b). This correlates with the recent study of Vyas
et al. [18] used high-speed imaging which concluded that cavitation
around ultrasonic scaler tip and amplitude at the free end increase at
higher power settings.

4.3. Effects of wave power on the cavitation

Under the linear approximation, the displacement of a ultrasonic
scaler tip can be expressed as a harmonic oscillation: Asin(ωt), where A
and ω are the amplitude and angular frequency. The average power pav
to the fluid from the scaler per unit area per cycle is estimated as

=p cρ ω A1
2av f

2 2
(18)

Table 1, shows the cases with the frequency increased and the
amplitude decreased to keep pav constant. Subject to the same oscilla-
tion power, the cavitation changes significantly with the frequency. The
cavitation volume in the whole fluid domain increases with the fre-
quency. However, the cavitation around the straight part of the scaler
tip increases with the frequency for f < 30 kHz and decreases after-
wards, reaching the maximum at f= 30 KHz. This trend is consistent to
the RMS amplitude at the free end. This is very close to the operation
frequency 29 kHz for the scaler.

5. Summary and conclusion

The vibro-acoustic behaviour of a dental ultrasonic scaler tip im-
mersed in water has been numerically modelled using a coupled
acoustic-structural finite element code. It is assumed that when the
pressure is below the cavitation threshold, the local liquid zone is un-
dergoing cavitation. The finite element predictions of the amplitude
oscillation at the free end and the cavitation zone around the scaler tip

were validated using the experimental data. The parametric studies
were performed to investigate the cavitation volume around the scaler
tip by changing the frequency and amplitude independently. Based on
the numerical results it can be concluded that:

1. As the oscillation frequency of scaler is fixed, the cavitation volume
generated increases with the oscillation amplitude.

2. As the amplitude fixed, the cavitation volume in the whole flow field
increases with the oscillation frequency, however, the cavitation
volume around the straight part of the scaler tip fluctuates with the
frequency and has minimum at f = 40 kHz.

3. Subject to the same oscillation power, the cavitation volume in the
whole fluid domain increases with the frequency. However, the
cavitation around the straight part of the scaler tip various sig-
nificantly with the frequency, reaching the maximum at f= 30 KHz.

The results show that modifying the ultrasonic scaler tip vibration
by altering the frequency and increasing the vibration amplitude of the
tip result in increased cavitation. This may result in increased efficiency
of bacterial biofilm removal from the tooth surfaces. In this regard, the
numerical model developed in this study can aid in further optimization
studies that allow the ultrasonic scaler to be used in a non-contact mode
using only the cavitation to clean and creating a novel method of dental

Fig. 7. The pressure counter along symmetric plane oxy at frequency 56 kHz at two different time instants t = 240 and 670 μs. The remaining parameters are the
same as in Fig. 4.

Fig. 8. (a) Cavitation volumes in the whole flow field and around only straight part of the scaler tip, and (b) The RMS amplitude at the free end along × and y
directions, versus the amplitude of oscillating of the scaler, for the case in Fig. 4.

Table 1
Cavitation volume in the whole fluid domain and around only the straight part
of the scaler tip, and RMS amplitude of the free end at different frequency and
amplitude with the average power pavpav* kept constant. The remaining para-
meters are the same as in Fig. 4.

f (kHz) A (μm) Vol. Cav. (mm3) x103 RMS amplitude at free end (μm)

Fluid field Around straight
part

y-axis x-axis

25 9.60 1.51 0.38 63 3
30 8.00 6.37 3.09 79 2
35 6.83 8.89 2.49 76 5
44 5.44 9.26 0.26 43 5
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implant maintenance.
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