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1
Introduction ∗

Whereas before the 17th century a tooth simply would be extracted in the case of pain, tremendous

advantage has been made since then to preserve teeth rather than extracting them. A root canal treatment

is a tool that has been proven to be successful in preserving a tooth, nowadays making use of advanced

equipment and techniques that should make the trip to the dentist as pleasant and brief as possible.

Nevertheless, to many, root canal treatments are synonymous with pain, even though the treatment

relieves rather than causes pain. (The author has to note here an absence of experience as a patient.) In

this thesis I will try to show that, at least from a fluid dynamics researcher’s point-of-view, root canal

treatments can actually be very interesting. The role of fluid dynamics in root canal treatments may not

be apparent at first, but in this thesis it will be shown that it plays a crucial role for successful treatment

of a tooth.

This introduction will cover the basics of root canal treatments, in order to familiarize the reader with

the dental aspects of this thesis. The chapter will cover the root canal geometry and its treatment at the

dentist, including common antimicrobial fluids, irrigation techniques and biofilms.

∗This chapter is partly based on the book chapter: “Root canal irrigation”, L.W.M. van der Sluis,
M. Versluis, C. Boutsioukis, B. Verhaagen, L.-M. Jiang and R. Macedo. In: The root canal biofilm, L.
Chávez de Paz, A. Kishen and C. Sedgley, Springer Series on Biofilms, Springer, to be published

1



2 CHAPTER 1. INTRODUCTION

1.1 Endodontics

1.1.1 Tooth anatomy

A tooth can roughly be divided into crown and root(s); the latter can number from
1 (incisors) to 3 or more (molars). The roots contain a hollow space called the root
canal, which is filled with pulp tissue (nerves, undifferentiated cells, connective tis-
sue and blood vessels) that supply the tooth with nutrients [1]. The root canal system
is geometrically very complex, as the root canal can be curved and have side canals,
apical ramifications and isthmuses [2]. Figure 1.1a shows an example of a clinically
encountered root canal geometry. The wall of the root canal is furthermore made of
dentin and is a porous structure, as it contains microchannels (tubules) with a diame-
ter of 0.5 to 3.2 µm with a density of 103−104 tubules/mm2 [3]. More details on the
complex geometry of root canals can be found in Chapter 14.

In this thesis, the root canal system has been simplified to a straight, unbranched
frustum of a cone (Figure 1.1b), in order to have a standardized root canal model
that allows for understanding the influence of the geometry on a flow inside the root
canal.

1.1.2 Pulpitis and apical periodontitis

The pulp tissue inside the root canal can become infected (pulpitis) with bacteria or
their products when the pulp is exposed, for example due to caries or dental trauma

Figure 1.1: sketches of a root canal geometry as could be encountered clinically (a) and the
simplified model as used in this thesis (b), with dimensions and optional side canal indicated.
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or when the tubules are exposed to air. This infection inside the root canal can trigger
an inflammatory reaction and can spread to the tip (apex) of the root canal, where it
can cause an inflammation of the periapical tissue surrounding the apex (apical peri-
odontitis) [1]. The body’s immune system can attack this infection, but not its source
inside the tooth because the blood circulation has been cut off. The inflammation is
therefore sustained and causes major discomfort (pain) to the patient. Furthermore,
over time it can cause major damage to the tissue and the bone (bone resorption)
around the tooth. Beside the oral health, apical periodontitis is also suspected to
affect the overall health of a patient [4].

1.1.3 Endodontic treatment

As the body’s immune system is unable to attack the source of the inflammation
inside the root canal, a root canal or endodontic treatment is necessary. The goal of
a root canal treatment is to remove the source of the inflammation and to prevent a
reinfection. Broadly speaking, the treatment consists of fours steps, outlined below.
[5]

Diagnosis

The presence of apical periodontitis can be diagnosed using clinical tests (e.g. sensi-
tivity to heat/cold) and an X-ray photograph (Figure 1.2); the lesion will show up as
a dark region surrounding the apex of the tooth.

Access cavity and canal instrumentation

A cavity needs to be created in the crown of the tooth, in order to gain access to the
root canals. Pulp tissue remnants are then removed from the pulp chamber, before
the entrance to the root canals can be found. The length and curvature of the root
canal is probed with very thin hand files.

Using miniature files, the root canals are roughly cleaned and shaped. However, a
smear layer is created on the root canal wall during this procedure, which is a mixture
of microbes, dentin debris and organic material, and should be removed during the
treatment.

Canal disinfection

Disinfection, the subject of this thesis, is arguably the most important step of a root
canal treatment, as it has a major impact on the likeliness of a reinflammation. Disin-
fection is performed by irrigation, which can be defined as the procedure to introduce
a liquid or irrigant in the root canal system before, during and after instrumentation of
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the root canal. The aims of this procedure are the chemical dissolution and mechan-
ical detachment of pulp tissue, dentin debris and smear layer and bacteria and their
products (hereafter named biomaterial) from the root canal wall and their removal
out of the root canal system.

The objectives of irrigation, with respect to the flow of irrigant, are:

• to create a flow of the irrigant in the entire root canal system and subsequently
to the canal orifice, in order to bring the irrigant in close contact with the bioma-
terial, carry away the biomaterial and provide lubrication for the instruments,

• to ensure adequate (re)placement and mixing of the irrigant, in order to main-
tain a high concentration of irrigant and compensate for its rapid inactivation,

• to apply force on the root canal wall (wall shear stress), in order to detach/disrupt
the biomaterial, and

• to restrict the flow within the constraints of the root canal and prevent irrigant
extrusion towards the periapical tissues.

During the irrigation procedure (called syringe or needle irrigation), two phases
can be distinguished: the flow phase, during which the irrigant is delivered and flows
in and out of the root canal, and a rest phase, during which the irrigant is at rest in the
root canal. Irrigant activation systems can introduce an additional activation phase,

Figure 1.2: X-ray of the full mouth (orthopantomogram) of the author, fortunately showing
no lesion at the tooth apices. Image courtesy of P. Verbeek.
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during which the irrigant is agitated. The flow phase and the activation phase influ-
ence the chemical activity through convection and diffusion of the irrigant. During
the rest phase, the chemical activity will probably mostly occur through diffusion,
which is typically slow.

There are many techniques for irrigation on the market, including combinations
of needle irrigation for delivery of the irrigant in the root canal and various ways to
agitate the irrigant. Four of those systems are studied in this thesis and will be intro-
duced below; explanatory sketches can be found in Figure 1.3.

Needle Irrigation Throughout a root canal treatment fresh irrigant is delivered
frequently with a needle positioned in the apical third of the root canal, close to work-
ing length (Figure 1.3a). A dentist can exert a pressure of a few bar on the barrel of
the syringe to which the needle is attached, resulting in flow rates of the order of 0.1
mL/s [6]. In combination with a 30G needle this results in a velocity of the order of
10 m/s and corresponding Reynolds number† of the order of 103. The flow pattern
depends primarily on the type of needle used, while flow rate, needle insertion depth,
precise horizontal positioning (lateral displacements from the central axis of the root
canal), root canal size and taper have a limited influence [7–10].

Conventional irrigation with a syringe and needle remains widely accepted [11].
However, motivation to improve irrigation efficacy and safety led to the development
other systems [12–15], three of which are described below. A non-instrumentation
technique would be the ideal irrigation technique, preventing the instrumentation of
the root canal with its related disadvantages [14]. Unfortunately, such a system is not
yet available.

Ultrasonic irrigation Ultrasound has a wide-spread use in science and indus-
try. A well-known application is fetal and cardiac imaging (‘echo’) [16], possibly
enhanced by microbubbles [17, 18] delivering drugs [19], but ultrasound can also be
used for modification of materials (e.g., cutting and welding of plastics, breaking of
kidney stones) [20], chemical synthesis (sonochemistry) [20, 21] and bubble sorting
[22], to name just a few. Ultrasound is also known to enhance healing of, among
others, bone, dental pulp and dentin [23], and can penetrate the dental hard tissue
[24], opening up possibilities for ultrasonic imaging of the root canal.

A large part of this thesis deals with the use of ultrasound for cleaning, or ultra-
sonic cleaning. A common application of ultrasonic cleaning is the ultrasound bath,
in which lab equipment and jewelry can be cleaned [20]. In dentistry, ultrasound
was introduced by Richman in 1957 [25] and is nowadays used frequently for clean-

†Reynolds number Re = ρUD/µ = ratio of inertial to viscous contributions, and is often used to
characterize a flow. U is velocity, D a typical length and ρ and µ the density and viscosity of the liquid.
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ing of the tooth’ outer surface by scalers [26, 27]. For cleaning of the inside of the
tooth during endodontic irrigation, ultrasound is applied through a miniature file that
is driven at ultrasonic frequencies (see Part II of this thesis), similar to the work by
Williams and Nyborg, who used a thin, oscillating capillary or tungsten wire [28, 29]
to remove biomaterial from a surface. Initially, these files were used for instrumen-
tation of the root canal and were supposed to make contact with the root canal walls.
In 1980 Weller et al. [12] proposed to avoid contact with the wall and use the in-
duced streaming to clean the root canal, thereby introducing the technique Passive
Ultrasonic Irrigation (see Figure 1.3b; more details can be found in a recent review
by Van der Sluis et al. [30]).

Nowadays there are several commercial ultrasonic irrigation devices on the mar-
ket (a.o. by EMS, Nyon, Switzerland; and Satelec Acteon, Merignac, France), that
allow for variation of the size and type of the files and the driving power. Irrigant is
supplied intermittently before ultrasonic activation, or during activation through the
hand piece to the corona of the tooth, or, in some of the latest systems, through the file
(or needle) (VPro Streamclean, Vista Dental, Racine, WI, USA; Vibringe, Vibringe
B.V., Amsterdam, The Netherlands [sonic frequencies]).

During the high-amplitude oscillation of the file during ultrasonic irrigation, cav-
itation may be induced. Cavitation is defined as the growth and collapse of bubbles
within a liquid [31–33]. Cavitation on or very close to endodontic files has been ob-
served in a number of studies [34–37], but its contribution to cleaning in endodontics
is not yet clear [34]. Earlier studies have ruled out cavitation as a significant contribu-
tion to root canal cleaning [34, 35]. However, recent articles with newer ultrasound
systems show otherwise [38].

In order to create a vapor bubble, the stress within the liquid has to be larger than
the tensile strength of the liquid, which is of the order of 107 Pa for pure water [39].
However, in non-pure water (tap water, distilled water), there are often tiny pockets
(nucleı̈) with entrapped gas on surfaces of walls or particles [40], from which it is
much easier to grow bubbles (a process called heterogeneous cavitation), as only the
vapor pressure of 103 Pa has to be overcome. The typical velocity u necessary to
generate this pressure ∆P in a liquid of density ρ can be estimated from the Bernoulli
relation:

∆P =
1
2

ρu2. (1.1)

In water, the velocity threshold is around 15 m/s.
Bubbles grow during the negative phase of a pressure wave, and collapse when

the pressure becomes positive. Near a solid hard wall, bubbles tend to collapse in the
direction of the wall. Alternatively, during bubble collapse next to a soft wall (like
a biofilm covering a wall), the soft material might be pulled from the wall toward
the bubble [41]. High-velocity jets (hundreds of meter per second) and shock waves
are reported to accompany the bubble collapse [31, 42]. The bubble collapse can
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also trigger a couple of consecutive bubble growths and collapses, until it is damped
out. The violent bubble collapse is called transient cavitation and is associated with
surface erosion [43, 44], surface cleaning [20, 45] and other mechanical effects of
ultrasonic cleaning. Severe cavitation damage to ship propellors was in fact the phe-
nomenon that led Lord Rayleigh to start investigating bubble dynamics [46].

Bubbles don’t necessarily need to collapse. Gas-filled bubbles may be stable for
a relatively long time and oscillate together with the oscillating pressure field in-
duced by the oscillating file. This stable cavitation can enhance the streaming and
consequently the cleaning locally, through unsteady oscillations of the bubble shape
[31, 47]. Assistance in cleaning by a stable cavitation bubble was described already
in 1958 by Jackson & Nyborg [48].

Sonic irrigation There are also commercial devices for sonic activation, which
make use of lower driving frequencies (in the audible range, below 20 kHz). One
such system, the EndoActivator (Advanced Endodontics, Santa Barbara, CA, USA),
is discussed in Chapter 9.

Laser-activated irrigation Another technique, relying primarily on cavitation, is
Laser-Activated Irrigation (LAI), which employs laser energy to agitate the irrigant.
These lasers are typically of the type Er:YAG or Er,Cr:YSGG, with a wavelength
in the infrared region (2796-2940 nm) which is absorbed well in water [49]. The
dynamics of LAI have been studied using high-speed imaging ([50] and Chapter
13) showing the generation and implosion of a large vapor bubble at the tip of the
file (Figure 1.3c), generated by the absorption of laser energy and fast heating of
the irrigant. Laser-activated irrigation is a passive technique, not relying on direct
ablation of the biomaterial.

Obturation

The final step of a root canal treatment is filling or obturation. Typically, Gutta-
Percha is used as filling material, which is melted and compacted into the root canal
space (figure 1.4). In order to adhere well to the root canal wall, a sealer is applied
beforehand.

Occasionally, in the case of a two-appointment visit, the root canal is first filled
with an antimicrobial paster for the time between the two visits and which is removed
at the second visit when the final filling takes place.

Outcome of the treatment

Even though root canal treatments are a routine procedure for dentists, it has been
proven difficult (if not impossible) to clean the root canal system completely with the
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Figure 1.4: an X-
ray image of a tooth
with two canals that
have been obturated
(by the author)

conventional cleaning techniques. In The Netherlands, where each day ca. 2000 root
canal treatments are performed, an estimated total of 40% of the treatments are un-
successful [51] and a reinflammation can occur within a few weeks, months or years.
This demonstrates the need for a better understanding of the cleaning mechanisms of
the various irrigation systems and their chemical and mechanical interaction with the
biomaterial that needs to be removed from the root canal system.

1.2 Irrigants

The ideal irrigant for root canal irrigation should [52]:

• have a broad antimicrobial spectrum and high efficacy against bacteria orga-
nized in biofilms,

• dissolve pulp tissue remnants,

• inactivate endotoxins,

• prevent the formation of a smear layer during instrumentation or dissolve it
once it has formed, and

• be biocompatible (i.e., non-toxic, cause no allergy, etc.).

The most frequently used irrigants are NaOCl, EDTA and CHX [11]. Sodium
hypochlorite (NaOCl, or simply bleach), used in concentrations of 0.5-10%, has the
highest antimicrobial effectiveness and tissue dissolving capabilities [53]. However,
NaOCl can also cause major tissue damage and severe pain when it is extruded to
the periapical tissue surrounding the tooth [54]. Ethylenediaminetetraacetic acid
(EDTA) is frequently used to remove the smear layer from the root canal wall, but its
antimicrobial potential appears to be limited [55]. Chlorhexidine (CHX) does have
antimicrobial potential, but has no tissue dissolving capacity.

The chemical effect of these irrigants will be significantly influenced by its con-
centration, the contact surface between the substrate and the irrigant, exposure time,
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Density Surface tension Viscosity
[kg/m3] [mN/m] [mPas]

Demi-water 1.010 ± 0.002 72.9 ± 0.0 1.14 ± 0.03
NaOCl 2.5% 1.065 ± 0.002 74.3 ± 0.1 1.37 ± 0.03
NaOCl 5% 1.105 ± 0.002 76.6 ± 0.0 1.65 ± 0.03
NaOCl 10% 1.229 ± 0.002 80.0 ± 0.0 2.58 ± 0.03
Carbonated water 1.000 ± 0.002 73.5 ± 0.0 1.02 ± 0.03
(Spa Barisart)

Table 1.1: Fluidic properties of distilled water, carbonated water and various concentrations
of NaOCl, all at 21◦C

type of reactant, pH, temperature, interaction with other chemicals, and volume
[52, 56]. The contact surface between the biomaterial and the irrigant is important
in endodontics because the ratio volume of irrigant to contact surface is quite small
for a human root canal (typical volume of 10 µL, typical surface area of 50 mm2).
As described above, the typical anatomical structure of the root canal system con-
tains many areas which are difficult to reach, limiting convection and diffusion of the
irrigant.

The flow of irrigant is affected by its physical properties, mainly density, viscos-
ity and surface tension. The fluidic properties of NaOCl have been measured and
compared to those of water [57]. The results can be found in Table 1.1, showing that
the properties of NaOCl are very similar to those of water; the influence on Passive
Ultrasonic Irrigation has been reported in the article by Van der Sluis et al. [57].

1.2.1 Mixing

The irrigant is consumed during its reaction with biomaterial and therefore needs to
be mixed with fresh irrigant [58]. During an endodontic treatment the root canal is
flushed with fresh irrigant regularly. Mixing is further enhanced by the activation
systems, which can be considered active micromixers, employing both convection
and diffusion for mixing [59]. In microfluidics, mixing in the microchannels is typ-
ically slow because turbulence is very hard to achieve [60]. Mixing can take place
nonetheless through ‘chaotic convection’, which folds and stretches the interface be-
tween fresh and consumed irrigant; the interfacial area increases then exponentially
[61].

Flows with convection and diffusion are often characterized with the non-dimensional
Péclet number Pe, which is the ratio of convection (local velocity U , typical length
scale L) over diffusion (diffusion coefficient D):

Pe =
UL
D

(1.2)
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However, for reacting flows like the irrigant inside the root canal, the typical reaction
time τ should also be taken into account. Therefore we define a non-dimensional
number, the Damköhler number Da, which is defined as the ratio of typical irrigant
transport time to reaction time. The transport time can be determined from the local
flow velocity U and vorticity Ω scaled with a typical length L. For areas with low
velocity, diffusion (with coefficient D) may also play a role.

The Damköhler number is then given by

Da =

L
(U+ΩL+D

L )

τ
(1.3)

At a Damköhler number Da ≤ 1, the mixing is optimal, meaning that the consumed
irrigant is replaced in time by fresh irrigant. At Da > 1 however, the reaction is
slowed down because of a lack of fresh irrigant. The velocity and vorticity of the
irrigant can both be obtained from experiment; the diffusion coefficient depends on
the irrigant used. The reaction time τ depends on the irrigant and the biomaterial,
but is generally not known. Studies on the half-time of the amount of active chlorine
reacting with proteins or a dental biofilm report time scales of the order of one minute
[53, 62, 63]; on a smaller scale of O(100 µm) we estimate here a reaction time τ = 10
seconds.

1.3 Biofilms

1.3.1 Composition

The bacteria that cause apical periodontitis are typically not in planktonic state, but
agglomerate in a structure called biofilm. The bacteria produce an extracellular poly-
meric matrix (EPS) to protect themselves against mechanical attacks. Only approx.

Figure 1.5: 3D ultrasound scan of an S. mutans biofilm. The width of the scanned section
is 1 mm; the biofilm structures protrude up to 100 µm. Image courtesy of dr. L-M Jiang
(ACTA).
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4% of the biofilm consists of the bacteria themselves. Small channels run throughout
the biofilm in order to supply the bacteria with nutrients [64].

A number of articles have shown that biofilms are stratified, having typically two
to three layers of different composition and mechanical properties [65]. The outer-
most layer is quite soft and easy to remove and consists of many different species,
whereas the layer closest to the wall is hard and difficult to remove (the shear stress
necessary for its removal can be two orders of magnitude higher than that of the
outermost layer) and consists of a few dominant, aged bacterial species.

The composition of biofilms varies widely from patient to patient and even from
tooth to tooth [66], with as many as 400 different species detected within one root
canal, one specie being more abundant than others [67]. There are only a few bacte-
rial types that have been observed frequently, being Streptococcus mutans and Ente-
rococcus faecalis. However, those types cannot be directly related to the occurrence
of apical periodontitis, and other bacterial types may be present equally frequent
but may be more difficult to culture. Because of the varying compositions between
biofilms, it is also very difficult to define a ‘standard biofilm’, to be cultured in the
lab, and consequently not much is known about their mechanical properties and at-
tachment strength to the dentinal wall. A dual-species biofilm of S. mutans and E.
faecalis has been cultured at the Academic Center for Dentistry in Amsterdam to
study biofilm removal by irrigation techniques, because they have shown to be rela-
tively easy to culture and attach well to substrates.

1.3.2 Viscoelastic properties

The biofilm is a viscoelastic material, showing both elastic and viscous behavior
when a stress is applied. Its viscoelastic properties are determined by the composition
of the EPS-matrix. The specific constitution of EPS strongly depends on the type of
microbial species and, moreover, on environmental conditions during growth such as
nutrition [64]. For example, metal ions like Ca2+ can be incorporated in the EPS,
causing cross-links of the negative binding sides of polysaccharides and reinforcing
the matrix [68].

Compression experiments [69] revealed that a biofilm in response to pressure can
go through a phase of elastic behavior until a breakpoint (yield strength) is reached,
after which the biofilm behaves as a viscous fluid [70]. In the elastic regime of
viscoelastic materials, they absorb stress energy through deformation, and transient
stress events might be resisted by reversible transformation. During higher stress (in-
duced, for example, by steady flow from a needle) viscoelastic materials will flow,
which is just one of the survival strategies of biofilms under mechanical attack.



1.3. BIOFILMS 13

Figure 1.6: Mechanisms for removal of a biofilm from a substrate, encompassing chemical
(dissolution and mixing) and mechanical (shear stress and cavitation) effects.

1.3.3 Removal mechanisms

At even higher stresses, the response of the biofilm can be non-linear, leading to
plastic deformation (cohesive failure) at very high stresses, when the stress exerted
onto the biofilm is larger than the local tensile strength [64]. From a 3D numerical
study on the effect of fluid flow on a biofilm, it was concluded that for high matrix
stability, only exposed structures at the surface of the biofilm are detached. Low
matrix stabilities might lead to the detachment of large portions from the top of the
biofilm. This detachment of portions of a biofilm is a process called sloughing [71]. A
smooth basal biofilm surface structure has been observed to remain after detachment
[72], demonstrating the stratification of the biofilm. This basal layer can detach when
the exerted stress exceeds the attachment strength of the biofilm to the substrate [64].

Chemically, the irrigant has to penetrate the EPS matrix before it can affect the
bacteria inside. Disruption or poration of this matrix is imperative to induce an an-
timicrobial effect. Irrigants like NaOCl or chelators have the possibility to affect,
disrupt or penetrate the EPS [73]. Mass transfer into a biofilm occurs through both
convection and diffusion processes [74] and can be characterized with the surface-
averaged relative effective diffusion coefficient (Drs). The Drs profiles decrease from
the top of the biofilm toward the bottom, and differ for biofilms of different ages.
Different biofilms show similar Drs profiles near the top of the biofilm, but different
profiles near the bottom of the various biofilms [75], demonstrating the stratification
of the biofilm.
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Biofilms can also decide on their own the detach, in order to reattach and grow
at another location. The biofilm is induced to do so when the local conditions are
unfavorable, for example due to overcrowding in the center of the biofilm or changing
environmental conditions. A disturbance of the biofilm or its environment might
therefore be enough already to have the biofilm detach by itself. [64]

It has been pointed out that the fight against bacteria is a fight which can only be
won for a short period of time [64]. Biofilms have been around for around 3.5 billion
years and have invented many strategies to overcome chemical and mechanical at-
tacks. A biofilm may be removed locally, but planktonic bacteria and parts of biofilm
detached elsewhere will cause a regrowth. Any system, especially one geometrically
as complex as a root canal system, will never be completely sterile. Root canal clean-
ing strategies should therefore be based on reducing the number of bacteria as much
as possible and sealing off the remaining bacteria, to shield them from nutrients and
prevent them from regrowing.

1.4 Aim of this thesis

Summarizing this introduction, a biofilm inside the root canal causes major dental
problems, but its removal is challenging, due to the complexity of the root canal
system and the defense strategies of biofilms. Root canal disinfection strategies are
typically a combination of chemical and (fluid) mechanical effects, however the exact
cleaning mechanisms are not yet fully known. This thesis therefore addresses the
dynamics of irrigant flow inside the confinement of the root canal and the interaction
of the flow with biomaterial, giving insight into the working mechanisms of various
activation systems and the mixing of irrigant and shear stresses induced. This project
is a collaboration between the Physics of Fluids group at the University of Twente
and the Academic Center for Dentistry in Amsterdam, combining knowledge and
expertise from both fluid physics and dentistry.

1.5 Guide through the chapters

This thesis is divided into four parts, each covering a different aspect of root canal
irrigation.

Part I describes the flow from a needle during needle irrigation inside a root
canal. High-speed experimental investigations (chapter 2) have given some insight
into the role of the confinement on the flow inside a root canal. The experimentally
obtained results have also ben used to validate a numerical model of needle irrigation
(chapter 3), which has been used subsequently to study the influence of clinically
important parameters like needle type [7], needle insertion depth [10] and root canal
size [9] and taper [8], as published elsewhere.
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Part II focuses on Passive Ultrasonic Irrigation, starting with the oscillation char-
acteristics of endodontic files (chapter 4) and an evaluation in a clinical setting of
the likeliness and implications of touching the root canal wall (chapter 5). The os-
cillation characteristics are then coupled to a two-dimensional theoretical description
of the induced acoustic streaming, validated with experiments and numerical sim-
ulations (chapter 6). The cleaning efficacy of the induced flow is evaluated in an
extracted tooth model, focusing on the direction of oscillation of the file (chapter 7),
the oscillation intensity (chapter 8), sonic frequencies (chapter 9), pulsed activation
(chapter 10) and the area beyond the tip of the file (chapter 11), all supported by
high-speed visualizations. Finally, sonochemical measurements and visualizations of
cavitation occurring during Passive Ultrasonic Irrigation are reported (chapter 12).

In Part III cavitation is generated by a laser in Laser Activated Irrigation, of
which the cleaning efficacy is evaluated and visualized with high-speed imaging
(chapter 12).

Finally, in Part IV, the cleaning mechanisms of needle irrigation and Passive
Ultrasonic Irrigation are investigated. The penetration of irrigant into side canals, and
specifically tubules, through diffusion and convection is evaluated using a combined
theoretical, numerical and experimental approach (chapter 14). The removal of a
biofilm from a substrate is evaluated by mimicking the viscoelastic behavior of a
biofilm with a hydrogel, whose behavior under an external flow is evaluated visually
(chapter 15). Finally, with a novel system employing cavitation from micromachined
pits, the removal of biofilm, hydrogel, cells and even deposited metals like gold and
platinum due to cavitation is demonstrated (chapter 16).

This thesis will end in Part V with a discussion of the obtained results and in-
sights of the various irrigation techniques and their cleaning mechanisms and efficacy,
followed by an outlook for future work (chapter 17).
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[18] C. Chlon, C. Guédon, B. Verhaagen, W. T. Shi, C. S. Hall, J. Lub, and M. R. Böhmer, “Effect of
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Needle irrigation
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2
Role of the confinement of a root canal on jet

impingement during endodontic irrigation ∗

Abstract: Irrigation of a root canal with two different types of needles can be modeled as an imping-

ing axisymmetric or non-axisymmetric jet. These jets are investigated experimentally with high-speed

Particle Imaging Velocimetry, inside and outside the confinement (concave surface) of a root canal,

and compared to theoretical predictions for these jets. The efficacy of irrigation fluid refreshment with

respect to the typical reaction time of the antimicrobial fluid with a biofilm is characterized with a non-

dimensional Damköhler number. The pressure that these jets induce on a wall or at the apex of the

root canal is also measured. The axisymmetric jet is found to be stable and its velocity agrees with

the theoretical prediction for this type of jet, however, a confinement causes instabilities to the jet. The

confinement of the root canal has a pronounced influence on the flow, for both the axisymmetric and

non-axisymmetric jet, by reducing the velocities by one order of magnitude and increasing the pressure

at the apex. The non-axisymmetric jet inside the confinement shows a cascade of eddies with decreasing

velocities, which at the apex does not provide adequate irrigation fluid refreshment.

∗Published as: B. Verhaagen, C. Boutsioukis, G.L. Heijnen, L.W.M. van der Sluis and M. Versluis,
“Role of the confinement of a root canal on jet impingement during endodontic irrigation”, Experiments
in Fluids, accepted
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2.1 Introduction

A root canal treatment is a dental therapeutic procedure, which is necessary when
bacteria cause an inflammation of the bone around the tip of the tooth. During a
treatment, the root canal is irrigated and disinfected with an antibacterial solution
(the ‘irrigant’) using a syringe and a needle [1]. This irrigant needs to be refreshed
frequently for optimal reaction with the bacteria. However, the flow created by a
syringe and needle has been shown to be marginally effective in entirely cleaning
the root canal systemy [2], due to the flow of irrigant not being able to penetrate
deeply into the remote areas (side canals, isthmuses, apical delta) of the geometrically
complex root canal system [3, 4]. It is therefore of interest to study the fluid flow
and resulting dynamics of the irrigation technique, to understand irrigant refreshment
mechanisms and to improve the success rate of a root canal treatment.

Previous studies on the flow behavior of root canal irrigation typically evaluated
the effect post-treatment, because the root canal wall is opaque and the root has to
be disassembled for evaluation [4–6]. Other studies have used transparent, artificial
roots, but those have their limitations, mainly in mimicking the root canal geometry
accurately [5, 7]. Furthermore, the sub-millimeter dimensions of the root canal in
combination with velocities of the order of 1 m/s require high-speed equipment to
capture the full details of the flow at the microsecond time scale.

Recently, Computational Fluid Dynamics (CFD) was introduced [8–10] to simu-
late the real-time flow of irrigant from different types of needles inside a root canal.
The simulations showed that the needle types that are typically used in endodontics
can be divided into two categories, based on the flow pattern that they create [11].
On the one hand, there is the beveled, notched and flat-ended needle, which have an
open end and create an axisymmetric jet aimed at the apex, at which point the flow
has to return coronally between the needle and the root canal wall. The side-vented
and double-side-vented needles, on the other hand, have a closed end and an opening
on one or two sides, and create a non-axisymmetric jet that flows around the tip of
the needle, driving a cascade of eddies towards the apex. Which one is more suitable
for irrigation is not known at present.

A high pressure can cause extrusion of the irrigant into the periapical tissue [12].
Therefore it is important to know the pressure that develops at the apex. The influence
of the confinement on the pressure developed for a confined jet appears to be unex-
plored yet in literature; also, the pressure at the apex of a root canal has never been
measured or calculated before, except in the above mentioned CFD studies. How-
ever, it is also not known what the maximum allowed pressure is before extrusion of
the irrigant to the surrounding tissue occurs.

Here we model irrigation with a needle in a root canal as an axisymmetric or non-
axisymmetric microjet into a concave surface. It is a simplification of the complex
geometry of real root canals [13] but should give us more insight into the effect of a



2.1. INTRODUCTION 25

concave surface or confinement on the flow. Cornaro et al. [14] have done experi-
ments of a jet of air in air onto concave and convex surfaces, for various jet-to-surface
spacings and surface curvatures. Their results show that the flow that returns from
the concave surface can influence the incoming jet, causing instabilities of the jet be-
yond a distance of one jet diameter from the surface. In the present case of a jet in a
root canal, the surface curvature is high (needle diameter / concave surface diameter
ratio of 1 typically), therefore strong instabilities of the jet are expected. On the other
hand, Gau et al. [15] have shown recently that free microjets are typically more stable
than their large-scale counterparts, because the frequency of the instabilities that lead
to jet breakdown is too high for the flow to sustain. In the present study we have a
combination of both, the irrigation with a needle being modeled as a microjet inside
a concave surface.

The aims of this study are to investigate experimentally both mixing and apical
pressure inside a simple root canal geometry, based on the CFD model by Boutsioukis
et al. [8]. The mixing is determined by measuring the velocities in axisymmetric and
non- axisymmetric jets, at different jet Reynolds numbers and distances between the
needle tip and the root canal apex, using high-speed Particle Imaging Velocimetry.
Using these velocities, the mixing rate is evaluated by comparing them to reaction
times between irrigant and bacteria or biofilm, as obtained from literature. The pres-
sure induced at the apex of the root canal is measured with a miniature pressure sen-
sor; both the velocities and the pressures will then be validated with theoretical and
numerical predictions. The influence of the confinement on the flow and the pressure
is investigated by comparing the velocities and pressures developed by these jets in
impingment on a plate and inside the confinement of a simple root canal model.

2.1.1 Theoretical description of the flow

Liquid jets have been studied in literature in great detail [16–19]; we will repeat the
main results here for validation of our experimental results.

Impinging axisymmetric jet

The flow from an open-ended needle towards a wall can be described by an impinging
axisymmetric jet, which is a combination of a free jet and a stagnation flow (figure
2.1) [19]; the radial outflow along the wall is described by the wall jet [17]. Gravity
is neglected. The analytical solution for a three-dimensional, axisymmetric laminar
free jet is given by Schlichting & Gersten [16] using a boundary layer approach. Here
we repeat the final results for the velocity field v(y,r = 0) along the center axis and
the width b(y) (full width at half maximum) of the jet [20]:

v(y)
v0

= 0.0938Re
2R
y

(2.1)
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b(y) =
4.67
Re

y (2.2)

where v0 = Q/(πR2) is the average velocity of the flow (with flow rate Q) at the
needle orifice of diameter R. The typical jet Reynolds number Re = (v02R)/ν (with
ν the dynamic viscosity of the fluid) for endodontic needles and flow rates [21] is of
order 103.

Equation 2.1 suggests that the axial velocity in the center of the jet decreases with
increasing distance from the jet, due to the divergence of the axisymmetric jet.

The presence of a wall changes the flow significantly within a distance of typ-
ically dstag = 0.2R from the wall, although the presence of a wall is also known to
affect the free jet velocities [19] at distances larger than dstag. The impingement area
bounded by dstag can be described with stagnation flow, of which the velocity po-
tential φ is directly related to the inflow velocity from the free jet. The stagnation
pressure can be obtained from the Bernoulli pressure relation [22]

p+u2 + v2 = f (φ) (2.3)

which implies that the total pressure is conserved on stream surfaces. The stagnation
pressure should therefore scale as P∼ v2.

Impinging non-axisymmetric jet

In the case of a side-vented needle, the flow leaves the needle obliquely at an angle
θ . Due to symmetry-breaking, the flow can be characterized as a non-axisymmetric
jet (figure 2.1). Taylor [23] discussed the case of an oblique impact of a jet onto
a surface and suggested that, for a two-dimensional jet with oblique angle θ with
respect to the surface, the flow would split in a backward and forward component
upon impact, with fractions of cos2 1

2 θ and sin2 1
2 θ , respectively.

Non-dimensional mixing-reaction parameter

The induced flow causes mixing of fresh irrigant with irrigant that has been consumed
during its reaction with bacteria. The efficacy of this mixing of irrigant with respect
to the reaction rate of the irrigant with bacteria (agglomerated in a biofilm) on the
root canal wall can be characterized with the Damköhler number, which is defined as

Da =
typical transport time

reaction time
(2.4)

The transport time can be determined from the local velocity u together with a typ-
ical length scale L. However, also the vorticity Ω should be taken into account, in
combination with the velocity (e.g., when the velocity is zero, the contribution of
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Figure 2.1: Schematic overview of the problem of an impinging axisymmetric and non-
axisymmetric (inset) jet.

the vorticity should also be zero, as it would give no refreshment of irrigant). The
Damköhler number with vorticity included is defined here as:

Da =
L

τ (u+ΩL)
(2.5)

Da should be around unity (or less) for optimal reaction versus refreshment. The
reaction time τ of NaOCl (a commonly used irrigant) with endodontic biofilms (ag-
gregations of bacteria) is, however, not exactly known. Studies on the half-time of
the amount of active chlorine reacting with milliliter volumes of proteins, tissue or
a dental biofilm report time scales of the order of one minute [24–26]; on a smaller
scale (O(100 µm), typical length scale of velocity gradients and biofilm heights) we
assume here a reaction time τ = 10 seconds.
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Flow rate (mL/min) 1.2 4.0 8.4 12.0 15.6
Corresponding Reynolds number 127 424 891 1273 1655

Distance d from jet orifice to plate/apex (mm) 0.2 1.0 2.0 3.0 4.0 5.0
Corresponding normalized distance (jet diameter D) 1D 5D 10D 15D 20D 25D

Table 2.1: Experimental parameters: flow rates and distances between needle orifice and
apex or plate.

2.2 Experimental setup

2.2.1 Visualization setup

The flow from an open-ended needle (NaviTip 30G, Ultradent Products Inc., South
Jordan, UT, USA) or a side-vented needle (30G Irrigation Probe, KerrHawe SA,
Bioggio, Switzerland) was recorded using a high-speed camera (HPV-1, Shimadzu
Corp., Kyoto, Japan), capable of recording 100 frames at speeds up to 106 frames/sec
(figure 2.2). The typical flow velocity of 1 m/s inside the root canal and its small
dimensions of typically 100 µm requires high-speed imaging if one wants to visualize
the dynamic activity of irrigation techniques [27]:

recording speed =
10u
L

(2.6)

where u is the velocity (typically 1 m/s) and L a length scale (typically 100 µm).
The recording speed therefore has to be higher than 10 Kfps to capture the dynamic
behavior of irrigation techniques.

The camera was attached to a microscope (BX-FM, Olympus Corp, Tokyo, Japan)
for 1.25× to 20× magnification. Illumination was provided for bright field imag-
ing by a high intensity continuous cold-light source (ILP-1, Olympus Corp, Tokyo,
Japan).

The flow through the needles was driven by a syringe pump (NE-1010, New Era
Pump Systems, Wantagh, NY, USA) at five different flow rates in the range 100−
101 mL/min. The corresponding Reynolds numbers span two orders of magnitude,
102− 103; see table 2.1. The flow was allowed to start up for three seconds before
the start of a measurement.

Monodisperse hollow glass spheres (Sphericel, Potters Industries, South York-
shire, UK) with a mean diameter of 10 µm and a mean density of 1.1 · 103 kg/m3

were added to distilled water as tracer particles for micro-Particle Imaging Velocime-
try (µPIV). For µPIV, tracer particles should have a density equal to that of water
(neutrally buoyant) and a diameter much smaller than the typical length scale, in
order to be able to neglect pressure gradients over its surface and the influence of par-
ticles on the flow. These requirements are fulfilled when the Stokes number St � 1
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Figure 2.2: Schematic drawing (not to scale) of the setup used to study the flow velocities and
pressure in a silicon root canal model. Velocity measurements are performed in the dashed
area.

[28]:

St =
particle response time

typical f low time
=

τpu
L

(2.7)

where the particle response time τp is given by:

τp =
2
9

d2
p

ρ f −ρp

µ
(2.8)

which depends on the particle size dp and density ρp and fluid density ρ f and viscos-
ity µ . For the current system, St < 1 even for the highest velocities; these particles
were furthermore experimentally verified to be suitable tracers for this type of flow.

Traditional PIV techniques rely on two consecutive photos illuminated with a
laser sheet and light-scattering particles to visualize a thin plane in the volume of
interest. However, in µPIV such a laser sheet would have a thickness of the same
order as the volume of interest. Therefore here the total volume is illuminated and
the depth of focus of the microscope objective is used to image only a thin plane.
The depth of measurement δz of a µPIV system is then defined as twice the distance
from the focal plane where the particles become sufficiently unfocused that they don’t



30 CHAPTER 2. NEEDLE IRRIGATION IN A CONFINEMENT

contribute to the velocity field any more, and is given by [29]:

δz =
3nλ0

NA2 +
1−
√

φ√
φ

dp

tanθ
+dp. (2.9)

The first term is related to diffraction and depends on the refractive index n of the fluid
in front of the objective, the wavelength λ0 of the light being used for illumination,
and the numerical aperture NA. The second term is related to geometrical optics,
being the measurement cone with half-angle θ = tan

(
sin−1 (NA

n

))
and the particle

diameter dp; φ is the fraction of the intensity of a particle beyond which is does not
contribute to the velocity measurement any more. For an objective with NA = 0.25,
imaging 10 µm particles scattering white light through air, the depth of measurement
is approximately 100 µm, which indicates that the captured particle movement was
limited to a plane with thickness of approximately 1/5th of the root canal diameter
and 10 times the particle diameter.

The flow direction and velocity magnitude is obtained from the recordings of
particle motion by calculating the cross-correlation between (parts of) two consecu-
tive frames. Sub-pixel accuracy can be obtained by fitting a Gaussian curve to the
2D cross-correlation. The accuracy can be increased further using image processing
techniques and data validation strategies. From the obtained velocity components u
and v, the vorticity ω can be obtained:

ω =
∂v
∂x
− ∂u

∂y
. (2.10)

This equation can be discretized and applied explicitly to the PIV velocity data.
Each recording consisted of 100 frames, which allowed for ensemble averaging

[28]. A cross-correlation is made for each pair of frames, and these cross-correlations
are added. This results in a higher peak in the final cross-correlations, which is equiv-
alent to a higher signal-to-noise ratio. However, ensemble averaging reduces the spa-
tial resolution and is therefore only suitable for steady flows. Variations in the flow
were not observed within those 100 frames, therefore it was assumed that ensemble
averaging did not cause a loss of temporal detail.

The flow from the needles was studied both inside a large water tank of dimen-
sions 50×10×50 mm and inside a transparent model of a root canal. The transpar-
ent model was created by solidifying Poly-DiMethyl-Siloxane (PDMS) (Sylgard 184,
Silicone Elastomer Kit, Dow Corning, Coventry, UK) around a D-size finger spreader
(Dentsply Mailefer, Bellaigues, Switzerland), creating a conical root canal model of
length 18 mm, apical diameter of 0.45 mm and a taper of 6% [9].

The silicon model was positioned in front of the microscope; the needle un-
der investigation was positioned inside the model using a micrometric translation
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stage (9067M, New Focus, San Jose, CA, USA and M-044.00, Physik Instrumente,
Karlsruhe, Germany) capable of adjusting its position in three directions and tilting
around two axes, attempting accurate centering of the needle inside the model. The
distance d of the needle tip to the apex was varied from 0.2 to 5 mm, which corre-
sponds to 1 to 25 times the jet diameter (see table 2.1). Although the two needles
both were of gauge 30, microscopic examination revealed that the inner diameters
were 220 and 196 µm for the open-ended and side-vented needle, respectively.

PIV error estimation

The accuracy of PIV depends on many factors, both in the measurement equipment
and in the analysis. The error in the analysis can be estimated by taking an image
representative for the experiments that need to be analyzed, and displacing this image
over a certain number of pixels. The PIV analysis should result in velocities equal to
the displacements applied to the image. The script used in this thesis showed that the
applied displacements could indeed be recovered, within an error of approximately
5%, which can be attributed to noise. This error analysis also pointed out that the
result of the PIV analysis is very sensitive to the amount of details in the image, as
low-contrast areas in the image will result in a zero velocity.

2.2.2 Pressure measurements

A miniature fiber-optic pressure sensor (FOP-M260, FISO Technologies Inc., Que-
bec, Canada) with a sensor diameter of 260 µm was used for measuring the pressure
at the apex or the plate. The pressure sensor was fitted inside a 25G needle, which
was positioned at the apex of the transparent silicon root canal model or inside a hole
of diameter 0.6 mm inside an aluminum plate. The needle under investigation was
positioned carefully above the sensor, which measured at a rate of 5000 Hz. The
influence of misalignment was observed to be small. The pressure measurements
revealed that the flow needed a few seconds to reach a steady state with a constant
pressure at the apex; the average of this constant pressure was used as the final value.
The standard deviation during the steady state was taken as a measure of the fluctua-
tions in the flow, after subtraction of the background noise level being the average of
the first second of recorded pressure data.

The sensitivity characteristics of the pressure sensor were obtained by performing
a hardware convolution. The axisymmetric jet was translated in a straight line across
the surface of the pressure sensor in steps of 25 µm while recording its pressure. The
sensitivity of the sensor was found to be non-homogeneous across the sensor area
(figure 2.3), which can affect the sensor readout when there are pressure gradients
over the sensor surface. However, it is not known how exactly the sensor determines
the single value for the pressure from its total sensor area, therefore it is not possible
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to calculate a correction factor for the measured pressure.

Figure 2.3: Sensor sensitivity characteristics as a function of radial distance from the sensor
center, measured by moving a jet of orifice radius 100 µm across the sensor area. The sensor
measures a pressure even when the jet is outside the sensor area due to the spreading of the
jet.

2.3 Results

2.3.1 Flow patterns

The streamlines representing the measured flow patterns for the two types of jets are
shown in figures 2.5 and 2.6. The global features of the measured velocity patterns
match those predicted by the CFD model (figure 2.4), showing two distinct velocity
patterns: a straight, divergent jet (axisymmetric jet) and a cascade of eddies (non-
axisymmetric jet). The measured velocities are of the same order of magnitude as
calculated by the theory and CFD model, although the maximum velocity values are
not always observed.

Impinging axisymmetric jet

The axisymmetric jet is observed to diverge slowly upon exiting the needle orifice;
there is entrainment of the surrounding fluid, but no instabilities or break up of the
jet is observed. Near the flat plate, the jet is spread out radially. Figure 2.7 shows the
measured velocity profiles as a function of distance from the jet orifice, demonstrating
the spreading of the jet. The velocity decrease has a slope very similar to the predicted
1/x slope for a free jet, although there is some deviation due to the presence of the
plate. At a distance of 1D from the plate (figure 2.8), the stagnation flow region starts
and the velocity rapidly decreases. The width of the jet increases with distance from
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Figure 2.4: Comparison of the normalized flow velocity magnitude between CFD model and
experiments, for both the axisymmetric (A) and non-axisymmetric (B) jets. In the experimen-
tal results, the horizontal lines indicate separate measurements. CFD images adapted from
[11].
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Figure 2.5: Streamlines of the flow in the case of an impinging (column A) or confined
(columns B-D) axisymmetric jet, for three different distances between jet orifice and wall/apex
(rows I-III), and three different flow rates (confined jet only, columns B-D). The horizontal
lines indicate separate measurements
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Figure 2.6: Streamlines of the flow in the case of an impinging (column A) or confined
(columns B-D) non-axisymmetric jet, for three different distances between jet orifice and
wall/apex (rows I-III), and three different flow rates (confined jet only, columns B-D). The
horizontal lines indicate separate measurements.
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Figure 2.7: Velocity magnitude for the axisymmetric jet, both unconfined (A) and confined
(B).

the jet orifice, although the data points do not perfectly align to a straight line due
to a limited resolution. A linear fit through the data has a slope very similar to the
theoretically predicted linear slope of 4.67

Re , see figure 2.9.

Confined axisymmetric jet

Inside the confinement of the root canal, the impinging jet is directed toward the
apex, where it has to reverse direction and flow coronally along the wall of the con-
finement. The reverse flow is observed to interact with the incoming flow, leading to
instabilities in the jet when the distance from jet orifice to apex is larger than 1D and
for Reynolds numbers of 891 and higher. At the highest Reynolds number Re = 1655
and a distance of 10D the jet can no longer be recognized as such in the apical area,
and there the jet is considered to have broken up.

The velocities inside the confined axisymmetric jet are typically one order of
magnitude less than in the unconfined jet, but the velocities outside the jet are typi-
cally higher than for the case of the unconfined jet (fig. 2.7), suggesting an increased
radial outflow from the jet.

The jet profile as a function of the distance from the jet orifice is plotted in figure
2.7; figures 2.8 and 2.9 show (blue lines) the maximum velocity at each distance and
the width of the jet, respectively. Due to the instabilities induced by the returning
flow there is some spreading in the velocity of the jet, however overall the decrease
in the maximum velocity appears to follow a 1

x relationship, similar to the unconfined
jet. The influence of the bottom wall is more pronounced than for the unconfined
impinging jet. The width of the jet is decreasing with distance from the orifice, having
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Figure 2.8: Centerline velocity log(v) of the axisymmetric jet; theoretical prediction (—) and
experimental result for the unconfined (•) and confined jet (•). The wall, and a distance of
one jet orifice diameter away from it, is indicated at x = 1000 µm.
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Figure 2.9: Width of the axisymmetric jet; theoretical prediction (- -) and experimental result
for the unconfined (•) and confined jet (•) with their linear fits (—).
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Figure 2.10: Damköhler values for the confined axisymmetric (A) and non-axisymmetric
(B) jet, indicating whether or not there is adequate replacement (Da ≤ 1) of the irrigant
compared to the reaction time with a biofilm.

a slope of −2.53
Re , probably due to the taper of the root canal.

There is good agreement with the CFD model (fig. 2.4) in (normalized, in-plane)
velocity magnitudes. The Damköhler number (fig. 2.10, Re = 127) predicts that the
velocity is high enough everywhere to ensure adequate irrigant replacement (Da≤ 1).

Impinging non-axisymmetric jet

For the side-vented needle, the fluid leaves the needle orifice under an angle of 19◦

and impinges onto the plate obliquely. The fluid flows around the tip of the needle; if
the distance between needle tip and wall is larger than 1D, one vortex is formed due
to recirculating flow. An estimate from the measurements shows that approx. 15% of
the flow goes backward (around the needle); the other 85% should then go forward.
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Confined non-axisymmetric jet

Due to the confinement of the root canal, the angle under which the fluid leaves the
side-vented needle is reduced to 14◦. The fluid first flows along the needle toward
the apex, then around the tip of the needle before flowing upward along the needle
towards the coronal opening of the root canal. At distances d > 5D and Reynolds
number of 891, the flow around the tip of the needle drives an eddy with a size of
approximately 1 mm in the space lateral to the needle tip. For Reynolds number
1655, this eddy then drives another eddy at the apex of size 0.5 mm. The velocities
inside these consecutive eddies decrease by approximately one order of magnitude.
Also for this jet the velocities of the non-axisymmetric jet inside the root canal are
typically an order of magnitude less than the unconfined jet.

Comparison of the velocity magnitudes with the CFD model show again a good
agreement. A more detailed comparison of the velocity vectors showed only minor
differences, like a small vortex just below the needle tip for Reynolds numbers larger
than 424, which is not observed in the experiments. The angle under which the flow
exits the needle in the CFD model is 15◦.

For the confined non-axisymmetric jet, the Damköhler number, also shown in
figure 2.10 for the lowest flow rate with Re = 127, predicts that only around the
needle the flow is fast enough to adequately replace the irrigant; toward the apex the
velocity and/or vorticity is not high enough.

2.3.2 Apical pressure

Figure 2.11 shows the pressures measured at the flat plat and the apex for the two
different jets, with the errorbars indicating the fluctuation in the pressure signal (de-
fined as the standard deviation of the signal). For both needles the pressure is of order
103 Pa and generally increases with flow rate and decreases with distance to the plate
or the apex. Within this range of distances, the non-axisymmetric jet typically leads
to pressures that are almost one order of magnitude lower than the axisymmetric jet,
also inside the confinement of the root canal. The confinement causes the pressure to
increase at the apex for the non-axisymmetric jet, but not for the axisymmetric jet.

The pressures measured for the confined non-axisym-metric jet agree very well
with the values obtained with the CFD model of the side-vented needle (indicated
with asterisks). Also for the axisymmetric jet the agreement is good.

The instabilities observed for the confined axisymmetric jet can be observed from
the errorbars of the corresponding pressure in figure 2.11: the fluctuations in the pres-
sure signal are largest around distances of 2 and 3 mm (10D and 15D, respectively)
from the apex and high flow rates.

The decrease in pressure as a function of distance to the apex or wall (normalized
at d = 5D) is plotted in figure 2.12, showing the pressures obtained from measure-
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Figure 2.11: Measured pressure for the two different jets and with/without confinement, for
five flow rates and six distances between jet orifice and wall or apex. The ‘errorbars’ indicate
the standard deviation in the pressure signal, giving a measure for pressure fluctuations. The
asterisks indicate the value obtained from the CFD model.
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ments, CFD simulations [8] and theory (axisymmetric jet). It can be observed that
inside the confinement there is a slower decrease in pressure with distance from the
apex, for both the axisymmetric and the non-axisymmetric jet, suggesting a pressure
build-up as the flow cannot escape due to the confinement. The theoretical predic-
tion shown is based on the Bernoulli theorem: the velocity in the center of the free
jet is used to calculate P ∝ v2 ∝ y−2. Figure 2.13 shows the square root of the pres-
sure plotted as a function of the jet Reynolds number. It shows the validity of this
assumption, as all lines appear to be linear, both for the axisymmetric jet and the
non-axisymmetric jet.

At short distances from the plate, the measured pressure for the unconfined ax-
isymmetric jet is higher than that predicted by the CFD model or the Bernoulli pres-
sure. In addition, the pressure decrease does not follow a y−2 decrease. This could
be due to the measured non-homogenous sensitivity across the sensor area of the
pressure sensor (figure 2.3). But this is only relevant for the impinging axisymmetric
jet, with a diameter at the needle orifice smaller than the sensor diameter. For the
unstable axisymmetric jet inside the confinement and for the non-axisymmetric jet,
the pressure variations across the sensor area are expected to be small, therefore the
pressure sensor is expected to give the correct value in those cases.

2.4 Discussion

2.4.1 Influence of the confinement of the root canal

The influence of the confinement of the root canal on the flow patterns is clear from
figures 2.5 and 2.6. Qualitatively, for the axisymmetric jet, the confinement causes
the impinged flow to recirculate and interact with the incoming flow, causing the jet
to break up. For the non-axisymmetric jet, the flow around the needle tip drives a
cascade of eddies with a rapid decrease of the velocities. Quantitatively, the velocity
magnitudes decrease by approximately one order of magnitude for both jets. This
could be related to a pressure build-up in the apical area, forcing the fluid to be spread
out toward the wall and along the file to the coronal opening of the confinement of
the root canal. Indeed, the absolute pressure of the non-axisymmetric jet tends to
increase due to the confinement, as the jet cannot spread out. For the axisymmetric
jet the influence of the confinement is less pronounced, but from the observation that
the decrease in pressure as a function of distance to the plate or apex is slower when
the confinement is included, it can be deduced that the confinement causes pressure
build-up as the flow cannot leave the impingement area easily.
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Figure 2.12: Measured pressure, normalized at d = 5D, as a function of distance from the
wall, for the two different jets and with/without confinement. Four different Reynolds are
plotted with dashed lines: Re = 424 (-•-), 891 (-•-), 1273 (-•-) and 1655 (-•-). The result
from the CFD model for Re = 1655 is represented with a solid line (–×–). The black line in
the panel A (—) is the pressure as calculated from the Bernoulli theorem, i.e. P ∝ u2, where
u is the velocity at the center of the jet.
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Figure 2.13: Measured pressure, normalized at Re= 1655, as a function of Reynolds number,
for the two different jets and with/without confinement. Six different distances between jet
orifice and wall/apex have been plotted: d = 1D (-•-), 5D (-•-), 10D (-•-), 15D (-•-), 20D
(-•-) and 25D (-•-).
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2.4.2 Comparison of measured flow to the CFD model

Overall, the agreement between the measured flow pattern, velocity magnitudes and
pressures and those predicted by the CFD model [21] is good. There are some differ-
ences, which we will try to explain here. First, the confined axisymmetric jet shows
jet break up that are not predicted by the CFD model; this is likely due to the fact
that the needles in the CFD model are perfectly aligned, whereas small misalign-
ments or root canal geometry imperfections could have destabilized the flow in the
experiments. Also, measurements have been done in a relatively large depth of focus
whereas the flow is essentially three-dimensional; particles being out of focus and
moving out of focus could affect the measured flow pattern. The depth of focus also
gives an explanation for the the measured velocity magnitudes to have a lower maxi-
mum value than predicted by theory and CFD model, as only very few particles will
obtain the maximum value and these will be averaged out in time and in focal depth;
clearly a limitation of the experimental method.

2.4.3 Comparison to previous studies

A recent article by Gau et al. [15] discussed the differences between a microjet and
a macrojet and concluded that there are significant differences in the jet breakdown
point and the onset of turbulence. Due to the small scale of the microjet, instabilities
in the microjet do not grow as easily as in a macrojet, resulting in a jet which retains
its original, non-tubulent structure for a long distance, thereby penetrating deeper
than a macrojet would do. In our experiments with an unconfined impinging axisym-
metric jet, we have visualized the flow up to a distance of 10D and not observed
breakup of the jet. This agrees well with the quoted article, where a distance of more
than 50D at Re = 167 was necessary before breakdown would occur.

Instabilities did occur inside the confinement of the root canal. The confined ax-
isymmetric jet is very similar to the study by Cornaro et al. [14], who discussed a jet
impinging onto concave and convex surfaces. At relatively small radius of curvature
for the concave surfaces, high Reynolds numbers and large distances between nozzle
and surface, the recirculating flow interacted with the incoming flow, causing insta-
bilities and eventual breakup of the impinging jet. We see the same behavior in our
experiments, for Reynolds numbers larger than 127 and distances larger than 1D.

The impinging non-axisymmetric jet resembles an oblique jet, for which Taylor
[23] predicted the fractions of the flow going backward and forward. In our case,
θ = 19◦, therefore the backward component should be of the order of 37%, but a
rough estimation gave a value of only 15%. The theoretical value, however, is based
on a two-dimensional model, whereas the present experiments are essentially three-
dimensional.
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The confined non-axisymmetric jet is very similar to the flow studied by Taneda
and by Kent [30, 31], who investigated the flow in a V-shaped cavity driven by a
circular cylinder. The cascade of eddies that Kent observed in his system are of
the type that Moffatt described for a flow near a sharp corner [32], termed Moffatt-
eddies. A similar cascade of eddies was observed in the present study, consisting
of two primary eddies and corner eddies, of which the location and strength varies.
According to Shankar & Deshpande [33], a cascade of eddies in a lid or shear driven
cavity is due to viscous effects; the size and relative velocities between eddies can
be determined from the eigenvalues of the stream functions that govern the flow. For
a three-dimensional, cylindrical cavity the first eigenvalue is µ1 = 2.586+ 1.123i,
which results in a spacing between (and size of) the eddies of π

Im(µ1)
= 2.8 times the

cavity diameter. The radius of the cavity (root canal model) used in this study just
below the needle tip is 300 µm, giving a theoretical distance between eddy centers of
0.84 mm. Experiments show a distance between primary eddy centers of 0.5 - 1 mm,
which is a satisfactory agreement. The root canal is furthermore of a conical shape,
which typically leads to smaller eddies towards the apex of the cone. However, for
a corner angle of 3.4◦, which corresponds to a root canal with taper 6%, the change
in eddy size is smaller than 1%, according to Moffatt [32], suggesting that all eddies
should be of similar size.

For a lid or shear-driven cylindrical cavity, the velocity decrease from eddy to
eddy is a constant that is given by

e−π
Re(µ1)
Im(µ1) = 1386. (2.11)

Thus, the velocity is predicted to decrease radpily, with three orders of magnitude
between eddies. However, in the present experimental study and in the CFD model,
the decrease in velocity from eddy to eddy is only 5 to 10 times. The discrepancy
with the theory is likely due to the large longitudinal component of the flow, whereas
in the theoretical model of lid- or shear driven cavity flow, the driving flow is purely
horizontal and eddies are induced solely through viscous effects.

2.4.4 Damköhler number

In this study it was shown that, for the lowest flow rates, the non-axisymmetric jet
could not refresh the irrigant in the apical part of the root canal model adequately,
slowing down the cleaning process. This is in agreement with the observation by
Boutsioukis et al. [11] and references therein, that irrigant flow was only effective up
to 1 mm in front of a side-vented needle. Higher flow rates will make the refreshment
more effective in the apical area, however, the root canal geometry is much more
complex in natural teeth than in the present model. Oval extensions, isthmuses, apical
ramifications, lateral and accessory canals provide locations difficult to reach with
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irrigant flow and consequently will have inadequate refreshment. This geometrical
complexity is not covered with the root canal model used in this study.

Furthermore, with the higher pressure for the axisymmetric jet than for the non-
axisymmetric jet, there is a risk of extruding the irrigant through the apical foramen
of the root canal to the periapical tissue surrounding the tooth, where it can result in
tissue damage and patient discomfort. In this respect, the side-vented needle is safer
to use because of its lower apical pressure. However, at present it is not known what
the maximum allowed apical pressure is before extrusion occurs.

2.4.5 Recommendations

In this study, high-speed PIV has been a valuable tool for studying the flow at the
short time scales and small length scales that are present in root canal irrigation. The
results can be made more accurate with a smaller focal depth of the microscope,
which could also give a full 3D velocity field [34], or with a higher number of mea-
surements to reduce statistical errors. To better understand the role of the confine-
ment, different shapes and sizes of the confinement should be studied. For practical,
endodontic purposes this has already been evaluated with the previously mentioned
CFD model [35, 36], although those studies also do not take into account the full
complex geometry of a real root canal.

2.5 Conclusions

High-speed PIV recordings have revealed the flow pattern and velocity magnitudes
for an axisymmetric and a non-axisymmetric microjet. The axisymmetric jet is found
to be stable and agree with the theoretical prediction for this type of jet, however, a
confinement causes instabilities to the jet. The confinement of the root canal has a
pronounced influence on the flow, for both the axisymmetric and non-axisymmetric
jet, by reducing the velocities in the jets by one order of magnitude and increasing
the pressure at the apex. The non-axisymmetric jet inside the confinement shows
a cascade of eddies with decreasing velocities, which, according to the calculated
Damköhler numbers, does not provide adequate irrigation fluid refreshment at the
apex with respect to the reaction of the irrigant with a biofilm.
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3
Irrigant flow in the root canal: experimental

validation of an unsteady Computational
Fluid Dynamics model using high-speed

imaging ∗ †

Abstract: The results of a Computational Fluid Dynamics (CFD) simulation of the irrigant flow from

a needle and a syringe are compared in this chapter with experimental high-speed visualizations and

theoretical calculations of the same system. A CFD model was created to simulate irrigant flow from

a side-vented needle inside a prepared root canal. Calculations were carried out for four different

positions of the needle inside a prepared root canal. An identical root canal model was made from

poly-dimethyl-siloxane (PDMS). High-speed micro Particle Image Velocimetry (µPIV) was used to

obtain the velocity field inside the root canal experimentally. Comparison between CFD computations

and experiments revealed good agreement in the velocity magnitude and vortex location and size., even

though the flow was unsteady. The CFD model can therefore be considered validated.

∗Published as: C. Boutsioukis, B. Verhaagen, M.Versluis, E. Kastrinakis and L.W.M. van der Sluis,
“Irrigant flow in the root canal: experimental validation of an unsteady Computational Fluid Dynamics
model using high-speed imaging”, International Endodontic Journal 43, pp. 393-403 (2010)

†The experimental validation of the CFD model in this chapter is part of the present thesis. The
numerical model is due to Christos Boutsioukis.
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3.1 Introduction

Irrigation of root canals with antibacterial solutions is considered an essential part
of chemo-mechanical preparation [1]. Irrigation with a syringe and needle remains
the most commonly used irrigation procedure [2, 3]. However, there is a general
uncertainty about the efficiency of this procedure in the narrow, most apical part
of the root canal [4–6]. It has been argued that the limiting factor of the irrigation
procedure is the difficulty to flush the apical root canal with large volumes of fresh
irrigant [7].

To study this problem, attempts to evaluate the irrigant flow within the root canal
have been attempted, based on macroscopic observations [8–10]. However, these
studies of the fluid dynamics were limited because such a macroscopic approach can
provide only a general description of the irrigant flow.

Computational fluid dynamics (CFD) represents a powerful tool to investigate
flow patterns and physical and chemical phenomena by mathematical modelling and
computer simulation [11, 12]. Despite the fact that CFD was originally developed for
industrial and engineering purposes, applications in the biomedical field have also at-
tracted considerable attention [13], aided by the increasing power of computers [14].
CFD simulations can provide details on the velocity field in areas where experimen-
tal measurements are difficult to perform. Furthermore, important properties such
as shear stress and pressure can easily be obtained, in contrast to experiments, espe-
cially in microscale flow problems. Recently, a CFD model was implemented for the
evaluation of irrigant flow in the root canal [15]. However, this model has not been
validated yet through comparison to experimental data, a procedure that is considered
essential for any model [16]. A similar model has also been introduced [17], but its
validation lacked detail on the actual fluid dynamics.

Particle image velocimetry (PIV) is a well-established non-intrusive technique for
the measurement of a velocity field. The displacement of small tracer particles added
to a fluid is recorded by high-speed imaging and analysed using statistical correlation
methods to extract the velocity distribution in the examined plane [18]. MicroPIV
is a modification of PIV to access the small scales of microfluidic devices. High-
speed imaging experiments have been performed in the past to visualize and analyse
the action of endodontic irrigation systems inside simulated root canals [19, 20].
However, this method has not been applied yet to the study of needle irrigation in
root canals.

The aim of this study was twofold: (i) to compare the results of a CFD simulation
of the irrigant flow within a prepared root canal, during final irrigation with a syringe
and needle, to high-speed visualizations, theoretical calculations and the results of a
previous study [21]; (ii) to evaluate the effect of off-centre positioning of the needle
inside the root canal, as it is likely to occur during the experimental part of this study
and also under clinical conditions.
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Figure 3.1: Geometrical characteristics of the computational fluid dynamics root canal
model used. Off-center positions studied are depicted in the upper left circle.

3.2 Materials and methods

3.2.1 CFD setup

The root canal was simulated as a geometrical frustum of a cone (the portion of a cone
which lies between two parallel planes cutting the solid). The apical constriction and
apical foramen were not simulated because they were not within the focus of this
study. The apical terminus of the root canal was simulated as an impermeable wall.
The length of the root canal model was 18 mm, the diameter was 1.57 mm at the canal
orifice and 0.45 mm (ISO size 45) at the most apical point (6.2% taper) (Fig. 3.1).
This shape is consistent with the root canal model used in the experimental setup.

The needle was modelled using the 30G KerrHawe Irrigation Probe (KerrHawe
SA, Bioggio, Switzerland) as a reference, similarly to a previous study (Boutsioukis
et al. 2009). The external and internal diameter and the length were defined as
Dext = 320 µm, Dint = 196 µm, L = 31 mm, respectively. The needle was fixed
and centred within the canal, 3 mm short of the working length (Fig. 3.1 case S).
This setup allows for the evaluation of irrigant flow apically to the needle tip, the
most challenging area for irrigation. Three additional cases were modelled to study
the effect of off-centre positioning of the needle with respect to the longitudinal axis
of the root canal. The needle was assumed to be displaced 75 µm away from the
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longitudinal axis towards the negative x, positive y or negative y direction (Fig. 3.1
cases A, B and C respectively). In all cases, the needle remained parallel to the
longitudinal axis of the root canal.

The pre-processor software Gambit 2.4 (Fluent Inc., Lebanon, NH, USA) was
used to build the 3-D geometry and the mesh. No symmetry assumption was made
for the flow domain. A hexahedral mesh was constructed and refined near the walls
and in the areas where high gradients of velocity were anticipated, such as near the
needle outlet. A grid-independency check was performed to determine the minimum
number of computational cells required for a grid-independent flow simulation and
ensure reasonable use of computational resources. The final mesh consisted of 587
417 cells (mean cell volume 2.6487 · 10−5 mm3). A similar mesh was used for all
cases studied.

No-slip boundary conditions were applied to the walls of the root canal and that
of the needle, under the hypothesis of rigid, smooth and impermeable walls. The
fluid flowed into the simulated domain through the needle inlet and out of the domain
through the root canal orifice, where atmospheric pressure was imposed. The canal
and the needle were assumed to be completely filled with irrigant. A velocity inlet
boundary condition was selected for the inlet of the needle. A flat velocity profile
with a constant axial velocity of 8.6 m/s was imposed at the inlet, which is consistent
with a clinically realistic irrigant flow rate of 0.26 mL/s through a 30G needle [21].
The irrigant was distilled water, and it was modelled as an incompressible Newtonian
fluid with a density ρ = 0.998 g/cm3 and a viscosity µ = 1.0 ·103 Pa s (Lide 2005).
Gravity was included in the flow field in the direction of the positive z axis.

The commercial CFD code FLUENT 6.3 (Fluent Inc.) was used to set up and
solve the problem and to analyse the results. The uncoupled NavierStokes equations
which describe the time-dependent, threedimensional, incompressible flow were sol-
ved by an implicit iterative solver. The numerical solution method uses a finite vol-
ume approach. An unsteady isothermal flow was assumed; steady-state solutions
were obtained first, then used as initial conditions for the unsteady simulations, to
avoid transient effects. No turbulence model was used, as the flow under these con-
ditions (Reynolds number Re = 1678 inside the needle lumen) was expected to be
laminar [15]. All transport equations were discretized to be at least second-order
accurate. A time-step of 10−6 s was used throughout the calculations, which were
carried out for a real flow time of 50 ms for each of the four cases. The convergence
criterion of the maximum scaled residuals was set at 10−4. Pressure, velocity and
vorticity in selected areas of the flow domain were also monitored to ensure adequate
convergence in every time-step. Computations were carried out in a computer clus-
ter (45 dual core AMD Opteron 270 processors) running 64-bit SUSE Linux 10.1
(kernel version 2.6.16). The instantaneous and time-averaged velocity field for se-
lected time-points (case S) were extracted and compared to results obtained in the
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Figure 3.2: Schematic diagram of the experimental high-speed visualization setup.

experimental section of this study. The time-averaged velocity field for cases A, B
and C was also extracted and compared to each other and to case S. Additional as-
sessment of the validity of the CFD model was attempted through comparison of the
theoretical velocity profile inside the needle lumen [22] to the CFD results, 1 mm
coronally to the needle outlet, assuming a fully developed laminar flow there. The
time-averaged pressure at the needle inlet was also extracted and compared to the
results of a previous study [21].

3.2.2 Experimental setup

A transparent root canal model was fabricated using poly-dimethyl-siloxane (PDMS)
(Sylgard 184, Silicone Elastomer kit; Dow Corning, Coventry, UK). The polymer
was mixed at a base:curing agent ratio of 15 : 1. To obtain specific dimensions of
the root canal, a modified D-size finger spreader (Dentsply Maillefer, Ballaigues,
Switzerland) was used. This instrument has a tip diameter of 0.31 and a 6.2% taper,
determined under stereoscopic microscope. A 2.2-mm section from the tip of the
spreader was carefully removed to increase the tip diameter to 0.45 mm. The PDMS
root canal had a total length of 18 mm. These dimensions match the root canal as
simulated in the CFD model.

For the high-speed imaging, a high-speed camera (Shimadzu HPV-1; Shimadzu
Corp., Kyoto, Japan), capable of recording up to 106 frames/s, was attached to an
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optical microscope (BX-FM; Olympus Corp., Tokyo, Japan) (Fig. 3.2). Immedi-
ately before use, the model was rinsed thoroughly with 95% ethanol and left to dry,
and then fitted in front of the microscope. A side-vented endodontic needle (30G Ker-
rHawe Irrigation Probe, KerrHawe SA, Bioggio, Switzerland) was attached to a Luer-
Lock T-connector, which was mounted on a micrometric translation stage (9067M;
New Focus, San Jose, CA, USA and M-044.00; Physik Instrumente, Karlsruhe, Ger-
many) capable of adjusting its position in three directions and tilting around two axes.
This setup ensured accurate and stable positioning of the needle inside the model. In
addition, a rubber stop was applied to indicate the desired depth of penetration of the
needle. The needle was placed 3 mm from the apical terminus of the canal and at the
best centre position possible.

Two different views of the needle were studied: side view, with the needle outlet
at right angle to the lens, and front view, with the outlet oriented towards the objec-
tive lens. An 1.25× objective lens (PlanApoN 1.25×; Olympus Corp.) was used to
assist positioning of the needle with accuracy, while a 10× objective lens (MPlanN
10×; Olympus Corp.) was used for image recording. The microscope was focused at
the centre plane of the canal, guided by the major perimeter of the needle. The depth
of focus of the objective was calculated to be approximately 120 µm [23] which
indicates that the particle movement captured was limited to a shallow plane with
thickness of approximately one-fifth of the root canal diameter and 10 times the par-
ticle diameter. This depth was considered a sufficient experimental approximation to
the infinitely shallow plane used by the CFD software to report velocity distribution.
Light was provided for bright-field imaging by a high-intensity continuous cold-light
source (ILP-1; Olympus Corp.).

The T-connector was further connected through a thick-walled Teflon tubing to a
20-mL disposable syringe with a Luer-Lock connector (Plastipak; Becton Dickinson,
Oxford, UK). A programmable precision syringe pump (NE-1010; New Era Pump
Systems, Wantagh, NY, USA) was used to deliver irrigant at the precise rate of 0.26
mL/s, to maintain irrigation consistency. Distilled water at room temperature was
used as an irrigant. Hollow-glass spherical particles (mean diameter 11 µm, mean
density 1.1 · 103 kg/m3) (Sphericel; Potters Industries, Barnsley, UK) were added
to the irrigant at a concentration of 10 mg/mL to allow visualization of the flow
inside the simulated root canal. The syringe was filled prior to each experiment with
special care taken to avoid insertion of air into the system. The fluid was stirred
continuously by a custom-made magnetic stirrer to avoid precipitation of particles.
Between successive recordings, the needle, connecting tube, T-connector and model
were flushed with distilled water to prevent particle accumulation.

The camera was triggered 4 s after the start of the syringe pump, using a pulse
and delay generator (BNC-565; Berkeley Nucleonics, San Rafael, CA, USA). Im-
ages were recorded at a speed up to 250 000 frames/s at three different parts of the
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experimental root canal model for both the front view and the side view (Figs 3.3 and
3.4, positions IIII). The exposure time was set to one-eighth of the interframe time,
which corresponded to 500 ns for the highest frame rate. Recordings were transferred
to MATLAB (The Mathworks, Natick, MA, USA) and were analysed using in-house
built PIV code. Several frames from a single recording were ensemble-averaged be-
fore being analysed. The resulting velocity fields in the two orthogonal planes (side
view and front view) were compared to the CFD results regarding velocity direction
and magnitude.

3.3 Results

3.3.1 Validation of the CFD model

The flow field within the canal revealed an unsteady behaviour, as determined by both
the CFD simulation (Fig. 3.5, Movie 1) and the PIV experiments. The normalized
standard deviation of the time-averaged velocity magnitude, which is a measure of
the unsteadiness of the flow, was calculated in the range 0.001 - 10 times the local
time-averaged velocity, with very few points reaching a value of 500.

Comparison of the velocity magnitude and vectors (Figs 3.3 and 3.4) in the z-y
plane (side view) and z-x plane (front view) between CFD calculations and experi-
ments revealed a close agreement in terms of velocity magnitude and vortex location
and size. The direction of the vortices near the boundary of adjacent positions was
also in good agreement (Fig. 3.4IIII), even though the results for each positions were
based on separate recordings. The main characteristic bands occurred in regions
where the velocity was high. The vector images resulting from both the CFD and the
experiments (Fig. 3.4) showed a number of Moffatt vortices (Moffatt 1964), which
were driven by the flow from the needle outlet around the tip.

To test the inflow conditions, the theoretical and the CFD velocity profile inside
the needle lumen were compared (Fig. 3.6). The two profiles were almost identical
with differences smaller than 1%.

The time-averaged pressure at the inlet of the needle for the period t = 050 ms as
calculated by the CFD model was 244.0 ± 0.5 kPa. The average intrabarrel pressure
recorded close to the needle inlet for the same irrigant flow rate during a previous
study [21] was 232.2 ± 23.6 kPa.

3.3.2 Effect of off-centre positioning of the needle

Comparison of the velocity magnitude in the z-y plane (side view) and z-x plane
(front view) as calculated by the CFD model for cases A, B and C showed that small
displacements from the central position may have a limited effect on the flow field
(Fig. 3.7). Some differences in magnitude were found near the apical terminus of the
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Figure 3.3: Contours of velocity magnitude along the z-y (sideview) and z-x (front view)
plane of the domain for case S. Lower velocity regions, like the center of vortices, show
up as lighter areas. A good agreement between computational fluid dynamics and particle
image velocimetry (PIV) results is evident in most of the domain studied. PIV results close
to the wall of the root canal (dark blue stripes) are not considered accurate due to inherent
limitations of the PIV method. The needle wall is coloured black.
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Figure 3.4: Velocity vectors along the z-y (side-view) and z-x (front view) plane of the do-
main for case S. Only the direction and not the magnitude of the velocity is depicted. A
good agreement between computational fluid dynamics and particle image velocimetry (PIV)
results regarding the direction of velocity is shown. The needle wall is coloured black.
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Figure 3.6: Comparison of the the-
oretical velocity profile inside the
needle lumen to the CFD results, 1
mm coronally to the needle outlet,
assuming a fully-developed lami-
nar flow at that point. The two pro-
files are almost identical with dif-
ferences smaller than 1%.

canal, where the increase in velocities was up to two orders of magnitude compared
to case S.

Comparison of the velocity vectors in the z-y plane (side view) and z-x plane
(front view) for different needle positions (Fig. 3.8) revealed that the flow pattern in
the z-y plane was not greatly affected by off-centre positioning of the needle. Most
of the vortices formed in case S also appeared in cases A, B and C in almost identical
positions. In the z-x plane, the symmetry that was observed close to the needle tip in
cases S, B and C was absent in case A. This resulted in a flow pattern similar to the
one observed during the experiments, where the needle was slightly displaced from
the centre of the canal (Fig. 3.4, Front view, PIV, I).

3.3.3 Discussion

In this chapter, irrigant flow inside a root canal was evaluated by a previously pub-
lished CFD model that was modified, and a microPIV setup. Comparison of the
detailed flow field resulting from CFD and PIV was performed to assess the valid-
ity of the CFD model. A simple root canal geometry resembling the prepared root
canal of a maxillary central incisor was used, to facilitate manufacturing of an accu-
rate PDMS model for the experiments. The geometrical complexity of a CFD model
is only limited by the intentions of the researcher and the computational resources
available, in contrast to the manufacturing of root canals in resin blocks or PDMS.
Clinically realistic CFD models of arteries and respiratory tracts have already been
constructed using MRI scans [14, 24, 25]. An additional advantage of CFD modelling
is the ability to create strictly standardized root canals regardless of the desired com-
plexity, and evaluate the isolated effect of different parameters on the flow. However,
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Figure 3.7: Time-averaged velocity magnitude along the z-y (side-view) and z-x (front view)
plane of the domain for cases S, A, B and C, according to CFD calculations. Small displace-
ments from the central position had a limited effect on the velocity magnitude. The needle
wall is coloured black.



3.3. RESULTS 61

Figure 3.8: Velocity vectors along the z-y (side-view) and z-x (front view) plane of the domain
for cases S, A, B and C, according to CFD calculations. Only the direction and not the
magnitude of the velocity is depicted. The flow pattern in the z-y plane is not affected by off-
center positioning of the needle. The symmetry observed in the z-x plane close to the needle
tip in cases S, B and C is absent in case A. The needle wall is coloured black.
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only one parameter should be modified and evaluated in each set of CFD simulations
and the overall complexity of the model should be gradually increased during this
procedure. In this way, a clear correlation between each change in the geometry and
the resulting change in the flow can be established.

In the current CFD model, no assumption was made about the symmetry of the
flow inside the root canal, in contrast to an earlier study [15]. It can be speculated
that this assumption is valid for low velocities, but there is an increasing possibility of
symmetry-breaking downstream of a sudden expansion of the flow domain such as
the area of the root canal near the needle outlet as the velocity of the fluid increases,
even for a steady flow rate [26, 27]. This modification is considered to increase the
accuracy and validity of the model.

In addition, the flow was simulated in an unsteady, time-dependent manner, which
more closely resembles real conditions. In both the computational and experimental
elements of this study it was confirmed that the flow of the irrigant under the condi-
tions described is unsteady (Fig. 3.5, Movie 1). The flow parameters were averaged
over a time period of 50 ms to distinguish the most stable characteristics of the flow,
which are relevant for replacement of irrigant, thereby probably omitting transient
flow characteristics. This modification is also considered to increase the accuracy
and validity of the model. Nevertheless, significantly more computational resources
were required to make these modifications possible, which were not available during
the previous study [15]. Comparison of the previous study with the time-averaged
velocities from the current unsteady simulation revealed small differences.

The internal diameter of the needle used has been reported to be 168 µm [28].
However, the presence of irregularities on the internal surface has also been reported
to hinder accurate measurements of the internal diameter and increase the uncer-
tainty [28]. In this study, the methodology described by Boutsioukis et al. (2007b)
was combined with measurement of the pressure drop across the needle for known
flow rates (data not shown), according to the methodology of another study [21], to
determine the internal needle diameter as accurately as possible. Results of these pre-
liminary experiments showed that the internal diameter should be adjusted to 196 µm
in the CFD model. Close agreement of the CFD results on pressure drop along the
needle with a previous experimental study [21] and with the preliminary experiments
conducted revealed that the determined internal diameter was correct.

The release of neutrally buoyant tracer particles within the flow is a procedure
that aids enhanced visualization of the flow pattern. Such particles are expected to
follow the path of the fluid with accuracy [11, 18]. A conventional PIV setup makes
use of a laser sheet to illuminate fluorescent tracer particles to visualize and analyse
the flow. In the present microPIV setup, an objective with a small depth of focus
and a continuous light source were used instead of a laser sheet. The main advantage
of this setup was that the recording speed was not restricted by the amount of light
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emitted from fluorescent particles. Therefore, recordings could be made both at high
recording speeds and for a prolonged time (100 frames). A prolonged recording
time allowed for ensemble averaging, which reduces the noise in the individual PIV
recordings [18].

Nevertheless, according to the CFD results, velocities up to 17 m/s appeared near
the needle outlet but such high velocities were rarely identified in the PIV results.
It is possible that only a few particles acquired such high velocities and because
of ensemble averaging performed by the PIV code, calculated velocities appeared
lower. Manual tracking of individual particles revealed that velocities at least up to
13 m/s were indeed present in the experiments. Moreover, measured velocities close
to the wall appeared to be lower than the computed velocities. This can be attributed
to an inherent limitation of PIV, which uses an interrogation area to calculate the
velocity, instead of a single point [18]. In the immediate vicinity of the wall, the
interrogation area is partly comprised of the flow domain and partly of the wall.
Therefore, averaging over this area is expected to reduce the average velocity [29].

The assumption of smooth walls of both the root canal and the needle in the CFD
model is inconsistent with real dentine anatomy and to the findings of a previous
study [28]. Wall roughness is expected to have a limited effect on pressure drop as
long as the flow remains laminar [30], but it may induce vorticity or even turbulence
in the flow [31]. Scanning electron microscopy examination of the PDMS model
used in the experiments revealed that its surface presented irregularities 36 lm wide
(data not shown), which were in the order of magnitude of the dentinal tubule ori-
fices. However, no turbulence was noticed during the experiments with these models.
Furthermore, the surface of PDMS is naturally hydrophobic [32]. Yet, PDMS is the
most widely used material in the construction of microfluidic devices. During a pilot
study, oxygen plasma was used to modify the surface of PDMS models and increase
its hydrophilicity, as suggested in the literature [32]. However, no measureable differ-
ence was noted in the flow as a result of this treatment and it was therefore excluded
from the main experimental protocol.

Both in the CFD model and in the experiments, distilled water was used as irrig-
ant. NaOCl solutions used during routine endodontic treatment have physical prop-
erties very similar to those of water [33, 34], and should therefore exhibit the same
flow characteristics. Furthermore, significant experimental disadvantages, such as
oxidation of metal parts and crystal precipitation were noted during a previous study
during which NaOCl was used [21]. In addition, NaOCl might affect the surface of
the PDMS model.

In spite of the precise alignment of the needle inside the PDMS model, the pos-
sibility of small displacements from the central position could not be excluded. Such
displacements are also expected during a clinical irrigation procedure. Therefore, the
effect of such small displacements on the flow inside the root canal model was stud-



64 REFERENCES

ied by the additional CFD cases (A, B and C). Off-centre positioning may affect the
overall flow pattern. Positioning the needle closer to canal wall generally resulted in
slightly increased velocities apically to the needle tip, most noticeably near the apical
terminus of the canal (Fig. 3.7). The more limited space available laterally to the
needle in these cases possibly resulted in this increase in velocities. However, it is
doubtful whether these differences can have a significant effect on clinically relevant
parameters such as irrigant replacement, shear stress on the canal wall and irrigant
pressure at the apical foramen.

The agreement between CFD and PIV results regarding velocity vectors in the
front view was not exact (Fig. 3.4). This could be attributable to small displacements
of the needle from the central position during experiments. Moreover, the highest
velocities and most consistent flow pattern occurred in the z-y plane, which makes
the experimental results in the z-x plane more dependent on the focal position of
the microscope. A detailed description of the flow and its relevance to root canal
debridement and disinfection was not included in this study, as the aim was to assess
the validity of the CFD model. A validated CFD model can be used to predict the flow
not only in the domain used for validation but also in similar and more complicated
flow domains, which is an additional advantage over experimental methods. The
absence of turbulence that was verified in both CFD and experimental sections of this
study (Reynolds number of ca. 1500) provides further confidence about the validity
of the CFD model. This CFD model will be used in subsequent studies to evaluate
the effect of various factors on the fluid dynamics during root canal irrigation.

3.4 Conclusions

High-speed imaging experiments together with PIV analysis of the flow inside a sim-
ulated root canal have shown a good agreement with the velocity field as calculated
by a CFD model, even though the flow was unsteady. Therefore, the CFD model is
able to predict reliably the flow in similar domains. Small lateral displacements of
the needle inside the canal had a limited effect on the flow.
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Appendices

3.A Supplementary material
(Online at http://stilton.tnw.utwente.nl/rootcanalcleaning/Gallery of Irrigant Motion)

Movie 1. Contours of instantaneous velocity magnitude (m/s) along the z-y plane
(side view) of the domain for case S (t = 0 - 50 ms), according to CFD calculations.
Unsteady behavior of the flow is evident. The needle wall is colored white.

http://stilton.tnw.utwente.nl/rootcanalcleaning/Gallery_of_Irrigant_Motion
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4
Oscillation characteristics of

endodontic files ∗

Abstract: The oscillation characteristics of ultrasonically driven endodontic files is investigated, nu-

merically and experimentally. Numerical analysis of the oscillation characteristics of the file, modeled

as a tapered, driven rod, shows a sinusoidal wave pattern with an increase in amplitude and decrease in

wavelength toward the free end of the file. Measurements of the file oscillation with a scanning laser

vibrometer show good agreement with the numerical simulation. The numerical model of endodontic

file oscillation can be used to study the oscillation of various file types and the acoustic streaming they

induce during passive ultrasonic irrigation.

∗Published as: B. Verhaagen, S.C. Lea, G.J. de Bruin, L.W.M. van der Sluis, A.D. Walmsley, M.
Versluis, “Oscillation characteristics of endodontic files: numerical model and its validation”, IEEE -
Transactions on Ultrasonics, Ferroelectrics and Frequency Control in press
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4.1 Introduction

A crucial step during a root canal treatment is irrigation, where an antimicrobial fluid
is injected into the root canal to eradicate all bacteria from the root canal system.
However, the root canal system is geometrically very complex, and bacteria form
a strong biofilm, both making it difficult to clean the root canal system completely
using the common technique employing a syringe and needle [1, 2].

Agitation of the fluid using an ultrasonically vibrating miniature file has shown a
significant improvement in the cleaning efficacy over conventional needle irrigation
[3, 4]. This technique has been named ‘Passive Ultrasonic Irrigation’ (PUI), where
‘passive’ implicates an indirect way of cleaning, without contact between file and
biofilm. Ultrasound is a well-established technique for cleaning [5], however in the
context of root canal irrigation the exact cleaning mechanism, being streaming, cav-
itation or chemical effects, and their relation to the vibrating file, are not yet fully
understood. We therefore study the oscillation characteristics of the vibrating files,
both experimentally and numerically, in order to get a better understanding of the
file-fluid interaction.

The oscillation of the file generates acoustic streaming of the fluid, of which the
velocity v is related to the displacement amplitude y of the file by: [6]

v ∝
ωy2

R
(4.1)

where ω = 2π f is the oscillation frequency and R the file radius. The induced stream-
ing will mix fresh irrigant with irrigant that is consumed during the reaction with
bacteria, and it exerts a shear stress on the biofilm on the wall. Transient cavitation
bubbles, formed at a high oscillation amplitude of the file, can locally enhance the
cleaning efficacy of PUI [7]. Ultrasound is also known to enhance chemical reactions
during endodontic treatments [8, 9].

The oscillation pattern of dental scalars (for periodontal applications) and some
endodontic files have been studied before [10–12], using a fast, non-intrusive optical
method (vibrometry) for measuring the oscillation amplitude. While these studies
have given valuable information on the oscillation characteristics of these files, a
simple, validated model of the oscillation characteristics is still lacking. Such a model
could be used for optimization of the file oscillation and induced streaming and to
minimize the risk of file fracture.

The vibrating file will be modeled here as a cylinder (or beam, rod) driven at one
end, which is well-studied in literature [13, 14], often in the context of oscillating
cantilevers in (non-contact) Atomic Force Microscopy [15, 16], but typically those
structures are non-tapered. The taper however has a significant influence on the os-
cillation pattern, but prevents an exact analytical solution [17, 18]. In the numerical
model that we will present here, the taper has been included in order to capture and
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predict the oscillation amplitudes and characteristics of dental instruments that are
in clinical use today. This model is then validated experimentally with a vibrometry
system for various endodontic file types. Parameters included here are: file length
and diameter, surrounding medium (water or air), confinement of the root canal and
driving frequency and amplitude. We also look at the influence of a rubber stopper on
the file, the motion perpendicular to the main direction of oscillation and the start-up
behaviour of the file, in order to complement the full picture of file oscillations.

4.2 Theoretical aspects: On the behaviour of a driven, ta-
pered rod

4.2.1 Equation of motion and boundary conditions

The files as used in endodontics will be treated as a solid, non-uniform rod of length
L with decreasing diameter r = r0−δx along the length of the rod, with x the distance
from the driven, thick end of the bar and δ the taper (see Fig. 4.1). The oscillatory
motion of a rod is similar to that of a string, but in the case of a rod the bending and
shear moments and damping have to be taken into account [19].

y

x

Y
0 s

in
(ω

t)

L

D
0

Figure 4.1: Definition of the problem of a driven file.

The rod is driven laterally at the thick end by a periodic force of frequency ω =
2π f ; the amplitude at the driven end is y(x= 0, t)=Y0 sin(ωt). The driving amplitude
Y0 can be obtained from experiment. The thin end of the file (x = L) is allowed to
oscillate freely.
As the bar has a non-uniform diameter along the file, both its cross-section S = πr2

and its radius of gyration κ = r
2 change with distance along the file:

S(x) = π(r0−δx)2 (4.2)

κ
2(x) =

1
4
(r0−δx)2. (4.3)

The one-dimensional equation of motion for the file, without damping, is given by:
[19]

1
S(x)

∂ 2

∂x2

(
S(x)κ2(x)

∂ 2y(x, t)
∂x2

)
=−ρ

Q
∂ 2y(x, t)

∂ t2 (4.4)
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where ρ (density) and Q (Young’s modulus) are material properties.
Four boundary conditions are needed, two at x = 0 (driven end) and two at x = L
(free end). At x = 0 the amplitude is equal to the driving amplitude and the first
spatial derivative of the amplitude is 0, because the bar is considered ‘clamped’ at its
attachment point.

y(x = 0, t) = Y0 (4.5)
∂y(x, t)

∂x

∣∣∣∣
x=0

= 0. (4.6)

At the free end (the tip), both the second and third spatial derivatives equal 0, because
there can be no moment or shear stress.

∂ 2y(x, t)
∂x2

∣∣∣∣
x=L

= 0 (4.7)

∂

∂x

(
S(x)κ2(x)

∂ 2y(x, t)
∂x2

)∣∣∣∣
x=L

= 0. (4.8)

which for a sharp edge at x = L simplifies to

∂ 3y(x, t)
∂x3

∣∣∣∣
x=L

= 0 (4.9)

Solving (4.4) with the given boundary conditions gives the oscillation amplitude for a
driven rod at each location x. If the rod is not tapered, there is an analytical solution,
given by: [19]

1
A

y(x) = cos(µx)+
1
2

(
1+

sin(µL)sinh(µL)
1+ cos(µL)cosh(µL)

)
(cosh(µx)− cos(µx))

−1
2

cos(µL)sinh(µL)+ sin(µL)cosh(µL)
1+ cos(µL)cosh(µL)

(sinh(µx)− sin(µx)) .

(4.10)

with

µ
4 =

ρω2

Qκ2 (4.11)

The presence of a taper makes the cross-section S(x) non-uniform along x; an ap-
proximate analytical solution to equation 4.4 can be obtained using a Rayleigh-Ritz
technique [18], however, as further on described, real endodontic files also have a
cylindrical section near its driving end. Therefore not only the cross-section but also
the taper is non-uniform, which makes finding an analytical solution to (4.4) a te-
dious task. Here we therefore solve the equation of motion numerically. Details on
the fully explicit discretization are given in Appendix A. The numerical solution is
verified with the analytical solution (14.4) for a non-tapered, driven rod.
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4.2.2 Eigenfrequency

The files should be driven at a resonance mode in order to obtain the highest oscil-
lation amplitude. The fundamental eigenfrequency of a non-tapered rod is given by:
[20]

f0 =
Kn

2π

√
Qκ2

ρL4 (4.12)

with Kn a constant where n refers to the mode of vibration. For the first 5 modes,
Kn = 3.52,22.0,61.7,121,200.

With this equation the eigenfrequency of a circular, stainless steel rod of constant
diameter 150 µm and length 25 mm can be calculated to be 170.8 Hz. This rod is
a basic model for real endodontic files, for which the eigenfrequency needs to be
determined numerically by applying a quadratic displacement y0(x) ∝ x2 as initial
condition and allowing the file to oscillate freely (without driving). Tracking the
displacement of the tip of the file allows for an estimation of the eigenfrequency of
the file.

4.2.3 Damping

The oscillation of the file is damped due to material damping and interaction with the
surrounding fluid. The damping force on the file due to the surrounding fluid is the
sum of three forces: drag, added mass and history (or Basset) force [21]. These terms
may have a significant influence on the file oscillation in water; however, in air the
contribution from the damping forces can be neglected.

The drag force is calculated from:

Ddrag =CD
1
2

ρ

(
∂y
∂ t

)2

A (4.13)

The drag is calculated at every point along the cylinder, as the radius and velocity are
position-dependent. A=A(x) is the front-facing area, CD is the drag coefficient which
is dependent on the cross-sectional shape and the Reynolds number. The Reynolds
number is defined as the ratio of inertial to viscous forces:

Re =
ρv2R

µ f
(4.14)

(with µ f the viscosity of the fluid) and is typically O(102) for ultrasonically oscillat-
ing endodontic files.

The added mass force is related to the acceleration of the file:

Dadded mass =CMρ
∂ 2y
∂ t2 V (4.15)
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V =V (x) is the local volume of the file and changes with distance along the file. CM

is the added mass coefficient and depends on the cylinder diameter and the oscillation
frequency [21].

The history force takes into account the details of the flow around the file and how
that flow affects the drag. This term therefore requires knowledge of the complete
flow field around the file, which is not known at this stage. However, for the Reynolds
numbers of O(102) in the present study, the contribution of the history force will only
be small [22].

With these three damping terms, the one-dimensional equation of motion (4.4)
becomes non-linear and cannot be solved any more with the current explicit dis-
cretization technique. Nevertheless, the presented model without damping can be
used to study file oscillation characteristics in air, and comparison with experiments
in a liquid can reveal the influence of the damping terms.

4.2.4 Structural properties of real endodontic files

The cross-section of the file determines the surface area S and radius of gyration
κ . The radius of gyration is used in predicting buckling behaviour: a material will
buckle easiest in the direction of lowest radius of gyration; a cylinder is the strongest
shape because it has the same radius of gyration in every direction [20].
The radius of gyration can be calculated from:

κ =

√
I
S

(4.16)

where I is the area moment of inertia, a measure of the spreading of the area around
the central axis:

I =
∫

S
y2dS. (4.17)

Figure 4.2: Photograph of a K-file, with microscopic photos (inserts) of the 1 mm from the
tip for the ESI015 file, Irrisafe file and K-file.
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Geometry Cross-sectional area S Radius of gyration κ

ESI file πR2
√ ∫ R

0
∫

π

0 r2rdθdr
πR2 = R

2
radius R

K-file w2

√
4
∫ w/2
−w/2

∫ w/2
−w/2 x2dxdy

w2 = w√
12

sides w = 2R√
2

Irrisafe w2− (4R2
c−πR2

c)

√
(w

4 )
4(20+ π

4 )

0.95w2

(1)

sides w = 2R√
2

≈ 0.95w2

corner radius Rc =
w
4

Table 4.1: Structural properties of real endodontic files with specified diameter D = 2R

y is here the distance from the centre of the object in the direction of interest.
Table 4.1 gives the cross-sectional area and radius of gyration for three typical en-
dodontic files: ESI files (circular cross-section), K-files (square cross-section) and
Irrisafe files (square cross-section with rounded corners).

The K-files and Irrisafe files have a square cross-section that is twisted along
the length of the file, creating flutes with a spacing of θ (in mm/90o), see Fig 4.2.
Rotation around the axis (with angle β ) results in a change in area moment of inertia
(and consequently the resistance to buckling):

I∗ = I + Ixy sin2β (4.19)

(1) In order to calculate the radius of gyration of the Irrisafe file, the cross-section has to be split up
into multiple sections and the parallel axis theorem for the area moment of inertia has to be used:

Itotal =
IV

∑
k=I

Ik = Icm +d2A (4.18)

where k indicates the separate regions, Icm the area moment of inertia of the region about an axis passing
through its center of mass, and d the distance from the original axis. The rounded-square cross-section
can be split up into three squares with sides w

4 and a quarter of a circle with radius Rc (indicated with
shaded areas), resulting in the equation for the radius of gyration as given in Table 4.1.
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where Ixy is the product moment of inertia, defined as:

Ixy =
∫

A
xydA (4.20)

However, for symmetric cross-sectional shapes like a circle or a square, the product
moment of inertia is zero, therefore a rotation around the axis does not cause a change
in area moment of inertia. The damping, however, does change for the files with
(rounded) square cross-section, as the drag is related to the area facing the direction
of oscillation.

Material properties

The exact material properties of the endodontic files are not known, therefore litera-
ture values for the density and Young’s modulus have been used in the simulations.
The K-files and Endosonore files are made of stainless steel, having a density of
ρ = 7750 kg/m3 and Young’s modulus of Q = 200 ·109 N/m2. The ESI file is made
of a nickel-titanium alloy (NiTi, also known as Nitinol [23]), creating a flexible file,
with density ρ = 6400 kg/m3 and Young’s modulus of Q= 120 ·109 N/m2 (Austenitic
phase).

Geometrical notes

The endodontic files have a taper of typically 2%, up to 16 mm from the tip; the
remainder of the file LC is cylindrical (with diameter DC) and non-tapered. Mod-
eling these geometrical characteristics in detail is necessary because they affect the
numerical result significantly.

4.3 Experimental setup

The oscillation characteristics of 10 endodontic files were measured using a scanning
laser vibrometer (OFV056, Polytec, Waldbronn, Germany), sampling at 1.5 MHz and
averaging three measurements at each of the 50 points along a file. These points were
chosen such as to have maximum reflection, which in the case of files with square
cross-section only occurred when the flute faced the vibrometer. At the tip of the file,
it was difficult to get a good reflection as the file diameter there is of the same size as
the vibrometers spot size (100 µm in diameter).

The files were driven by commercial endodontic devices. The K-files and IR-
RIsafe files were driven with a Suprasson P-Max device (Satelec Acteon, Merignac,
France) at power setting ‘Green 5’, ‘Yellow 5’ or ‘Blue 5’ (listed with increasing
power); the ESI and Endosonore files were driven with a miniPiezon device (EMS,
Nyon, Switserland) at power setting 1 or 2. The vibrometer was synchronized to
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the driving signal; the driving frequency was calculated by the vibrometer system
software with a resolution of 125 Hz.

For the part of the study where the influence of the driving frequency was stud-
ied, three customized hand pieces (same piezo elements, but different masses added)
with resonant frequency at 20, 30 or 40 kHz were used, driven with a sine wave of
the appropriate frequency which was generated by an arbitrary waveform generator
(33220A, Agilent, Santa Clara, California, United States) and amplified with an au-
dio amplifier (TA-FB740R, Sony, Tokyo, Japan). The exact resonance frequency of
the combined piezo-file system was obtained by finding the frequency at which the
current to the hand piece was minimum, a technique (feedback loop) that is also used
in the commercial devices.

The files were attached to the piezo with a chuck with a bend of 120◦. Measure-
ments were performed in air, in a water tank (dimensions 100×100×100 mm) filled
with tap water, and inside root canal models. These root canal models were made
by solidifying silicon (Polydimethylsiloxane, Sylgard 184, Dow-Corning, Midland,
Michigan, United States) around a C- or D-sized hand spreader, creating a 17 mm
long root canal with a taper of 6% and an apical diameter of 300 µm (‘30/0.06’) or
350 µm (‘35/0.06’), respectively [24]. The files were inserted up to 3 mm from the
apex of those canals.

Measurements of the oscillation amplitude were performed in the direction of
driving; for two files the oscillation amplitude in the perpendicular direction was also
measured. Also, the motion of the hand piece and chuck relative to the file have
been measured. The transient start-up of the file has been studied by measuring the
oscillation amplitude of the tip during the first 20 ms.

Finally, the influence of a rubber stopper has been measured by placing a rubber
stopper at 15 mm from the tip. These rubber stoppers are used in clinical practice
to indicate the length of the root canal on a file. A rubber stopper is a disc with a
diameter of 3.3 mm, a thickness of 1.7 mm and a mass of 15 mg.

The geometrical file properties that are necessary for the numerical model, were
obtained from pictures taken with a digital camera (D300, Nikon, Tokyo, Japan) and
are listed in Table 4.2. The convention for the endodontic file names are as follows:
the first number behind the letter (denoting the file type) indicates the diameter of the
file at the tip, in tens of micrometer; the second number indicates the length of the
file, in millimeter. Example: the ‘K15/25’ file is a K-type file with a tip diameter of
150 µm and a length of 25 mm.
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4.4 Results

4.4.1 Typical oscillation pattern

Both the experiments and the numerical simulation show that the oscillation pattern
of an endodontic file is typically a standing wave of two or three wavelengths, see Fig.
4.3. As most files are tapered toward the tip, the amplitude of the antinodes increases
toward the tip, and the wavelength simultaneously decreases. Without taper (Irrisafe
files), the antinode amplitude and wavelength do not change along the file.

Figure 4.3: Wave pattern of a K15/21 file, as determined by simulation (—) and experiment
(-•-•-). The oscillation pattern typically consists of a number of nodes and antinodes (of
amplitude An and (half-)wavelength λ .

Figure 4.4: Wave pattern characteristics of a K15/21 file, showing (left) the decrease of
wavelength (with slope ∆λ ) toward the file tip, and (right) the increase in antinode amplitude
(with exponential factor αA, plot normalized to A5) toward the file tip. Both numerical (-•-•-)
and experimental (-•-•-) results are shown.

The files can be characterized with six parameters, which will be used in the re-
mainder of this paper to characterize the oscillation pattern of different files, settings
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and conditions. The first two parameters are the amplitude of the first antinode away
from the tip, A1, and the decrease of the amplitude with distance from the file tip,
which is observed (Fig. 4.4, right) to follow an exponential trend with exponent αA:

An = A1eαAn (4.21)

where n is counted from the tip.
The second set of parameters is based on the (half) wavelength λ , which is the dis-
tance between two consecutive nodes. The oscillation pattern of a file can be charac-
terized by λ1, which is the distance between the first and second antinode from the
tip, and the change in wavelength with distance from the tip, which is observed (Fig.
4.4, left) to increase linearly:

λn = λ1 +n∆λ . (4.22)

This equation is a linear fit based on the observation that the reduction in wavelength
appears to be linear. Considering the limited number of points (4 or 5), a higher-order
fit was deemed inappropriate.
The final parameter is the number of nodes on the file and the driving frequency of
the file, as obtained from the driving signal in the ultrasound device.

Both the vibrometer and the simulation showed no phase difference along the
length of the file during the steady oscillation of the file.

Comparison between numerical and theoretical oscillation pattern

A comparison between the numerical model and the theoretical prediction for the
wave pattern can only be done when the taper and the cylindrical section at the be-
ginning of the file are excluded. Fig. 4.5 shows the result for a cylindrical rod of
length 25 mm and diameter 150 µm and shows differences less than 0.01% between
the two, which is considered a very good agreement. Around the nodes, a small
misalignment between the two solutions causes differences around 1%.

Comparison between numerical and experimental oscillation pattern

A comparison of the measurement and numerical simulation of a K15/21 file oscil-
lating in air (Fig. 4.3) shows an agreement within 10% between the two methods,
both in amplitude and location of nodes. Other files give similar results, however,
the numerical result is sensitive to inaccuracies in geometrical properties, material
properties and driving conditions. In order to estimate the influence of each of these
factors, a parametric study has been performed by varying these factors within 10%
of their estimated value. The results of this parametric study is shown in Fig. 4.6.
The amplitude can change up to 200% when varying the material or driving prop-
erties, which is probably due to a mismatch between the driving frequency and the
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Figure 4.5: Comparison between numerical (-•-•-) and theoretical (—) solution for a 25 mm
long, 150 µm diameter cylindrical rod. The difference between the two solutions is plotted in
the top panel.

resonance frequency of the simulated file. The first wavelength λ1, however, changes
only within 8%.

Besides this inaccuracy in the numerical model, there is a spreading in amplitude
within the three measurements made by the vibrometer, which is typically 10%. The
location of the nodes is estimated to be accurate within 1%.

The driving amplitude Y0 was measured to be on the order of 1 µm. The driving
point x = 0 is not necessarily a node, as it is not exactly known how the file is fixed
inside the chuck; the actual point of driving can be somewhere inside the chuck. For
the files where x = 0 is close to an antinode, the driving amplitude was only of the
order of hundred nanometer.

Differences between endodontic files

Each endodontic file has a specific oscillation characteristic, which is shown in Table
4.3, as obtained from vibrometer measurements. The K-files and ESI015 file all have
an increase of antinode amplitude and a decrease of their wavelength toward the file
tip in common, which is due to their taper. The Irrisafe files, however, have almost
no taper and therefore an almost constant wavelength and antinode amplitude.

For the present set of files it can be observed that thicker files tend to oscillate with
a higher amplitude and have larger wavelengths, although the increase in wavelength
(∆λ ) is not necessarily affected. Longer files generally result in more nodes and
lower amplitudes.
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Figure 4.6: Parametric study of the numerical solution of a K15/21 file. All parameters
were varied within 10% of their default value; the change in tip amplitude (left) and first
wavelength (right) with respect to the default result is plotted. Note the different scale on the
y-axis in the left panel.
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# of nodes A1(µm) αA λ1(mm) ∆λ f (kHz)
K10/21 6 38.08 -0.38 2.42 0.48 30.50
K10/25 7 31.44 -0.38 2.29 0.63 30.54
K15/25 6 40.19 -0.32 2.85 0.50 30.38
K25/21 5 14.72 -0.28 3.44 0.49 30.25
IRR20/21 6 14.00 -0.03 2.88 0.15 30.38
IRR20/25 6 11.01 -0.07 2.72 0.18 30.50
IRR25/21 5 30.06 -0.06 3.06 0.25 30.38
Endosonore* 5 2.44 -0.26 3.83 1.01 29.42
ET25L 4 9.14 -0.33 4.45 0.72 33.13
ESI015* 7 5.84 -0.26 2.35 0.44 29.17

Table 4.3: Oscillation pattern characteristics for different endodontic files, as determined
experimentally in water, at power setting ‘Yellow 5’ (or ‘1’ = * ).

The ESI015 file was found to have two different oscillation frequencies, 24 and
29 kHz. At start-up, the feedback mechanism of the ultrasound device locked into
one of these two frequencies.

The Endosonore020 file was observed to have a large frequency component at
88 kHz, i.e. three times the driving frequency of 29 kHz. This component could
actually be two times higher than the fundamental component, suggesting a complex
oscillatory motion of the file.

Influence of the driving frequency and amplitude

An increase in driving frequency from 20 kHz to 30 kHz or 40 kHz resulted in a
shorter wavelength, according to the vibrometer measurements (Table 4.4) and agree-
ing with numerical simulations. A significant reduction in oscillation amplitude was
also observed at 20 and 40 kHz with respect to 30 kHz. This could be due to the fre-
quency response of the piezo elements and the attached file, because the numerical
simulation actually predicted higher oscillation amplitudes at 20 and 40 kHz for the
same driving amplitude.

Changing the driving power showed a linear relation between driving amplitude
and overall oscillation amplitude. For the commercial devices, the driving frequency
typically decreased with approximately 0.01 %/mW with increasing power.

Influence of damping

The influence of damping on the oscillation pattern can be observed in Table 4.5,
where the measured oscillation characteristics in air and water are listed. The damp-
ing forces due to water (drag force, added mass force and history force together)
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# of nodes A1(µm) αA λ1(mm) ∆λ f (kHz)
frequency
20 kHz 5 8.31 -0.32 3.30 0.36 18.94
30 kHz 6 9.27 -0.24 2.61 0.45 27.06
40 kHz 7 2.90 -0.21 2.24 0.36 35.19
amplitude
30mW 6 7.24 -0.25 2.61 0.45 27.06
50mW 6 9.27 -0.24 2.61 0.45 27.06
70mW 6 11.00 -0.25 2.60 0.45 27.06

Table 4.4: Oscillation pattern characteristics for an ESI015 file driven at different frequen-
cies (at 50mW) and amplitudes (at 30 kHz), as determined experimentally.

changes the oscillation pattern by increasing the wavelength on the file with approxi-
mately 5%. The driving frequency typically decreases with approximately 1% when
the file oscillated in water, however, the numerical simulation predicted that this
would change the wavelength by less than 1%, showing that the increase in wave-
length is primarily due to damping. The reduction in driving frequency suggests an
increase in driving power by the commercial device as it tries to compensate for the
load due to the water. This can also be observed from the oscillation amplitude, which
is not reduced significantly in water, and is occasionally even increased.

Influence of the confinement

Files oscillating in the confinement of a root canal have oscillation characteristics
(Table 4.5) that are between those in air and in water, reflecting the fact that 33% to
44% of the file is outside of the root canal. From these results it cannot be deduced
how large the contribution of the presence of the wall is, because the results for the
two different confinements (sizes ‘C’ and ‘D’) are not significantly different. How-
ever, the wall does not appear to introduce a large damping to the file oscillation, as
the oscillation characteristics inside the confinements are close to those in water.

The influence of PDMS in front of the oscillating file on the vibrometer result
was checked by placing a slab of PDMS of thickness 6 mm in front of an unconfined
file, oscillating in water. No difference was observed with respect to the same file
oscillating freely in water (data not shown).

Influence of a rubber stopper

When a rubber stopper was placed on the file, no significant change in oscillation
pattern was observed (Table 4.6). It should be noted that the rubber was found to
have been placed at a node of the file oscillation pattern.
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# of nodes A2(µm) αA λ1(mm) ∆λ f (kHz)
Air 6 18.23 -0.33 2.98 0.51 30.38
Water 6 28.37 -0.27 2.89 0.50 30.34
Root canal size ‘C’ 6 24.31 -0.30 2.94 0.51 30.38
Root canal size ‘D’ 6 27.86 -0.28 2.93 0.50 30.38

Table 4.5: Oscillation pattern characteristics for a K15/25 file in different media and confine-
ments, as determined experimentally, at power setting ’Blue 5’. Note that A2 is used instead
of A1, because of non-representative fluctuations in the amplitude A1

Stopper # of nodes A1(µm) αA λ1(mm) ∆λ f (kHz)
no 6 25.76 -0.31 2.73 0.54 24.18
yes 6 27.78 -0.30 2.73 0.58 24.23

Table 4.6: Oscillation pattern characteristics for an ESI015 file driven at power 1, with and
without rubber stopper placed at a distance of 15 mm from the tip.

Oscillation direction

In the direction perpendicular to the main direction of oscillation, the oscillation pat-
tern was observed to have the same number and position of nodes and antinodes
(Table 4.7) as in the main direction of oscillation. The oscillation amplitude was up
to 25% of the amplitude of the main direction of oscillation.

Start-up characteristics

For the commercial device (MiniPiezon, EMS) it took 8 to 10 seconds before the
maximum oscillation amplitude of the file tip was obtained. During this start-up time
the frequency and amplitude were observed to vary, contrary to the file being driven
by our own equipment, where the frequency was observed to be constant and the
amplitude increased linearly, within approximately 3 ms until full oscillation ampli-
tude was obtained. During this start-up time, there was a phase difference between
the driving signal and the oscillation amplitude during the first millisecond. In the
simulation, there also is a phase difference between the file tip and the driving signal,
but that disappeared already after 0.2 ms.

# of nodes A1(µm) αA λ1(mm) ∆λ f (kHz)
main oscillation direction 6 28.07 -0.33 2.98 0.51 30.38
perpendicular direction 6 7.78 -0.26 2.83 0.52 30.38

Table 4.7: Oscillation pattern characteristics for a K15/25 file driven at power ‘Blue 5’,
measured in the main direction of oscillation and perpendicular to it.
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Table 4.8: Eigenfrequencies of several files, as determined from the simulated free oscillation
of the file tip in air.

File type Eigenfrequency (Hz)
K10/21 1511
K10/25 1282
K15/25 1160
K25/21 1541
IRR20/21 549
IRR20/25 549
IRR25/21 504
Endosonore #020 1236
ET25L 1907
ESI015 1123

A frequency analysis of the first 20 ms after start-up (Fig. 4.7) shows that the
frequency spectra for experiment and simulation are similar except for stronger peaks
at the harmonic frequencies in the experimental signal.

Figure 4.7: Power spectrum (in decibel) of the oscillation amplitude of the tip during the first
20 millisecond after start-up, for both experiment (black) and simulation (grey).

Eigenfrequency

The eigenfrequency of each specific file as determined from the numerical simulation
is listed in Table 4.8, with an error of 1%. For a cylindrical stainless steel file of diam-
eter 150 µm length 25 mm and no taper, the eigenfrequency is 170.9 Hz, according
to the numerical model, agreeing well with the theoretically predicted value of 170.8
Hz. Note that the driving frequency is more than 20 times the file’s eigenfrequency.
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4.5 Discussion

The sinusoidal oscillation pattern as measured with the laser vibrometer matches the
numerically predicted oscillation pattern very well, when the geometrical, material
and driving properties are known accurately. Inaccuracies in these properties cause
the file in the simulation to be driven above or under resonance, which may affect
the oscillation amplitude significantly, although the location of nodes and antinodes
remains unaffected. The numerical model also matches well with the theoretical pre-
diction for the oscillation characteristics and eigenfrequency of a non-tapered cylin-
drical rod and can therefore be considered validated.

At present, the tools necessary to measure the (hyper)elastic modulus of the stain-
less steel or NiTi-alloy files were not available. Furthermore, determination of the
material density is complicated by the very small volume of those files. Measuring
the material properties and also the geometrical properties of the files will make the
numerical model more accurate.

The numerical model can also be made more accurate by including material
damping and the fact that, due to the displacement of the file, the length in the model
becomes shorter. This reduction is typically less than 0.01% but can become more
important for larger amplitudes. The numerical model could also be expanded by in-
cluding the perpendicular motion of the file, which has shown to be up to 25% of the
main direction of oscillation. However, without the phase information between the
two oscillation directions, the full two-dimensional oscillation (e.g., circular, ‘figure
8’) cannot be determined. This bidirectional oscillation has already been reported in
earlier investigations of oscillations of dental files [25] and could actually be useful
in clinical practice because the anatomic complexity of the root canal necessitates
cleaning in all directions [26]. The bidirectional oscillation could be attributed to lift
induced by the surrounding fluid, different resonance modes of the piezo or due to
file imperfections. File imperfections are actually likely to occur because in clinical
setting the files are known to bent easily. A preliminary scan with the vibrometer
system of a bent file has shown that a bend in the file can influence the oscillation
pattern significantly. Also, in clinical settings file fracture is known to occur, due
to high bending in combination with file imperfections. A preliminary investigation
has shown that the location of file fracture can be predicted well with the numerical
model presented here.

From the obtained oscillation patterns it cannot readily be determined which file
is more effective in generating fluid streaming for cleaning of the root canal, because
the fluid-structure coupling is not only dependent on oscillation amplitude but also
involves the front-facing area of the file and damping. A recent study has however
shown an increase in root canal cleaning efficacy with higher oscillation amplitudes
[27]. Studying the fluid-structure interaction in more detail would require a more
sophisticated, three-dimensional finite element solver.
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Some clinical implications can already be deduced from the results from this
study. Primarily, the presence of the confinement of the root canal did not have a
large affect on the file oscillation with respect to the oscillation in water, although
the fact that a large part of the file is outside the root canal was visible in the results.
Considering the acoustics inside the root canal confinement, standing waves can be
ruled out, as the acoustic wavelength at 30 kHz in water is 5 cm. However, in the
present experiments, the wall of the root canal is made of silicone, which changes the
acoustic coupling between the oscillating file and the wall. Silicone has a different
acoustic reflection coefficient than dentin, leading to a different reflection coefficient
of the generated sound waves. The reflection coefficient can be determined from the
acoustic impedances Z = ρc (with ρ the material density and c the speed of sound
in that material), which for water at 20◦ C is 1.5 MRayls, for silicone (PDMS) is 1.1
MRayls and for dentin is 8.8 MRayls. The reflection coefficients for each interface is
given by:

R =

(
Z2−Z1

Z2 +Z1

)2

. (4.23)

For water-dentin, this reflection coefficient is 0.50; for water-silicone it is 0.02. There-
fore, inside the silicone root canals, the acoustic coupling with the reflected ultra-
sound is neglected. The wall does have an influence on the fluidic streaming induced
by the file, independent of the material of the wall, as long as the wall doesn’t deform
at the scale of the induced microstreaming (O(100 µm) [6]). A pilot experiment with
a temporal resolution of 4 µs and an optical resolution of 3 µm showed no deforma-
tion of the silicon wall, therefore the silicon root canal model is considered a good
substitute for a dentinal root canal. More accurate measurements of file oscillations
inside different root canal confinements could elucidate the role of the confinement
in more detail.

The presence of a rubber stopper is also of clinical relevance. In this study it
was shown that the presence of the rubber stopper does not alter the file oscillation
significantly, even though it has a mass of approximately 1/4th of a file. The stopper
was placed at a node of the oscillation pattern of the file, and the feedback system of
the ultrasound device was likely to have compensated for the presence of the addi-
tional weight introduced by the rubber stopper. When placed at antinodes, the rubber
stopper may have a larger influence on the file oscillation.

The observation that the oscillation amplitude of the file in water is not reduced
(and sometimes is even increased) compared to oscillation in air is a result of the
feedback system of commercial ultrasound devices, which measures the load on the
file and adjusts the power output, thereby compensating for the increase in load due to
the water. However, the load on the file also changes the resonance frequency of the
file. At start-up, the feedback system of the commercial ultrasound devices look for
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the optimal driving frequency in the range 24-32 kHz, and therefore by monitoring
the driving frequency one can deduce the presence of a load on the file.

The feedback system was found to need approximately 10 ms to find this op-
timal driving frequency. During this start-up time the file tip exhibits instationary
behaviour, which are transients induced by the frequency scanning. This can be de-
duced from the observation that file driven by equipment without feedback system
needed only 3 ms to reach full amplitude and did not show in stationary behaviour.
Ex vivo experiments have shown that the instationary start-up phase of commercial
devices may be beneficial for the induced fluid flow [28].

The endodontic files are attached to the piezo element with a chuck, into which
the file is screwed (EMS ultrasound devices) or attached inside (Satelec ultrasound
devices). The attachment of the file to the chuck and of the chuck to the piezo element
may introduce additional movement if the attachment is not firm enough [25]. How-
ever, a pilot measurement with the vibrometer system showed no significant phase
difference between the piezo element and the chuck, or the chuck and the file (for the
EMS system).

The hand piece and the file are known to heat up during use [29]; their temper-
ature can increase with up to 50◦ C. This, however, should not lead to a significant
change in file length and consequently the oscillation characteristics, as the heat ex-
pansion coefficient of stainless steel or NiTi suggest that a temperature rise of 300
◦C is necessary to increase the length of the file with only 0.1 mm. Furthermore, the
heat will be dissipated to the surrounding water.

In clinical practice, contact of the file with the wall of the root canal is likely to oc-
cur. Preliminary measurements have shown that this contact leads to a rich behaviour
of the file, including traveling waves and secondary frequencies. Understanding this
behaviour and measuring the amount of contact occurring clinically is the subject of
an ongoing study.

4.6 Conclusions

Using a combination of experimental and numerical techniques, the oscillation char-
acteristics of ultrasonically driven endodontic files have been analyzed, showing a
good agreement between numerical model and experimental results and theoretical
predictions. The numerical model can therefore be considered validated and can in
the future be used to predict the oscillation characteristics of new file designs.

The presence of a liquid changes the oscillation characteristics due to damping;
on the other hand, the confinement of an artificial root canal or the presence of a
rubber stopper did not affect the file oscillation significantly. The feedback system
of commercial endodontic ultrasound devices compensates for the damping by the
liquid and assures that the file can oscillate optimally during clinical use.
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The oscillation pattern is typically a sinusoidal wave of 3 periods, although the
amplitude and wavelength characteristics differ between files. Such an oscillation
pattern could induce streaming between antinodes and nodes and therefore knowing
the oscillation pattern and amplitudes is important for understanding the file behavior
and induced streaming that is associated with cleaning of the root canal system by the
current and new endodontic file designs.
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Appendices

4.A Discretization of the equation of motion

A central difference explicit discretization scheme is used for the discretization of the
4th order spatial derivative and the 2nd order time derivative of the equation of motion
of the endodontic file (4.4). The discretization on the spatial domain j = 0..J is given
by:

Y n+1
j − 2Y n

j +Y n−1
j =

S j−1κ2
j−1

MS j
ν

2 (Y n
j−2−2Y n

j−1 +Y n
j
)

−
2κ2

j

M
ν

2 (Y n
j−1−2Y n

j +Y n
j+1
)

+
S j+1κ2

j+1

MS j
ν

2 (Y n
j −2Y n

j+1 +Y n
j+2
)

(4.24)

where M = − ρ

Q and ν = ∆t
∆x2 . Neumann analysis showed that the numerical scheme

for a non-tapered beam is stable for

ν ≤ 1
2

√
M
κ2 . (4.25)

The taper for endodontic files is typically small (typically less than 6%) and therefore
it is assumed that, for a tapered beam, the stability criterium is approximately the
same as(4.25).

The discretized boundary conditions at j = 0 (corresponding to x = 0) are given
by:

Y n
0 = Y0 sin(ωt) (4.26)

Y n
1 = Y n

0 . (4.27)

At j = J (corresponding to x = L) the discretized boundary conditions are given by:

Y n
J+1 = 2Y n

J −Y n
J−1 (4.28)

Y n
J+2 = 3Y n

J −2Y n
J−1. (4.29)

The cross-sectional area S( j) and radius of gyration κ are evaluated at each j;
the file diameter is assumed constant over a length dx. The driving amplitude Y n

0 is
apodized linearly for the first millisecond, to avoid transient behaviour.
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4.B File fracture

File fracture can occur during passive ultrasonic irrigation of the root canal. The
origin of the fracturing is not yet fully elucidated, but could be related to high bending
during oscillation or due to cavitation. In two studies by Ahmad et al. [30, 31], where
she studied the fracture of a ultrasonic files, she found that the fracture location was
close to a node. Thin files broke more easily and the fracture was of the brittle type;
the contribution of cavitation was deemed to be insignificant. However, files and
ultrasonic equipment have changed in the more than 20 years since that study was
performed.

In order to predict the location of fracture from the numerical simulations, the
bending moment needs to be considered [19]. The bending moment M can be calcu-
lated from the second derivative of the file oscillation pattern:

M(x, t) ∝
∂ 2y(x, t)

∂x2 (4.30)

4.B.1 Measurements of file fracture occurrences

By measuring the remaining length of files of two specific types (K10/25 and K15/21,
Satelec, Merignac, France) that had been used during a period of four years and had
fractured. All files have been oscillating freely in water or air, without the con-
straints of the root canal space. The measurement error in the length determination is
±0.1 mm.

Figure 4.8 shows the number of fracture occurrences at a specific length for those
two files, plotted next to the file oscillation pattern as calculated with the numerical
model described in this chapter. It can be observed that most of the files fracture
near (but not at) their first antinode (A1) away from the tip, which results in a loss
of approximately 2 mm of length. These fracture locations coincide well with the
maximum bending moment (thin lines).

For the K10/25 file it can furthermore be observed that the second peak of fracture
occurrences is near the second antinode (A2) of the intact file, suggesting that a second
fracture of the file is related to weaknesses of the file induced during the oscillation
of the intact file. A numerical simulation of a broken file (light blue) verified that the
new antinode A1, f ractured and maximum bending moment are located at a different
position than the second peak in fracture occurrences.

4.B.2 Observations of file fractures

Visualization of the file fracture was performed using a high-speed camera (APX-RS,
Photron, Tokyo, Japan) recording at 30,000 fps the oscillation of the two files sub-
merged in water or air. Magnification of 5× was provided by a microscope (BX-FM,
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Figure 4.8: Normalized oscillation pattern (thick lines) and fracture occurrences (bar plots)
for the K10/25 and K15/21 files. The thin lines represent (normalized) bending moments.

Olympus, Japan) and illumination was provided in bright-field mode (ILP1, Olym-
pus, Japan). The power setting on the endodontic ultrasound device (P-Max, Satelec)
was set to ‘Red 5’.

In water, it took 82.15 sec for the K10/25 file to break, at a distance of 1.85 mm
from the tip. In air, it took 0.37 sec for the file to break, at a distance of 1.70 mm from
the tip. In water, a cloud of cavitation bubbles (see chapter 12 of this thesis) could
be identified at the tip of the file and also at the first antinode A1, where cavitation
occurred over a length of approximately 1 mm (figure 4.9a). At some point a crack
started to be visible at a location between the first node and the first antinode from the
tip (figure 4.9b,c), after which the file oscillation was significantly affected. In water,
cavitation concentrated to the area around and inside the crack. This crack grew for
approx. 50 oscillation cycles before detaching from the bulk of the file (figure 4.9d).

Often the fracture occurred at a location where the file is widest in the image
(figure 4.9e), corresponding to a diagonal cross-section of the file with respect to the
direction of oscillation.

4.B.3 Hypothesis for the cause of fracture

The fact that fracture occurred in air in a similar way as in water already suggests that
cavitation may not be the main cause of file fracture. The high-speed visualizations
confirm this suggestion, as at the site of fracture only little cavitation occurs as com-
pared to other locations on the file. These results agree with the findings by Ahmad
et al. (1994) [31], who showed that cavitation caused some pitting on the file surface,
but not enough to be likely to contribute to fracture.
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Figure 4.9: Fracture visualization for a K10/25 file.
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The bending of the file is then a more likely cause of fracturing. The file may
experience fatigue due to its continuously changing bending, which shows primarily
at the points of high bending moment, near the first antinode. This bending moment
is distributed along the cross-section of the file; at points where the cross-section of
the file with respect to the direction of oscillation is diagonal (every 0.5 mm), the
bending moment will be highest and fracture is most likely to occur. The twisting
of the files, however, is not the same for files of the same type, which contributes to
the spreading in the fracture locations as observed in figure 4.8. The spreading in
fracture locations is also due to file imperfections and a difference in node/antinode
locations of ca. 0.5 mm between water and air.

As the files are never perfect (due to material imperfections or macroscopic
bending), the motion of the file will be slightly unsteady, causing occasionally a
higher than average amplitude of the file oscillation. In water these transients will be
damped, contrary to air. This would explain why the file is observed to break sooner
and more often in air than in water, as observed in our experiments, by Ahmad et
al. (1994) [31] and by clinicians. In the study by Ahmad et al. it was also observed
that files that came purposely in contact with a wall never fractured, supporting the
hypothesis that transients are the main cause of file fracture.

Recommendations

Improved resistance to file fracture could possibly be obtained by reducing the bend-
ing of the file, which corresponds to a longer wavelength of the file oscillation pattern
if the same oscillation amplitude is required. A longer wavelength can be obtained
by using a different driving frequency or material properties.

Alternatively, if the transient motion of the file would be the main cause of
file fracture, transients, induced by file imperfections and wall contact, should be
avoided. However, as is shown in the next chapter, file contact with the wall is very
likely to occur.

A more systematic study of file fracture locations and times, combined with a
more thorough theoretical analysis of file bending and plastic deformation, should be
undertaken to elucidate the main mechanism of file fracture.



5
Measurement and visualization of the
occurrence of contact during Passive

Ultrasonic Irrigation ∗

Abstract: the occurrence of contact of a file with the root canal wall during Passive Ultrasonic Irriga-

tion is inevitable considering the small dimensions and complex geometry (e.g., curvature in the axial

direction) of the root canal system. Until today, it has never been evaluated how much contact will

occur, and its resulting effect during clinical use of the PUI technique. In this chapter we measured the

amount of contact occurring during use of PUI inside two metal root canal models of different apical

size, performed by 15 trained and 15 untrained postgraduate students from two different dental schools.

Most of the contact was found to take place at the coronal section of the root canal, with decreasing

contact for larger canals. At the apical section of the smallest root canal, the file was found to make

contact on average 20% of the time. However, the file oscillation was affected by 94% of the time.

High-speed visualizations and numerical simulations of the file oscillation show that the file bounces

back and forth against the wall at audible frequencies (near 5 kHz), but meanwhile can still perform

its 30 kHz oscillation. No damping of the file oscillation amplitude is observed for the range of con-

tact strengths measured. The secondary frequencies lead to interference with the 30 kHz oscillation,

but acoustic streaming and cavitation will still be induced, and therefore contact does not violate the

requirements for PUI to be passive. Vibrometer analysis shows furthermore that traveling waves arise

on the file during contact.

∗To be submitted to International Endodontic Journal as: C. Boutsioukis, B. Verhaagen, A.D.
Walmsley, M. Versluis and L.W.M. van der Sluis, “Measurement and visualization of the occurrence of
contact during Passive Ultrasonic Irrigation”
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5.1 Introduction

Irrigation of root canals with antimicrobial solutions is considered an essential part
of an endodontic treatment [1], relying both on the mechanical cleaning action and
the chemical ability of irrigants to kill bacteria, disrupt biofilm and dissolve tissue[2].
During the past decade irrigant activation methods, such as Passive Ultrasonic Irri-
gation (PUI), have been widely adopted [3], in order to augment debridement and
elimination of microorganisms achieved by conventional positive-pressure irrigation
with a syringe and a needle [4].

The aim of PUI is to agitate the irrigant inside the root canal system, without in-
tentional contact between the ultrasonic file and the root canal wall [5]. This objective
is highlighted by the term passive as opposed to earlier active ultrasonic preparation
techniques that combined instrumentation and irrigation [4]. Therefore, the operating
principle of PUI is based on the interaction between file and fluid and between fluid
and debris, tissue remnants, microorganisms or dentin. However, the occurrence of
direct contact between the ultrasonic file and the root canal wall is very probable
considering the small dimensions (sub-millimeter) and complex geometry of the root
canal system [6]. As an analogue for the likelihood of making contact inside a root
canal, one can consider the popular game of Wacky Wire, where one has to pull a ring
around a wire without making contact. For passive ultrasonic irrigation, this game is
inverted, scaled down 20 times and performed blindly. One can then understand the
difficulty in avoiding contact with the walls of the root canal during PUI.

This aspect has only been evaluated during ultrasonic instrumentation of root
canals with respect to the removal of dentine by a K-file [7, 8], but in these cases
a force is deliberately applied to ensure contact, in contrast to PUI. Previous exper-
iments evaluating the interaction between file and fluid during PUI have not elimi-
nated the influence of contact as contact with the root canal was not avoided [9, 10].
Furthermore, contact of a plastic file with the wall has been suggested as one of the
reasons of ineffectiveness of sonic cleaning of the root canal [11]. Contact is also
suggested to reduce the cleaning efficacy of PUI due to damping of the file motion
[12, 13], and could furthermore lead to uncontrolled removal of dentin [14]. How-
ever, to date, the occurrence of contact during PUI or its effect on file oscillation and
irrigant streaming has not been fully evaluated.

The aims of the present study were to:

• quantify in vitro the amount of contact occurring during PUI and to evaluate
the effect of root canal size, file insertion depth, ultrasonic power, root canal
level and previous training on PUI, and

• investigate the effect of contact on the file oscillation using experimental high-
speed visualizations, laser vibrometer measurements and numerical simula-
tions.
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Two time scales are considered here, one being the time scale of the file oscilla-
tion (which is a measure for changes to the file oscillation and for potential cutting
into the wall) and one being the time scale of the operator (the dentist). The latter will
answer the question whether there are times during PUI in which the file is located
in the center of the root canal without any contact, at which PUI can truly be called
passive.

5.2 Materials & Methods

5.2.1 Measurement of the amount of contact in vitro

Device for electrical measurement

For the recording of the amount of contact occurring during PUI, two straight metal
root canal models were manufactured (see Figure 5.1). For each one, a frustum of
a cone was cut in a block of hardened steel, resulting in root canals with an apical
size of 0.35 mm (ISO size 35) or 0.50 mm (ISO size 50), a taper of 0.06 mm/mm
(6%) and a length of 15 mm. Each metal block was subsequently separated into three
sections, coronal, middle and apical. Each section of the root canal was 5 mm high.
A cylindrical opening (diameter 4.25 mm, height 5 mm) was cut in one additional
section and was positioned on top of the coronal section to simulate the presence of a
pulp chamber. All four sections were reassembled to form a complete root canal and

5 mm
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Figure 5.1: sketch of the metal root canal model and its connections as used for contact
measurement in vitro. DAQ stands for Data Acquisition Device. The drawing is not to scale.
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secured in place by plastic bolts. Plastic insulation layers of 0.2 mm were placed be-
tween adjacent sections, electrically isolating each section of the artificial root canal
from the other sections.

Each of the three sections (coronal, middle, apical) was connected to a high-speed
data acquisition device (USB 6356, National Instruments, Austin, TX, USA) capable
of simultaneously recording the voltage at each root canal level at a rate of 300.000
samples per second.

A commercial dental ultrasound device (Suprasson P-Max Newtron; Satelec Acteon)
was used for PUI. This device supplied the ultrasonic file with an electrical signal
through the hand piece, which was also recorded by the data acquisition device. Dur-
ing PUI, contact between the file and one of the root canal sections resulted in the
measurement of the same voltage at the file and at the root canal section, as recorded
by the data acquisition device.

Measurement protocol

To test the hypothesis that previous training and regular application of PUI may have
an effect on the amount of contact, measurements were done in two Endodontology
departments, being the Academic Center for Dentistry Amsterdam, The Netherlands
(ACTA, group 1) and the Dental School of the Aristotle University of Thessaloniki,
Greece (AUTH. group 2). Postgraduate students in ACTA are taught and employ
PUI during root canal treatment on a regular basis, while no such recommendation is
given to the postgraduate students in AUTH.

Postgraduate students or endodontists that had completed their training up to 5
years before the experiment in one of the departments were included in the present
study. Fifteen training/trained endodontists in each of the two departments volun-
teered to perform a series of PUI procedures in vitro. Participants were kept blinded
to the purpose of the study and the variables recorded during each cycle, and were
assured that all data would be treated with confidentiality. The participant’s profile
(years of experience in dentistry, years of experience in endodontics, weekly work-
load in endodontics, practice limited to endodontics or not, and regular application of
PUI or not) was also recorded.

Participants were asked to perform a series of typical passive ultrasonic activa-
tion cycles in the metal root canals just as they would do clinically during endodontic
treatment. Silicon oil (Brookfield, Middleboro, MA, USA) that had an equal den-
sity but a viscosity 5 times that of water, was used as irrigant, because of its non-
conductive and non-corrosive properties.

Activation was performed for 20 seconds using a size 20, length 25 mm Irrisafe
file (Satelec Acteon, Merignac, France) positioned at d = 1 mm or 3 mm short of
working length, in size 35 .06 taper and size 50 .06 taper root canals, and at either
low or high power (‘Green 4’ or ‘Yellow 4’). The insertion depth was marked by a
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rubber stop on the file. All experiments were performed in triplicate. No feedback
on their performance was provided during or after the experiments.

Data analysis

Voltage measurements recorded by the data acquisition device were subsequently
analyzed in MatLab (The Mathworks, Natick, MA, USA) both for the time scale of
the file oscillation and for the time scale of the operator.

The signal from each root canal section was compared to the original signal in
the hand piece; the total percentage of time during which the two signals differed by
less than 5% (noise level) was noted as contact. This value indicated the amount of
contact on the time scale of the file oscillation.

The signal from each root canal section was also filtered by calculating the Root-
Mean-Square (RMS) value for each set of 1000 data points, which allowed contact
on the time scale of the operator to be calculated. The percentage of time for which
this filtered signal was below a threshold level (half of the supplied voltage), was
noted as time the file is not affected by contact, or non-contact-affected (NCA) time.
This value indicated the time that the file spends far enough from the wall so that it
cannot make contact during its oscillation. As the dentists were not asked specifically
to avoid contact with the wall, this variable does not indicate the ability of a dentist to
keep the file centered. Rather, this value is a result of random motion by the hand of
the dentist and gives an idea of the amount of contact on the time scale of the dentist.

Statistical analysis

The effect of dental school (ACTA, AUTH), root canal section (coronal, middle, api-
cal), ultrasonic power (low, high), root canal size (size 35 or 50) and file insertion
depth (1 mm, 3 mm) on the two variables were analyzed by two separate 5-way
mixed design ANOVAs. The Shapiro-Wilk test was used to determine whether the
residuals of the ANOVAs followed a normal distribution. Sphericity of the within-
subjects data was evaluated by Mauchys test and equality of error variances of the
between-subjects data was assessed by Levenes test. In cases that the data violated
the sphericity assumption, the Greenhouse-Geisser correction was applied to the de-
grees of freedom. The null hypothesis was that dental school, root canal section,
ultrasonic power, root canal size and file insertion depth have no significant effect on
the amount of contact between the ultrasonically oscillating file and the wall of the ar-
tificial root canals, or on the fraction of time that the file is not near the wall. Planned
contrasts between successive root canal sections were employed for pair-wise com-
parisons. Correlation between participant characteristics and the two variables was
evaluated by Pearsons correlation coefficient r and point-bisserial correlation, where
appropriate. The level of significance was set to p¡0.05. Bonferroni correction for
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multiple comparisons was applied to the level of significance when appropriate. Sta-
tistical analysis was performed using SPSS 15.0 for Windows (SPSS Inc, Chicago,
IL, USA).

5.2.2 File oscillation characteristics

Vibrometer measurements

The oscillation characteristics of the file in contact with a hard surface were mea-
sured using a laser scanning vibrometer [15]. A K-file (size 15, length 21 mm;
Satelec Acteon), driven at ‘high’ (‘Yellow 4’) power setting by a commercial den-
tal ultrasound device (Suprasson P-Max Newtron; Satelec Acteon), was positioned
inside a water bath of 1 L in front of the laser scanning vibrometer (OFV-056; Poly-
tec, Waldbronn, Germany). The file was made to oscillate in the scanning plane of
the vibrometer. A dental excavator was brought in contact using a translation stage
(9067M, New Focus, San Jose, CA, USA) from the back of the file at different po-
sitions along the file with such force that the excavator touched the file but did not
bend it. Measurements were conducted while the excavator was positioned at the
following distances dc from the tip of the file:

• No contact

• At the tip (dc = 0 mm)

• At the first antinode from the tip (dc = 3 mm)

• Halfway the flutes (dc = 7.5 mm)

• At the start of the flutes (dc = 15 mm)

• At the driving end of the file (dc = 21 mm)

Contact was verified audibly.
Approximately 50 measurement points were set up along the file at which the

vibrometer measured the oscillation amplitude and phase at a sampling rate of 1.5
MHz.

High-speed imaging

A high-speed camera was used to visualize the file oscillations on the time scale of
the file oscillations itself. A high-speed camera (HPV-1; Shimadzu Corp, Kyoto,
Japan), recording at a speed of 250.000 frames/s, was attached to a microscope (BX-
FM; Olympus, Tokyo, Japan) with 10× magnification. Illumination was provided in
bright-field mode by a continuous-wave cold light source (ILP-1; Olympus). A K-file
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(size 15, length 21 mm; Satelec Acteon) driven by a commercial dental ultrasound
device (Suprasson P-Max Newtron; Satelec Acteon) was used at ‘low’ (‘Green 4’)
or ‘high’ (‘Yellow 4’) power setting. The file was placed near a hard plastic wall
inside a water bath of dimension 75×62×117 mm, under an angle of approximately
5 degrees with respect to the wall. The file was then translated in steps of 50 µm
toward the wall, thereby increasing the contact strength. Calibration with a balance
(TP-3002, Denver Instruments, Gttingen, Germany; accuracy 0.01g) showed that the
contact strength (defined here as weight) for this configuration increased at a rate of
6 mg/µm.

The frequency of oscillation was obtained by tracking the oscillation of the file
tip in the high-speed recording.

Numerical simulation

The oscillation of the file was simulated using a previously described and validated
numerical model (Chapter 4)[15]. Briefly, the one-dimensional equation of motion
for a tapered beam was explicitly discretized, on a grid with a resolution of 0.25 mm
and a time step of 10 ns. In order to simulate the presence of the wall, the oscillation
amplitude Y at the point of contact dc was required to be positive for all times n: [16]

Y n
dc
≥ 0 (5.1)

The frequency of oscillation was obtained by tracking the oscillation of the file
tip in the high-speed recording.

The numerical model assumed the file to be oscillating in air, in the absence of
viscous damping forces. Instabilities may therefore be overestimated compared to
when the file is oscillating in an irrigant.

5.3 Results

5.3.1 Contact occurring inside a root canal

An overview of the results is given in Figure 5.2. Overall, the range of values for
the actual contact was 0.04-91.64% of the activation time. At the narrowest section
(apical) of the smallest root canal (size 35) and at a distance of 1 mm from working
length, the average amount of contact was 20%. Supplementary Material movie 1
shows a reconstruction of the contact occurring during the 20 seconds of PUI, based
on one randomly chosen measurement.

There was a significant main effect for all four within-subjects factors (root canal
section, ultrasonic power, root canal size and file insertion depth). Contact was sig-
nificantly increased at the low power setting as compared to the high power set-
ting (p<0.001), in size 35 root canals as compared to size 50 (p<0.001) and when
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Figure 5.2: Average and standard deviation of the measured contact.
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Figure 5.3: Average and standard deviation of the NCA contact.
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the file was positioned at 1 mm short of working length as compared to 3 mm
(p<0.001). Moreover, the three root canal sections showed a significant main dif-
ference (p<0.001). Planned contrasts revealed that the amount of contact was signif-
icantly more in the coronal third as compared to the middle third (p=0.001) and in
the middle third as compared to the apical third (p=0.014). The main effect of the
between-subjects factor dental school was non-significant (p=0.534).

Furthermore, there was a statistically significant interaction between root canal
section and root canal size (p<0.001). While in size 35 root canals the amount of
contact decreased from the middle towards the apical section, in size 50 root canals
it showed an increase.

In addition, a statistically significant interaction between root canal section, root
canal size and dental school was identified (p=0.022). Planned contrasts revealed that
among the dentists from ACTA, the amount of contact showed a similar gradual de-
crease from the middle towards the apical section for both size 35 and 50 root canals,
while among the dentists from AUTH the amount of contact showed a decrease from
the middle towards the apical section for size 35 root canals, but an increase for size
50 root canals (p=0.003). All other interactions were non-significant.

No significant correlations were identified between the participant characteristics
(years of experience in dentistry, years of experience in endodontics, weekly work-
load in endodontics, practice limited to endodontics or not, and regular application of
PUI or not) and the amount of contact.

5.3.2 Non-contact-affected (NCA) time

An overview of the results is shown in Figure 5.3. Overall, the range of values for
the NCA time was 0.15-100%. In the narrowest case, at the apical section of the
smallest root canal (size 35) and at a distance of 1 mm from working length, the
average fraction of time was 6%.

There was a significant main effect for root canal section, root canal size and
file insertion depth. The NCA time significantly increased in size 50 root canals as
compared to size 35 (p<0.001) and when the file was positioned at 3 mm short of
working length as compared to 1 mm (p=0.004). Moreover, the main effect of root
canal section was also statistically significant (p<0.001). Planned contrasts revealed
that the NCA time significantly decreased in the middle third as compared to the coro-
nal third (p=0.010) and in the apical third as compared to the middle third (p<0.001).
The main effects of ultrasonic power and the between-subjects factor dental school
were not significant (p=0.278 and p=0.150 respectively).

Furthermore, there was a statistically significant interaction between root canal
section and ultrasonic power (p=0.012), indicating that the effect of root canal section
differed according to the ultrasonic power. Planned contrasts showed that the NCA
time in the coronal third was higher for high power as compared to low power, but in
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Figure 5.4: Oscillation pattern (a) for a K15/21 file, without (red) and with (black) contact
at the tip. The oscillation amplitude of the tip (b) is used to calculate the frequency spectrum
(c). The file was driven at a frequency of 30 kHz and an amplitude of 0.1 µm and assumed to
oscillate in air. The time interval between lines in (a) is 6 µs.

the apical third this difference was reversed.
In addition, a statistically significant interaction between root canal section and

root canal size was identified (p<0.001). When comparing the NCA time in the
middle third of the root canal to the NCA time in the apical third, the decline is
significantly greater in size 50 root canals as compared to size 35. Another signifi-
cant interaction was identified between insertion depth, ultrasonic power and dental
school (p=0.031). The increase in the NCA time was more pronounced between 1
and 3 mm insertion depth when the high power was used by the participants from
ACTA, but this increase was more evident when participants from AUTH used the
low power.

Similarly, a significant interaction was identified between insertion depth, root
canal size and dental school (p=0.007). There was a similar increase in the NCA
time between 1 mm and 3 mm insertion depth for both size 35 and size 50 root canals
used by participants from AUTH, while for participants from ACTA there was also
an increase between 1 mm and 3 mm insertion depth in size 50 root canals but not in
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size 35.
Finally, a statistically significant interaction between root canal section, root

canal size and file insertion depth was also identified (p=0.024). Planned contrasts
revealed that the NCA time was similarly decreased between the coronal and the api-
cal third for both insertion depths in size 50 root canals, whether the decrease was
more evident when the file was inserted to 1 mm short of working length as compared
to 3 mm in size 35 root canals (p=0.013).

All other interactions were non-significant. No significant correlations were iden-
tified between the participant characteristics and the NCA time.

5.3.3 File oscillation characteristics

The high-speed visualization and the numerical model showed that, when the file is
near the wall, the file still oscillates with a frequency of 30 kHz, but occasionally
hits the wall and is then displaced away from the wall (see Supplementary Material
movie 2). The file then tends to move back to the wall because of the persistent load
exerted by the operator, causing a low-frequency secondary oscillation of the whole
file on top of the driving frequency of 30 kHz.

A Fourier analysis of the motion of the file tip in the numerical simulation (Fig-
ure 5.4) and in the high-speed recording (Figure 5.5) showed a main peak at approx-
imately 30 kHz when the file oscillates unconstrained; when the file is allowed to
make contact, another peak around 6 kHz shows up (besides an increase for all fre-
quencies). Figure 5.6 shows an example of the frequency analysis of a signal from
the apex of the metal root canal. An increase of amplitude for all frequencies, but
most noticeably for frequencies around 4-5 kHz, can be observed.

The numerical simulation showed a continuing increase in amplitude of the sec-
ondary frequency and also instabilities along the file that were not observed in the

Figure 5.5: Analysis of a high-speed recording of an oscillating file in contact (shown in (a)).
The oscillation amplitude is tracked (b) and appears to be a superposition of a 5 kHz and a
30.5 kHz sine wave (both shown for reference).
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Figure 5.6: Frequency analysis of one measurement with the metal root canal model, showing
an increase in amplitude for all frequencies for the signal at the apex (black), where most
contact is expected, compared to the hand piece voltage (red). Especially around 4 kHz there
is a significant increase in amplitude.

high-speed recordings. These effects became increasingly apparent when the simu-
lation was allowed to continue for tens of cycles (of the fundamental frequency).

Interference of the 30 kHz oscillation with a secondary frequency leads occasion-
ally to higher amplitudes and velocities, a process known as beating or constructive
interference. (In the remainder of this article we avoid the use of the word beating, to
avoid mistaking it for the bouncing against the wall.) This can be observed in Figures
5.4 and 5.5 and Supplementary Material movie 2.

In the absence of a wall, a cloud of cavitation bubbles was observed at the tip of
the file at power setting ‘high’; no cavitation was visible at power setting ‘low’. When
the file was allowed to make contact, cavitation did occur at power setting ‘low’ and
increased for power setting ‘high’. The bubble cloud was most pronounced between
the file and the wall when there was constructive interference of the two oscillation
frequencies.

The RMS amplitude (Figure 5.7), as calculated from the high-speed recordings,
showed that an increase in contact strength did not reduce the oscillation amplitude
of the file tip significantly, for both low and high driving power.

The measurements with the vibrometer showed that contact at an antinode of
the unconstrained file induced traveling waves along the file (Figure 5.8). This was
verified (data not shown here) with high-speed recordings and also observed in the
numerical simulations of file oscillation. Traveling waves were not present when
contact was made at a node of the unconstrained file oscillation.
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Figure 5.7: Oscillation amplitude of a file in contact with a wall, as determined from the
high-speed recordings. The file translation on the horizontal axis corresponds to an increased
contact force, up to 6 g at 1000 µm. The file was driven at low (circles) or high (squares)
power.

5.4 Discussion

In this study it was found that none of the 30 participants managed to avoid contact
with the wall during the 20 seconds of passive ultrasonic irrigation, although some-
times the amount of contact was close to zero. In the narrowest section (apical) of the
smallest root canal (size 35) and at a distance of 1 mm from working length, the file
was affected by contact during, on average, 94% of the time. In other words, during
only 6% of the time was the file kept far away enough from the wall in order not to
make contact. The time that the file was actually in contact with a wall, however,
was only 20%. This can be attributed to the secondary frequency of oscillation that
was observed after its collisions with the root canal wall, which makes the file os-
cillate away from the wall for half a period of the secondary frequency. During this
period, the contact value is zero, but the file oscillation is nevertheless affected by the
contact and therefore the NCA time is zero as well. Note that the contact time and
the NCA time represent different measures of the contact (or non-contact). Due to
time-averaging, the NCA time is not simply the inverse of the contact time.

With more space available around the file tip (a larger root canal and/or a larger
distance away from working length), the amount of contact decreased and the NCA
time increased, suggesting that it becomes easier to keep the file away from the wall.

Surprisingly, most of the actual contact occurred at the coronal section of the
root canal, which is always wider than the apical section. However, also the NCA
time was highest at the coronal section. This can be explained by considering that
the files were probably inserted under an angle with respect to the central axis of the
root canal. At the apex there may be a lot of contact as the NCA time is low, but
due to the secondary frequency, the file bounces away from the walls during a large
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period of time, which results in a low contact value. At the coronal section, the file
is meanwhile often being rested against the wall and not bouncing back and forth as
much as at the apical section.

None of the individual characteristics of the participants had a significant influ-
ence on the amount of contact or the NCA time in the root canal. Other character-
istics, not recorded in this study, may be important, or the dynamics that govern the
file oscillation may be more important than movements induced by the dentist. No
specific guidelines were given to carefully avoid contact of the file with the root canal
wall. Thus, the trained participants (ACTA group) were expected to follow the taught
protocol and try to avoid contact, while the non-trained participants (AUTH group)
would probably apply PUI according to their best clinical judgement. It can be ar-
gued that comparison between the two groups may have been biased. However, the
purpose of this comparison was to investigate the difference between a trained and
a non-trained group of clinicians, rather than the ability of the two groups to follow
a specific PUI protocol, therefore not balancing the groups was an inherent require-
ment. Even so, lack of significant differences between the two groups indicated that
previous training and regular application of PUI did not affect the performance of the
participants, therefore the relevant hypothesis was disproved. It is possible that even
the non-trained participants (AUTH group) had some previous information on the
purpose and method of PUI, which is widely discussed in congresses and in the cur-
rent literature, but this was expected to be the case for any group of dentists following
an endodontic training program, thus, the comparison was considered valid.

Interestingly, a higher power setting, which was shown in a previous study to
increase the oscillation amplitude [17], resulted in less contact. This counterintuitive
result can be understood from the secondary frequency induced during contact. The
secondary frequency can be attributed to conservation of momentum, as during the
inelastic collision with the wall, the momentum of the oscillating file is converted to
a displacement away from the wall. At a higher power setting, the momentum of the
file will be larger and therefore the displacement after collision with the wall will be
larger. This leads to a lower secondary frequency and therefore a lower contact value.

The high-speed visualizations and vibrometer measurements have shown that
contact did not necessarily reduce the oscillation amplitude, at least for contact forces
smaller than 6 g, thereby disproving earlier suggestions [12, 13]. The feedback sys-
tem of the commercial endodontic device probably compensates for the increase in
load, as was also concluded elsewhere [15, 18]. As the file can still oscillate freely
during several cycles when it is away from the wall, the interaction between the file
and the fluid, a requirement for passive ultrasonic irrigation, is still there. Acoustic
streaming and cavitation are therefore likely to remain present. The cleaning mech-
anisms of passive ultrasonic irrigation should therefore not be affected, even though
contact is nearly always present during ultrasonic irrigation of the root canal. Thus
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passive ultrasonic irrigation may still be called passive. Alternatively, the term ‘ul-
trasonic activated irrigation’ may be adopted to avoid confusion.

The secondary frequency that is introduced due to contact can by itself introduce
additional streaming, but it can also affect the 30 kHz oscillations. Constructive inter-
ference of the two frequencies leads to an increased file displacement amplitude and
velocity; destructive interference leads to the opposite. Transients may be induced
in the flow, which may actually be beneficial for the induced acoustic streaming and
mixing, and increase the likeliness of cavitation. Transient file behavior has already
been shown in a previous study to be beneficial for dentin debris removal [9].

The vibrometer measurements did not show a secondary frequency, however a
vibrometer measures only relative displacement. The vibrometer did however show
the occurrence of traveling waves. Traveling waves on solids have been shown to be
able to induce a streaming along the surface [19, 20], in this case in the apical and
coronal direction. The high-speed visualization and numerical simulation showed
that these traveling waves do indeed occur.

Damage to the dentin wall due to contact by cutting files is related to repeated
hitting of the wall by the file [14]. Based on the findings of the present study, the rate
of damage should be associated with the secondary frequency of a few kHz rather
than the 30 kHz driving frequency, as the file only hits the wall once per cycle of the
secondary frequency. A lower secondary frequency is therefore desirable, which can
be obtained by avoiding (strong) pushing against the wall by the dentist or using a
file with a lower stiffness and/or non-cutting cross-section [21]. A high power setting
was also associated with a lower secondary frequency and less contact, however, the
momentum of each collision with the wall is then also higher than at low power
setting, and reduced damage cannot be ensured.

The fact that there is an audible sound when the oscillating file is in contact with
a wall, already suggests that there is a low-frequency component. The high-speed
visualization has shown that that is indeed the case. Sound can therefore be a first,
but not exclusive, indicator for contact. There may be other sources of sound, and
very strong contact may dampen the file oscillation and associated sound completely.

Unfortunately, the strength with which the endodontists pushed the file against
the wall could not be determined with the current experimental setup. As Figure
5.6 shows, there is not a single but a multitude of secondary frequencies associated
with contact. Furthermore, the motion of the file may become chaotic when there
are multiple points of contact inside a root canal, and when traveling waves are in-
cluded, prohibiting calibration of the contact. The fact that the feedback system of
an endodontic device compensates its driving voltage for the presence of load, could
also not be used for calibration, due to a lack of knowledge on the exact feedback
mechanism. With the present set of data, therefore only general comments could be
made on the contact strength.
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The contact strength is likely to be involved in the secondary frequencies that are
generated. The high-speed recording and numerical simulation showed secondary
frequencies of 5 and 7 kHz respectively, whereas the secondary frequency obtained
from the electrical signal at the apex was typically smaller than 5 kHz. These differ-
ences are likely due to the force with which the file is pushed against the wall, and
due to the stiffness of the file. When a large force is applied to the file, it will oscillate
back to the wall sooner than with a small force. Indeed, a pilot experiment showed
that the amount of contact increased as the file was pushed with higher force against
a wall. This change in frequency can also be demonstrated by holding the oscillating
file against the table; a higher force results in an audibly different tone.

Different files were used in the contact measurements (Irrisafe file, size 20, length
25 mm) and in the visualization (K-file, size 15, length 21 mm), which may affect the
secondary frequency as well. The secondary frequency is likely to be dependent on
the stiffness of a file, determined by the file geometry and material. A stiff file will
tend to move back to the wall quicker than a more flexible file. A pilot simulation
with the numerical model described above confirmed this prediction. The stiffness
of a file can be estimated from the eigenfrequency of the file, which have been deter-
mined numerically for several endodontic files in Chapter 4 [15]. For typical K-files,
used in the oscillation characteristics measurements, the eigenfrequency has a value
between 1.1 and 1.6 kHz; for the Irrisafe file used in the electrical contact model the
eigenfrequency is around 0.5 kHz. The measured secondary frequencies are however
approximately 10 times higher than the eigenfrequencies, suggesting that the driving
of the file and the presence of a wall have a significant influence on the secondary
frequency. Nevertheless, the relative stiffness of endodontic files as observed from
the eigenfrequencies can give a relative prediction for the secondary frequency.

Similarly, the viscosity of the irrigant may affect the secondary frequency, by
increasing the damping on the file oscillation. In the in vitro experiments silicon
oil, with a viscosity 5 times that of water, was used as irrigant. Thus, the secondary
frequency may have been increased, and the amount of contact underpredicted. This,
however, should not affect the inter-study results of the in vitro measurements.

It must be kept in mind that the simplified geometry of the root canals used in
the present study followed a “best-case scenario”. Clinically, it is expected that more
extensive contact would occur, due to more complex root canal geometries. Future
studies should analyze the influence of the root canal geometry on the occurrence of
contact, and should also evaluate the effect that contact has on cleaning.

5.5 Conclusion

Contact of the ultrasonic file with a wall during PUI occurred in most of the cases
studied and during a large fraction of time. The amount of contact was reduced in
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larger root canals, when a higher power was used, when the file was positioned further
away from working length and from coronal towards apical third of the root canal.
Previous training and regular application of PUI did not have a significant effect.

High-speed visualizations, vibrometer measurements and numerical simulations
showed the occurrence of traveling waves during contact, as well as the generation of
a secondary, audible frequency on top of the 30 kHz driving frequency. Due to this
secondary frequency, the oscillation amplitude is not reduced, and acoustic streaming
and cavitation can still take place. As the working mechanisms of PUI are therefore
not affected, PUI may still be called passive.
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Appendices

5.A Physical model for the secondary frequency

A physical model is constructed to investigate the origin of the secondary frequency,
see Figure 5.9. The tip of the file is considered to be a spring with constant k = mω2

0
(with m and ω0 the mass and eigenfrequency of the file, respectively), which is being
forced toward the wall with the operators force Fdent . The equation of motion for the
file tip, relating the operator force and the spring force to the file displacement y, is
then given by:

mÿ = Fdent + ky (5.2)

The double dot indicates the second derivative to time. The two boundary conditions
consist of the requirement that the file amplitude is initially zero and the velocity is
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Fdent

Fk
y

ω1=
30 kHz

ω2= 5 kHz Figure 5.9: Sketch of the force balance
and oscillations of the file (black) when
in contact with a wall (gray), showing the
forces (red) and oscillations (green) on
the file.

given by the oscillatory velocity Aω1 cos(ω1tc) at the time of collision tc, associated
with the driving frequency of ω1 = 2π30 kHz. The solution for each displacement
after collision (i.e. half a period of the secondary frequency) is given by:

y(t) =
εAω1 cos(ω1tc)

ω0
sin(ω0t)+

Fdent

k
cos(ω0t)− Fdent

k
(5.3)

This equation is a superposition of two sinusoidal waves with a frequency that is the
eigenfrequency of the file, and two different amplitudes. The resulting secondary
frequency is twice the eigenfrequency (i.e. only half the oscillation is finished when
the next collision comes). This equation can be used recursively to simulate multiple
collisions with the wall. The secondary frequency ω2 can then be obtained from the
resulting motion. The collision may not be elastic, due to the otherwise neglected
deformation of the file, which can be incorporated by taking ε < 1. Fluidic damping
is neglected.

The resulting displacement as a function of time is shown in Figure 5.10 and looks
typically very similar to the graphs shown earlier in this article. Using a measured
file weight of 30 mg and eigenfrequency of 1.2 kHz and estimating the operator force
to be 5 g results in a secondary frequency of 2.5 kHz. This secondary frequency is
slightly lower than that observed experimentally, but can be increased by changing ε .
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Figure 5.10: File displacement (a) and corresponding frequency spectrum (b) for a file in
contact with a wall, as calculated with the physical model.

The model furthermore predicts an increase in secondary frequency with increasing
file stiffness and operator force, and decreasing secondary frequency with increas-
ing driving frequency and amplitude, agreeing with the earlier observations from the
measurements and the simulations.

5.B Supplementary material
(Online at http://stilton.tnw.utwente.nl/rootcanalcleaning/Gallery of Irrigant Motion)

Movie 1. Reconstruction of the contact occurring during the 20 seconds of PUI, based
on one randomly chosen measurement. Contact is represented in red at the relevant
section.

Movie 2. High-speed visualization of a file oscillating against a wall. Interference of
the two frequencies can be observed, as well as cavitation between the file and the
wall. Recording speed is 250 Kfps; the diameter of the file is 200 µm.

http://stilton.tnw.utwente.nl/rootcanalcleaning/Gallery_of_Irrigant_Motion
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Acoustic streaming induced by an

ultrasonically oscillating endodontic file ∗

Abstract: In this chapter we investigate the induced acoustic streaming, pressure and shear stress in

a two-dimensional cross-section of the root canal, using a combination of theoretical and numerical

predictions and high-speed experimental validations. The endodontic file is modeled as a cylinder os-

cillating inside a larger, concentric cylinder representing the confinement of the root canal. The induced

flow consists of an oscillatory and a steady component, each with different flow characteristics. Of

specific interest are the influence of the oscillation characteristics of the inner cylinder on the flow

characteristics and the presence of a wall or confinement. The theory of acoustic streaming describes

very well the flow induced by an ultrasonically oscillating endodontic file, consisting of an oscillatory

component, dominant near the file, and a steady component, further away from the file. Measurement

of the steady pressure with a hydrophone and the instantaneous local pressure field from bubble oscil-

lations, also agree well with the theoretical and numerical predictions. The oscillatory component of

both the pressure and shear stress is two or three orders of magnitude higher than the steady component.

Furthermore, the presence of a confinement affects the formation of steady jets and increases the oscil-

latory velocities and associated pressure and shear stress. Previous work considering only the steady

component of the flow therefore underestimated the hydrodynamic effect induced by ultrasonic files in

confinement.

∗To be submitted to Journal of the Acoustical Society of America as: B. Verhaagen, C. Boutsioukis,
L.W.M. van der Sluis and M. Versluis, “Acoustic streaming induced by an ultrasonically oscillating
endodontic file”
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6.1 Introduction

During a root canal treatment an antimicrobial fluid is injected into the infected root
canal in order to disinfect the root canal system [1]. However, the complex geometry
of the root canal system limits the effectiveness of the flow of irrigant when using a
needle and syringe, resulting in an incomplete disinfection of the root canal [2, 3].

Passive Ultrasonic Irrigation (PUI) was introduced in endodontics in 1970 [4, 5]
as a method to enhance the cleaning efficacy. An ultrasonically oscillating miniature
file agitates the fluid by inducing microstreaming, more commonly known as acoustic
streaming, which is a well-studied problem in the literature of the past century [6, 7].
The acoustic streaming is believed to improve cleaning by enhancing mixing of the
antimicrobial fluid (irrigant) and by exerting a shear stress on the bacteria, dentine
debris and smear layer on the root canal wall. Concurrently, cavitation (formation
and collapse of vapor bubbles) can be generated, enhancing the cleaning efficacy.
[8, 9]

The exact working mechanisms of PUI were not fully elucidated for 20 years
until the articles by Ahmad and coworkers [10–13]. They attributed the improvement
in cleaning to the induced streaming and not to cavitation, which they reasoned to
have a limited occurrence because of the small dimensions of the root canal. Two
equations have been derived, one for the induced flow velocity (U = ωy2

R ) and one

for the shear stress (τ = µωy2

δR ). These have been used frequently in the endodontic
literature to explain PUI cleaning efficacy findings [13–16].

However, only the velocities and pressures of the steady component of the flow
were considered, whereas acoustic streaming is known to consist of an oscillatory
component as well, which may contribute to the cleaning process. The aim of the
present study is therefore to investigate both components of the flow by evaluating the
two-dimensional in-plane velocity field. Characteristics of the velocity field, e.g. the
directivity or angle dependance, and the associated pressures on the wall of the root
canal confinement will elucidate the contribution of both velocity components in the
cleaning by acoustic streaming. The typical frequency of 30 kHz as used in endodon-
tics requires high-speed experiments and Computational Fluid Dynamics simulations
on the time scale of the file oscillations, which is of the order of microseconds.

6.2 Theoretical description of acoustic streaming around
an endodontic file

Acoustic streaming was introduced by Lord Rayleigh in 1884 [17] to describe the
transport phenomena occurring in a Kundt’s tube. Schlichting [18] extended this the-
ory to the case of an oscillating cylinder, which was mathematically and numerically
elaborated by Nyborg [19], Westervelt [20] and Holtsmark [21] and later by Riley and
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co-workers [7, 22, 23] to include high Reynolds numbers [24] and the confinement
of an outer cylinder [25, 26].

The ultrasonically driven file will be modeled as a cylinder of radius R, oscillat-
ing with an amplitude of y(z, t) = A(z)sin(ωt) and frequency ω = 2π f , with z the
direction along the length of the file. The oscillation characteristics A(z) of various
endodontic files have been described in previous articles [27–29], where a sinusoidal
oscillation pattern of typically 3 wavelengths was shown, with amplitudes of 10-100
µm. With a driving frequency in commercial endodontic system of 30 kHz, the asso-
ciated oscillation velocity is Uz,t =Uz,0 cos(ωt) with Uz,0 = ωA(z) = O(1) m/s at the
antinodes. The Reynolds number Reo based on this oscillatory motion is of the order
of 102. In this article we limit ourselves to a two-dimensional description of the flow,
therefore the z subscript will be omitted from here on.

Oscillating cylinders can generate acoustic streaming, which is a superposition
of an oscillating, non-viscous velocity field and a steady streaming velocity field
induced by the viscous boundary layer around the cylinder. The steady streaming has
its own associated Reynolds number, Res. In the literature it is assumed that the two
components of the acoustic streaming are fully decoupled [22]. Furthermore, there is
a one-way coupling only, i.e. the file oscillation induces streaming, but the streaming
is assumed not to affect the file oscillation.

The theoretical analysis of acoustic streaming is based on an approximation of the
Navier-Stokes equation in the boundary layer of the oscillating cylinder. A solution
to the resulting boundary layer equations can be obtained using a Taylor expansion in
ε = U0

ωR = A
R . The time-average of the solution can be shown to be non-zero, leading

to a steady streaming which persists even outside the boundary layer. For Reo � 1
it is necessary to take into account the higher order terms ε2 as well, giving rise to
a second boundary layer [24]. The theoretical analysis is explained in more detail
below.

For acoustic streaming to occur, the following conditions must be met:

1. the fluid is assumed to be incompressible (small Mach number, U0/c� 1, with
c the speed of sound in the fluid)

2. the boundary layer must remain attached (no boundary layer separation)

3. small amplitude of oscillation (ε � 1)

4. sound waves unimportant ( ωR
c � 1)

For passive ultrasonic irrigation, requirements 1 and 4 are fulfilled. The bound-
ary remains attached because the endodontic file oscillates too fast for vortices to
be created. The frequency of vortex shedding can be estimated from the Strouhal
number:

St =
fStR
U0

= 0.2 (6.1)
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which gives a vortex shedding frequency fSt of approximately 10 kHz. Therefore
requirement 2 is also fulfilled.

Requirement 3 is not fulfilled due to the high oscillation amplitude of the en-
dodontic file, which confirms that ε2 terms must also be taken into account. The new
requirement ε2� 1 is fulfilled for typical oscillation amplitudes of endodontic files.

In the remainder of this section the velocities, pressure and wall shear stress will
be derived, for cylinders with a circular cross-section oscillating in an unbounded
fluid. We also consider the influence of the presence of a flat wall or the confinement
of the root canal, the latter will be modeled as a cylinder of radius Rrc concentric with
the file at rest and with a ratio of radii α = Rrc

R .

6.2.1 Velocities

Oscillatory component of the flow

Free field
The oscillatory component of the acoustic streaming around an oscillating cylin-

der can be described with potential flow. The oscillating cylinder is represented by a
dipole (or doublet) with sinusoidal strength m = m0 sin(ωt). The real component of
the complex potential of the flow, in cartesian coordinates, is given by:

φ =
m0 sin(ωt)x

x2 + y2 . (6.2)

The coordinate system has its axis fixed at the center of the cylinder; the cylinder
oscillates in the x-direction.
The oscillatory velocities uo and vo in the x and y direction, respectively, can be
calculated from the velocity potential:

uo =
∂φ

∂x
=

m0 sin(ωt)
x2 + y2 −2

m0 sin(ωt)x2

(x2 + y2)2 (6.3a)

vo =
∂φ

∂y
=−2

m0 sin(ωt)xy

(x2 + y2)2 (6.3b)

The radial velocity along the direction of oscillation therefore decreases quadratically
with the distance to the file. The streamlines of the instantaneous velocity field are
shown in Figure 6.1a.

The strength m0 of the dipole can be obtained from the no-slip boundary condition
at the surface of the file, requiring the fluid velocity at x=R to be equal to the velocity
of the oscillating file:

uo(x = R) =
m0

x2

∣∣∣∣
x=R

= Aω (6.4)
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Figure 6.1: Streamlines of the potential flow induced by an oscillating cylinder, in the un-
bounded fluid (a) and in close proximity to a wall (b). The strength m of the dipole and its
distance d to the wall are oscillating in time: m = m0 sin(ωt) and d = d0−Acos(ωt).

giving
m0 = AωR2 (6.5)

The dipole is a point source and does not take into account finite-size effects; the
potential flow solution should therefore only be used in the far field: x > R.

Presence of a wall
When the file oscillates at a distance x = d next to a wall, a mirror-dipole with a

phase difference of π is introduced at a distance x =−d from the wall. Note that the
coordinate system is now fixed in the wall. The velocity potential φw is the sum of
the two dipoles:

φw =
m0 sin(ωt)(x+d)
(x+d)2 + y2 +

−m0 sin(ωt)(x−d)
(x−d)2 + y2 . (6.6)

However, d is also a function of time as the file oscillates toward the wall: d =
d0−Acos(ωt). The velocity components uo and vo can be derived from the new
velocity potential, Equation 6.6. Due to the presence of the wall, the velocity field
becomes asymmetric (see Figure 6.1b) and the flow has to diverge more because of
the wall. Furthermore, the radial velocities between the cylinder and the wall on the
x-axis (y = 0) decrease with respect to the unbounded case. This leads to increased
velocities elsewhere, if the dipole strength is assumed to be unaffected by the wall.
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Presence of a confinement
Continuing from the argument for a single wall, the confinement imposed by a

larger, concentric cylinder (α > 1) can be modeled using an array of mirror sources at
specific locations around the center dipole representing the oscillating cylinder. The
strength of the dipole is unaffected, as the oscillation amplitude was found previously
to remain unaffected inside the confinement [29]. Therefore the confinement reduces
the velocity in the direction of oscillation even further, leading to a further divergence
of the flow and to stronger recirculation velocities.

Boundary layer and steady component of the flow

Inner boundary layer
The boundary layer around the oscillating cylinder has a thickness of:

δ1 =

√
ν

ω
=

√
10−6

2π30 ·10−3 (6.7)

which is typically of the order of 1 µm for endodontic files. The boundary layer
moves together with the oscillating file, however, the time-average of the flow in the
inner boundary layer is not zero, leading to steady streaming outside the boundary
layer that coexists with the oscillating flow field.

Outer boundary layer
For Reynolds numbers Reo� 1 there is a second boundary layer outside the first

boundary layer, due to a contribution of higher order terms ε2 in the velocity field
solution approximation that cannot be neglected. A sketch of the double boundary
layer system is indicated in Figure 6.2. The steady velocity from the inner boundary
layer decays to zero in this outer boundary layer. The thickness of the outer boundary
layer is given by: [24]

δ2 =
2R
U0

√
ων

12
(
1+σ1θ

2
1 +σ2θ

4
1 + ...

)
(6.8)

with θ1 = θ − π

4 (θ = angle around cylinder with respect to the oscillation direc-
tion), and σn a constant (σ1 =

112
51 , σ2 = 3.93). Note that the outer boundary layer

is non-uniform around the cylinder, with maxima in the direction of oscillation. For
endodontic files the thickness of the outer boundary layer is of the order of 102 µm.

The velocity solution shows that there is a net flow inside the outer boundary
layer toward the poles of the cylinder in the direction of oscillation. [24] In order to
balance this flow, there is an entrainment of flow toward the equator of the cylinder
(perpendicular to the direction of oscillation).
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Steady streaming, or ‘jet’
The outer boundary layers interact and form jets at the poles in the direction of

oscillation (Figure 6.2). Details of the interaction itself are complex, but the initial
velocity of the induced jet us can be obtained from the steady component of the flow
[30]:

us =
U0

ω

∂U0

∂x

(
E(x)− 3

4

)
(6.9)

where E(x) is a function that decreases from 3
4 near x = 0 to zero for large x and

determines therefore the start of the jet. The shape of E(x) is unknown and is dictated
by the movement of the cylinder in this region. U0 = ωA is the amplitude of the
oscillation velocity; its derivative to x is taken as the variation of U0 along the cylinder
surface:

∂U0

∂x
≈ U0

R
(6.10)

The role of the radius of the cylinder in the jet velocity can be understood from
the fact that the jet is generated by viscous effects in the boundary layer and the
interaction of the steady flow component at the poles. For a large cylinder, the region
of boundary layers interaction is smaller compared to the cylinder radius.

The final jet velocity is then:

us =−
3
4

ωA2

R
=−3

4
U0

A
R

(6.11)

and is proportional to the oscillation velocity times the ratio of amplitude to file di-
ameter. The very same expression has been introduced by Ahmad et al. [10], except
for the prefactor.

Experimental validation by Davidson & Riley [31] of the acoustic streaming the-
ory showed that, beyond a distance of one cylinder diameter, the jet can be described
as a two-dimensional jet, for which it is known [18] that the center velocity decreases
with x−1/3. The steady Reynolds number Res can be defined using the initial veloc-
ity of the jet (Equation 6.11) and its initial width, which is of order R. For steady
Reynolds number of the order of 103, in the upper range of oscillation amplitudes for
endodontic files, the jet can be unsteady or even turbulent [32].

Presence of a wall
The induced jet will impinge onto a wall that is present near the oscillating cylin-

der. The wall, in turn, will affect the entire jet profile, through a rapid decrease in
velocity in the impingement region and an increase in velocity near the jet orifice
[32, 33].

When the cylinder is placed very close to the wall, within the thickness of the
outer boundary layer, the outer boundary layer may be severely affected so that the
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Figure 6.2: Double boundary layer and jet (with recirculation) generated by an oscillating
cylinder.

jet obtains a lower velocity, or there is no jet formation at all.

Presence of a confinement

The effect of a second, larger cylindrical concentric with the oscillating cylinder
has been studied by Duck & Smith and Haddon & Riley [25, 26]. The inner boundary
layer is dominated by local viscous effects and is therefore unaffected by the presence
of the outer cylinder [26]. The fluidic jet, on the other hand, is significantly influenced
by the presence of the outer cylinder. The jet impinges onto the outer cylinder, sim-
ilar to jet impingement on a concave surface [32], and is then forced to flow along
the outer cylinder to become the entrained flow toward the equator of the cylinder.
For small values of α , when the outer cylinder approaches the domain of the outer
boundary layer, the recirculating flow may interfere with the outer boundary layer,
thereby also influencing the formation of the jet. When α < 2, the outer boundary
layer (in an unbounded fluid) extends up to the outer cylinder and consequently may
be severely affected so that there is no formation of a jet.

The influence of the outer cylinder is reported to decrease as α−1/3, according to
Duck & Smith [25].



6.2. THEORETICAL DESCRIPTION OF ACOUSTIC STREAMING 129

6.2.2 Pressure

Oscillatory component

The pressure Po increase due to the oscillatory component can be calculated from the
unsteady Bernoulli equation and Equation 6.2:

Po =−ρ
∂φ

∂ t
− 1

2
ρw2 =−ρ

m0ω cos(ωt)x
x2 + y2 − 1

2
ρw2 (6.12)

where w =
√

u2 + v2 is the magnitude of the velocity. The time derivative of the
velocity potential is a cosine, whereas the velocity potential itself is a sine, which
means that the pressure has a phase difference of π/2 with respect to the oscillation
velocity. Its physical origin can be understood from a Lagrangian analysis of the
flow. During deceleration of the cylinder, the cylinder will appear to be moving away
from a fluid element, which therefore feels a negative pressure.

The presence of a wall or confinement can be taken into account by using the
velocity potential φw, Equation 6.6. The velocities at the wall are zero, leaving only
the first term determining the pressure [34]. A smaller distance between the file and
the wall leads to higher pressures on the wall. Figure 6.3 shows the pressure increase
at the wall during three cycles, for two different distances between the file and the
wall.

Steady component

The pressure inside the steady jet can be estimated from the steady Bernoulli equation
and Equation 6.11:

Ps =
1
2

ρu2
s . (6.13)

The presence of a wall or confinement changes the velocities inside the jet and con-
sequently also the pressure inside the jet. On the wall there is an impingement area
with a maximum pressure given by the stagnation pressure, which can be calculated
with Equation 6.13 and the maximum velocity inside the jet [33]. The location of
maximum pressure in the impingement area is at the center of the jet. For a cylindri-
cal confinement the curvature of the impingement area has to be taken into account
for the pressure distribution.

6.2.3 Shear stress

Oscillatory component

The potential flow theory that governs the oscillatory component of the flow assumes
no viscous dissipation anywhere, not even at the wall. The shear stress at the wall
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Figure 6.3: Oscillatory component of the pressure at the wall next to an oscillating file, for
distances of d0 = 300 µm (crosses) or 100 µm (circles) between the file center (R = 100
µm) and the wall. Positive oscillation amplitude (solid line in the top panel) is defined as a
displacement toward the wall. Its derivative (velocity) is plotted with a dashed line.

can nevertheless be approximated by calculating the derivative in the x-direction of
the velocity v parallel to the wall, and evaluating close to the wall:

τo(x, t) = ρν
∂v
∂x

∣∣∣∣
x→0

(6.14)

The shear stress is highest off-center, where the change in velocity parallel to the wall
is highest. The location of maximum shear stress changes during one oscillation, due
to the translation of the dipole.

Steady component

The maximum value of the shear stress due to a fully-developed two-dimensional
impinging jet can be approximated with:

τs,max ≈ ρν
us

δw
(6.15)

where δw is the boundary layer on the wall, given by the Blasius solution [35]:

δw = 4.91
√

µx
ρus

. (6.16)



6.3. MATERIALS & METHODS 131

Inserting the equation for us (Equation 6.11) into Equation 6.15 results in the
same equation as used by Ahmad et al. [10]:

τ =
µωy2

δR
(6.17)

The shear stress is highest at an off-axis location, which for short distances be-
tween the file and the wall lies between 1 and 2 times the radius of the jet. For a
jet induced by a cylinder oscillating inside a bigger cylinder, the distribution of wall
shear stress as a function of the angle is given by Duck & Smith [25]. Its maximum
depends on the ratio of cylinder radii and Reynolds number Rs but is typically around
an angle of 15◦ with respect to the direction of oscillation.

6.3 Materials & Methods

6.3.1 Experimental setup

High-speed particle imaging velocimetry

The streaming around an endodontic file was recorded using a high-speed camera
(HPV-1, Shimadzu Corp., Kyoto, Japan), capable of recording 100 frames at speeds
up to 106 frames/sec. The camera was attached to a microscope (BX-FM, Olym-
pus Corp, Tokyo, Japan) for 1.25× to 20× magnification. Light was provided for
bright field imaging by a high-intensity continuous cold-light source (ILP-1, Olym-
pus Corp, Tokyo, Japan). An endodontic file with circular or square cross-section
(ESI015 or Endosonore #15, respectively, diameter 0.15 mm, length 25 mm; EMS,
Nyon, Switzerland) was positioned in front of the microscope, on the optical axis
of the microscope, so that the cross-section of the file was visible. The file with a
square cross-section was rotated in such a way that it was oscillating along one of its
diagonals. The microscope was focused on the tip of the file and had a measurement
depth of 100 µm. The file was fixed in a chuck with a 120◦ bend, which was in turn
attached to a piezo element inside a hand piece, driven at 30 kHz by the power mod-
ule from a commercial endodontic device (miniPiezon, EMS). The power to the hand
piece was varied between 0.5 and 2.5W; the corresponding file oscillation amplitude
was measured from the high-speed recordings.

The file was immersed in a large water tank of dimensions 75×64×60 mm
(α ≈ 300), filled with demiwater. Monodisperse hollow glass spheres of diameter
10 µm (Sphericel, Potters Industries, South Yorkshire, UK; mean density of 1.1 ·103

kg/m3, Stokes number O(1) for the highest velocities occurring) were added to the
water. The flow was analyzed from the high-speed recordings using an in-house de-
veloped particle tracking algorithm. The obtained particle trajectories were separated
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into a steady and an oscillatory component with a running average filter with Gaus-
sian window and the standard deviation of 10 samples, respectively. The resulting
velocities were stored as a function of the distance to the file and the angle with
respect to the oscillation direction.

Measurements were performed three times for each file and power setting. Due
to the large variations in velocities, recordings were made at two recording speeds: at
250 Kfps, for the oscillatory component, and at 63 Kfps, for the steady component.
The influence of the confinement of the root canal was studied with an aluminum flat
plate of thickness 2 mm with a hole of diameter 0.6 mm, positioned around the tip of
the file.

Measurement of the steady pressure

The pressure of the steady jet induced in the direction of oscillation of a file with
a square cross-section (K10/21, diameter 0.15 mm, length 21 mm; Satelec Acteon,
Merignac, France) was measured using a miniature fiber-optic pressure sensor with a
sensor diameter of 260 µm (FOP-M260, FISO Technologies Inc., Quebec, Canada).
The sensor was aligned perpendicular to the file at a distance of 0.5, 1, 2 or 3 mm
from the file tip; its height and angle with respect to the tip of the file was optimized
manually. The file was driven with a commercial device (Suprasson P-Max, Satelec
Acteon) at power setting ‘Yellow 1, 4 or 7’, ‘Blue 1, 4 or 7’ or ‘Red 1, 4 or 7’ (low
to high). The file was allowed to oscillate freely inside a large water bath and the
resulting pressure with respect to ambient pressure was recorded.

The pressure sensor equipment measured at a rate of 5000 samples/second; the
noise in the signal was measured to be 0.01 kPa. The sensor diameter is approxi-
mately equal to the diameter of the steady jet and is known to have a non-uniform
sensitivity across its measuring surface [32], introducing an additional error in the
measured pressure.

6.3.2 Numerical model

The two-dimensional flow around a file (circular cross-section, radius = 100 µm)
oscillating inside a root canal (radius = 300 µm, α = 3) or a large rectangular con-
tainer (dimensions 1.4×2.0 mm, α = 8.25) was simulated. In the root canal (‘con-
fined’ case) the file was positioned at the center; in the rectangular container (‘wall-
bounded’ case) the center of the file was positioned at (x,y) = (0,0), with walls at x
= 0.3 mm (right), x = -1.1 mm (left), y = 1.0 mm (top), y = -1.0 mm (bottom), i.e. a
distance of d0 = 300 µm between the file center and the nearest wall. The preproces-
sor Gambit 2.4 (ANSYS Inc., Canonsburg, Pennsylvania, USA) was used to create
the 2-D geometry and the structured hexahedral mesh of 1792 or 11718 cells, for the
confined and wall-bounded case, respectively.



6.4. RESULTS 133

Grid-independence of the results was verified prior to the main simulations. In
both cases a fully enclosed flow domain was studied (no inlet or outlet). The area
between the walls and the file was assumed to be filled with 1% NaOCl solution,
which was modeled as an incompressible Newtonian fluid with a density of 1040
kg/m3 and viscosity 0.986 · 10−3 Pa s. No-slip boundary conditions were imposed
on all walls. An isothermal flow was assumed.

The commercial CFD code FLUENT 13.0 (ANSYS Inc.), which applies finite-
volume discretization, was used for the numerical simulations. Built-in Dynamic
Mesh capability combined with the Arbitrary Lagrange-Euler (ALE) formulation
were employed to solve the time-dependent Navier-Stokes equations on a moving
grid. File oscillation velocity along the x-axis was explicitly defined by a User-
Defined Function (one-way Fluid-Structure Interaction) according to the equation
u = ωAcos(ωt). The amplitude A was set to 25 µm and the frequency f = ω/2π at
30 KHz, as in the experiments. No oscillation was specified along the y-axis. Initial
conditions were u,v = 0 for the irrigant and x = 0 for the moving file. Second-order
accuracy in space and first order in time were ensured. The convergence criterion
was set to 10−6 of the maximum scaled residuals. A time-step of 1.66 · 10−7 s was
used, which equals 1/200 of the oscillation period, to fully resolve the file oscillation
and resulting irrigant flow.

During preliminary simulations it was noticed that transient start-up effects had
disappeared after the first two periods, so the main simulations were continued for 10
full periods (t = 33.3 · 10−5 s). The velocities between the file and the wall, as well
as the pressure and shear stress on the wall, were extracted at 8 time steps during the
last oscillation period. Time-averaged results were calculated by averaging during the
last five periods. Computations were carried out on a Dell OptiPlex 990 workstation
(Dell corp., Round Rock, Texas, USA) with a quad-core Intel i7 processor (Intel,
Santa Clara, CA, USA) and 4 GB of RAM, running 64-bit Windows 7 (Microsoft
corp., Redmond, WA, USA).

6.4 Results

6.4.1 Velocity

Unconfined cylinder with circular cross-section

The high-speed recordings of the ultrasonically oscillating endodontic file in a large
water tank showed that acoustic streaming indeed takes place for endodontic files (see
Supplementary Material movie 1). The suspended particles were observed to move
in radially toward the equator of the oscillating cylinder, before being entrained in
the jets that had developed in the direction of oscillations. These jets were formed
within 3 ms (or 100 oscillations), during which the file is also known to start-up
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before obtaining its full oscillation amplitude [29]. Within a radial distance of ap-
proximately 100 µm of the cylinder the particles were observed to oscillate together
with the cylinder simultaneous with the steady streaming; the amplitude of oscillation
decreased with increasing distance from the cylinder.

Decomposition of the particle trajectories resulted in their steady and oscillatory
component as a function of radial distance from the file and angle with respect to the
direction of oscillation. Because of symmetry, the velocity results in each quadrant
around the cylinder can be grouped, which is shown in Figure 6.4 for an endodon-
tic file with circular cross-section. The left quadrant shows that there is a steady jet
that covers an angle of 1

9 π; the remainder is governed by the inflow, with increasing
(negative) radial velocity toward the cylinder. The right quadrant demonstrates that
the oscillatory component is most pronounced close to the file. The oscillatory com-
ponent also has an angle dependence, as the radial velocity is highest in the direction
of oscillation and decreases toward an angle of 1

2 π , which is in qualitative agreement
with the theoretical solution for an oscillating dipole.

Figure 6.5 shows the decrease in radial velocities with distance from the center
of the oscillating file, obtained by averaging over an angle of θ = 0 to 1

9 π (oscillatory
and steady jet components) or θ = 2

9 π to 1
4 π (steady inflow component). Near the

cylinder, the oscillatory component is almost one order of magnitude higher than the
steady component, however the oscillatory component decreases rapidly with dis-
tance. Its slope within the first 300 micrometer appears to follow the theoretically
predicted x−2 slope well. Further away from the file, the oscillatory velocities be-
low 1 m/s were difficult to determine as noise in the recorded images contributes
significantly to the oscillatory component.

The steady jet velocity had a magnitude of O(1) m/s, which is of the same order of
magnitude but more than two times lower than the theoretical prediction. The steady
velocity decreased slowly, although faster than the x−1/3 decrease predicted for a 2D
jet, possibly due to the jet having a component in the z-direction as well. The steady
inflow velocity toward the oscillating cylinder was observed to increase with x4/3 as
it approached the cylinder.

The CFD model confirmed the presence of steady jets coexisting with the oscil-
latory flow, both for the confined and the wall-bounded case, and arising within 3
oscillations. Figure 6.6 shows the velocity vectors at one instant of time and the av-
erage over 5 cycles of the CFD simulation; Supplementary Material movies 2 and 3
show the velocities at 68 time steps of one full cycle. Similar to the experiments, the
maximum velocity of the jet was 1/5th of the theoretically predicted velocity for the
wall-bounded case, both toward and away from the wall (Figure 6.7). The jet velocity
toward the wall decreased rapidly, following a x−7 power law; the jet away from the
wall in the wall-bounded case appeared to follow a x−3 law rather than the predicted
x−1/3 law. This discrepancy may be related to the presence of the wall, which, due to
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the small distance between the file and the wall, affects the entire jet profile.
In the experiments, increasing the electrical power to the driving piezo element

resulted in an increase in oscillation amplitude, which in turn resulted to an increase
in jet velocity, balanced by an increase in inflow velocities. This behavior is demon-
strated in Figure 6.8, where for four file oscillation amplitudes a histogram of the
measured velocities is shown. At large oscillation amplitudes, an increase in high jet
velocities and low inflow velocities can be observed, which both appear to follow the
quadratic increase expected from theory (Equation 6.11). However, the maximum jet
velocities are approximately 1/4th of the magnitudes predicted by the theory.

For the oscillatory component of the flow (Figure 6.8b), no increase in maximum
velocities was observed with increasing oscillation amplitude, whereas a linear in-
crease is expected (Equations 6.3 and 6.5). A possible explanation is the noise level
of approximately 1 m/s for the oscillatory component. Furthermore, the highest ve-
locities are only obtained locally, very close to the file, where there is only a small
number of particles to be tracked, and they reside there only for a brief time.

Figure 6.5: Measured velocities as a function of distance from the center of the oscillating
endodontic file. The start of the x-axis is at x = 75 µm, which is the edge of the file in its center
position; the velocities close to the file are severely affected by the displacement of the file
during its oscillation. The solid lines have a slope based on theory (x−2 for the oscillatory
component and x−1/3 for the steady jet) or estimation (x−4/3 for the steady inflow); their
offsets are fitted to the measurement data. The black arrows indicate the direction of particle
motion.
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Figure 6.7: Steady velocity versus distance from the file center, from the numerical model.
The solid line represents the confined case; the dashed lines are for the wall-bounded case,
for the direction toward and away from the wall. The wall is located at a distance of d0 =
300 µm and is indicated with black bars on the relevant lines.

Confined cylinder with circular cross-section

Figure 6.8 also shows (in red) the velocity distribution when the endodontic file oscil-
lated inside the confinement of the root canal. Due to the limited space between the
file and the wall of the confinement, the steady jets cannot develop fully, leading to a
significant reduction in highest steady velocities. The numerical model agreed with
this observation, with the jet velocity decreasing by a factor of 2 inside the confine-
ment. The inflow toward the file appears to be unaffected by the confinement. The
oscillatory velocity in the direction of oscillation does appear to be reduced, confirm-
ing the theoretical prediction for the influence of a confinement on the oscillatory
radial velocity.

Unconfined cylinder with square cross-section

A cylinder with a square cross-section was observed to generate a cloud of cavitation
bubbles at the edges, which was more pronounced at higher oscillation amplitudes.
The collapse of this bubble cloud lead to additional, high-velocity, unsteady stream-
ing close to the file. Jets were still formed in the direction of oscillation, but the
bubble cloud dynamics created additional steady streaming, making the total angle
of the jet 1

4 π . The velocities in the jet, when scaled by the change in oscillation
velocity with respect to the circular cylinder, increased with approximately 33%.
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Figure 6.8: Histograms of particle velocities, separated into their steady (a) and oscillatory
(b) component, as a function of oscillation amplitude of the endodontic file. The black solid
lines represent measurements of the file oscillating unconfined, whereas the red dashed lines
indicate measurements done within the confinement of the root canal.
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6.4.2 Pressure

Around the file

The pressure sensor positioned near the oscillating file measured pressures of the
order of a few kPa in the direction of oscillation, where the jets were expected; in
other directions no pressure could be measured above the noise level. This agrees
with the earlier observed directivity of the induced steady flow field. Increasing the
power setting caused a more or less linear increase in measured pressure, up to a
power setting of ‘Blue 7’, where the pressure in the jet at a distance of 0.5 mm
from the file was 2.9 kPa. For even higher power settings (‘Red 1, 4 or 7’) the
pressure actually decreased, sometimes after an initially high pressure, which can be
attributed to the occurrence of cavitation on the file that may have interfered with the
jet development.

The measured pressure of 2.9 kPa at power setting ‘Blue 7’ corresponds to a ve-
locity of

√
0.5ρ/P = 2.7 m/s, according to the steady Bernoulli equation. Assuming

that the relation between jet velocity and oscillation amplitude for a file with square
cross-section is the same as for a circular cross-section (equation 6.11), the oscillation
amplitude is estimated to have been 31 µm, which is the same order of magnitude
but approximately 2 times lower than the amplitude reported in literature [29]. Again
the jet velocity prediction (Equation 6.11, us ∝ A2) appears to be overestimated by a
factor 4.

Figure 6.9 shows the normalized measured pressure as a function of distance,
which is observed to decrease with increasing distance from the oscillating file. The
decrease is faster than the theoretically predicted decrease rate of x−1/3 for the veloc-
ity and consequently x−2/3 for the pressure, which can be attributed to misalignment
and the jet not being completely 2D.

On the wall

In Figure 6.6 the instantaneous and time-averaged pressure fields around the wall-
bounded and confined cylinder are shown, as calculated from theory and with the
numerical model.

Both the theoretical solution and the numerical model predicted a pressure mag-
nitude along the flat wall of the order of 10 kPa for the oscillatory component of the
streaming (see Figure 6.10). The pressure is observed to become negative during the
deceleration of the file, confirming the theoretical prediction. The pressure magni-
tudes from the numerical model are a factor of 2 higher than those predicted from the
theory, but are in the same order of magnitude and show good agreement in shape
along the flat wall. Inside the confinement, the pressures increased with up to 25%,
mostly during the negative pressure phase. In both cases, the maximum pressure
occurs on the axis of oscillation (y=0).



6.4. RESULTS 141

0 0.5 1 2 3
0

0.2

0.4

0.6

0.8

1

distance from the file (mm)

n
o

rm
a

liz
e

d
 p

re
s
s
u

re

Figure 6.9: Normalized measured pressure as a function of distance for the steady jet.

The steady component of the pressure is two orders of magnitude smaller than
the oscillatory component (see Figure 6.10), according to both the numerical model
and the theoretical prediction, although the exact magnitude in the numerical model
was three times lower than predicted (Figure 6.12). Inside the confinement the steady
pressure was observed to increase compared to the wall-bounded case, even though it
was found earlier that the radial velocity along the direction of oscillation decreases
within the confinement.

Bubble behavior

The radial motion of a stable bubble, observed to oscillate between a file with square
cross-section (K10/25, Satelec Acteon, Merignac, France) and flat wall, was tracked
during one recording (200 µs, or 6 oscillations). This bubble had an equilibrium
radius of approximately 3 µm. This bubble was observed to grow only during one
half of the cycle (when the file was approaching the wall) and grew already during
the deceleration phase of the file oscillation, confirming the π/2 phase difference
between the file velocity and the generated pressure.

The radius of the bubble was estimated from the pixel area occupied by the bubble
in the recorded images. The bubble radius during one recording (6 cycles) is plotted
interleaved in Figure 6.11, together with the theoretically predicted radius, for which
the driving pressure is calculated from the measured file oscillation amplitude (75
µm) and distance to the wall (200 µm), and multiplied with a correction factor of
1.73 to obtain the correct bubble radius. This correction matches well with the earlier
observation of 33% velocity increase (and P ∝ u2) for a file with a square instead of
circular cross-section, especially considering the complex acoustic field for such a
file and in the presence of a cavitation cloud and a wall.
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Figure 6.11: (a) File oscillation amplitude as obtained from high-speed recordings, plotted
interleaved from six cycles (dots) and approximated with a sine of frequency 29.5 kHz (solid
line). (b) Pressure on a nearby wall (d0 = 200 µm) according to the theoretical description of
acoustic streaming, including both oscillatory and steady component, with a correction fac-
tor of 1.67. (c) Bubble radius, as measured in the high-speed recording (dots) and from solv-
ing the Rayleigh-Plesset equation (solid line). Negative file oscillation displacement means
closer to the wall.
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The behavior of a bubble during a certain pressure field can be calculated using
an Rayleigh-Plesset type equation [36]:

(
1− Ṙb

c

)
ρRbR̈b +

3
2

Ṙ2
bρ

(
1− Ṙb

3c

)
=

(
1+

Ṙb

c

)
[pg−P0−P(t)] (6.18)

+
Rb

c
ṗg−4ν

Ṙb

Rb
− 2σ

Rb
(6.19)

with Rb the bubble radius, Ṙb and R̈b its first and second time derivatives, c, ρ , η and
σ the speed of sound, density, viscosity and surface tension of the liquid, respectively.
The effect of thermal damping has been included by multiplying the viscosity ν of
the liquid by 10 [37].

The gas pressure pg is given by:

pg =

(
P0 +

2σ

Rb,0

)
(R3

b,0−h3)γ

(Rb(t)3−h3)γ
(6.20)

with h the van der Waals hard-core radius (assumed to be negligible) and γ the poly-
tropic constant for the gas inside the bubble when the heat exchange during bubble
collapse goes adiabatically; for air the polytropic constant is 7

5 .
The pressure P0 is the sum of the ambient pressure of 1 ·105 Pa and the pressure

induced by the steady jet (Equation 6.13). Secondary Bjerknes forces due to the
presence of a wall were not taken into account.

Equation 6.19 was solved in MatLab using the ode45 solver, see Figure 6.11.
There is also a good agreement in timing of bubble growth and collapse and phase
difference with the driving pressure. The rebounds predicted by the Rayleigh-Plesset-
type equation solution could not be observed directly in the recording, but the mea-
sured radius after the initial collapse correlates well with the predicted rebounds.

During the second half of the acoustic cycle the measured bubble radius is often
above the equilibrium radius of 3 µm, possibly due to reflections and the collapse of
the cavitation cloud around the file, which generate additional pressure gradients.

6.4.3 Wall shear stress

According to the CFD model, the wall shear stress along the flat wall or confinement
is of the order of 102 N/m2 for the oscillatory component and of order 1 N/m2 for
the steady component, i.e. two orders of magnitude difference. These values are
smaller but of the same order of magnitude as those predicted by the theory. Inside
the confinement, the oscillatory component of the shear stress increases with a factor
of almost 2, whereas the steady component decreases by a factor of 2. The maximum
values for the shear stress occur off-axis. For the oscillatory component this location



6.4. RESULTS 145

0 50 100 150 200 250 300 350 400 450 500
10

−1

10
0

10
1

10
2

10
3

distance file center − wall (µm)

p
re

s
s
u
re

 (
k
P

a
)

 

 

0 50 100 150 200 250 300 350 400 450 500
10

0

10
1

10
2

10
3

10
4

distance file center − wall (µm)

w
a
ll 

s
h
e
a
r 

  
 

s
tr

e
s
s
 (

N
/m

2
)

 

 

Figure 6.12: Pressure (top) and shear stress (bottom) as a function of distance between the
file and a wall. The solid lines represent the steady component, the dashed lines indicate
the oscillatory component. The results from the numerical model are indicated with squares
(oscillatory component) and circles (steady component).

changes with time, but is typically between one and two times the jet diameter of R;
for the steady component the maximum occurs at x = 80 µm = 0.80R (corresponding
to a solid angle of 14.9◦) for the wall-bounded case, and at 22.5◦ for the confined
case.

6.4.4 Influence of the distance between file and wall

In Figure 6.12 the distance between the file center and the wall is varied and the
resulting pressure and wall shear stress is calculated from the theory. The results
from the numerical model at one distance are also indicated. The steady component
of the pressure and the wall shear stress decreases slowly, as they are derived from
the slowly decreasing jet velocity. The oscillatory component of the shear stress
decreases much faster and at some point may actually cross the line for the steady
component. The oscillatory component of the pressure doesn’t decrease as fast, as
according to theory (Equation 6.12) the pressure decreased with d.
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6.5 Discussion

The theory of acoustic streaming appears to describe well the flow induced by an
ultrasonically oscillating endodontic file. The presence of an oscillatory component,
dominant near the file, and a steady component, further away from the file, has been
confirmed experimentally and numerically. The oscillatory component of both the
pressure and the shear stress is two or three orders of magnitude higher than its steady
counterpart. Furthermore, the formation of steady jets is affected by the presence of a
confinement; meanwhile the oscillatory velocities and associated pressure and shear
stress are increased. Previous work considering only the steady component of the
flow therefore underestimated the hydrodynamic effects induced by ultrasonic files.

The oscillatory and the steady components have different contributions to clean-
ing. Cleaning in principle consists of the chemical attack of organic material by the
irrigant, and mechanical removal of dentin debris and also the biofilm and the smear
layer on the root canal wall. For the chemical mechanism, the steady component of
the flow is doing the actual transport and mixing of the antimicrobial irrigant, but
its velocity magnitude has been found to be much lower than the oscillatory velocity
magnitude. Nevertheless, the steady velocity decreases slowly and may therefore be
able to deliver irrigant into remote locations, although the flow is highly direction-
dependent.

For the mechanical component, the wall shear stress and pressure are important.
Compared to the wall shear stress reported for needle irrigation [38], the oscillatory
component of the wall shear stress induced by the acoustic streaming is of the same
order of magnitude. Nevertheless, PUI has been found repeatedly to be more efficient
than needle irrigation in removing dentin debris [16, 39–41], biofilms [42] and in
dissolving tissue [43], suggesting that the wall shear stress may not be the key factor
for cleaning. The oscillating pressure at the wall, together with stable or transient
cavitation, both of which are not present for needle irrigation, may be contributing
significantly to the cleaning. Also, the oscillation of the pressure and the wall shear
stress may induce fatigue in the viscoelastic material to be removed due to repeated
loading, thereby enhances biofilm failure.

In order to increase the oscillatory component of the pressure and shear stress
for cleaning, the strength m0 of the dipole should be increased, which, according
to Equation 6.5, is linearly related to the oscillation amplitude and frequency, and
quadratically to the file radius. Furthermore, a smaller confinement leads to an in-
crease in pressure and shear stress on the wall.

For biofilms, which are known to exhibit viscoelastic behavior, the oscillatory
component may only cause elastic, reversible deformation, and the steady component
may be therefore be important for its removal by causing viscous deformation. The
steady component of the flow can be increased by increasing the oscillation amplitude
and frequency, and by using a smaller file (Equation 6.11). For thin files, the steady
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component of the shear stress may actually be of the same order of magnitude as, or
even higher than, the oscillatory component. The file radius may therefore allow for
control over the relative magnitudes of the steady and the oscillatory component of
the flow.

It is also of interest to discuss the influence of the viscosity on the acoustic stream-
ing induced by endodontic files. The oscillation amplitude of the file is assumed to
be unchanged (or the damping is corrected for). The oscillatory component of the
acoustic streaming is then also unchanged, as the oscillatory component is governed
by potential flow and viscosity does not play a role. The thickness of the inner and
outer boundary layer around the file will change, but according to Equation 6.11 the
resulting jet velocity is independent of viscosity, to a first approximation. Therefore
a higher viscosity and unchanged oscillation amplitude should not change the veloc-
ities compared to low viscosity liquids; however the shear stress (Equation 6.15) can
be increased, leading to a more efficient cleaning. However, a high viscosity can lead
to non-linear terms in the governing equations that cannot be neglected any more and
might influence the acoustic streaming velocities. More simulations and experiments
are required to clarify this.

A recent article demonstrating an increase in cleaning efficacy of PUI at higher
oscillation amplitudes [16] can be understood with the findings of this article, as a
higher oscillation amplitude leads to higher velocities and therefore higher pressures
and shear stresses. The flow pattern as observed experimentally and numerically
in this study furthermore explains why the oscillation direction has been found to
influence the cleaning efficacy of the PUI system [39].

Sonic devices for irrigation of the root canal have been shown to be much less
effective than ultrasonic devices [44], which has been attributed to its single-antinode
oscillation pattern, its amplitude being too large to fit in the root canal and its inability
to generate cavitation. Based on the present theoretical analysis, a sonic device is
unable to generate acoustic streaming, because both requirements 2 (boundary layer
remains attached) and 3 (small amplitude of oscillation) for acoustic streaming to
occur are not met. A typical sonic device makes use of a plastic tip with a diameter
of 200 µm, oscillating with an amplitude of 1 mm and a frequency around 175 Hz
[44], therefore the oscillation amplitude cannot be considered small. Also, the vortex
shedding frequency (Equation 6.1) is around 1 kHz, therefore flow separation will
occur in the boundary layer. The absence of the steady component may limit the
cleaning efficacy at remote locations or the removal of biofilms.

The oscillation pattern along the length of the endodontic file during ultrasonic
oscillations has been shown to consist of approximately three wavelengths [29], the
typical wavelength being approximately 5 mm. While this wavelength is much larger
than the depth of measurement (100 µm) of the optical system employed in this study,
the flow is likely to be three-dimensional instead of the two-dimensional approach of
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this study. Especially since the measurements took place at the tip of the endodontic
file, the third component can be the cause of the discrepancies between the measured
velocities and the theoretical and numerical predictions. Furthermore, the limited
number of particles that could be used in the measurements required averaging of
the obtained velocities. Nevertheless, both the numerical model and the experiments
suggest that the velocities predicted by Equation 6.11 and which are often used in
the endodontic literature are overpredicted. The linear decrease of velocity in the
secondary boundary layer as assumed in Equation 6.10 may lead to an overestimated
jet velocity, as the velocity gradient towards the pole of the cylinder may actually be
smaller. Another possibility is that higher order terms (beyond ε2) of the theoretical
solution cannot be completely neglected, and the presence of a confinement, even
when the confinement is large, may influence the jet formation as well. Figure 6.8
seems to confirm this, as the difference between the maximum velocities and the
predicted velocities becomes larger for larger oscillation amplitudes. The difference
in pressure and wall shear stress between theory and numerical simulation, and also
with the bubble oscillation amplitude, can be explained by the finite size of the file
instead of being a point source, and by geometrical effects.

The sinusoidal motion of the file as assumed here is actually a simplification of
the motion of the file during operation inside an root canal. First, we assumed the
oscillation to occur in a single direction only, whereas it has been reported that there
is also a sideways component [28, 29]. This concurrent sideways motion can lead to a
more complicated streaming pattern. Acoustic streaming is likely to remain induced,
but, for example, the direction of jets may change, depending on the phase between
the two directions of oscillation. Secondly, during a clinical procedure it is virtually
impossible to avoid contact with the walls of the root canal, as demonstrated in a re-
cent article [45]. Contact was observed to induce secondary oscillations on top of the
30 kHz driving frequency. Contact may lead to unsteady (transient) oscillations of the
file, which could be more effective for cleaning because interference of frequencies
may lead to temporary high velocities, while still inducing acoustic streaming. It has
recently been demonstrated [46] that pulsed ultrasound, involving transient behavior
at the start-up of each pulse, can actually increase the cleaning efficacy of PUI.

Cavitation was observed at the sharp edges of the cylinder with square cross-
section. At those edges, large velocity gradients and corresponding pressure gradients
can occur, which can induce cavitation from nuclei on the flow. The negative pres-
sure necessary for cavitation can be estimated by requiring the oscillatory component
of the pressure (equation ) to equal or exceed the ambient pressure (105 Pa) plus the
vapor pressure of the liquid (2 ·103 Pa) [47]. For typical endodontic files (oscillating
unconstrained) and driving parameters, cavitation is likely to occur. The formation of
cavitation bubbles violates acoustic streaming requirement 2, as the boundary layer
doesn’t remain attached to the file, which may hamper the formation of steady jets,



6.6. CONCLUSIONS 149

Nevertheless, the high-speed recordings still showed a steady flow, which presence is
confirmed with a pilot experiment using a water-soluble dye. There may be an erro-
neous contribution to the velocity measurement because the tracer particles will have
difficulty to follow the fast fluid flow around the collapsing bubbles cloud. Whether
cavitation itself also contributes to cleaning cannot be answered from this study and
is subject of ongoing work.

A file with a square cross-section was furthermore observed to lead to higher
steady velocities, however more detailed analysis of oscillations of cylinders with
a cross-section other than circular should be done, as is done by Kim & Troesch
[48] for circular, square and rounded-square cross-sections. They have shown that
acoustic streaming still occurs with cylinders of different cross-sections, although
there are qualitative differences in boundary layers shape and location, and in the
steady streaming. The good agreement between the two-dimensional CFD model
and the theory and experiments described in this article allows for the use of the CFD
model for the simulation of different file cross-sections. Also, for further insight
into the coupling between file oscillation and induced streaming, the model will be
extended to a two-way coupled three-dimensional model.

6.6 Conclusions

The theory of acoustic streaming appears to describe well the flow induced by an
ultrasonically oscillating endodontic file. The presence of an oscillatory component,
dominant near the file, and a steady component, further away from the file, has been
confirmed using high-speed Particle Imaging Velocimetry and a Computational Fluid
Dynamics model. Measurement of the pressure, both direct measurement and indi-
rectly from in-situ bubble oscillations, also agree well with the theoretical and numer-
ical predictions. The oscillatory component of both the pressure and shear stress is
two or three orders of magnitude higher than its steady counterpart. Furthermore, the
formation of steady jets is affected by the presence of a confinement; meanwhile the
oscillatory velocities and associated pressure and shear stress are increased. Previous
work considering only the steady component of the flow therefore underestimated the
hydrodynamic effects induced by ultrasonic files. Future work should investigate the
interaction of the acoustic streaming and induced cavitation with the actual material
that needs to be removed (e.g., biofilm, dentin debris).
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Appendices

6.A Acoustic streaming along the file (coronal-to-apical di-
rection)

The acoustic streaming induced by the oscillating endodontic file is not solely two-
dimensional: there is also a flow along the length of the file, in coronal to apical
direction (inside the root canal). Only the steady component of the flow is considered
here, as we are concerned with irrigant transport.

6.A.1 Experimental setup

The flow along the length of the file was measured using high-speed PIV, with a
optical similar setup as described before. Here, the file was positioned in front of the
camera in such a way that it was viewed from the side. The file was of the type ESI015
file, with circular cross-section, and was driven at 26.97 kHz with a customized hand
piece (EMS, Nyon, Switzerland), driven with a 70 mW electrical signal generated by
an arbitrary waveform generator (33220A, Agilent, Santa Clara, California, United
States) and amplified with an audio amplifier (TA-FB740R, Sony, Tokyo, Japan).
The file was held either inside a large water bath (dimensions 75×62×117 mm, α

= O(103)) or at 1 mm from the apex of a silicon (Polydimethylsiloxane [PDMS],
Sylgard 184, Dow-Corning, Midland, MI, USA) root canal model (size 45/.06, α =
3). With 10× magnification, only a 1 mm section of the file and optional root canal
was visible, requiring each 1 mm section to be measured individually separately.

The high-speed camera recorded 100 frames at frame rates up to 32 kfps; PIV
analyses was performed with ensemble averaging. The results therefore show the
flow averaged over approx. 120 oscillations.

6.A.2 Results

The flow patterns inside the water tank and inside the root canal are shown in Figures
6.13 and 6.14, respectively. The flow without confinement shows sideways streaming
at the antinodes, with decreasing magnitude higher up the file (Figure 6.15). This is
in good agreement with the reduction in oscillation amplitude (Figure 6.16), which,
according to the acoustic streaming theory, is quadratically related to the steady flow
velocity. There is a low-velocity inflow from below the tip toward the tip. The flow
is not zero at the nodes: there appears to be a flow from antinodes in the −z direc-
tion (toward the tip), but not from antinodes in the +z direction (toward the file’s
attachment point), even though the oscillation amplitude and flow velocities increase
in the +z direction. This could be due to the taper of the file, causing a flow in the
−z direction.
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Figure 6.13: Sketch of the flow without the confinement of the root canal. Approximate
velocities are given on the right; the oscillation pattern on the file is indicated in red (not to
scale).
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Figure 6.14: As in Figure 6.13, but now with the confinement of the root canal.
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The flow pattern inside the root canal also shows sideways streaming at the antin-
odes, but the velocity magnitude is typically one order of magnitude smaller than
without confinement (see Figure 6.15). The locations of low-velocity flow, associ-
ated with nodes on the file, appears to have been shifted compared to the unconfined
case, due to two different driving frequencies. At the tip, there is a vortex visible,
driving a second vortex near the apex. There is an inflow from below the tip toward
the tip.

At each of the antinodes the flow is initially radially (toward the root canal wall)
and then toward the nodes, both in the −z and +z direction, with no clear difference
in magnitude between them. The flow velocities in the z direction are typically one
order of magnitude lower than the radial velocities. The radial velocity magnitude
decreases higher up the file, qualitatively in agreement a the reduction in oscillation
amplitude, but the scaling with the file oscillation amplitude squared is not so clear
here (Figure 6.16).

6.A.3 Discussion & Conclusion

The flow velocity inside the confinement decreases by approximately one order of
magnitude, whereas the file oscillation amplitude and characteristics should remain
largely unaffected [29]. Considering the acoustic streaming described above, this de-
crease in flow velocity could be attributed to the fact that the steady streaming (i.e.,
jet) needs some space to develop. On the other hand, the shift in distance between and
location of the nodes of the file oscillation characteristics suggest that the file might
be oscillation at a different frequency inside the confinement than outside the confine-
ment, which is known to occur for this type of file ([29] and Chapter 4). A different
driving frequency may result in a much lower oscillation amplitude and consequently
a lower steady streaming velocity. The magnitude of the oscillation amplitude and
induced velocity in the direction perpendicular to the current measurement plane was
not assessed but could be significant for this different mode of oscillation.

The flow pattern that was measured here outside the root canal qualitatively
matches the sketch by Lumley et al. (1991) [13]. However, the steady component of
the acoustic streaming sketched by Ahmad et al. (1987) [10] shows primary stream-
ing (small eddies) and secondary, larger-scale streaming, both qualitatively different
from the streaming observed in the present study, even though the acoustic driving
conditions were very similar. In fact, the streaming pattern by Ahmad et al. re-
sembles closer our measurements inside the confinement of the root canal. Perhaps
ambient acoustic conditions or different time scales (still photography vs. high-speed
imaging in the present study) could explain these differences.

The flow velocity at the antinodes is quadratically related to the oscillation am-
plitude of the file, suggesting that the flow velocity and related shear stress are higher
at antinodes near the tip at antinodes toward the attachment point. The flow near the
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Figure 6.15: Velocity magnitudes of the steady component of the flow, without (a) and with
(b) confinement of the root canal. Velocities are on a logarithmic scale.
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nodes decrease toward zero, suggesting inefficient streaming around the nodes. Also
the flow beyond the file insertion depth, toward the apex, decreases quickly with dis-
tance from the file (although in Chapter 11 it is shown that the flow can reach 3/4th of
the distance to the apex, on a time scale of the order of seconds). This illustrates the
need for up-and-down movement of the file during irrigation, or transient behavior
(traveling waves) on the file (for example as induced by contact with the wall, see
Chapter 5).

A three-dimensional Computational Fluid Dynamics model of PUI inside a root
canal is currently under development by Christos Boutsioukis.

(a): unconfined file ( f = 29.25 kHz)
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(b): file inside root canal confinement ( f = 24.75 kHz)
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Figure 6.16: Normalized steady velocity magnitude along the length of the file, for three
different driving powers (30, 50 and 70 mW, black lines), outside (a) and inside (b) the con-
finement of the root canal. The oscillation characteristic of the ESI015 file (dashed line), as
measured with the vibrometer in Chapter 4, and its value squared (solid line) are plotted as
well, in red.
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6.B Supplementary material
(Online at http://stilton.tnw.utwente.nl/rootcanalcleaning/Gallery of Irrigant Motion)

Movie 1. High-speed visualization of acoustic streaming around an endodontic file.
The black dots are tracer particles. Recording speed is 250 Kfps; the diameter of the
file is 200 µm.

Movie 2. Velocity vectors calculated by the CFD model, for a file oscillating inside a
root canal.

Movie 3. Velocity vectors calculated by the CFD model, for a file oscillating near a
flat wall.

Movie 4. Pressure magnitude as calculated by the CFD model, for a file oscillating
inside a root canal.

Movie 5. Pressure magnitude as calculated by the CFD model, for a file oscillating
near a flat wall.

Movie 6. High-speed visualization of a file oscillating near a flat wall. Cavitating
bubbles can be observed on the file and on the wall. Recording speed is 250 Kfps;
the distance between the file and the wall is 300 µm.

http://stilton.tnw.utwente.nl/rootcanalcleaning/Gallery_of_Irrigant_Motion
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7
Influence of the oscillation direction of an

ultrasonic file on the cleaning efficacy of
passive ultrasonic irrigation ∗ †

Abstract: The oscillatory direction of an ultrasonically driven file was investigated in this chapter.

Each of 20 ex vivo root canal models with a standard groove in the apical portion of one canal wall

filled with dentin debris received PUI repeatedly, either with file oscillation toward the groove or with

file oscillation perpendicular to the groove. Afterwards, the amount of dentin debris in the groove was

evaluated. Oscillation of the ultrasonically driven file toward the groove was found to be more effective

in removing dentin debris from the groove than oscillation perpendicular to the groove, which can be

related to the observation from high-speed visualizations that there is a high-velocity jet from the file

tip in a single direction following the file oscillation and a relatively slow inflow in the perpendicular

direction.

∗Published as: L-M. Jiang, B. Verhaagen, M. Versluis and L.W.M. van der Sluis. “Influence of the
Oscillation Direction of an Ultrasonic File on the Cleaning Efficacy of Passive Ultrasonic Irrigation”,
Journal of Endodontics 36(8), pp. 1372-1376 (2010)

†The high-speed imaging and its analysis in this chapter is part of the present thesis. The dentin
debris removal experiments are due to Lei-Meng Jiang.
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7.1 Introduction

Because instruments used for root canal preparation can merely touch a small part of
the canal, mechanical preparation by instruments obviously does not suffice for the
debridement of the complex root canal system [1, 2]. Irrigation has therefore been
gaining increasing attention to improve the cleanliness of root canal systems after
root canal instrumentation. Passive ultrasonic irrigation (PUI) has been suggested
to be used to disinfect the areas beyond instruments by acoustically activating the
irrigant [3–5]. Acoustic streaming has been shown to be useful in cleaning the root
canal system [6].

Ultrasonically powered handpieces are normally attached with an oscillating in-
strument and operated at a certain frequency domain of 20-40 kHz. Previous in vitro
investigations have shown that oscillation of the file perpendicular to the dentin sur-
face had a greater influence on dentin removal than an oscillation parallel to the
surface [7, 8], indicating that the energy was distributed non-uniformly around the
oscillating file. Lumley et al. [9] have demonstrated a 3-dimensional streaming
pattern around the ultrasonically activated files, while streaming occurred mainly
in front of and behind the file parallel to the handpiece. In another study, Lumley
et al. [10] found that a file oscillation directed toward oval recesses left less debris
than a perpendicular oscillation. Despite these previous studies, a detailed descrip-
tion and understanding of the oscillation characteristics of ultrasonically driven files
are still missing. The aims of this study were therefore (1) to investigate whether
the orientation of the ultrasonically activated file had an influence on the increase
of dentin debris removal from artificially made grooves simulating uninstrumented
canal extensions in standardized root canals and (2) to investigate the streaming pat-
tern around an ultrasonically oscillating file by using visualization techniques.

7.2 Materials and Methods

7.2.1 Dentin debris removal model

Straight roots from 20 extracted human maxillary canines were decapitated to ob-
tain uniform root sections of 15 mm. The roots were embedded in self-curing resin
(GC Ostron 100; GC Europe, Leuven, Belgium) and then bisected longitudinally
through the canal in mesiodistal direction with a saw microtome (Leica Microsystems
SP1600, Wetzlar, Germany). The surfaces of both halves were ground successively
with 240-, P400-, and 600-grit sandpaper, resulting in smooth surfaces on which only
little of the original root canal lumen was left. Four holes were drilled in the resin
part, and the two halves were reassembled by four self-tapping bolts through the holes
(Fig. 7.1A). The root canal space of the model was ensured as a closed system.

New root canals were prepared by K-files #15/.02 (Dentsply Maillefer, Ballaigues,
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Figure 7.1: (A) Schematic representations of the standardized root canal model, its groove
(B1) and cross section (B2). (C1) Drawing of the optical setup, showing the file inserted into
the hole in the aluminum plate (details in C2), which is in turn inserted into a large water
tank. The camera is positioned on the left, looking toward the hole.
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Switzerland) and HERO 642 (MicroMega, Besancon, France) nickel-titanium rotary
instruments to a working length (WL) of 15 mm, ISO size 30 and taper 0.06, resulting
in standardized root canals. During preparation, the canals were rinsed with 1 mL of
2% NaOCl after each file, delivered by a 10-mL syringe (Terumo, Leuven, Belgium)
and a 30-gauge needle (Navitip; Ultradent, South Jordan, UT).

A standard groove of 4 mm in length, 0.5 mm deep, and 0.2 mm wide, situated
at 2-6 mm from WL [11], was cut in the wall of one half of each root canal with a
customized ultrasonic tip (Fig.7.1B). A periodontal probe with an adapted 0.2-mm-
wide tip was used to verify the dimension of each groove during and after preparation.
The dimension of the groove is comparable to an apical oval root canal [12]. Each
groove was filled with dentin debris, which was mixed with 2% NaOCl for 5 minutes,
to simulate a situation in which dentin debris accumulates in uninstrumented canal
extensions [11]. This model was introduced to standardize the root canal space and
the amount of dentin debris present in the root canal before the irrigation procedure
to increase the reliability of the dentin debris removal evaluation. The methodology
is sensitive, and the data are reproducible [13, 14]. A pilot study has shown that a
single model could be reused up to at least eight times without any visible defect on
the surface of the canal wall. Therefore, the 20 models were used repeatedly in the 3
experimental groups, which are shown in Table 7.1.

7.2.2 Irrigation procedure

Specimens in all the experimental groups were rinsed with 2 mL irrigant (2% NaOCl)
by using 10-mL syringes with 30-gauge needles placed 1 mm from WL. Then the irri-
gant was passively activated by an ultrasonic file for 10 seconds, with the oscillation
perpendicular to the groove (group 1; Fig. 7.2C1) or toward the groove (group 2;
Fig. 7.2C2). The ultrasonic activation was performed with a stainless steel #20/.00
file (IrriSafe; Acteon, Merignac, France) driven by an ultrasonic device (Suprasson
PMax Newtron; Acteon) at power setting “blue 4”. Every attempt was made to keep
the file centered in the canal to minimize contact with the canal walls to do passive
ultrasonic activation. Group 3 acted as the control group, in which the ultrasonic
file was inserted but not activated. All the experimental specimens received 2 mL
irrigant, which was delivered again by a syringe as final flush.

7.2.3 Image evaluation and statistical analyses

Before and after each irrigation procedure, the root halves were separated, and the
grooves were viewed through a stereomicroscope (Stemi SV6; Carl Zeiss, Go ttin-
gen, Germany) by using a cold light source (KL 2500 LCD; Carl Zeiss). Controls
verified that no debris had fallen out of the groove during the assembly or disassem-
bly process. Pictures were taken with a digital camera (Axio Cam; Carl Zeiss).
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The debris left in the groove after irrigation was scored independently by three
calibrated dentists by using the following score system: 0, the groove is empty; 1, less
than half of the groove is filled with debris; 2, more than half of the groove is filled
with debris; and 3, the complete groove is filled with debris [11, 14]. The percentage
of interagreement should be more than 95%; if this percentage was lower than 95%,
a consensus had to be reached.

The differences in debris scores between the groups were analyzed by means of
the Kruskal-Wallis test and the Mann-Whitney test. The level of significance was set
at α = 0.05.

7.2.4 High-speed imaging experiments

An optical setup was constructed to visualize the oscillation of the same ultrasonically
driven file used in the ex vivo study. To simulate the confinement of apical section
of the root canal, a 1-mm-thick aluminum plate with a hole (ø = 0.4 mm) and a 4-
mm-thick plate with a hole (ø = 0.4 mm) plus a groove with the same dimensions as
the ex vivo model were used. The plate was positioned in a water tank (dimensions,
75×64×60 mm), and the ultrasonic file was centered in the hole (Fig. 7.1C). Tracer
particles (hollow glass spheres, ø = 11 mm, ρ = 1.1 · 103 kg/m3; Sphericel; Potters
Industries, South Yorkshire, UK) were added to the water for flow visualization.

The flow around the oscillating file was imaged through a microscope (BX-FM;
Olympus, Tokyo, Japan) with a magnification of 1.25-20×. Illumination was per-
formed in bright-field by a continuous wave light source (ILP-1; Olympus, Tokyo,
Japan). Recordings were made with a high-speed camera (HPV-1; Shimadzu Corp,
Kyoto, Japan) at a frame rate of 125,000 frames per second, starting 2 seconds af-
ter initiation of file oscillation to be able to avoid transient file motion at startup.
Recordings were analyzed by using a Particle Image Velocimetry (PIV) code devel-
oped in-house.

7.3 Results

The results of the ex vivo experiments are presented in Table 7.1. There is a statis-
tically significant difference between each of the experimental groups (P < .0001).
When the irrigant was activated, significantly more dentin debris was removed than
in the control group (no activation). Oscillation of the file toward the groove had a
significantly greater influence on dentin debris removal than oscillation perpendicular
to the groove (P = .002).

The time-averaged flow pattern caused by an oscillating file in a large water tank
is shown in Fig. 7.2A. The steady part of the flow depicted here consists of two
“jets” in the direction of oscillation of the file. There is an inflow toward the file from
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Table 7.1: Experimental groups and the number of specimens at each score rank after irri-
gation procedure

the direction perpendicular to the oscillation direction. We observe an unsteady flow
that is located within a distance of approximately 1 diameter of the file. Fig. 7.2B1
shows a close-up of the instantaneous flow pattern, while the file is moving in the
direction indicated by the white arrow. In Fig. 7.2B2 we show the instantaneous flow
pattern when the confinement of the root canal is included; Fig. 7.2C1 and C2 show
the average flow pattern when the groove is also included (Movies 1 and 2). Flow
velocities in the groove when the file oscillation is toward the groove are 3-5 times
higher than when the file is oscillating perpendicular to the groove.

7.4 Discussion

The results showed that debris was reduced significantly more by PUI when the file
oscillation was directed toward the groove than when the file oscillation was perpen-
dicular to the groove, indicating that the oscillation direction of the ultrasonic file has
a great influence.

The ultrasonically driven file oscillates mainly in the direction equal to the axis
of the handpiece and a minor transverse vibration at right angles to the main one
[9]. Lumley et al. [10] have shown more effective cleaning of an oval extension in
the root canal when the oscillation of the file is directed toward the oval extension.
They proposed two explanations: (1) the streaming forces are more intense toward
the oval recess, and (2) the file was less likely to be constrained when it oscillated
toward the recess. However, in the study by Lumley et al., the ultrasonic file was
used for root canal instrumentation; in other words, the file was intentionally in con-
tact with the root canal wall. Therefore, the file was unable to vibrate freely; acoustic
microstreaming would consequently be less intense, although it would not stop com-
pletely [15]. It could be hypothesized that when oscillating toward the groove, the file
could vibrate somewhat more freely, despite intentional contact with the root canal
wall, resulting in more intense streaming forces toward the groove.

PUI was performed in the current study, and the experimental setup was such
that contact of the file with the root canal wall was prevented for both oscillation
directions. Moreover, the oscillation amplitude of the file is approximately 28 mm
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Figure 7.2: Direction (solid arrows) and magnitude (colors) of the flow caused by an ultra-
sonically oscillating file. White arrows in the black circles indicate the direction of oscilla-
tion. (A) Steady part of the flow when oscillating in a large water tank, averaged over 100
frames (0.8 ms). (B1) Unsteady part of the flow, single frame only; (B2) unsteady part of the
flow in the confinement of a root canal, single frame only. (C) Sketch of the cross section
of the root canal indicating the direction of oscillation with respect to the groove and the
flow around the oscillating file; (C1) oscillation perpendicular to the groove (Movie 1), (C2)
oscillation toward the groove (Movie 2). (Black bar is 0.2 mm.)
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according to the manufacturer, which is smaller than the dimension of the root canal
in the current study; thus, the file could vibrate freely whether its orientation was to-
ward or perpendicular to the groove. Therefore, the only explanation for the different
efficiency by the two ways of irrigation should be the difference in streaming of the
irrigant around the oscillating file, consisting of both the streaming orientation and
strength.

This streaming has been visualized with high-speed imaging. The results showed
a high-velocity jet from the file tip in one dimension and a slow inflow in the per-
pendicular direction, which could well explain the consequences for the cleaning
efficacy. Streaming has been held responsible for cleaning [6], in which the direction
and the velocity of the flow might be the key factors.

The flow pattern as shown in Fig. 7.2A and B1 is qualitatively similar to the flow
as described theoretically by Riley [16] and Stuart [17] and confirmed experimentally
by Bertelsen [18]. The flow pattern with confinement, as shown in Fig. 7.2B2, is
qualitatively similar to the flow as described theoretically by Duck & Smith [19]. All
authors reported a boundary layer close to the oscillating object, which consisted of
an oscillatory and a steady component. Outside this boundary layer, only the steady
component remains, visible as jets in Fig. 7.2A and C2. In Fig. 7.2B1 and B2 it can
be observed that the boundary layer is approximately 0.3 mm thick; therefore, in the
apical area (when the groove is still filled with debris) the flow is dominated by the
oscillatory component, which causes a shear stress circumferentially. In addition to
the shear stress, it is expected that there is a push-pull mechanism by which removal
of debris in the oscillation direction will be enhanced. This push-pull effect is induced
by the oscillation of the file.

Once (the entrance of) the groove is starting to be emptied by removal of debris,
there will be space available for the jet (steady streaming component) to form when
the file is oscillating toward the groove. Shear stresses developed by this jet can en-
hance the removal of the debris in the groove. When the file oscillates perpendicular
to the groove, the jet has no space to develop; therefore, the flow is again dominated
by the oscillatory component and its push-pull effect. The fluid in the groove will
contribute to the inflow toward the file; however, flow velocities inside the groove are
smaller than when the file oscillates toward the groove and are unlikely to contribute
much to the removal of debris from the groove.

In the studies by Riley [16], Stuart [17], Bertelsen [18], and Duck & Smith [19],
a cylindrical file was considered, whereas the Irrisafe file used in this study has a
square cross section, twisted along the length of the file. This difference in cross
section might explain the increased divergence of the measured jet compared with the
theoretical solution by Duck and Smith. Experiments performed by Kim & Troesch
[20] and Tatsuno [21] by using square cylinders showed a flow pattern more similar
to the flow pattern observed in this study.
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The ex vivo dentin debris removal model used in this study is a closed system.
The 2 halves of the root embedded in the resin matched perfectly and were fixed by
the 4 bolts well to prevent any irrigant flow apically or laterally (Fig. 7.1A). Because
the apical fluid movement mechanisms can be quite different between a closed and
an open system [22], it is better to use a closed system like the model used in this
study, which is more clinically relevant.
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Appendices

7.A Supplementary material
(Online at http://stilton.tnw.utwente.nl/rootcanalcleaning/Gallery of Irrigant Motion)

Movie 1. High-speed visualization of the tip of a file oscillating inside a root canal
confinement, perpendicular to the groove. The black dots are tracer particles. Record-
ing speed is 125 Kfps.

Movie 2. High-speed visualization of the tip of a file oscillating inside a root canal
confinement, now parallel to the groove. The black dots are tracer particles. Record-
ing speed is 125 Kfps.

http://stilton.tnw.utwente.nl/rootcanalcleaning/Gallery_of_Irrigant_Motion
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The influence of the ultrasonic intensity on

the cleaning efficacy of passive ultrasonic
irrigation ∗ †

Abstract: In this chapter we evaluate the effect of the ultrasonic intensity on PUI to remove dentin

debris from artificial depressions in one root canal wall, and whether there is any lateral effect beyond

the ultrasonic tip. Each of 15 in vitro root canal models with four standard depressions in the apical part

of one canal wall were filled with dentin debris and received PUI repeatedly, with different ultrasound

intensities. The removal of dentin debris in the depressions was categorized as clean or not clean. The

oscillation amplitude of the ultrasonic file at each intensity was recorded in vitro using time-resolved

high-speed imaging. The results show that the highest intensity exhibited significantly better cleaning

than all the other intensities; no significant difference was found between the four levels of the depres-

sions within any of the four groups. High-speed imaging showed that the amplitude of the oscillating

file increased as the intensity went up, which leads to a higher velocity of the irrigant around the file.

∗Published as: L-M. Jiang, B. Verhaagen, M. Versluis, J. Langedijk, P.R. Wesselink and L.W.M.
van der Sluis. “The Influence of the Ultrasonic Intensity on the Cleaning Efficacy of Passive Ultrasonic
Irrigation”, Journal of Endodontics 37(5), pp. 688-692 (2011)

†The high-speed imaging and its analysis in this chapter is part of the present thesis. The dentin
debris removal experiments are due to Lei-Meng Jiang.
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8.1 Introduction

The improvement of currently available irrigation protocols to disinfect the inaccessi-
ble regions of the root canal space and the uninstrumented canal surfaces is important
[1] because of insufficient debridement by instrumentation alone [2, 3]. An ultrasoni-
cally oscillating file transmits energy, causing acoustic microstreaming, which results
in mixing of the irrigant, enabling it to reach those inaccessible regions and enhancing
shear stress on the root canal surfaces at a distance from the file [4–7].

The apical third of the root canal system is particularly difficult to clean because
of the typically challenging complexity of the root canal morphology [8, 9], mak-
ing irrigant delivery and activation less effective [10]. Lee et al. [11] studied the
efficiency of ultrasonic irrigation using root canal models with grooves and depres-
sions in the apical portion of the root canal wall to simulate root canal irregularities.
These studies indicated that the depressions in the root canal wall were more difficult
to clean than the grooves [11, 12] and also revealed a lateral effect of the acoustic
streaming around the file. Because an ultrasonic file does not always extend to the
full length of the root canal and the cleaning of the apical area close to the apex could
be critical [13], information about the cleaning in front of the tip could be valuable.

The intensity of ultrasonic activation, adjusted by the power setting on the ultra-
sonic device, influences the energy transmission from the ultrasonically oscillating
file to the irrigant. Previous research showed that an increasing intensity did not
always result in a linear increase of the displacement amplitude of the oscillating
file [14, 15]. Because those observations investigated the oscillation of the file in
free air, a direct relationship with acoustic microstreaming around and in front of
the file could not be established. A full understanding of the effect of intensity on
the cleaning efficacy of passive ultrasonic irrigation (PUI) through microstreaming is
still lacking.

The aims of this study were (1) to measure the displacement amplitude of the
oscillating file under different ultrasonic intensities by using high-speed imaging, (2)
to evaluate the effect of ultrasonic intensity on the cleaning efficacy of PUI, and (3)
to investigate the lateral effect beyond the file tip.

8.2 Materials and Methods

8.2.1 Dentin debris removal model

Straight roots from 15 extracted human maxillary canines were decoronated to obtain
uniform root sections of 15 mm following the protocol described previously [16, 17].
Briefly, the roots were embedded in resin and bisected longitudinally. The surfaces
of both halves were then ground to leave only a little of the original root canal lumen.
Four depressions were drilled in the resin part, and the two halves were reassembled
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by four self-tapping bolts through the depressions. All the models were checked to
see if there was any leakage of liquid or gas apically or laterally before experiments.
If there was any, rubber dam caulk would be applied to ensure that the root canal
modeled a closed system.

Standardized root canals were established by K-flexofiles #15/.02 (Dentsply Maille-
fer, Ballaigues, Switzerland) and GT (Dentsply, Maillefer) nickel-titanium rotary
instruments to a working length (WL) of 15 mm, an ISO size of 30, and a taper
of 0.06. The final apical enlargement was performed with the Mtwo (VDW, Mu-
nich, Germany) nickeltitanium rotary instrument #35/.04. During instrumentation,
the canals were rinsed with 1 mL 2% NaOCl after each file delivered by a 10-mL
syringe (Terumo, Leuven, Belgium) and a 30-G needle (Navitip; Ultradent, South
Jordan, UT).

With the help of a microscope and a round bur (H71.104.003; Komet, Lemgo,
Germany) attached to a drilling machine, four standard depressions (ø = 0.3 mm)
located at 0.5, 2, 4, and 6 mm from the WL were drilled in the wall of one half of
each root canal (Fig. 8.1). Each depression was filled with dentin debris, which was
mixed with 2% NaOCl for 5 minutes to simulate a situation in which dentin debris
accumulates in uninstrumented canal extensions [11]. This model was introduced to
standardize the root canal space and the amount of dentin debris present in the root
canal before the irrigation procedure to increase the reliability of the dentin debris
removal evaluation. The methodology is sensitive, and the data are reproducible
[18]. The 15 models were used repeatedly in the four experimental groups, which are
shown in Table 8.1.

8.2.2 Irrigation procedure

Specimens in all the experimental groups were rinsed with 2 mL irrigant (2% NaOCl)
using 10-mL syringes with 30-G needles (Navitip) placed 1 mm from the WL, and the
flow rate was approximately 5 mL/ min. Then, PUI was performed with a stainless
steel #25/.00 file (IrriSafe; Acteon, Merignac, France) driven by an ultrasonic device
(Suprasson PMax; Satelec Acteon, Merignac, France) for 10 seconds with the in-
plane oscillation direction toward the depressions. The device has four ultrasound
intensity ranges indicated by the following colors: green, yellow, blue, and red. These
colors correspond to an ultrasound intensity range, from the weakest to the strongest;
each is adjustable with 10 levels. The following intensity settings were used in this
study: blue 4 (group 1), yellow 4 (group 2), and green 4 (group 3). Every attempt was
made to keep the file centered in the canal to minimize contact with the canal walls
because any contact with the canal wall could dampen the oscillatory motion of the
file. Group 4 acted as the control group; in this group, the ultrasonic file was inserted
but not activated. All the experimental specimens received 2 mL irrigant, which was
delivered with a syringe as the final flush.
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Figure 8.1: Schematic drawings of the root canal wall with depressions (A) and their typical
images (B) before and after different irrigation procedures (group 4: needle irrigation, group
3: PUI green 4, group 2: PUI yellow 4, and group 1: PUI blue 4). The ultrasonic tip was
positioned 1 mm from the WL during irrigation procedures.
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8.2.3 Image evaluation and statistical analyses

Before and after each irrigation procedure, the root halves were separated, and the de-
pressions were viewed through a stereomicroscope (Stemi SV6; Carl Zeiss, Göttingen,
Germany) using a cold light source (KL 2500 LCD, Carl Zeiss). Pictures were taken
with a digital camera (Axio Cam, Carl Zeiss). The sequence of all the pictures was
randomized, and two calibrated examiners were blind to the group assignment.

The debris removal from each depression after irrigation was scored indepen-
dently by two calibrated dentists. The samples were graded as “clean” if the depres-
sion was without any debris left or “not clean” if the depression was not completely
clean. The percentage of interagreement should be more than 95%; if this percentage
was lower than 95%, a consensus had to be reached.

The differences in debris removal between the depressions within each group
and between the groups were analyzed using chi-square analysis. The level of signif-
icance was set at α = 0.05.

8.2.4 High-speed imaging experiments

High-speed imaging was used to record the oscillation amplitude of the ultrasonic file
at each intensity, both inside a large water-filled tank and inside a transparent, silicon
model of a root canal with an apical size of 30 and a taper of 6%. The silicon model
was made by casting poly-dimethyl-siloxane (Sylgard 184, Silicone Elastomer Kit;
Dow-Corning, Coventry, UK) around a D-size hand spreader (Dentsply). Recordings
were made with a high-speed camera (HPV-1; Shimadzu Corp, Kyoto, Japan) at a
frame rate of 250,000 frames per second. A microscope with 20× magnification
(BX-FM; Olympus, Tokyo, Japan) was used for magnification. The Irrisafe #25/.00
file was fitted in front of the microscope and illuminated in bright-field mode by a
continuous-wave light source (ILP-1, Olympus). By tracking the tip of the file in
each of the recordings, the displacement amplitude was determined.

8.3 Results

At each depression level, dentin debris removal was significantly different between
the experimental groups. The number of completely clean samples in each group and
the P values when compared between groups are shown in Table 8.1. The value of
kappa is statistically significantly different from 0, and its value of 0.828 suggests
that the evaluators’ scorings are mostly similar, with some exceptions.

If the number of completely clean depressions at all four levels were combined,
all the ultrasonically activated groups removed more dentin debris than the nonacti-
vated group (group 4) (P < .05); group 1, with the highest intensity, exhibited signifi-
cantly better cleaning efficacy than all the other groups. No significant difference was
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Table 8.1: The number of completely clean depressions after the irrigation procedure in each
experimental group and the P value between groups

seen between the other two groups with lower intensities. There was no significant
difference between the four levels of the depressions within any of the four groups.

From the high-speed recordings, the displacement amplitude at each intensity was
determined (Fig. 8.2). Increasing the intensity resulted in a linear increase in oscilla-
tion amplitude although there is some overlap between color codes. The confinement
of the root canal caused a reduction in the oscillation amplitude of approximately
40%.

In the large water tank, cavitation was observed on the file tip for the intensities
above blue 5 (Movie 1). Inside the confinement of the root canal, this threshold was
green 5 (Movie 2). The bubble grows in the wake of the file when it moves from one
maximum of displacement to the other and collapses when the file reaches the other
maximum displacement.

8.4 Discussion

The model with depressions on the root canal wall used in this study was a modifica-
tion of a previous one [11]. The modifications and advantages of the current model
are three-fold. First, because the natural root canal varies considerably, the removal
of the original root canal space allowed for the establishment of standardized root
canals. Second, it is easy to assemble or disassemble the model, facilitating the root
canal treatment procedure in vitro within the enclosed system and the evaluation of
the interested area before and after the irrigation. Finally, the cleaning of the extra
depression located at 0.5 mm from the WL could give an indication of the cleaning
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Figure 8.2: Oscillation amplitude of the ultrasonically oscillating file at various amplitudes;
the colors of the lines match the colored intensities on the ultrasonic device, with 10 steps
within each color. Five consecutive frames (4 microseconds between frames) are displayed to
show the cavitation in the wake of the file during one half of an oscillation at intensity red 5.
(A) The file was fitted inside a large water tank; (B) the file was fitted inside a size 30, taper
6% root canal model.
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efficacy in front of the ultrasonically oscillating file tip.
It has been suggested that the velocity of the acoustic streaming occurring around

oscillating files is directly influenced by factors such as the intensity of the generator
and location on the file (7). Our study clearly showed that the cleaning efficacy was
enhanced when the ultrasonic intensity rose, especially at the highest intensity used
here, blue 4. In preliminary tests, we used root canal models with grooves under
different intensity as well. This setup also showed that a higher intensity produced a
better cleaning efficacy (data not shown). A higher intensity gives a higher amplitude
of oscillation of the file (Fig. 2), which, in turn, results in higher velocities of the tip
according to the following theoretic prediction given by Ahmad et al. [7]:

v =
ωε2

0
a

(8.1)

where v is the flow velocity (in meters per second), ω is 2π times the driving fre-
quency (in Hertz), ε0 is the oscillation amplitude (in meters), and a the radius of the
tip (in meters).

For intensities above the threshold where cavitation was observed, the deviation
of the amplitude from the linear fit increases. This can partly be attributed to the fact
that the tip of the file could not be observed any more because of cavitation bubbles.
However, it is also possible that the cavitation bubbles affected the oscillation of the
file because of the forces involved in bubble growth and collapse.

In our previous studies [16, 17] on evaluating the efficacy of PUI, a similar ex-
perimental model with a groove located at 2 to 6 mm from the WL was used and the
ultrasonic tip was placed 1 mm from the WL, indicating that the file tip was apical
to the groove (filled with dentin debris). Therefore, those studies did not provide any
information about the cleaning efficacy in front of the ultrasonically oscillating tip.
From the results of this study, it can be concluded that PUI has an effect in front of
the oscillating file that is similar to the more coronally located areas in the apical root
canal. Burleson et al. [19] reported that ultrasonically activated irrigation improved
the canal and isthmus cleanliness in the apical region. The ultrasonically activated
needle was placed coronally to the region they investigated, indicating an effect in
front of the needle, which was confirmed by our findings. However, their ultrason-
ically activated needle was a needle through which the irrigant flowed into the root
canal activated by ultrasound at the same time. Therefore, the flow pattern of the
irrigant is different from that in our study, but the effect in front of the needle may be
similar.

Ahmad et al. [7] suggested that the cleaning efficiency would be different along-
side the ultrasonically oscillating file because the acoustic streaming would be more
intense at the apical section of the file. Although the result of the current study
showed no differences between the four levels of the depressions within any of the
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experimental groups, it is not contradictory to Ahmads findings because the four de-
pressions observed were located only in the apical portion.

One may argue if the effect in front of the ultrasonically oscillating file will cause
extrusion of the irrigant. This was not the aim of this study and needs future study
by using suitable models, because the root canal models in the present study have a
closed, solid foramen. However, because the oscillation direction of the file is lateral
and not longitudinal, extrusion of irrigant through the apical foramen is not expected.
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Appendices

8.A Supplementary material
(Online at http://stilton.tnw.utwente.nl/rootcanalcleaning/Gallery of Irrigant Motion)

Movie 1. High-speed visualization of the tip of a file oscillating unconfined; cavita-
tion can be observed on the tip of the file. Recording speed is 250 Kfps.

Movie 2. High-speed visualization of the tip of a file oscillating in the confinement
of a silicon root canal model; cavitation can be observed between the tip of the file
and the wall of the root canal. Recording speed is 250 Kfps.

http://stilton.tnw.utwente.nl/rootcanalcleaning/Gallery_of_Irrigant_Motion


9
Evaluation of a sonic device designed to

activate irrigant in the root canal ∗ †

Abstract: This chapter is concerned with the difference in the removal of dentin debris from a groove

in the root canal by sonic or ultrasonic activation of the irrigant. The physical mechanisms of sonic

activation were investigated using high-speed visualization of the oscillations of the sonic tip, both

inside and outside the confinement of the root canal. Without irrigant activation, the grooves were still

full of dentin debris. From the ultrasonic activated group, 89% of the canals were completely free of

dentin debris, whereas from the sonic group, only 5.5% – 6.7% were. The oscillation amplitude of the

sonically driven tips was observed to be 1.2± 0.1 mm, resulting in much wall contact and no cavitation

of the irrigant, thereby limiting its cleaning efficacy compared to ultrasonic activation.

∗Published as: L-M. Jiang, B. Verhaagen, M. Versluis and L.W.M. van der Sluis, “Evaluation of
a Sonic Device Designed to Activate Irrigant in the Root Canal”, Journal of Endodontics 36(1), pp.
143-146 (2010)

†The high-speed imaging and its analysis in this chapter is part of the present thesis. The dentin
debris removal experiments are due to Lei-Meng Jiang.
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9.1 Introduction

Irrigation of the root canal space is a fundamental aspect of root canal treatment.
Techniques for acoustic and hydrodynamic activation of the irrigant have been de-
veloped [1–3], because needle irrigation is not effective in the apical part of the root
canal [4, 5].

It has been shown that acoustic streaming and cavitation contribute to the cleaning
efficiency of root canal irrigation [2, 3, 6]. Acoustic streaming can be defined as a
rapid movement of fluid in a circular or vortex-like motion around a vibrating file
[7]. Cavitation can be defined as the creation of vapor bubbles or the expansion,
contraction, and/or distortion of preexisting bubbles (so-called cavitation nuclei) in a
liquid; the process is coupled to acoustic energy [8]. Studies have shown that passive
sonic activation of irrigant is inferior to its counterpart in ultrasonic [9, 10]. However,
the details concerning those mechanisms have not been clarified.

The EndoActivator system (Advanced Endodontics, Santa Barbara, CA), a sonic
device, has recently been developed for root canal irrigation. Special polymer tips
can be driven sonically at 3 different frequencies to activate the irrigant. No data are
currently available to support its use.

The aims of this study were (1) to determine the removal of dentin debris from
the root canal by sonic or ultrasonic activation of the irrigant and (2) to evaluate the
physical mechanisms of sonic activation by visualizing the oscillation amplitude of
EndoActivator tips.

9.2 Materials and Methods

9.2.1 High-speed Imaging Experiments

An optical set-up was constructed to visualize the effect of sonic activation in a glass
model of the root canal containing water. The canal was 10 mm in length, with an
apical diameter of 0.30 mm and a taper of approximately 0.06. Imaging was per-
formed by using a high-speed camera (Shimadzu Corp, Kyoto, Japan) at a frame rate
of 4000 frames per second. From these recordings the oscillation amplitude of the tip
was measured by using a calibrated reference grid (Edmund Optics, Barrington, NJ).

A microscope with 1.25-20×magnification was used (BX-FM; Olympus, Tokyo,
Japan) for magnification. The root canal was illuminated in bright-field by a contin-
uous wave light source (ILP-1; Olympus).

9.2.2 Dentin Debris Removal Model

Straight roots from 18 extracted human maxillary canines were decoronated to ob-
tain uniform root sections of 15 mm. The roots were embedded in self-curing resin
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Figure 9.1: (A) Schematic representations of the standardized root canal model, its groove
(B-1) and cross section (B-2). (C) Examples of the different score scales.

(GC Ostron 100; GC Europe, Leuven, Belgium) and then bisected longitudinally
through the canal in mesiodistal direction with a saw microtome (Leica Microsystems
SP1600, Wetzlar, Germany). The surfaces of both halves were ground successively
with 240-, P400-, and 600-grit sandpaper, resulting in smooth surfaces on which only
little of the original root canal lumen was left. Four holes were drilled in the resin
part, and the two halves could be reassembled by four self-tapping bolts through the
holes (Fig. 9.1A).

New root canals were prepared by K-files #15/.02 (Dentsply Maillefer, Ballaigues,
Switzerland) and HERO 642 (MicroMega, Besancon, France) nickel-titanium rotary
instruments to a working length (WL) of 15 mm, ISO size 30, and taper 0.06, re-
sulting in standardized root canals. During preparation, the canals were rinsed with
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1 mL of 2% NaOCl after each file and delivered by a 10-mL syringe (Terumo, Leu-
ven, Belgium) and a 30-gauge needle (Navitip; Ultradent, South Jordan, UT).

A standard groove of 4 mm in length, 0.5 mm deep, and 0.2 mm wide, situated
at 26 mm from WL [11] (Fig. 9.1B-1, B-2), was cut in the wall of one half of each
root canal with a customized ultrasonic tip. A periodontal probe with an adapted
0.2-mm-wide tip was used to verify the dimension of each groove during and after
preparation. The dimension of the groove is comparable to an apical oval root canal
[12]. Each groove was filled with dentin debris, which was mixed with 2% NaOCl
for 5 minutes, to simulate a situation in which dentin debris accumulates in unin-
strumented canal extensions [11]. This model was introduced to standardize the root
canal space and the amount of dentin debris present in the root canal before the irriga-
tion procedure, to increase the reliability of the dentin debris removal evaluation. The
methodology is sensitive, and the data are reproducible [13]. A pilot study has shown
that a single model could be reused up to at least 8 times without any visible defect
on the surface of the canal wall. Therefore, the 18 models were used repeatedly in
the 6 experimental groups, which are the ultrasonic activated group, sonic activated
groups by different frequencies or tips or irrigants, and control group (Table 9.1).

9.2.3 Irrigation Procedure

Specimens in all the experimental groups were rinsed with 2 mL irrigant (2%NaOCl
or water) by using 10-mL syringes with 30-gauge needles placed 1 mm from WL.
Then the residue of irrigant was passively activated for 20 seconds sonically or ultra-
sonically. In group 6, the sonic tip was inserted but not activated. Passive activation
meant that every attempt was made to keep the file centered in the canal to minimize
contact with the canal walls. This sequence was repeated twice, resulting in a total
irrigation volume of 6 mL and a total irrigation time of 1 minute.

The ultrasonic activation was performed with a stainless steel #20/.00 file (Ir-
riSafe; Satelec Acteon, Merignac, France) energized by a piezoelectronic unit (Supras-
son PMax; Satelec Acteon) at power setting “blue 4”. The sonic activation was per-
formed with the EndoActivator system.

9.2.4 Image Evaluation and Statistical Analyses

Before and after each irrigation procedure, the root halves were separated, and the
grooves were viewed through a stereomicroscope (Stemi SV6; Carl Zeiss, Göttingen,
Germany) by using a cold light source (KL 2500 LCD; Carl Zeiss). Controls verified
that no debris had fallen out of the groove during the assembly or disassembly pro-
cess. Pictures were taken with a digital camera (Axio Cam; Carl Zeiss) and saved as
ZVI files on a computer.
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Figure 9.2: Oscillation of the file inside the root canal during 1 oscillation at mode 3 (190
Hz), recorded with a high-speed camera at 4000 frames per second; dots on the graph indi-
cate at which time during the oscillation the frames were recorded.

The debris left in the groove after irrigation was scored independently and blindly
by 3 calibrated dentists with the following score system: 0, the groove is empty; 1,
less than half of the groove is filled with debris; 2, more than half of the groove is
filled with debris; 3, the complete groove is filled with debris [11] (Fig. 9.1C). The
percentage of inter-agreement should be more than 95%. If this percentage was lower
than 95%, a consensus had to be reached.

The differences in debris scores between the groups were analyzed by means of
the Kruskal-Wallis test and the Mann-Whitney test. The level of significance was set
at α = 0.05.

9.3 Results

The oscillation amplitude of the sonic tips in free air and in water was, respectively,
1.1 ± 0.1 mm and 0.6 ± 0.1 mm at the attachment point and 3.1± 0.1 mm and 1.2
± 0.1 mm at the free end. The sonic tip showed only one node (at the attachment
point) and one anti-node (at the free end) during oscillation, confirming an earlier
study [14]. The actual frequencies of the sonic device turned out to be different from
the frequencies listed in the sales brochure. Mode 1 was 160± 5 Hz instead of 33 Hz
(2000 cycles per minute [CPM]), mode 2 was 175 ± 5 Hz instead of 100 Hz (6000
CPM), and mode 3 was 190± 5 Hz instead of 166 Hz (10,000 CPM). The high-speed
imaging experiments showed a lot of wall contact of the sonic tips during activation
(Fig. 9.2), and no cavitation was observed (Movie 1).

The three investigators differed in scoring 6 of the 108 specimens; agreement
was reached after discussion. After irrigation, the number and the percentage of
samples at each score rank are presented in Table 9.1. There was a statistically sig-
nificant difference between the experimental groups (P < .0001). When the irrigant
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Table 9.1: Experimental groups and number of specimens (N=18) at each score rank after
irrigation procedure.

was activated, significantly more dentin debris was removed than control group; ul-
trasonic activation was significantly more efficient than sonic activation (P = .0001).
There was no significant difference between the sonic activation groups. From the
ultrasonic activated group, 89% of the canals were completely free of dentin debris,
whereas from the sonic group, 5.5% – 6.7% were.

9.4 Discussion

The results indicate that activation of the irrigant enhances the removal of dentin
debris from the apical root canal. Because the ultrasonic file or sonic tips could
not physically disturb the dentin debris in the groove, it can be concluded that the
activated irrigant removed the dentin debris from the groove.

The fact that ultrasonic activation removed significantly more dentin debris than
the sonic activation confirms the study of Sabins et al. [10]. A possible explanation
is that the driving frequency of ultrasound (30 kHz) is higher than that of the sonic
device (160-190 Hz). In principle, a higher frequency results in a higher flow velocity
[15]. In addition, the flow velocity also increases, with increase in the oscillation
amplitude of the tip for a certain frequency [15]. However, the oscillation amplitude
of the sonically activated tip in water is approximately 1 mm while the diameter of
the apical root canal is smaller than 0.5 mm, which implies extensive wall contact
between the tip and the root canal wall. This inhibits free oscillation of the sonic tip,
reducing the efficient streaming of the irrigant [15] and consequently the activation
of the irrigant. This is confirmed both by the outcome of dentin debris removal and
by the visualization experiment in which wall contact was observed (Fig. 9.2).

The difference between the lowest (160 Hz) and the highest (190 Hz) oscillation
frequency of EndoActivator as we have tested is small, implying only small differ-
ences in streaming between frequency settings. That explained why there was no
significant difference between the two frequency settings of the sonic activation.

It was also observed that no cavitation seemed to take place either on the sonic
tip itself or on the wall of the glass model of the root canal. This can be related to the
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velocity of the sonic tip, which was below the threshold needed for cavitation. Such
a cavitation threshold can be determined by estimating the pressure required. If the
pressure falls below the vapor pressure by a magnitude of the tensile strength, then
rupture of the fluid can occur (cavitation). The tensile strength of pure water is very
high, and therefore cavitation is often unobtainable. In many practical situations,
however, there are microscopic voids containing gas on the interface between a solid
surface (contaminant particles, cracks in the container) and the fluid. These nucle-
ation sites have a much lower tensile strength and therefore make cavitation possible
at much lower pressures. To get cavitation, the pressure decrease ∆P must exceed
the ambient pressure (1 atm or 105 Pa) plus the vapor pressure of the fluid (2000 Pa)
[16]. In first approximation the velocity u leading to an onset of cavitation can be
obtained from the Bernoulli equation:

1
2

ρu2 = ∆P (9.1)

Roughly speaking then, the left-hand term of equation 9.1 should be larger than
105 Pa. By using ρ = 1000 kg/m3 for water, the threshold velocity u is approximately
14 m/s. A sinusoidal oscillation at a frequency of 190 Hz and with an oscillation
amplitude of 1.2 mm gives a velocity of only 1.4 m/s. An ultrasonic file, typically
driven at 30 kHz and an amplitude of 75 µm, reaches velocities above this threshold
and can therefore generate cavitation, as previously observed by Ahmad et al. [15].

There are 3 types of EndoActivator tips currently available, #15/.02, #25/.04, and
#35/.04. A different dimension of the tip applied in the same size root canal might
produce different oscillations and irrigant flow, which could influence the effective-
ness of the instruments. The size of the standardized model used in this study was
#30/.06, which is clinically relevant. Therefore we tested the #15/.02 and #25/.04
tips. The #35/.04 tip should be tested with larger size and tapered root canal, so we
did not include it. The results showed that there was no difference between the two
types of sonic tips in amplitude, oscillatory pattern, or wall contact. The irrigant
flow and streaming pattern of the irrigant were therefore equal, resulting in the same
effectiveness of the irrigation.

There was no significant difference between NaOCl and water as irrigant when it
was sonically activated. Because the fluidic properties of water and NaOCl are com-
parable [17], no differences in acoustic streaming between them were to be expected.
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Appendices

9.A Supplementary material
(Online at http://stilton.tnw.utwente.nl/rootcanalcleaning/Gallery of Irrigant Motion)

Movie 1. High-speed visualization of the sonic device oscillating inside a glass root
canal model. Recording speed is 4 Kfps.

http://stilton.tnw.utwente.nl/rootcanalcleaning/Gallery_of_Irrigant_Motion
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10
An evaluation of the effect of pulsed

ultrasound on the cleaning efficacy of passive
ultrasonic irrigation ∗ †

Abstract: Multiple activations of the irrigant by using pulsed ultrasound may enhance the removal

of dentin debris from an extracted tooth model because of repeated acceleration of the irrigant. Each

of 20 in vitro root canal models with a standard groove in the apical portion of one canal wall filled

with dentin debris received PUI repeatedly, either without pulsation (group1) or with pulsation (duty

cycle of 100%, 88%, 50%, or 13%). After each irrigation procedure, the amount of dentin debris in the

groove was evaluated by taking photographs of the groove and scoring. The irrigation procedures were

also visualized in vitro using high-speed imaging performed in glass root canal models. A 50% duty

cycle showed a significant decrease in dentin debris removal; duty cycles of 13% and 88% showed no

difference compared with continuous oscillation. The in vitro visualization showed increased streaming

and cavitation during the start-up phase of each pulse.

∗Published as: L-M. Jiang, B. Verhaagen, M. Versluis, C. Zangrillo, D. Cuckovic and L.W.M. van
der Sluis, “An Evaluation of the Effect of Pulsed Ultrasound on the Cleaning Efcacy of Passive Ultra-
sonic Irrigation”, Journal of Endodontics 36(11), pp. 1887-1891 (2010)

†The high-speed imaging and its analysis in this chapter is part of the present thesis. The dentin
debris removal experiments are due to Lei-Meng Jiang.
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10.1 Introduction

After the completion of a standard root canal preparation, the debridement of the root
canal is, however, by far complete, leaving large untouched areas that may harbor
tissue or dentin debris, microbes, and their byproducts [1–7]. The root canal system
has better access for cleaning by an irrigant after finishing the instrumentation, and
irrigation has a better possibility for cleaning the space beyond the prepared canal
[8]. Therefore, a final rinse after the completion of the preparation is an essential part
of root canal debridement.

It has been realized in recent years that irrigation dynamics play an important
role in the cleaning process [9–11]. The use of a file in conjunction with an (ul-
tra)sonic device that activates the irrigant has been proposed for the final rinsing step
to enhance the cleaning of the root canal through streaming and cavitation [12–15].

Laser-activated irrigation has been shown to be more effective in removing den-
tine debris from the apical part of the root canal than passive ultrasonic irrigation
(PUI) [16]. This improvement in cleaning efficacy may be associated with the fact
that the irrigant becomes accelerated at every laser pulse [16]. Similarly, the acoustic
streaming of the irrigant introduced by the ultrasonic activation may also be enhanced
by repeated activations after introducing ultrasound pulsations into the system. Each
activation causes an acceleration of the irrigant, and the governing fluid physics laws
link acceleration to force. In addition, pulsed ultrasound has a direct effect on acous-
tic cavitation in a liquid [17–19]. Therefore, this study looks into the enhancement of
the cleaning efficacy of PUI by pulsed ultrasound under the hypothesis that PUI with
pulsation is more effective than without pulsation within 10 seconds.

10.2 Materials and Methods

10.2.1 Dentin debris removal model

Straight roots from 20 extracted human maxillary canines were decoronated to ob-
tain uniform root sections of 15 mm. The roots were embedded in self-curing resin
(GC Ostron 100; GC Europe, Leuven, Belgium) and then bisected longitudinally
through the canal in mesiodistal direction with a saw microtome (Leica Microsystems
SP1600, Wetzlar, Germany). The surfaces of both halves were ground successively
with 240-, P400- and 600-grit sandpaper, resulting in smooth surfaces on which only
little of the original root canal lumen was left. Four holes were drilled in the resin
part, and the two halves were reassembled by four self-tapping bolts through the holes
[9]. All the models were checked for any leakage of liquid or gas apically or laterally
before experiments; if there was any, rubber dam caulk was applied to ensure the root
canal space of the model was a closed system.
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New root canals were prepared by K-files #15/.02 (Dentsply Maillefer, Ballaigues,
Switzerland) and HERO 642 (MicroMega, Besancon, France) nickel-titanium rotary
instruments to a working length of 15 mm, ISO size 30, and taper of 0.06, resulting
in standardized root canals. During preparation, the canals were rinsed with 1 mL of
2% NaOCl after each file delivered by a 10-mL syringe (Terumo, Leuven, Belgium)
and a 30-G needle (Navitip; Ultradent, South Jordan, UT).

A standard groove of 4 mm in length, 0.5-mm deep, and 0.2-mm wide situated at
2 to 6 mm from the working length [20], was cut in the wall of one half of each root
canal with a customized ultrasonic tip. A periodontal probe with an adapted 0.2-mm
wide tip was used to verify the dimension of each groove during and after preparation.
The dimension of the groove is comparable to an apical oval root canal [21]. Each
groove was filled with dentin debris, which was mixed with 2% NaOCl for 5 minutes,
to simulate a situation in which dentin debris accumulates in uninstrumented canal
extensions [20]. This model was introduced to standardize the root canal space and
the amount of dentin debris present in the root canal before the irrigation procedure
to increase the reliability of the dentin debris removal evaluation. The methodology
has been shown to be sensitive, and the data are reproducible [22]. A pilot study has
shown that a single model could be reused at least 8 times without any visible defect
on the surface of the canal wall. Therefore the 20 models were used repeatedly in the
five experimental groups which are shown in Table 10.1.

10.2.2 Irrigation procedure

Specimens in all the experimental groups were rinsed with 2 mL of irrigant (2%
NaOCl) using 10-mL syringes with 30-G needles (Navitip) placed 1 mm from the
working length, and the flow rate was approximately 5 mL/min. Then, the irrigant
was activated by an ultrasonic file #20/.00 (IrriSafe; Acteon, Merignac, France) for
10 seconds without (group 1) or with (groups 2-4) pulsed ultrasound (Table 10.1).
All the experimental specimens received 2 mL of irrigant, which was delivered again
by a syringe as the final flush.

Every attempt was made to keep the file centered in the canal to minimize contact
with the canal walls (passive activation). The file was driven at power setting yellow
4 by a piezoelectronic unit (Suprasson PMax; Satelec Acteon, Merignac, France)
of which the footswitch was replaced by a customized pulse generator to be able to
oscillate the file with pulsation.

10.2.3 Image evaluation and statistical analyses

Before and after each irrigation procedure, the root halves were separated, and the
grooves were viewed through a stereomicroscope (Stemi SV6; Carl Zeiss, Göttingen,
Germany) using a cold light source (KL 2500 LCD, Carl Zeiss). Controls verified that
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no debris had fallen out of the groove during the assembly or disassembly process.
Pictures were taken with a digital camera (Axio Cam, Carl Zeiss). The sequence
of all the pictures was randomized, and two calibrated examiners were blind to the
group assignment.

The debris left in the groove after irrigation was scored independently by the two
calibrated dentists using the following score system: 0: the groove is empty, 1: less
than half of the groove is filled with debris, 2: more than half of the groove is filled
with debris, and 3: the complete groove is filled with debris (20). The percentage of
inter-agreement should be more than 95%; if this percentage was lower than 95%,
a consensus had to be reached. The differences in debris scores between the groups
were analyzed by means of the Kruskal-Wallis test and the Mann-Whitney U test.
The level of significance was set at α = 0.05.

10.2.4 High-speed imaging experiments

An optical setup was constructed in order to visualize the effect of pulsed ultrasonic
activation in the two glass models of the root canal. Both models contain straight root
canals of length 10 mm, an apical diameter of 0.30 mm, and a taper of approximately
0.06. One model had no side canals; the Irrisafe file (#20/.00) was positioned at 3 mm
from the apex. The other model had one side canal with a diameter of 0.2 mm located
at 2.0 mm from the apex; the Irrisafe file was positioned at 1 mm from the apex. The
file was driven in both models under the same conditions as the in vitro experiments.
The root canals were filled with 5% NaOCl, to which small hollow glass spheres
(mean diameter, 11 µm; Sphericel, Potters Industries, South Yorkshire, UK) were
added in order to track the fluid movement.

A zoom microscope with 1.25× to 20×magnification was used (BX-FM; Olym-
pus, Tokyo, Japan) for magnification. The root canal was illuminated in bright field
by a continuous-wave light source (ILP-1, Olympus). Imaging was performed us-
ing a high-speed camera (HPV-1; Shimadzu Corp, Kyoto, Japan) at a frame rate of
25,000 frames per second.

The amount of activity due to an oscillating file is determined from the recordings
for each pulsation scheme. Movement of the particles in the fluid, file movement, or
cavitation bubbles causes one frame to be different from the previous frame of the
recording, and this difference in pixel values is taken as the activity of each frame.

10.3 Results

The two investigators differed in scoring seven specimens; agreement was reached
after discussion (κ = 0.898). The number and the percentage of samples at each
score rank in different groups after the irrigation procedures are presented in Table
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Table 10.1: Experimental groups and the number of specimens at each score rank after the
irrigation procedure

10.1. Significant difference was only found between group 1 and group 3 (p = 0.023).
Activation of the irrigant with pulsed ultrasound with a duty cycle of 50% is more
effective to remove apical dentin debris than that in the group without pulsed ultra-
sound.

The visualization recordings of the file oscillation and the streaming showed three
different phases during one activation cycle. There was a start-up phase in the first 50
milliseconds, a steady phase during the remainder of the pulse, and a stopping phase
of 20 milliseconds after the pulse had ended. The general timeline of events during
each pulsation is shown in Figure 10.1-top. Figure 10.1-bottom shows the activity at
a certain distance from the apex.

During the start-up phase, the amplitude of the file oscillation was large com-
pared with its final, steady oscillation amplitude and, consequently, produced more
streaming around the file than in the steady phase. The disturbance caused by the file
that started its oscillation took approximately 10 milliseconds to reach remote areas
like the apex and side canals. However, the penetration of the irrigant into the side
canal was limited to approximately 0.5 mm from its entrance (Fig. 10.2).

Cavitation was also observed close to the tip of the file during the start-up phase,
mostly generated at 0.5 mm from the tip. These bubbles occasionally split off and
were transported to other locations in the root canal. Stable cavitation bubbles with
a diameter of approximately 100 µm have been observed up to 0.4 mm into the
side canal where they tended to oscillate along with the file during the steady phase,
thereby increasing the local streaming significantly.

During the steady phase, the file oscillations are not at a constant amplitude, ex-
cept for an occasional unsteady motion, possibly because the file is not perfectly



196 CHAPTER 10. PULSED PUI

Figure 10.1: (top) Timeline of activities during one pulse of duration T. (bottom) Activity
as observed on the recording of pulsation with a duty cycle of 50%. The off and on period
of the pulse is indicated on top of the graph. On the left is a picture of the file inside the
root canal with its oscillation pattern indicated with a red dotted line. Color indicates the
amount of activity (arbitrary units). At the antinodes of the file, locations (I) and (II), there
is high activity during the first 50 milliseconds related to the transient motion of the file and
cavitation. It takes approximately 10 milliseconds for the fluid to reach or activity to start at
the apex or location (III). This activity disappears within 100 milliseconds.
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Figure 10.2: The root canal model with a side canal showing the file (dark black shape) in-
side the main canal and the side canal. The left panel shows the root canal before activation,
with only a few particles (black dots) floating around. The right panel shows the root canal
after irrigation where the particles have been stirred up, resulting in dark areas. The dashed
line shows the extension of irrigant penetration into the side canal. The black bar is 100 µm.
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straight. Streaming close to the apex and side canals was very slow and barely ob-
servable at a frame rate of 25,000 frames per second. No cavitation was observed
at the tip of the file. In the stopping phase, the fluid slowly came to a standstill in
approximately 20 milliseconds.

10.4 Discussion

In this study, the ultrasound device was switched on and off repeatedly. The visualiza-
tion experiments showed that the on period (activation) is composed of three phases:
the start-up phase, the steady phase, and the stopping phase; the OFF period is a rest
phase. During the first 50 milliseconds, there is more activity at the file tip than after
50 milliseconds; therefore, this time period is called the “start-up phase”. Afterwards,
the oscillation and the streaming become stable, which is called the “steady phase”.
The two phases produce different flow patterns of the irrigant, defined as “unsteady
streaming” and “steady streaming” accordingly. All phases would have their own or
combined influence on the efficacy of the irrigant to remove dentin debris from the
root canal because of the mechanical effect by the streaming and the chemical effect.

According to the results of the visualization experiments, there are three inter-
esting phenomena taking place. The oscillation of the file shows transient behavior
because of the start-up of the file motion. This leads to increased amplitude of the
ultrasonic file tip, which in turn causes an increase of the irrigant velocity (unsteady
streaming) around the oscillating file. The unsteady streaming contributed majorly
to the penetration of irrigant into (a small part of) the side canal. Therefore, it could
be assumed that the irrigant would possibly penetrate into the groove of the in vitro
model as well. Cavitation was observed behind the tip of the file, whereas no cavita-
tion was observed during the steady oscillation of the file, suggesting that the gener-
ation of cavitation was related to the increase of amplitude during the start-up phase.
Because there were 12 more start-up phases in group 3 (50% duty cycle) than in
group 1 (100% duty cycle), this could explain why the former removed the dentin
debris more efficiently from the groove.

However, all the pulsation groups (groups 2, 3, and 4) have the same number of
pulsations or start-up phases, indicating that the steady streaming and the rest phase
should be considered in order to explain the difference between these groups. For
example, in group 4, there is no oscillation for 87% of the irrigation time, but the
cleaning efficacy was still the same as the continuous mode or 100% duty cycle. This
suggests that the extra activity during the “start-up phase” could compensate for the
reduced duty cycle. This finding was a confirmation of an earlier pilot experiment
with the same methodology (n = 12, 0.1 seconds on/0.9 seconds off).

Even more interesting is the result of group 2 (88% duty cycle); there are as
many start-ups but longer streaming than in group 3 (50% duty cycle). However,
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the cleaning efficacy of group 2 is no better than group 3. This finding was also a
confirmation of an earlier pilot experiment with the same methodology (n = 12, 0.9
seconds on/0.1 seconds off). This suggests that also the rest phase plays an important
role.

The duration of the start-up and steady phases could possibly influence the gener-
ation and dissolving of bubbles in the irrigant [18] and potential chemical effects [23]
as well. As observed in the visualization experiment, stable bubbles oscillating along
with the file oscillation increased the local streaming significantly. However, these
bubbles typically are generated by cavitation on so-called cavitation nuclei [24], and
these nuclei might dissolve during the rest phase. It is possible that a duty cycle of
50% is optimal for the reoccurrence of cavitation, again suggesting that the rest time
of a pulsation scheme is also important.

Although the fluidic properties are similar between water and NaOCl [23], the
mechanical removal of dentin debris was better with NaOCl than water-activated ul-
trasonically [22], suggesting that chemical effects also play a role in dentin debris
removal. The duration of the activation and the rest phase could influence the chem-
ical effects involved, which can hardly be observed by video recordings. Further
studies are needed to elucidate these typical chemical aspects.

The dentin debris removal model used in this study is a closed system. The two
halves of the root embedded in the resin matched perfectly and were fixed with four
bolts to prevent any irrigant or gas escaping apically and laterally. Because the apical
fluid movement mechanisms can be quite different between a closed and an open
system [25], it is better to use a closed system like the model used in this study,
which is more clinically relevant.

The straight canals are not very commonly encountered. However, the aim of
this study was to discern between the effects of the different pulsation patterns of
ultrasound on the cleansing of the apical root canal. For this purpose, the model
appeared adequate because of the standardization of the research procedure. Further
research is needed to elucidate the effect of different root canal curvatures on the
application of ultrasonic activation of the irrigant.
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11
Irrigant flow beyond the insertion depth of an

ultrasonically oscillating file in straight and
curved root canals: visualization and

cleaning efficacy ∗ †

Abstract: The influence of the insertion depth of an ultrasonically oscillating file on the flow toward

the apex of a straight or curved root canal is investigated in this chapter. An extracted tooth model with

artificial debris-filled depressions in one canal wall at 0.5, 2, 4, and 6 mm from the working length

was used. Dye penetration and high-speed recordings of the flow in straight and curved canals showed

the static and dynamic behavior of the flow during ultrasonic activation. The overall cleaning efficacy

decreased with increasing distance between the file and the apex, with the depressions next to the file and

within 3 mm in front of the file being the cleanest. The flow observed from the visualization experiments

matched this distance, suggesting a direct relation between flow and cleaning. The observed flow depth

increased with increasing power setting; the curvature of the root canal had no influence on the flow

depth. High-speed imaging showed a start-up phase with deeper fluid activation than in the steady phase

afterward.

∗Published as: M. Malki, B. Verhaagen, L-M. Jiang, W. Nehme, A. Naaman, M. Versluis, P.R. Wes-
selink, L.W.M. van der Sluis, “Irrigant flow beyond the insertion depth of an ultrasonically oscillating
file in straight and curved root canals: visualization and cleaning efficacy”, Journal of Endodontics
38(5), pp. 657-661 (2012)

†The high-speed imaging and dye penetration experiments and their analysis in this chapter are part
of the present thesis. The dentin debris removal experiments are due to Maher Malki.
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11.1 Introduction

One of the primary goals of endodontic treatment is to heal apical periodontitis,
which can be achieved by removing pulp tissue and microorganisms from the root
canal system before placing a root canal filling [1]. The complex nature of the root
canal anatomy, which consists of the lumen of the main root canal(s) and accessory
canals, canal ramifications, apical deltas, fins, and transverse anastomoses, makes
complete debridement with mechanical instrumentation alone a goal impossible to
achieve [2, 3]. Therefore, irrigation with a suitable disinfectant is an essential part of
a root canal treatment [4].

The apical root canal seems to be the most difficult part to clean because of its
complex anatomy [5]. The small dimension and complex canal structure could hinder
an effective flow of the irrigant [6]. Specifically, root canals often have a curvature
[7], which has recently been shown to reduce the cleaning efficacy of several irri-
gation techniques [8, 9]. Apart from the mechanical effect of removing matter (like
dentin debris produced by root canal instrumentation), an effective flow is needed for
an adequate refreshment of the sodium hypochlorite solution [10]. Unfortunately, the
mechanical effect of needle irrigation is limited in the apical root canal [5, 6]. This is
also true for the refreshment of the irrigant, which is shown to be limited to 1.5 mm
beyond the needle tip [11]. Agitation techniques could improve the apical cleaning
efficacy, mechanically and chemically, by enhancing the irrigation dynamics [12].

Ultrasonic-activated irrigation is one of the possibilities to agitate a sodium hypo-
chlorite solution in the root canal [13]. It has been shown that dentin debris, pulp tis-
sue, and biofilm can be removed from the root canal wall by the shear stress produced
by acoustic streaming of the irrigant [14, 15]. Furthermore, irrigant penetration in the
apical lateral canals has been shown in an in vitro model [16]. A recent study showed
that dentin debris could be removed from the root canal wall 0.5 mm beyond the file
tip, which was positively related to the ultrasonic intensity used [17]. However, it is
not known how far this effect extends and how the curvature of a root canal influences
this depth. Therefore, the purposes of this study were to evaluate the influence of the
insertion depth of an ultrasonically oscillating file on the ability to remove dentin de-
bris from simulated canal irregularities in an extracted tooth model of a straight root
canal and its influence on the flow of irrigant in both straight and curved canals at
two different ultrasonic power settings.

11.2 Materials and Methods

11.2.1 Dentin Debris Removal Model

Straight roots from 15 extracted human maxillary canines were decoronated to ob-
tain uniform root sections of 15 mm following a previously described protocol [17].
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Briefly, the roots were embedded in self-curing resin (GC Ostron 100; GC Europe,
Leuven, Belgium) and then bisected longitudinally through the canal in a mesiodistal
direction. The surfaces of both halves were then grounded with sandpaper, result-
ing in smooth surfaces that leave only little of the original root canal lumen. Four
holes were drilled in the resin part, and the two halves were reassembled by four self-
tapping bolts through the holes. All the models were checked for leakage of liquid
or gas apically or laterally before experiments; if there was any, rubber dam caulk
would be applied to ensure that the root canal model was an entirely closed system.

Standardized root canals were established by K-Flexofiles #15/.02 (Dentsply Mail-
lefer, Ballaigues, Switzerland) and GT (Dentsply Maillefer) nickel-titanium rotary
instruments to a working length (WL) of 15 mm, ISO size 30, and taper 0.06. Prepa-
ration was done with the final apical enlargement by the Mtwo (VDW, Munich, Ger-
many) nickel-titanium rotary instrument #35/.04. During instrumentation, the canals
were rinsed with 1 mL of 2% NaOCl after each file insertion delivered with a 30G
needle (Navitip, Ultradent, South Jordan, UT).

With the help of a microscope and a round bur (H71.104.003; Komet, Lemgo
Germany) attached to a drilling machine, four standard depressions (o = 0.3 mm),
located at 0.5, 2, 4, and 6 mm from the WL were drilled in the wall of one half
of each root canal [17]. Each depression was filled with dentin debris, which was
mixed with 2% NaOCl for 5 minutes to achieve a wet sand-like consistency in order
to simulate a situation in which dentin debris accumulates in uninstrumented canal
irregularities during root canal preparation [17].

11.2.2 Irrigation Procedure

Specimens in all experimental groups were rinsed with 2 mL of irrigant (2% NaOCl)
using 10-mL syringes with 30-G needles (Navitip) placed 1 mm from the WL, and
the flow rate was approximately 5 mL/min. Then, ultrasonic-activated irrigation
was performed with a 21-mm, stainless-steel, noncutting wire (#20, taper 00) (Ir-
riSafe; Acteon, Merignac, France) driven by a piezoelectronic unit (Suprasson PMax,
Acteon) at power setting of Blue 5 (frequency approximately 30 kHz and file tip dis-
placement amplitude approximately 30 mm according to the manufacturer) for 10
seconds with the oscillation toward the depressions. The file was marked with a per-
manent black marker and inserted at different positions from the WL, namely 1 mm
from the WL (group 1, n = 15), 2 mm from the WL (group 2, n = 15), 3 mm from
the WL (group 3, n = 15), 4 mm from the WL (group 4, n = 15), and 5 mm from the
WL (group 5, n = 15). Group 6 acted as the control group, in which the ultrasonic
file was inserted until 1 mm from the WL but was not activated by ultrasound. All
the experimental specimens received 2 mL of irrigant, which was delivered again by
a syringe as a final flush after the activation by ultrasound. After the irrigation, the
canals were carefully dried with paper points.
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11.2.3 Image Evaluation and Statistical Analyses

Before and after each irrigation procedure, the root halves were separated, and the de-
pressions were viewed through a stereomicroscope (Stemi SV6; Carl Zeiss, Göttingen,
Germany) using a cold light source (KL 2500 LCD, Carl Zeiss) [17]. Controls ver-
ified that no debris had fallen out of the groove during the assembly or disassembly
process. Pictures were taken with a digital camera (Axio Cam, Carl Zeiss). The se-
quence of all the pictures was randomized. The debris removal from each depression
after irrigation was scored independently and blindly by two calibrated dentists. The
samples were graded as clean if the depression is completely clean or not clean if the
depression is not completely clean.

The percentage of interagreement should be more than 95%; if this percentage
was lower than 95%, a consensus had to be reached. The differences in debris re-
moval between the depressions within each group and between the groups were ana-
lyzed by chi-square analysis. The level of significance was set at α= 0.05.

11.2.4 Dye Penetration Experiments

The depth of flow was measured statically by injecting a dye mixture (Rood, Jo-La,
Bharco Foods, Baambrugge, The Netherlands; fluidic properties similar to those of
water) at the coronal opening of a transparent root canal and letting it distribute by the
flow generated by the ultrasonically oscillating file. Transparent root canal models
were created by solidifying polydimethylsiloxane (Sylgard 184; Dow-Corning, Mid-
land, MI) around a D-size hand spreader, leaving a root canal of size 35/.06. These
silicone models have a better optical access than prefabricated acrylic blocks and
allow for manufacturing of root canals with a specific curvature by prebending the
spreader with an EndoBender (Sybron Endo, Orange, CA) to create moderate, fair, or
severe curvatures starting at 4 or 8 mm from the tip of the spreader (WL). The exact
curvatures were determined afterwards by analyzing photos of the root canal models
on the computer. A circle was drawn over the curvature, from which the radius R and
the angle a were obtained. From these two values, the relative arc length L∗arc was
calculated as follows:

Larc = 2πR
α

360
(11.1)

L∗arc =
Larc

L+Larc
(11.2)

For the curvature starting at 4 mm, L∗arc = 0.20 ± 0.02 and for the curvature starting
at 8 mm, L∗arc = 0.35 ±0.02. Figure 11.1 shows the root canal models, including
analysis of their curvature.

A K10/25 file was inserted to 4 or 8 mm from the apex by hand and operated for
10 seconds. Measurements were performed at three power settings of the ultrasonic
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Figure 11.2: The percentage of completely clean depressions after the irrigation procedure
in each experimental group.

device (Suprasson P-Max Newtron; Acteon Satelec, Bordeaux, France): Yellow 5,
Blue 5, and Red 5 (in order of increasing power [17]). Each measurement was per-
formed twice. Immediately afterward, a picture was taken of the root canal with a
digital camera (D5100; Nikon, Tokyo, Japan) for analysis of the depth of dye pene-
tration.

11.2.5 High-speed Imaging

The depth of flow was measured dynamically with the use of a high-speed camera
(SA2; Photron, Tokyo, Japan), recording at 2,000 frames per second to record the
movement of microparticles inside a transparent root canal model [14]. The same
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models as in the dye penetration study were used. The K10/25 file was inserted to
4 or 8 mm from the apex and centered laterally in the canal. The root canal was
then filled with water, to which hollow glass spheres with a diameter of 10 mm were
added as tracer particles. The root canal was fitted in front of a microscope (BX-FM;
Olympus, Tokyo, Japan) with 2.5× magnification; light was provided in the bright-
field mode using a continuous cold-light source (ILP-1, Olympus).

Measurements were performed at the three power settings also used in the dye
penetration experiments. Analysis of the recordings was performed by subtracting
consecutive frames in the recordings; a movement of the microparticles resulting
from the induced flow leads to a change between the two image frames and therefore
gives an indication of the image areas in which flow was present.

11.3 Results

The results are presented in Figure 11.2. The ultrasonically activated groups removed
more dentin debris than the nonactivated control group (P < .0001). Groups 1 and
2, with the file positioned 1 and 2 mm from the WL, exhibited significantly better
cleaning efficacy than the other groups followed by group 3, which removed signifi-
cantly more debris than groups 4 and 5. There was no significant difference between
the four levels of the depression in groups 1 and 2 in contrast to groups 3, 4, and
5. Cleaning was observed up to 3 mm apically from the file tip with no significant
difference between 0.5 and 2 mm from the tip. The κ-value was 0.85.

The dynamic behavior of the flow during the first 200 milliseconds after start-up
is shown in Figure 11.3 in which the relative amount of flow is plotted as a function
of depth and time. The graph shows a start-up phase with deeper fluid activation
than in the steady phase afterward. The final state (flow depth beyond the file tip) for
each power setting and curvature, as obtained with the dye penetration experiments,
is shown in Figure 11.4. For power setting Yellow 5, the flow depth is typically
slightly more than half of the distance to the apex; increasing the power setting in-
creased the flow depth. At Blue 5 and an insertion depth of 4 mm from the apex of a
straight canal, the flow depth was approximately 3 mm, which is in agreement with
the cleaned areas in the extracted tooth experiments. The curvature did not have a
significant influence on the flow depth.

11.4 Discussion

In ultrasonically activated irrigation, the irrigant is activated corresponding to a char-
acteristic pattern of nodes and antinodes along the oscillating file [18]. The induced
acoustic streaming leads to jets of irrigant that are directed toward the root canal wall
[17]. These jets are responsible for the removal of dentin debris from artificial holes
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Figure 11.4: The flow depth beyond the file as a function of curvature and power setting
(represented by line color, with red > blue > yellow). The y-axis labels show the flow depth
beyond the file in millimeters (left) and in the percentage of the distance between the file tip
and the apex (right). L∗ is the relative size of the curvature, which is also the relative distance
from the apex where the file was positioned.
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in the root canal wall (lateral cleaning effect of the ultrasonically oscillating file) [14].
This cleaning effect can be observed from the coronal to the apical part of the root
canal [17, 19]. Previous work reported a cleaning effect even 0.5 mm beyond the file
tip that increased with the increasing intensity of the ultrasonic power [17].

In this chapter, we showed that in straight canals this cleaning effect extends until
3 mm in front of the file tip (power setting Blue 5, distance file tip-apex 4 mm) and
that the cleaning effect decreases with the distance of the file tip to the depression
filled with dentin debris (Fig. 11.2). We observed by visual methods that the flow
depth of the irrigant is also 3 mm (at the same power setting and distance file tip
apex), suggesting a direct relation between flow and cleaning. Therefore, the trans-
parent root canal model gives some insight into the irrigant dynamics responsible
for cleaning. However, the exact relation between flow and cleaning efficacy needs
further studying because the more complex geometry (including the artificial depres-
sions) of the root canal in the extracted teeth will affect the flow compared with the
smooth transparent root canal model. There could also be a difference in the reflec-
tion of ultrasound by the silicon (transparent) root canal model walls compared with
dentinal walls; however, the high-speed imaging showed no deformation of the sili-
cone walls. Therefore, it was assumed that the silicone walls acted as solid walls for
the fluid flow.

For needle irrigation, only severe root canal curvatures influence the cleaning ef-
ficacy [20]. However, in ultrasonically activated irrigation, the irrigant penetration is
only influenced by the ultrasonic intensity [17] and the distance file tip apex if the
file is placed without constraint in a curved root canal (just before the curve). The
observation that the curvature does not influence the flow depth (Fig. 11.4) suggests
that the microstreaming occurs typically on a much smaller scale than the curvature.
Therefore, the apical extent of cleaning in curved canals will be comparable to the
apical extent of cleaning in straight canals. It also suggests that the origin of the
limitation in reaching the apex in a curved canal is not of a fluid dynamic nature but
is rather related to geometric aspects, such as the location and length of the curva-
ture. There is a difficulty in bringing the file tip close to the apex, which requires
(pre)-bending of the file and/or implies much forced contact with the root canal wall,
which may alter the file oscillation significantly, reduce the efficacy of the irrigant
streaming, and increase the risk on file fracture. This is typically the case in the study
of Amato et al. [8] in which the curvature was at 7 mm from the apex and the file
was placed 1 mm short of the WL. In the study of Rödig et al. [19], apart from the
curvature and the placement of the file 2 mm from the WL, a cutting K-file instead of
a noncutting file and the activation time (two times 1 minute) could have resulted in
the production of dentin debris and could explain why they did not find a significant
difference between (ultra)sonic activation of the irrigant or no activation [19]. The
ultrasonic intensity for both studies was low.
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In this chapter, we have considered the influence of the curvature of the root
canal on the flow. It is known that for needle irrigation the size and taper of the root
canal have an influence on the irrigant flow [6, 21]. For ultrasonic activation of an
irrigant, an increasing taper positively influences the removal of dentin debris from
the root canal when the irrigant is applied continuously in the pulp chamber [22].
However, in this study, the irrigant was delivered in the root canal by a syringe and
then activated by an ultrasonically oscillating file. If we only evaluate the individual
depressions, it is interesting to notice that the cleaning efficacy from these depressions
is very similar, but the dimension of the root canal actually changed from apical to the
coronal and from 0.39 mm (1 mm from the WL) to 0.60 mm (5 mm from the WL).
According to this result, we could conclude that within this range, the dimension of
the root canal did not influence the efficacy of dentin debris removal of the ultrasonic
activation of the irrigant, which wasdelivered by a syringe in the root canal.

The conclusion we can draw from the current study is that the ultrasonically
oscillating file could remove dentin debris from the root canal wall up to 3 mm in
front of the file tip, coinciding with the observed flow. Furthermore, the root canal
curvature had no influence on the irrigant flow.
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Sonochemical and high-speed optical

characterization of cavitation generated by
an ultrasonically oscillating dental file

in root canal models ∗

Abstract: Cavitation has been associated with Passive Ultrasonic Irrigation, but the nature and charac-

teristics of the cavitating bubbles was not yet fully elucidated. Using sensitive equipment, the sonolu-

minescence (SL) and sonochemiluminescence (SCL) around these files have been measured, showing

that cavitation occurs even at a very low power setting. Luminol photography and high-speed visual-

izations provided information on the spatial and temporal distribution of the cavitation bubbles. A large

bubble cloud was observed at the tip of the files, but this was found not to contribute to SCL. Rather,

smaller, individual bubbles observed at antinodes of the oscillating file with a smaller amplitude were

leading to SCL. Confinements of the size of bovine and human root canals increased the amount of SL

and SCL. However, the root canal models also showed the occurrence of air entrainment, resulting in

the generation of stable bubbles and droplets near the air-liquid interface and eventual loss of liquid.

∗To be submitted to Ultrasonics Sonochemistry as: R.G. Macedo, B. Verhaagen, D. Fernandez
Rivas, J.G.E. Gardeniers, L.W.M. van der Sluis, P.R. Wesselink and M. Versluis, “Sonochemical and
high-speed optical characterization of cavitation generated by an ultrasonically oscillating dental file in
root canal models”
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12.1 Introduction

Ultrasound is regularly used in dentistry in a wide range of therapeutic applications,
such as the cleaning and disinfection of the inner and outer surface of a tooth (root
canal therapy and root scaling, respectively) [1]. Ultrasonic agitation of disinfect-
ing solutions in the root canal, called Passive Ultrasonic Irrigation (PUI) [2], has
been shown to improve the chemical and mechanical efficiency of root canal clean-
ing procedures [2, 3] and organic tissue dissolution during endodontic therapy [4].
PUI uses an endodontic file, driven at 30 kHz, that has been shown to induce acous-
tic microstreaming and cavitation, which are claimed as the working mechanisms of
ultrasonic agitation [5–7].

The occurrence and use of cavitation during PUI has been discussed frequently
over the past two decades. Cavitation has been demonstrated to occur around ultra-
sonically oscillating endodontic instruments in an unbounded medium [7–13]. Inside
the root canal, Ahmad et al. [9] argued that cavitation is unlikely to occur, because
due to space restrictions the amplitude of oscillation of the endodontic file cannot be
high enough to produce cavitation. On the other hand, in a recent article [14] cav-
itation was shown to occur around the tip of an ultrasonically oscillating file, even
within the confinement of a root canal, although only at high driving powers that
are not commonly used clinically. Cavitation was also suspected to be causing the
enhancement of sonochemical reactions around dental scalers [7]. There is, how-
ever, still no clear data on the number, size, location and nature of cavitating bubbles
during PUI or on how the confinement of the root canal affects cavitation.

In non-pure liquids, cavitation is usually generated from nuclei, which are small
pockets of air on hydrophobic dirt particles or walls. Bubbles can grow when the
applied pressure difference is higher than the ambient pressure minus the vapor pres-
sure of the liquid. For water, the ambient pressure is 100 kPa; the vapor pressure
is approximately 2 kPa [15, 16]. This pressure difference needs to be generated by
the oscillating endodontic file. Low pressures are expected near the trailing edge of
the file, where the fluid velocities equals zero; the file itself moves with a velocity
U = 2π f A (with f the oscillation frequency and A the amplitude of oscillation). The
velocity gradient gives rise to a pressure gradient, according to the Navier-Stokes
equation that governs the flow dynamics [17]. The velocity and pressure gradients
around an endodontic file are similar to those that arise near ship propellers, pumps
and homogenizers, where hydrodynamic cavitation is known to occur and lead to
damage to the metal surfaces. This type of cavitation is generally referred to as edge
or tip cavitation [11, 18–20].

Near an endodontic file, the velocity gradient can be estimated by assuming that
the flow velocity around the file is equal to the oscillation velocity of the file U . The
potential for cavitation to be generated is then characterized by the cavitation number
σ [15]:
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σ =
Pambient−Pvapor

1
2 ρU2

(12.1)

where ρ is the density of the liquid. Under the condition that nuclei with radii larger
than a critical radius are available, cavitation can occur when σ < 1, for which the
velocity needs to exceed 15 m/s [15]. The typical frequency of oscillation for en-
dodontic devices is 30 kHz, resulting in a threshold oscillation amplitude of approx-
imately 80 µm, which is a value that endodontic devices are able to attain at high
power setting [21, 22].

A distinction can be made between transient cavitation, involving a violent col-
lapse of a bubble, and stable cavitation, which involves more gentle radial oscillations
[15]. Typically, transient cavitation is involved in sonochemistry (chemistry induced
by sonication) [23–25] and surface modifications (cleaning, erosion) [26], whereas
stable cavitation can lead to local enhancement of streaming and mixing [27, 28].

It is also known that cavitating bubbles can emit light [29] (sonoluminescence,
SL) [30–33]. For SL to occur, the pressure and temperature conditions inside the
collapsing bubble have to satisfy the conditions for ionization and subsequent light
emission [34]. If a chemiluminescent molecule is present, its reaction with OH. rad-
icals also yields light emission, a process known as sonochemiluminescence (SCL)
[35, 36]. For this, the conditions inside a bubble have to allow for the dissociation of
water molecules, leading to OH. radicals in this case:

H2O 
 OH .+H . (12.2)

Cavitating bubbles can generate SL or SCL, or both; the population of SL and SCL
active bubbles are not exactly the same and strongly overlap [37–39]. The light emis-
sions are generally faint, although SCL signals can be several orders of magnitude
more intense than SL [37]. Dark conditions and the use of sensitive photo-multipliers
are generally needed in order to detect SL or SCL, which then provide a measure of
the amount of SL or SCL producing cavitation bubbles. Long exposure photography
can be used as well, to obtain information on the spatial distribution of cavitating bub-
bles that produce the SCL [40]. Temporal information on the cavitating bubbles can
be obtained with a passive acoustic detector [41, 42], however here we will use high-
speed imaging, in order to obtain information on both spatial and temporal scales,
and on the nature and onset of cavitation around the oscillating endodontic file.

The aims of this study were to quantify and to visualize the occurrence of cavi-
tation around endodontic files. Using sensitive sonochemical methods for detecting
SL and SCL, the occurrence of cavitation at various power settings is investigated,
as well as the influence of the confinement on the occurrence of cavitation. Using
a range of file types, the influence of different cross-sectional shapes, diameters and
lengths of files on SL and SCL are studied. The SL and SCL measurements can
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Figure 12.1: Sketch of the experimental setup, not to scale. The light-tight box and the
equipment it contains is depicted on the right (a), with the models sketched below (b). An
example of the SL signal recorded on the PC is shown on the left (c).

provide information on the nature and characteristics of the bubbles. Long-exposure
SCL photography and high-speed imaging provide additional visual support on the
location and behavior of cavitating bubbles at different operation and confinement
conditions.

12.2 Materials & Methods

12.2.1 Ultrasound setup

A light-tight box with dimension 1.2×1.0×0.5 m was constructed (see Figure 12.1);
dark conditions inside were verified with long-exposure photography. Inside the box,
an endodontic file was positioned in a 1.0×1.0×4.0 cm cuvette (Plastibrand, Brand,
Wertheim, Germany) or in an in-house manufactured glass root canal (RC) of bovine
or human dimensions, submerged and fixed inside the cuvette. The bovine-sized
model was a cylindrical closed-end tube of diameter 2.3 mm and a length of 29 mm.
The human-sized model was a cone of apical diameter 0.3 mm, a taper of 6% and a
length of 20 mm. The two root canal models allowed for the investigation of the in-
fluence of confinement on the occurrence of cavitation. The transmission coefficient
of light through these glass models was measured and corrected for.

Table 12.1 gives an overview of the various files that have been tested; Figure
12.2 shows a picture of an endodontic file and the different cross-sections. The first
number in the file name indicates the diameter (times 10 µm), the second number
indicates the length (in mm). The K-files (Satelec Acteon, Merignac, France) have
a square cross-section, the IrriSafe (IS) files (Satelec Acteon) have a square cross-
section with rounded edges (with a radius of curvature of approximately 0.25×file
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Figure 12.2: Picture of an endodontic file and the three different cross-sections. The vibra-
tion direction is indicated with arrows.

radius), and the ET25L (Satelec Acteon) has a circular cross-section [43]. One K-file
(K15/25) was polished by the manufacturer to the same cross-section as IrriSafe files,
in order to compare directly the influence of cross-section.

All files were driven with a commercial endodontic ultrasound device (P-Max,
Satelec Acteon, Merignac, France). The power settings on that device range (from
low to high) from ‘Green’ via ‘Yellow’ and ‘Blue’ to ‘Red’, each with 10 steps. A
previous study showed that the oscillation amplitude increased with power settings,
with overlap between ‘10’ and ‘1’ in consecutive power settings [14]. In the sono-
chemical experiments, the power setting was either increased (three measurements)
or decreased (three measurements) between consecutive experiments, in order to in-
vestigate the presence of hysteresis. Each measurement group was measured three
times; for each measurement a new file and fresh irrigant was used. Files that were
suspected to have fractured (exhibited through a sudden drop in SL/SCL signal) were
also replaced.

The ultrasound device was switched on and off in cycles with a period of 10
seconds, consisting of 3 seconds ON and 7 seconds OFF (duty cycle of 30%). The
rest phase in between pulses should allow the fluid to return to its initial state with
respect to its temperature and gas content. These pulses were generated with a pulse-
delay generator (TGP110, TTi, Huntingdon, UK).

12.2.2 Sonoluminescence and Sonochemiluminescence

For sonoluminescence (SL), the cuvette and root canal models were filled with MilliQ
air-saturated water. A photomultiplier tube (PMT; R508, Hamamatsu Photonics,
Hamamatsu, Japan) was placed next to the cuvette. The PMT received an electri-
cal voltage of 1.6 kV from a DC power supply (6516A, Hewlett-Packard, Palo Alto,
CA, USA). Its output was recorded at a rate of 300 kHz with a high-speed data acqui-
sition device (DAQ; USB-6356, National Instruments, Austin, TX, USA), which was
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also recording the pulses. Calibration showed a linear response of the PMT up to an
output voltage of 1 V, above which saturation occurs. Typical pulse and PMT signals
are shown in Figure 12.1c. The PMT signal was filtered with a running average with
Gaussian weighing over 11 samples; the average value during each pulse was used as
final SL or SCL value.

For sonochemiluminescence (SCL), air-saturated aqueous luminol (0.1 mM lu-
minol [Merck] in 0.1 M NaOH [Merck]) solution was used, of which more details can
be found elsewhere [37]. The same PMT equipment as for SL was used to measure
the SCL signal. Simultaneously, photos near the file were taken with a CCD photo-
camera (D300, Nikon, Tokyo, Japan) and 50 mm, f/1.8 lens (Nikon) with an aperture
of 1.8. The camera exposure was set at 30 seconds, with highest ISO value (Hi1.0)
and automatic white balance. A photo was taken in ambient light before the SCL
photos were taken, to identify the location of the cuvette or root canal model walls.
The sum of the pixel intensity value intensity in a region-of-interest or along the file
was calculated from the blue channel of the RGB photos, for quantitative analysis of
the luminol photos. The intensity of the blue channel along two files was compared
to the oscillation pattern of those files, as simulated with a previously described and
validated one-dimensional model for endodontic files oscillating in air [43].

The reliability of the PMT measurements was tested using interclass correlation
coefficient among three measurements of SCL of an ET25L file in three consecu-
tive days. Each measurement was repeated six times. A coefficient score of 0.994
for single measurements with p < 0.001 was found, assuring a high reliability and
repeatability.

An estimate of the chemical activity of the OH. radicals produced by transient
cavitation as compared to those dissolved in a NaOCl solution was made by a fast
injection of luminol into the cuvette, filled with a 10% NaOCl solution (Sodium
Hypochlorite, Sigma-Aldrich, St. Louis, MO, USA). The PMT response was recorded
using the equipment described above. The luminol was injected at a flow rate of 1
mL/min through a 27G needle, driven by a syringe pump (NE1010, New Era Pump
Systems, Wantagh, NY, USA).

12.2.3 Statistical analysis

Students t-tests for independent samples were performed to assess differences in SCL
between files with different lengths (21 vs. 25 mm) and cross-sections (Square (K)
vs. Square with round edges (Irrisafe) vs. Circular (ET)). ANOVA tests were used to
assess the influence of diameter (size 10 vs. 25 vs. 30) in SCL and of the confinement
(cuvette vs. bovine sized RC model vs. human sized RC model) in SL. For all tests,
p-values < 0.05 were considered statistically significant.
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12.2.4 Calorimetry

The acoustic power density radiated by three files was measured inside the cuvette
and the two root canal models. A 0.2 mm diameter T-type thermocouple with digital
read-out (HI 93552R; HANNA Instruments, Woonsocket, RI, USA), sampling every
2 seconds, was fixed inside the cuvette or, in the case of the root canal models, glued
inside a side channel of diameter 1.5 mm located at 2 mm from the apex of the root
canal.

The files were driven for 1 minute by the same commercial endodontic device
at power setting ‘Blue 1’ or ‘Red 10’. The acoustic power density Wac (W/L) was
determined from the temperature increase ∆T measured during ∆t:

Wac =
ρcp∆T

∆t
(12.3)

with ρ the density of the liquid and cp its specific heat.

12.2.5 High-speed visualization

The generation of cavitation bubbles was visualized using a high-speed camera (HPV-
1, Shimadzu Corp., Kyoto, Japan), recording at a frame rate of 1 million frames
per second. The camera was attached to a microscope (BX-FM, Olympus, Tokyo,
Japan) providing 20× magnification, resulting in a resolution of 3 µm/pixel. Illu-
mination was provided in bright-field mode using a continuous wave light source
(ILP-1, Olympus). The file of interest was positioned parallel or perpendicular to the
image plane, such that a side-view of (a section of) the file or its cross-section was
visible and in focus. The file itself was submerged in a large water tank (75×62×117
mm) filled with tapwater. For one set of experiments, degassed water, luminol or
NaOCl (10%, Sigma-Aldrich, St. Louis, MO, USA) was used instead of tapwater.

The files were driven at power settings ‘Blue 5’ or ‘Red 5’ using the commercial
endodontic ultrasound device (P-Max, Satelec Acteon).

In one additional experiment a dentin disc was placed at a distance of approxi-
mately 200 µm from a K15/25 file, in order to investigate the influence of the pres-
ence of a wall on the cavitation. The dentin discs (diameter 5 mm, thickness 1.5 mm)
were prepared from freshly prepared bovine incisors using a trephine [44].
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Figure 12.3: Average and standard deviation of the SL signal for an IS25/21 file inside
different confinements (colors).

12.3 Results

12.3.1 Sonochemical characterization

SL measurements

During each pulse of ultrasound (3 seconds), there was an increase in PMT signal for
the SL measurements, rising within 1 second, and falling off to the noise level within
1 second after the pulse ended (see Figure 12.1c for an example). As a general trend,
the higher the power, the higher the signal output of the PMT. Below a power setting
of ‘Blue 1’ no increase in PMT signal above the noise level could be detected.

The SL signal for one example file (IS25/21) inside the cuvette and bovine- and
human-sized root canal models is plotted in Figure 12.3, showing that a smaller con-
finement (human- versus bovine-sized root canal mode, versus cuvette) increases the
SL signal. This trend was observed for all files (p < 0.001).

SCL measurements

The signal for SCL during each pulse was similar to that of SL, but approximately
3 orders of magnitude higher. Therefore, already at the low power setting of ‘Green
5’ (below the power settings plotted in Figures 12.3 and 12.4) a SCL signal could
be observed for several files. The SCL signal as a function of power setting for
various files oscillating inside the cuvette, is plotted in Figure 12.4, where the av-
erage and standard deviation of the 18 measurements are used. For all files there
was an increase in SCL signal for increasing power setting. The SCL signal ranged
5 decades and is highly dependent on the file type. The IrriSafe files both resulted
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Figure 12.4: Average and standard deviation of the SCL signal measured with the PMT
for nine different files, with varying length, diameter and cross-section, oscillating inside
the cuvette. The shaded area above 1V represents saturated PMT response and therefore
underestimated results.

in a SCL value higher than the K-files of similar dimensions (p = 0.001). Files
with a larger diameter generally also resulted in a higher SCL values (p < 0.001).
The ET25L, with a circular cross-section, resulted in significantly lower SCL values
(p < 0.001). The polished K15/25 file showed no differences with the unpolished
K15/25 file (p = 0.567).

There is no clear correlation between the amount of cavitation observed and the
oscillation amplitude of the file tip as measured in a recent study [43], see Figure
12.5. This suggests that not only the oscillation amplitude (as a function of power)
but also the file diameter and cross-section have an influence on the generation of
cavitation, and further discussion is provided in the remainder of this work.

The injection of luminol into a NaOCl solution showed a rapid increase of the
SCL signal, rising within one second to a value of 60 V, where it is fully saturated.

Comparison of SL and SCL measurements

In Figure 12.6 the SL and SCL results for all files have been normalized to the max-
imum value of the K30/21 file. Both methods show that the K30/21 file generates
most cavitation, followed by the two IrriSafe files. For SL, the ratio between files is
different than for SCL, which can be attributed to the generation of bubbles that are
either more light-producing or more chemically active [37, 38, 45]. Also, for SCL of
several files the PMT was saturated, affecting the relative amplitudes, although the
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Figure 12.5: Average and standard deviation of the SCL signal for six files, plotted versus its
oscillation amplitude as determined in a previous study [43].

ordinal scale should not be affected. The increase in cavitation with increasing power
setting is also apparent from these plots.

The differences in SL and SCL values between increasing and decreasing the
power for consecutive experiments were non-significant. Therefore hysteresis was
ruled out, justifying combining the data in the increasing and decreasing power di-
rection for the analysis of the SL and SCL measurements. Also, it can be concluded
that the possible changes in temperature and gas content are not enough to alter the
overall cavitation features.

Luminol photography

Overlaying the blue luminol photos with the ambient light photos of the confinements
showed a blue area (luminol photo signal) between the file and the wall (see Figure
12.7), especially at the higher power settings. In the cuvette there is a large area
of luminol photo signal along the file, with brighter areas along the file that can be
related to a distribution of nodes and antinodes along the file, see Figure 12.8. The
bright areas are separated by a few millimeters, which is consistent with the distance
between the antinodes on an oscillating file in air. The locations of the maxima in
the luminol photos and the oscillation patterns do not match exactly, because the
oscillation pattern is obtained from a simulation for files oscillating in air [43]; in
water or luminol, the wavelength will increase, which will result in a better match of
the maxima in the luminol photo intensity with the antinodes. Nevertheless, the areas
of higher luminol photo intensity can be associated with the location of the antinodes
away from the tip of the file and not with the tip of the file itself. Toward and beyond
the tip of the file, the luminol photo intensity decreases.
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In the confinement of the bovine- and human-sized root canal models, the luminol
photo intensity was observed to be uniformly distributed between the file and the wall.
The luminol photo signal was also observed beyond the file tip toward the apex of the
confinement.

A quantitative analysis of the luminol photos showed an increase of intensity with
increasing power (Figure 12.9b). These trends were similar to the SL and SCL results
(Figure 12.9a). However, the luminol photos have a resolution of 2 decades whereas
the SCL data spanned more than 5 decades, making the luminol photography method
less sensitive than the SL and SCL methods.

Calorimetry

Sonication of the water inside the cuvette showed a linear increase in temperature
within the measurement time of 1 minute, see Figure 12.10a. The IS25/25 file driven
at the high power setting was found to have the highest slope (0.08◦C/sec) and a
maximum temperature increase of 4.9◦C, with the slope and temperature increase at
low power setting being approximately half of those values. The K25/21 and IS25/21
file at the high power both had a slope of 0.02◦C/sec.

Figure 12.7: Overlay of luminol photos (blue) with ambient light photos, showing the spatial
distribution of luminol inside the cuvette (a) and bovine-sized (b) and human-sized (c) root
canal models. The confinements have been outlined with solid yellow lines; the luminol-air
interface is indicated with a dashed yellow line. The white bar in (a) is 2.5 mm wide.
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Figure 12.8: Comparison of the normalized intensity in the luminol photos of two files with
the oscillation characteristics of those files. The oscillation characteristics are obtained from
a previously described simulation [43] of the files oscillating in air. In water, the wavelength
has been reported to increase, which will improve the match of the maxima in the luminol
photo intensity with the antinodes.
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Figure 12.9: Luminol intensity for 5 power settings and 9 files, to be compared to Figure 12.4.
The photo intensity ranges only three decades, whereas the PMT signal spans 6 decades.

Inside the bovine- and human-sized root canal models (Figure 12.10b and 12.10c,
respectively), the temperature increased by 12 and 14◦C, respectively, within 1 minute.
The slopes were not linear but showed an initial fast rise in temperature, followed by
a smaller slope. This change in slope could be due to heat conduction by the glass
confinements that starts to play a role after a few seconds.

Table 12.2 shows the acoustic power density as calculated from Figure 12.10a-c
and Equation 12.3, assuming a linear temperature increase over time. The acoustic
power density is on the order of 0.1-1 W/L. The confinement of the bovine-sized root
canal model increased the acoustic power density by a factor of 2.5 to 6, depending
on the file. An even smaller confinement, of the size of a human root canal, increased
the acoustic power density by another factor of 1.2 to 2.8. In all confinements, the
IS25/25 file had the highest acoustic power density, followed by the K25/21 and
IS25/21 files.

Table 12.2: Acoustic power density (W/L) for three different files and three confinements
calculated using Equation 12.3. The files were driven at power setting ‘Red 10’. The standard
deviation is 0.07 W/L.

Wac (W/L) IS25/25 K25/21 IS25/21
Cuvette 0.34 0.07 0.08
Bovine-sized RC model 0.86 0.32 0.48
Human-sized RC model 0.99 0.86 1.35
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Figure 12.10: Plot of temperature increase versus ultrasound insonification time, for three
files (colors), inside the cuvette (a) or bovine-sized (b) or human-sized (c) root canal (RC)
model. Low and high power are indicated with open and closed symbols, respectively. The
values are averages of 3 measurements. The standard deviations are not indicated for clarity
but are at most 1◦C.
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12.3.2 High-speed visualization

High-speed recordings provided confirmation of the occurrence of cavitation, domi-
nantly at the tip of the file where a large cloud of bubbles was formed with a size on
the order of the file diameter. At subsequent antinodes along the file, single, smaller
cavitation bubbles were observed (diameter on the order of 10 µm), see Figure 12.11
and Supplementary Movie 1. The generation of the large bubble cloud at the tip of
the file can be observed in more detail in the recordings of the cross-section of the
file, see Figure 12.12 and Supplementary Movie 2.

The orientation of the square cross-section was observed to have a large influence
on the cavitation formed at the file edges. When the in-focus tip of the file oscillated
along the diagonal of the cross-section (‘diamond’), cavitation was observed at the
edges of the cross-section. However, when the in-focus tip of the file had one side
in the direction of oscillation (‘square’), the cavitation cloud was observed to form
out-of-focus, i.e. at a part of the file with diamond orientation. The distance between
square and diamond orientation along the length of the file is 0.25 mm [43], whereas
the focal depth of the microscope optics is around 0.10 mm.

The bubble cloud was observed to start growing in front of the moving file already
during the deceleration of the file, i.e. before reaching its maximum displacement.
This can be attributed to a phase difference between file oscillation velocity and in-
duced pressure, as predicted in a previous study [22].

The bubble cloud was observed to grow and collapse twice per period in the wake
of the oscillating file. Small bubbles with a diameter less than 5 µm were observed
to split off from the bubble cloud and obtain a steady velocity of approximately 1 m/s
away from the file. These bubbles could be observed for at least 3 ms before becom-
ing invisible, which could be due to the bubbles dissolving or the stream of bubbles
diverging, thereby moving out of focus. The generated bubbles were therefore likely
to be of the stable cavitation type, which was further confirmed by their tendency to
flow along a glass wall placed nearby rather than collapse onto it.

Degassing the tap water before oscillating the file resulted in a reduction (to al-
most zero) in the size of the bubble cloud and the number of bubbles split off (see
Figure 12.13), which is as expected since there is less gas and nuclei available to
nucleate bubbles. Oscillating the file in a luminol solution appears not to affect the
size of the bubble cloud compared to tap water. When using a NaOCl solution, on
the other hand, a large increase in size of the bubble cloud was observed and also
resulted in larger bubbles being shed off, which is a typical effect of a salty solution
that is described in literature [46, 47].

A dentine wall placed within 200 µm of the oscillating file did not reduce or
increase the amount of cavitation occurring close to the file, see Figure 12.14. How-
ever, more interesting was the observation that the bubble cloud tended to collapse
onto the file rather than the wall, independent of the distance between the file and
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Figure 12.11: Sketch of the occurrence of cavitation along the length of an oscillating file,
based on Supplementary Movie 1. At the tip of the file (I), a large cavitation bubble cloud
is formed; at other antinodes (II), only small, single bubbles are observed. Still images are
taken from Supplementary Movie 1, where the file is oscillating inside the confinement of a
root canal model.
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Figure 12.13: Representative images of the cavitation cloud (grey) on the tip of a K-file
(black), in different liquids. The arrows indicate that the motion of the file is to the left. The
diameter of the file at the tip is 150 µm.

the wall. Cavitating bubbles were only incidentally observed on the dentine wall.
Similar observations were made for the file oscillating inside the confinement of the
root canal (see Supplementary Movie 1), where cavitation on the glass wall was only
observed in a limited number of cases. However, the roughness (potential bubble
nucleation sites) of the wall of a real root canal is much larger than that of the glass
models employed here, therefore more cavitation is expected inside a real tooth.

The water-air interface at the coronal part of the root canal was observed to be
unstable when certain files and insertion depths were used, see Figure 12.15 and Sup-
plementary Movie 3. This instability can be related to an antinode of the oscillating
file coinciding with the air-water interface. Droplets were observed to split off from
the unstable interface, leading to a reduction of the amount of fluid present in the root
canal, as also reported in a previous study [3]. The instability of the interface also
led to air entrainment, resulting in large and stable bubbles (more than 100 µm in di-
ameter) in the root canal liquid volume. Such stable bubbles could oscillate together
with the ultrasonic file and exhibit surface oscillations, which can locally increase the
streaming significantly, even at remote locations such as inside a side channel of the
root canal (see Supplementary Movie 4).

Figure 12.14: File next to a dentin wall, showing no collapse of the bubble cloud on the
wall. The dashed line in the first panel indicates the original extend of the wall, showing the
damage done by the file itself. Numbers indicate time (in µs); the white bar is 200 µm.
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Figure 12.15: Air entrainment due to an oscillating file (outlined in white) inside a glass
root canal model (thick white line). An antinode of the oscillating file leads to instabilities
at the air-irrigant interface (I), resulting in the generation of a spray of droplets of irrigant.
After some time, this loss of irrigant results in a large volume fraction of the root canal being
occupied by air rather than irrigant (II). Stable bubbles can split off from this air pocket (III).
The white bar is 200 µm.
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12.4 Discussion

The sonochemical and visualization measurements have shown that cavitation can
take place around endodontic files, even inside the confinement of a root canal model.
The amount of cavitation varied between the file types; the averaged SCL signals
spanned 5 decades. Due to the multiple parameters covered by the selection of files
(file length, diameter and cross-section), a general trend is not easy to extract. One
result is that the polishing of the square cross-section of the IrriSafe files did not affect
the SL and SCL signals. A larger diameter did increase the SL and SCL signals,
which can be explained by a larger amount of fluid that has to be displaced by a
thicker file, leading to larger velocity and pressure gradients. The observation that
cavitation could already be measured for very low power setting (‘Green 5’), where
the oscillation velocity of the file is below the 15 m/s cavitation threshold limit as
derived in the introduction, suggests that the fluid flows around the edges of the file
with a velocity higher than the oscillation velocity of the file.

This low power setting is one that is actually used in clinic. The high power
settings that were required for detection with SL and visualization methods [14] are
not used frequently in the clinic for PUI and therefore less relevant.

Changing the file length, diameter or cross-section of the file was shown previ-
ously to have a large and not straightforward influence on the file oscillation char-
acteristics [43]. However, no clear relation between SCL value and the predicted
oscillation amplitude at the tip of the various files was found (Figure 12.5), in spite of
our finding and that of a previous study [12] that a higher amplitude (power setting)
for a single file does increase the SCL value. This leads to the hypothesis that the cav-
itation cloud observed at the tip of the file does not induce a measurable amount of
SCL, but that it is rather the smaller bubbles that were observed at the other antinodes
that contribute to the SCL emission. This hypothesis is supported by the observation
that the IrriSafe files generated a higher SCL signal. The IrriSafe files have a lower
tip oscillation amplitude than K-files of similar dimension, but all antinodes on the
IrriSafe files have approximately the same amplitude due to the absence of a taper
on these files, leading to a preference for more and smaller bubbles all along the file
rather than a large bubble cloud at the tip. The K-files typically have a high amplitude
at the tip, leading to the formation of the cavitation bubble cloud, but the amplitude
of consecutive antinodes decreases rapidly and seems not to generate any cavitation.
The luminol photos also support this hypothesis, as generally near the tip of the files
the intensity of the blue channel of the photos decreased. It should also be consid-
ered that there may be bubbles present with a size smaller than the optical resolution,
which nevertheless could contribute to the SL and SCL signals.

The different nature of the large bubble cloud and the small individual bubbles
can be explained in the following way. Bubble clouds as the one observed at the file
tip are known to affect the sound field in a way that a lower intensity is experienced
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by bubbles inside the cloud due to acoustic shielding. As a consequence, the energy
focusing effect of each individual bubble collapse and the active bubble population
are reduced, leading to less SCL intensity when compared to the single bubbles in-
duced at locations along the file with lower amplitude [48, 49]. It is expected that
these spherical bubbles collapse more symmetrically and efficiently and are therefore
contributing the most to radical production. Cavitating bubbles in bubble clouds fur-
thermore have a smaller expansion maximum radius [50], which also affects the SL
and SCL [49].

Considering the file oscillation amplitude in terms of acoustic power, similar re-
sults are reported in the literature. It has been found that higher power can be detri-
mental to OH. radical formation [25, 37]. The reason for this is that a population
of smaller and more spherical bubbles is proportionally larger at low power, as the
growing and collapsing bubbles do not affect each other yet, contrary to high power.
Furthermore, numerical simulations on OH. production rate suggest that a decrease
of SCL takes place if, due to a high pressure, the bubble temperature inside an air
bubble is too high and OH. is consumed by oxidizing nitrogen inside the bubble [51].
The bubble temperature can also increase as a result of bubble-bubble interaction
with smaller bubbles [52].

As mentioned in the Introduction, cavitating bubbles can generate SL or SCL,
or both; the population of SL and SCL active bubbles are not exactly the same
and strongly overlap [37–39]. In this chapter we have localized the bubbles that
are SCL active using both high-speed imaging and long-exposure luminol photog-
raphy. Unfortunately, equipment for long-exposure SL photography, as used else-
where [37, 53], was not available. Whereas we hypothesized that the smaller bubbles
observed will be more SCL active than the larger ones, we cannot provide similar
evidence for the situation of SL emission.

The calorimetry measurements have shown that during one minute, the tempera-
ture of the liquid increases with 1-15◦C (Figure 12.10). According to literature [54], a
drastic decrease in SL in water takes place as temperature increases from 15 to 70◦C.
As the temperature increases in the liquid, the gas concentration decreases, making
the number of nucleated bubbles decrease. Also the ratio of vapor to gas increases as
the solubility of gas decreases, which diminishes SL. Furthermore, the bubble can be-
come saturated by vapor and, in the final stage of the adiabatical collapse, can arrest
the compression phase, decreasing the SL intensity. There are several other parame-
ters and reactions taking place inside the bubble (which depend on frequency as well)
that are beyond the scope of this study but are reported elsewhere [51, 54–57]. In this
study, however, the ultrasound is pulsed with 3 second pulses and 7 second rest inter-
vals, thereby limiting such temperature effects. Pulsation is furthermore reported to
have beneficial sonochemical effects, for example when the pulse length is tuned to
the dissolution time of the generated bubbles [58].
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The reaction between NaOCl and luminol resulted in a SCL value that was much
higher than the highest value of SCL produced for all of the files. As saturation of
the PMT was likely, the ratio of OH. production by cavitation to that dissolved in
the NaOCl solution could not be determined. Nevertheless the enhancement by OH.

production by cavitation to the chemical cleaning effect of NaOCl is probably small.

The observation that the areas of high intensity in the luminol photos are not
limited to the vicinity of the file but are actually spread out between the file and the
wall, suggests that the reaction between the luminol and the radicals produced by
cavitation does not always take place in the vicinity of the file. Cavitation can also
take place at crevices in the circumferential wall and tiny bubbles that have split off
from the bubble cloud (possibly smaller than the optical resolution of 3 µm/pixel).
Such interpretation has been observed and numerically modeled in a recent article
[59]. Inside the root canal confinements the acoustic field may be such that even
beyond the file tip cavitation of small bubbles can occur. These small bubbles do
not loose their sphericity and are therefore very SCL active compared to the larger
bubbles observed.

A smaller confinement was found to lead to an increase in the SL and SCL sig-
nals. This could be attributed to the increase in acoustic power density emitted within
these confined geometries, due to the presence of the root canal walls [60], but also
to the increase in pressures as predicted in a previous study [22]. It should be noted
that the human-sized root canal model has a conical shape rather than a cylindrical
shape, which could affect the SL and SCL signals because of the decreasing space
around the file toward its tip. It should be also noted that the cuvette might not be
considered an ‘unconfined’ case, as the sides of the cuvette are only 50 times larger
than the typical diameter of a file.

In the present study, the files were positioned in the center of the root canal during
the sonochemical characterization experiments, which however is difficult inside the
small human-sized root canal model. A recent study [61] has indicated that, during
clinical use of passive ultrasonic irrigation, contact with a wall cannot be avoided,
which introduces a secondary, audible frequency on top of the 30 kHz oscillation.
These two frequencies can lead to constructive or destructive interference, resulting
in occasionally higher or lower velocities, with an associated probability of cavitation
occurrence (see Supplementary Movie 5).

The bubble cloud at the file tip tended to collapse on the file itself, not on a
nearby wall, where removal of biofilms and smear layer is required. Erosion and
cleaning of a solid hard wall takes place by jetting of collapsing bubbles and shock
waves induced upon collapse [26, 62, 63]. However, bubbles collapsing near a soft
wall may generate a jet away from the wall, thereby pulling the soft material off the
wall [64]. Therefore if the file is close to the wall when the bubble collapses, this
cavitation cloud may enhance the cleaning of root canals, without causing erosion
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damage to the dentin wall.
The reported observation during clinical use of PUI that droplets are generated

outside of the root canal cavity [65], suggests that the instability of the irrigant-air
interface and resulting air entrainment as shown here, does indeed take place. Air en-
trainment was also often observed for the glass models employed in this study when
not submerged in the cuvette, leading to a root canal filled with large air bubbles. Air
entrainment results in loss of irrigant, in the extreme case preventing generation of
acoustic streaming [22], for which a fluid is required. The stable bubbles entrained,
however, could itself enhance the cleaning of the root canal system. Also the SL
emission may increase, as suggested in different studies, where the gas uptake by the
liquid at higher powers resulted in an increased SL value [66]. The free surface os-
cillation itself has previously been reported to negatively affect SCL values [37, 67].

The SL and SCL methods of cavitation detection used in this chapter were more
sensitive than the method using the luminol photos (Figure 12.9). Therefore, previous
studies using luminol photography [7, 13] probably underestimated the occurrence
of cavitation, which is present already for lower power settings as this study shows.
Nevertheless, the luminol photos are useful in obtaining information on the spatial
distribution of cavitation (for instance Figure 12.8), which cannot be obtained from
the SL and SCL PMT measurements. Other dosimetry methods have been reported
in the literature, e.g. terephtalic acid (TA) ([68]). However, a pilot study showed that
the concentration range that was generated with our ultrasound equipment was below
the sensitivity level of the TA method. Another dosimetry method reported recently
[69], using tert-butyl nitrite (t-BuONO), is a more promising method and has been
proven to be applicable ex vivo up to the volume of bovine root canals. A comparison
with the present methodology remains to be performed. In future work, additional
temporal detail and insight into the oscillatory or transient nature of the cavitation
can be obtained using passive acoustic detection.

The high-speed imaging performed in the present study can provide additional
information on the occurrence of cavitation in a small region-of-interest during a
short time span, whereas the luminol photos show a large region-of-interest time-
averaged over several seconds. The combination of these three techniques is then
a good approach for an integral characterization of endodontic files and equipment.
This article has shown that such characterization of cavitation in passive ultrasonic
irrigation is relevant because cavitation occurs and may contribute to mechanical and
chemical cleaning.

12.5 Conclusion

The generation of cavitation in different root canal models, generated by the oscil-
lation of several endodontic files, was demonstrated even at low power settings by
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means of sonochemical (SL and SCL) and optical techniques. This methodology of
testing endodontic devices was found to be sensitive and is a useful method in the
characterization of existing or new endodontic files and devices.

The amount of cavitation varied between the files; the averaged SCL signals
spanned 5 decades. Due to the multiple parameters covered by the selection of files
(file length, diameter and cross-section), a general trend is not easy to extract. Gener-
ally speaking, a larger diameter increased the cavitation activity. The confinement of
a bovine and a human root canal was mimicked and showed an increase of cavitation
activity by an increase in the number and size of the bubbles, and an increase in the
SL and SCL values.

High-speed recordings showed that a cloud of cavitation bubbles, generated at the
sharp edges of a file with a square cross-section, only collapsed on the file itself and
not on a nearby wall. This bubble cloud did not contribute to SCL, but may help the
root canal cleaning by pulling on material on a nearby wall. At antinodes with smaller
amplitude, small individual bubbles were observed and suspected to contribute to the
major part of the SL and SCL values.

Air entrainment in the liquid volume leading to stable cavitation bubbles was also
demonstrated.
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12.A Supplementary material
(Online at http://stilton.tnw.utwente.nl/rootcanalcleaning/Gallery of Irrigant Motion)

Movie 1 - Cavitation along the file Composition of 15 high-speed recordings of a file
(oscillating shape in the center) oscillating inside a glass root canal model (walls).
The sinusoidal oscillation pattern of the file can be seen. A cloud of cavitation bub-
bles can be observed at the tip of the file; smaller cavitation bubbles occur at other
antinodes. Recording speed is 500 Kfps; the diameter of the file is 200 µm.

Movie 2 - Cavitation around a square cross-section High-speed recording of the gen-
eration of a cavitation cloud around a file with a square cross-section, viewed toward
the tip of the file. Recording speed is 1 Mfps; the cross-section has sides of 200 µm.

Movie 3 - Air entrainment High-speed recording of the instability of the air-irrigant
interface at the coronal opening of the root canal. Once the instability has developed,
droplets can be observed to split off. After some time, the irrigant loss is significant,
leading to air entrainment in the root canal. The final frame shows the state after 1
second. Recording speed is 10 Kfps; the file diameter is 200 µm.

Movie 4 - Stable bubble oscillations Stable oscillations of a bubble trapped in a side
channel. These bubbles were generated by air entrainment during a preceding ex-
periment. The bubble oscillates optimally if its resonance frequency matches the fre-
quency of the oscillating file, for which the bubble radius should be 100 µm. Record-
ing speed is 10 Kfps, the file diameter is 200 µm.

Movie 5 - Contact with a wall Oscillation of a file inside a cylindrical confinement, as
viewed toward the tip. The file was put in contact with the wall on purpose, leading to
a secondary frequency of the file oscillation. Beating of these two frequencies leads
occasionally to a high velocity moving the file away from the wall, during which
cavitation at the file tip can be observed. Recording speed is 125 Kfps; the diameter
of the confinement is 600 µm.

http://stilton.tnw.utwente.nl/rootcanalcleaning/Gallery_of_Irrigant_Motion
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13
Laser-activated irrigation within root canals:

cleaning efficacy and flow visualization ∗ †

Abstract: The dentin debris removal efficiency of laser-activated irrigation is evaluated here with the

groove model, together with a visualization in vitro of the fluid dynamics during the activation of the

irrigant by an Er:YAG laser, using high-speed imaging at a relevant timescale. Laser-activated irrigation

was significantly more effective in removing dentine debris from the apical part of the root canal than

passive ultrasonic irrigation or hand irrigation when the irrigant was activated for 20 seconds. The high-

speed recordings suggest that streaming, caused by the collapse of the laser-induced cavitation bubble,

is the main cleaning mechanism of LAI. Shockwaves, generated upon bubble collapse, generated cavi-

tation as well.

∗Published as: S.D. de Groot, B. Verhaagen, M. Versluis, M.-K. Wu, P.R. Wesselink and L.W.M.
van der Sluis, “Laser-activated irrigation within root canals: cleaning efficacy and flow visualization”,
International Endodontic Journal 42, pp. 1077-1083 (2009)

†The high-speed imaging and theoretical analysis in this chapter are part of the present thesis. The
dentin debris removal experiments are due to Sjoerd de Groot.
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13.1 Introduction

An important procedure during root canal treatment is the irrigation of the root canal.
Needle irrigation is the standard procedure but unfortunately, needle irrigation is not
effective in the apical part of the root canal [1–4] and in isthmuses or oval extensions
[5, 6]. Therefore, acoustic and hydrodynamic activation of the irrigant have been
developed [7–9], which have been shown to contribute to the cleaning efficiency [8–
10]. The physical mechanisms underlying these cleaning procedures, however, are
not well-understood [11].

Laser-activated irrigation (LAI) has been introduced as a powerful method for
root canal irrigation [12–14]. The laser radiation produces transient cavitation in the
liquid through optical breakdown by strong absorption of the laser energy [12]. LAI
can result in smear layer removal from the root canal wall, but also cause extrusion of
irrigant through the apex [13, 14]. However, the removal of dentine debris from the
root canal by LAI has not yet been studied. Furthermore, Blanken & Verdaasdonk
[12] suggested repeating their visualization experiment with a single high-speed cam-
era recording, visualizing a single pulse, to improve the understanding of the cavita-
tion process.

The purpose of this study was to evaluate ex vivo the removal of artificially placed
dentine debris in standardized root canals by needle irrigation, passive ultrasonic
irrigation (PUI) and LAI. LAI was also visualized in vitro using high-speed imaging
at a timescale relevant to the cleaning process (µs). The resulting flow is theoretically
described using a fluid-dynamical model.

13.2 Materials and methods

13.2.1 Dentine debris removal

Maxillary canines with straight root canals were decoronated; the length of the re-
maining root was 15 mm for all teeth. The roots were then embedded in self-curing
acrylic resin (Ostron 100, GC Tokyo, Japan) and then split longitudinally through
the canal in mesio-distal direction. To remove the imprint of the root canal, both
halves were ground with sand paper and fixed with four screws (see Figure 13.1a).
Then, the root canals were prepared by K-files hand instruments (Dentsply Maillefer,
Ballaigues, Switzerland) and mechanically driven Race NiTi instruments (FKG Den-
taire, La Chaux-de-Fonds, Switzerland), to a length of 15 mm, size 35 and 0.06 taper
resulting in a standardized root canal. To verify the standardization of the models, the
canal diameter of six randomly chosen models was measured at 2, 6 and 10 mm from
the apical end of the canal, using a KS100 Imaging system 3.0 (Carl Zeiss Vision
GmbH, Halbermoos, Germany). At 2 mm, the average canal diameter was found to
be 0.47 ± 0.02 mm (diameter of the Race NiTi instrument: 0.47 mm); at 6 mm the
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Figure 13.1: Schematic representations of the standardized root canal model (a), its groove
(b), and its cross section (c).

average canal diameter was 0.71 ± 0.02 (0.71) and at 10 mm the diameter was 0.94
± 0.02 (0.95). These measured values demonstrate that the root canals were indeed
uniform and standardized.

The coronal 3 mm of the canal was enlarged by a no. 23 round bur (Dentsply
Maillefer) with a diameter of 2.3 mm, simulating a pulp chamber. A standard groove
of 4 mm in length, 0.5 mm deep and 0.2 mm wide, situated at 26 mm from working
length (see Figure 13.1b,c), was cut in the wall of one-half of each root canal with
an ultrasonically driven tip (P5 Booster, Satelec, Acteongroup, Merignac, France).
The dimension of the groove was comparable with that of an oval extension of a
root canal. Each groove was filled with dentine debris mixed with 2% NaOCl to
simulate a situation in which dentine debris accumulates in uninstrumented canal
extensions (Lee et al. 2004). This model was introduced to standardize the root
canal anatomy and the amount of dentine debris present in the root canal before the
irrigation procedure, in order to increase the reliability of dentine debris removal
evaluation. The methodology is sensitive and the data are reproducible [15].

Three irrigation protocols were tested. In all groups, the needle, wire and fibre
were inserted 1 mm short of the working length and were moved slowly up and down
4 mm in the apical half of the root canal; the activation time was 20 seconds, the total
irrigation time was 50 s and the total irrigant volume was 4 mL. In group 1 (n = 20)
needle irrigation with 4 mL of 2% NaOCl solution was performed with a 10 mL sy-
ringe and a 30 gauge needle (Navitip, Ultradent, South Jordan, UT, USA). In group
2 (n = 20), the 2% NaOCl solution was activated by ultrasound using PUI. A stain-
less steel noncutting wire (size 20) (Irrisafe, Satelec, Acteongroup) was used, driven
by an ultrasonic device (Suprasson Pmax Newtron, Satelec, Acteongroup) at power
setting blue 4 (frequency 30 KHz, displacement amplitude ca. 30 µm according to
the manufacturer). Subsequently the canal was flushed with 2 mL of 2% NaOCl so-
lution using a 10 mL syringe and a 30 gauge needle. In group 3 (n = 20), the 2%
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NaOCl solution was activated by laser radiation (KEY2 laser, KaVo Dental GmbH,
Biberach, Germany) from an optical fibre laser tip with outer diameter 280 µm and
length 30 mm (type Gr. 30 28, Kavo Dental GmbH). Calibration by the manufacturer
showed that the optical fibre has a reduction factor of 0.36, which results in a fluence
of 146 mJ/mm2 for a laser pulse energy setting of 100 mJ. The Er:YAG laser emits
at a wavelength of 2.94 µm which coincides with the major absorption band of water
[16]. A pilot study demonstrated that the optimal settings for dentine debris removal
from the root canal are a low power setting of 80 mJ per pulse and a pulse repetition
frequency of 15 Hz. Finally, the canal was flushed with 2 mL of 2% NaOCl solution
using a 10 mL syringe and a 30 gauge needle.

After irrigation the root canals were dried with paper points. Subsequently, the
two halves were separated and the amount of debris in the groove was evaluated.
Before and after the irrigation, a digital image was taken of the groove, using a Pho-
tomakroskop M400 microscope with a digital camera (Wild, Heerbrugg, Switzer-
land) at 40× magnification. The quantity of dentine debris in the groove before and
after irrigation was scored double blind and independently by three dentists using the
following scores: score 0: the groove is empty, score 1: less than half of the groove is
filled with dentine debris; score 2: more than half of the groove is filled with dentine
debris; score 3: the groove is completely filled with dentine debris. The differences
in dentine debris scores between the different groups were analysed by means of the
Kruskal-Wallis and Mann-Whitney tests (level of significance α = 0.05).

13.2.2 High-speed imaging experiments

An optical setup was constructed in order to visualize the effect of the Er:YAG laser
radiation in an artificial root canal containing water or NaOCl. Optical recordings
were made at a pulse repetition rate of the Er:YAG laser of 1 Hz and a pulse energy
between 80 and 250 mJ per pulse. The laser fibre tip was inserted up to 1 mm from
the apical end of a glass root canal model. The canal was 12 mm in length with
an apical diameter of 0.35 mm and taper 0.06. Imaging was performed using a high-
speed camera (FastCam APXRS, Photron, Tokyo, Japan), recording at a frame rate of
14 000 frames per second, attached to a microscope with 12×magnification (SZX12,
Olympus, Tokyo, Japan). The root canal model was illuminated in bright-field by a
continuous wave light source (ILP-1, Olympus).

13.3 Results

13.3.1 Dentine debris removal

The debris scores before and after irrigation are presented in table 13.1. The differ-
ence between the groups was statistically significant (Kruskal-Wallis test, P < 0.0001).
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The debris score in group 3 was significantly lower than group 2 (P = 0.002) and
group 1 (P < 0.0001), and the score in group 2 was significantly lower than group 1
(P < 0.0001).

13.3.2 High-speed imaging experiments

The high-speed recordings of the laser activity inside the artificial (glass) canal showed
that irrigant was vapourized by the laser pulse energy and that a large vapour bub-
ble was created at the fibre tip, similar to that observed previously [17]. The bubble
grew with a velocity of the order of 1 m/s during the pulse duration (see Figure 13.2
and Movies 1 and 2); a higher energy laser pulse corresponded to a longer growth
time of the bubble. When the laser pulse ended, the bubble collapsed with a veloc-
ity of the order of 1 m/s. Upon collapse, a shockwave was generated [18], whose
negative-pressure tail caused secondary cavitation in the root canal with a relatively
large bubble near the collapse site (which was usually at the apex). The cavitation
bubble then collapsed again and this cycle repeated for a number of times, until it was
damped out within a few milliseconds (6 ms at 250 mJ per pulse). Smaller bubbles
with a typical diameter of 10 µm remain buoyant for a longer time (even up to the
next pulse), also at the apical end of the root canal.

The laser-induced bubble grew predominantly in the coronal direction, as there
was a confinement at the apex. The depth reached by this bubble depended on the
position of the fibre and the laser energy, but never fully extended to the apex. It was
observed that when a small bubble was present at the apex, it grew during the collapse
phase of the laser-induced bubble and collapsed and renucleated in anti-phase with
the laser-induced bubble (figure 13.2a (indicated with the no. 4 in panel p), whereas
in Figure 13.2b this bubble was not present).

It was observed that the laser-induced bubble grew larger when NaOCl was used
as an irrigant solution. Consequently, it had a longer collapse time as compared with
having water as an irrigant. It was also found that a higher amount of smaller bubbles
were present after laser activation when using NaOCl as the irrigant solution.

Because of the impulsive growth of the laser-induced bubble the fluid was pushed
outward at the free surface at the coronal part (see Figure 13.3 and Movie 3). For a
laser energy exceeding 120 mJ per pulse it was observed that some fluid was ejected
from the root canal, leaving less irrigant in the root canal.

13.4 Discussion

The results of the ex vivo experiments demonstrate that within the time frame of
20 seconds, LAI is more effective in removing dentine debris from an artificial groove
in the apical part of the root canal than ultrasonically activated or syringe irrigation.
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0 1 2 3
Score: n (%) n (%) n (%) n (%)
Needle irrigation 0 0 4 (20%) 16 (80%)
Ultrasonic irrigation 6 (30%) 8 (40%) 6 (30%) 0
Laser-activated irrigation 16 (80%) 4 (20%) 0 0

Table 13.1: Dentine debris score in the groove after the irrigation procedures per group
(no. cases and percentage of total; 20 cases in total for each irrigation procedure). Scoring
system: 0: the groove is empty; 1: less than half of the groove is filled with debris; 2: more
than half of the groove is filled with debris; 3: the complete groove is filled with debris.

Figure 13.3: (Movie 3) Pinch-off at the free surface at the coronal part of the glass root
canal model. Secondary cavitation bubbles are formed (in e) upon passage of a shockwave
generated by the vapor bubble inertial collapse at the laser fiber tip. The frame rate is 14,000
frames/second.
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The high-speed recordings have shown that vaporization of the irrigant causes
a large bubble to grow, which then collapses and renucleates a few times. During
this process, secondary cavitation bubbles are formed. The fluid flow associated with
such an inertial collapse, combined with acoustic streaming resulting from the os-
cillations of smaller bubbles, could explain the cleaning efficacy of LAI; however, a
more detailed study is required to elucidate the principal cleaning mechanism. The
secondary cavitation bubbles can also assist in the cleaning of the root canal wall, as
they are excited by the bubble collapse of the consecutive laser pulse. As the flow
does not penetrate all the way into the apex, a trapped bubble in the apex (most likely
a remainder of previous laser pulses) could assist in the cleaning of the apical part of
the root canal.

The irrigant flow in the root canal due to the collapsing laser-induced bubble can
be modeled by a flow in concentric annuli for heights above the insertion depth of
the fibre. For the typical flow velocity of 1 m/s (value obtained from the high-speed
recordings by measuring the bubble wall displacement between consecutive frames),
the Reynolds number Re = Udρ

µ
(with U the flow velocity, d the distance between

the cylinders, ρ the density of the liquid and µ the dynamic viscosity) for a flow
in annuli is of the order of 300. According to Rothfus et al. [19], the transition to
turbulence occurs over the range 2100-3700, therefore the flow in this problem is
treated as laminar flow.

Rothfus et al. [19] also give the laminar flow velocity distribution for flow in
concentric annuli:

u(r) = 2uav
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where rm is the radius of maximum velocity, given by:
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Using τ =−µ
∂u
∂ r the shear stress for laminar flow in annuli is given by:
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Using standard values for density ρ = 1000 kg/m3 and dynamic viscosity µ = 1 ·
10−3 m2/s, and a measured average velocity uav = 5 m/s and cylinder radii r1 = 140
µm (inner) and r2 = 300 µm (outer), the shear stress on the inner wall is 496 N/m2
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Figure 13.4: Average velocity profile (left) and shear stress distribution (right) between two
concentric cylinders of which the outer cylinder represents the tapered root canal wall. The
average velocity at the laser fiber tip is set at 5 m/s. The region below the laser fiber tip is
intentionally left blank, as details of the streaming pattern in the apical part are missing and
are part of a future study.
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and on the outer wall 436 N/m2. These values are one order of magnitude lower than
the shear stress generated by a laser-induced cavitation bubble of radius 0.75 mm next
to a single wall, which is reported to generate a shear stress of up to 3.5 ·103 N/m2

[20]. No quantitative data on the adhesion strength of dental intracanal biofilms to
dentine or its failure shear stress is available in the literature.

Figure 13.4 shows the velocity profile calculated with the theory described above
in a tapered canal with a cylinder inserted, assuming an average velocity of 5 m/s at
the fibre tip (taken from experiment). The profile on the left of the inner cylinder is
the velocity profile; the profile on the right is the shear stress distribution. The plot
clearly shows that on the inner cylinder (the laser fibre) the shear stress is higher than
on the outer cylinder (the root canal wall).

The root canal diameter increases with height, therefore the average velocity de-
creases with height. This results in the shear stress being highest next to the tip of the
laser fibre. LAI is therefore expected to be most effective in the region close to the
fibre tip, with decreasing efficiency away from the tip.

Using a 27G needle and a volume flow rate of 0.30 mL/s [21] it follows that the
typical fluid velocity in needle irrigation is of the order of 1 m/s at the needle orifice,
which is the same order of magnitude as the flow velocities developed with LAI.
Likewise for PUI with u =

ωe2
0

a (ω = 2π f = oscillation frequency, e0 = oscillation
amplitude and a = file radius [22]) a typical fluid velocity of the order of 1 m/s
was found. One possible explanation for the improvement in cleaning efficacy with
LAI is the impulsive nature of the laser-generated bubble dynamics. Because of the
pulsations the fluid becomes accelerated at every pulse and the acceleration gives
rise to inertial forces, whereas a steady streaming as in needle irrigation and PUI
only exerts viscous stress. This would also explain why the irrigation duration is an
important factor and why a high pulse repetition rate of the laser is more efficient
than a lower one, as found in the pilot-study.

Previous studies have shown side-effects caused by the use of these types of lasers
in the root canal. Carbonization of the root canal and cracks were observed when laser
tips were used in the root canal [23]. Kimura et al. [24] have shown a temperature
increase of the root canal wall of 3-6 ◦C. The current study did not monitor these
side effects, because the aim of this study was clarification of the fluid mechanical
working mechanisms.

13.5 Conclusion

Laser-activated irrigation was more effective in removing the artificially placed den-
tine debris from the root canal than needle irrigation or PUI when the irrigant was
activated for 20 seconds.
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Appendices

13.A Supplementary material
(Online at http://stilton.tnw.utwente.nl/rootcanalcleaning/Gallery of Irrigant Motion)

Movie 1. Visualization at the apex of the root canal, laser intensity 60 mJ/pulse.
Movie 2. Visualization at the apex of the root canal, laser intensity 250 mJ/pulse.
Movie 3. Visualization at the corona of the root canal, laser intensity 250 mJ/pulse.

http://stilton.tnw.utwente.nl/rootcanalcleaning/Gallery_of_Irrigant_Motion
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14
Irrigant transport into dental microchannels ∗

Abstract Sodium hypochlorite (NaOCl) has been shown to be an effective antimicrobial agent during

root canal treatment. However, the root canal is a complex system geometrically and it is not known

how far the NaOCl can penetrate into the side channels of the root canal and into the dentinal tubules

(diameter of a few micrometer), to reach bacteria residing up to hundreds of micrometers inside them.

A numerical study was performed to assess the penetration rate of NaOCl into the side channels and

tubules, considering both diffusion and convection. The model was validated experimentally using

a fluorescent dye. Convection was studied separately using a Computational Fluid Dynamics model,

validated with Particle Imaging Velocimetry experiments. Both diffusion and convection were found

to be slow on the time scale of an irrigation procedure. Convection contributed within two channel

diameters, requiring more than 10 minutes for a significant concentration of NaOCl to reach the far

end of a tubule. Diffusion was enhanced when the concentration at the side channel entrance was kept

constant, which suggests that frequent irrigant replenishment and/or irrigant activation during a root

canal treatment are beneficial. Alternative methods should be considered to improve irrigant penetration

into side channels and tubules.

∗To be submitted to Physics in Medicine and Biology as: B. Verhaagen, C. Boutsioukis, C.P. Sleutel,
L.W.M. van der Sluis and M. Versluis, “Irrigant transport into dental microchannels”
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14.1 Introduction

The root canal of a tooth is a geometrically complex system, consisting not only of
the main root canal, but also secondary, accessory and lateral channels, with a diam-
eter between 20 and 300 µm, which can also be interconnected [1, 2]; see the sketch
in Figure 14.1. These ramifications occur in more than 25% of the root canals, most
frequently in the apical area of the main root canal [1]. They can harbor microorgan-
isms and tissue remnants that, in order to heal the tooth and prevent a reinflammation,
needs to be removed during a root canal treatment [3].

Microorganisms can also reside within dentinal tubules, which are even smaller
microchannels (diameter 0.5-3.2 µm) that run through the dentin wall of the root
canal [4]. In an infected root canal system, microorganisms can invade the tubules
even to their full length [5–8]. Microorganisms inside the tubules are largely pro-
tected from both host defense and local antimicrobial treatment [8, 9]. Although
there is no consensus on the possible clinical effect of these microbes on root canal
treatment outcome [10], it seems reasonable to undertake efforts against them.

Sodium hypochlorite (NaOCl) is currently regarded as the preferred irrigant for
root canal irrigation because of its wide-spectrum antimicrobial activity [11, 12] and
tissue dissolving capabilities [13]. Hypochlorous acid (HOCl) and the hypochlorous
ion (OCl−) are considered the essential antimicrobial components of a NaOCl so-
lution [11]. However, they are rapidly inactivated when in contact with the organic
material [13, 14] present in the root canal ramifications. Fresh irrigant is therefore
delivered intermittently by irrigation throughout the root canal treatment session.

The flow (convection) that is generated by irrigant delivery techniques is dom-
inantly in the longitudinal direction of the root canal, flowing between the delivery
needle and the root canal wall [15–18]. This flow is known to cause mixing of the
irrigant in the main channel and shear stress on the biofilm on the root canal wall
[16, 18], but it is not yet known whether it can create irrigant flow into the side chan-
nels and tubules. If convection is not able to deliver the irrigant, then NaOCl has
to be distributed through diffusion, induced by the concentration gradient of NaOCl
(or its components) between the fresh irrigant in the main channel and liquid fill-
ing the side channel or tubule. However, diffusion is typically slow, whereas on the
other hand efficient convection inside microchannels is generally difficult to achieve
[19]. Clinically it has been confirmed that the contents of lateral canals, isthmuses
and oval extensions remain relatively unaffected by instruments and irrigants using
needle irrigation [20, 21].

Previous studies [22, 23] evaluated irrigant penetration into dentinal tubules indi-
rectly by studying the antimicrobial effect of irrigants inside infected tubules. How-
ever, critical factors such as time of exposure to the irrigant were not standardized.
Recently, irrigant diffusion into dentinal tubules was investigated ex vivo at a small
number of time steps [24]. Apart from these, no data are available on the convection



14.2. CONVECTION-DIFFUSION EQUATION 265

or diffusion rate of the irrigant into the tubules during a certain time interval. Such
knowledge would help determining the necessary irrigant refreshment rate during
clinical procedures.

The aim of the present study was to investigate the time-dependent transport of
sodium hypochlorite by convection and diffusion into both side channels and tubules,
in order to give a prediction for the time scales necessary for transport into the full
length of those side channels and tubules. Also the relative contribution of convection
and diffusion is investigated, and how these can be influenced using the flow applied
in the root canal. Numerical simulations for convection and diffusion are validated
for the side channels, both experimentally and through comparison with theoretical
predictions.

14.1.1 Side channel/tubule geometry and irrigant properties

Figure 14.1 shows a sketch of the root canal system, including side channels and
tubules and the flow from a needle during irrigation. Side channel and tubules are
discussed separately throughout this article, however, except for the diameter, their
physical properties are assumed equal. The side channel or tubule is assumed to be
a straight, unbranched cylinder of length L = 1 mm long and a diameter in the range
d = 0.5-100 µm [1, 25]; their cross-section is more or less circular, however for
comparison to theory and experiment also rectangular cross-sections are considered.
The side channels and tubules have an orifice open to the main root canal and a closed
end on the cemental side, and are assumed to be filled with dentinal fluid with fluidic
properties similar to water [26, 27], without any organic material or microbes. The
main root canal is assumed to be filled or being filled with irrigant, a 2.5% NaOCl
solution, having similar fluidic properties as water [28, 29] and pH = 11, at which
value the equilibrium has shifted entirely towards OCl− [30].

14.2 Convection-diffusion equation

The time-dependent transport of the irrigant through convection and diffusion in one
dimension is described by Fick’s second law [31]:

∂C(x, t)
∂ t

= D
∂ 2C(x, t)

∂x2 −U(x)
∂C(x, t)

∂x
(14.1)

The term on the left hand side describes the rate of change in concentration C(x, t)
over time t; the first term on the right is the spatial diffusion with diffusion coefficient
D and distance x from the side channel entrance; the second term is the convection,
with U(x) the local, steady velocity. The one-dimensional version of Ficks law was
used because the large aspect ratio β (length to diameter) of the side channel or tubule
is at least 10.



266 CHAPTER 14. IRRIGANT TRANSPORT INTO DENTAL µCHANNELS

d = 2.5 μm

d = 10 μm

d = 100 μm
θ

L = 1 mm

L

a

b

dcap
ic

al
co

ro
na

l

Figure 14.1: Schematic drawing of the root canal system with side channels and tubules. In
(a) the apical third of the root canal is drawn, with the flow pattern from a needle during
irrigation and the angle of impingement θ indicated. (b) is a SEM image showing a cross-
section of the wall of the root canal with tubules present. (c) shows a SEM image of the
tubules faced from the front, and (d) shows the corresponding arrangement of tubules as
used in the CFD simulation for convection. SEM images are courtesy of L. Vasiliadis (Dept.
Endodontology, Dental School, Aristotle University of Thessaloniki). Naming conventions
for the direction towards the tip (apical) and the crown of the tooth (coronal) are indicated.
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The concentration at x = 0 is assumed to be either (a) increasing over time up
to C0 (inflow into the root canal, similar to the experiments), (b) fixed at C0 (corre-
sponding to continuous, optimal flushing of the root canal), or (c) C0 only at t=0 and
decreasing over time due to the irrigant transport (corresponding to a single delivery
of irrigant in the root canal):

C(x = 0, t) = C0(t) (14.2a)

C(x = 0, t) = C0 (14.2b)

C(x = 0, t) = C0−∑C(x, t) (14.2c)

At x = L, the side canal is assumed to be closed (Neumann boundary condition):

∂C(x = L, t)
∂x

= 0 (14.3)

There is an analytical solution to Equation 14.1 for the case of a constant concen-
tration at x = 0 [31]:

C(x, t) =C0erfc
(

x
2
√

Det

)
+C0erfc

(
x+2L
2
√

Det

)
(14.4)

where the closed end of the side channel at x = L is included by adding a mirror
source at x = 2L. The diffusion coefficient De is the diffusion constant D plus a
correction for the presence of convection [32, 33]:

De = D(1+κPe2). (14.5)

The Peclet number Pe = Ud/D is the ratio of convection to diffusion, characterized
by the local velocity U(x). κ is a geometrical constant that can be calculated explic-
itly for a cylindrical or rectangular microchannel ( 1

48 and 1
26.25 , respectively) [34, 35].

When the the concentration at the entrance of the side channel is increasing over
time, or for more complex velocity distributions, Equation 14.1 has to be solved
numerically, which will be demonstrated in Section 14.4. The velocity distribution
will be determined in the following section.

14.3 Convection into side channels and tubules

The flow inside the side channels and tubules is driven by the flow in the root canal,
induced during irrigation of the root canal [36] (see Figure 14.1). This resembles a
lid- or shear-driven cavity, which is a well-studied problem in the literature [37] and is
known to lead to a cascade of counterrotating vortices [38], with a rapidly decreasing
velocity. This vortex structure is notoriously ineffective in flushing out, or delivering
irrigant, deep into the cavity.



268 CHAPTER 14. IRRIGANT TRANSPORT INTO DENTAL µCHANNELS

The vortex structure inside the side channel is governed by a complex stream
function ψ , of which the velocity decreases exponentially with distance x into the
side channel:

ψ ∝ e
−λ |x|

d (14.6)

The size and strength of the vortices can be obtained from the eigenvalue λ of the
stream function [37], which is solely determined from the geometry of the side chan-
nel. The size of the vortices is given by π2R/Im(λ ); the exponential decay in mag-
nitude of the velocity in the successive vortices is calculated from −πRe(λ )/Im(λ ).

For a three-dimensional side channel with circular cross-section, the eigenvalue is
2.59+1.12i [37] which gives an vortex size of 2.79d and a velocity decrease of 1

1386 . A
cavity with a rectangular cross-section (of width w and height h) has a higher decrease
in velocity than one with a circular cross-section, due to the presence of corners that
increases damping. For a channel with rectangular cross-section, the eigenvalue is
4.28+1.80i [39], resulting in an vortex size of 1.74dh and a velocity decrease between
consecutive vortices of 1

1707 . The hydraulic diameter of the rectangular cross-section
is used as relevant dimension for scaling:

dh =
2wh

w+h
(14.7)

For the remainder of this chapter, when discussing side channels with a rectangular
cross-section, it is understood that ‘diameter’ refers to the hydraulic diameter.

The number of vortices that is formed inside the side channel depends on the
aspect ratio of length to diameter β . For shear driven, two-dimensional cavity flow
it has been shown that the spacing of vortices is identical to the Moffatt vortices
[40], for β ≥ 4. When β is smaller than 4, as is the case for very wide side chan-
nels, there may be just one or two vortices, or simply an inflow into the side channel
with the same direction as the driving flow, for which the exponential decay in ve-
locity magnitude cannot be predicted with the eigenvalue method. The value for β

at which the transition from inflow to vortex structure occurs may be different in a
three-dimensional system [37].

It is assumed that the flow rate through the main channel only influences the
initial velocity of the vortices but does not affect the velocity decrease or the eddie
spacing, as long as Stokes flow is still applicable. For Stokes flow, inertia doesn’t
play a role, and the Reynolds number at the side channel entrance is smaller than 1:

Re =
ρUd

µ
< 1 (14.8)

where ρ and µ are the density and the viscosity of the liquid, respectively.
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14.3.1 Numerical setup

Computational Fluid Dynamics (CFD) is employed to investigate the convection in-
side three-dimensional tubules and side channels of the root canal.

Circular tubules

The flow in a transverse section of a root canal (apical size 0.45 mm, 6% taper),
lying between 4 and 5 mm from the apex, with a needle (external diameter 320 µm)
centered within the root canal [16] was modeled in one CFD model. Seven dentinal
tubules were simulated as microchannels with a circular cross-section with a diameter
of 2.5 µm. The tubules were arranged in a hexagonal pattern with a distance of 8.5
µm between them (Figure 14.1d), corresponding to a density of approximately 8,190
tubules per mm2 [25]. The tubules were assumed to be filled with water. The pre-
processor software Gambit 2.4 (Fluent Inc., Lebanon, NH, USA) was used to build
the 3-D geometry and the hexahedral mesh of approximately 360,000 cells (mean
cell volume 9 · 10−7 mm3), which was verified to provide grid-independent results.
A no-slip boundary condition was imposed on all walls; atmospheric pressure was
imposed on the coronal side of the root canal section.

Two different cases were studied regarding flow velocity and angle θ of impinge-
ment (indicated in Figure 14.1) of the flow on the root canal wall. Case A (θ = 0◦)
corresponds to a flow parallel to the wall and perpendicular to the tubules. In case B,
the effect of a flow under an impingement angle θ = 45◦ was studied. This simulates
the effect of angulation of the tubule or flow not parallel to the root canal wall, for
example induced by a side-vented needle [16]. A fully developed parabolic velocity
profile with an average velocity of 5 m/s was imposed, consistent with a clinically
realistic irrigant flow rate of 15.6 mL/min through a 30G flat needle [36].

Only convection was studied with the CFD model. The commercial CFD soft-
ware FLUENT 6.3 (Fluent Inc.) was used to set up and solve the steady-state problem
using a finite volume approach, and to analyze the results. Additional details on the
CFD model of flow in a root canal can be found in previous studies [16, 41].

Square side-channels

A second CFD model simulated side channels with a rectangular cross-section and
a diameter of 16 - 57 µm, similar to the experimental setup described below. The
model consisted of a main channel (simulating the root canal lumen) with a cross-
section of 500×168 µm and length 1.4 mm and a side channel (simulating closed
apical extensions, isthmuses or tubules) originating on one side of the root canal at
a distance of 1.2 mm down the main channel. The side channel had a height of 39
µm and length 1 mm; its width was varied from 10 to 100 µm (β = 100 to 10,
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width (µm) hydraulic diameter (µm) β

10 16 100
40 40 25
100 57 10

Table 14.1: Width, hydraulic diameter and length-to-diameter ratio β for the three side
channels that were investigated. The length is 1 mm for all channels.

respectively). This geometry was built and solved in COMSOL Multiphysics v4.2a
(COMSOL AB, Stockholm, Sweden).

The root canal and the side channel were assumed to be filled with water with
initially zero velocity. The inflow on one side of the root canal had a flat profile,
which was observed to develop into a parabolic profile within an entrance length
of 0.3 mm. The average velocity of the inflow was calculated from the flow rate
(between 0.01 and 3.2 mL/min) using the cross-sectional area of the root canal. The
other end of the root canal (beyond the side channel) was imposed to be an outlet
(atmospheric pressure). No-slip was imposed on the walls of the microchannels.

The mesh of the whole domain consisted of approximately 80,000 tetrahedral
cells (mean cell volume of 1.8 ·10−15 m3), with a higher mesh density near the bound-
aries and inside the side channel to resolve the small-scale flows expected there. A
grid-independency check was performed to ensure the accuracy of the mesh.

The tolerance for the solved variables was set to 10−6, which ensured that the
flow in at least half of the side channel length could be resolved. As the flow velocity
decreases rapidly, resolving the flow further on in the side channel required even
smaller tolerances, leading to increasing computational costs.

The flow velocities were evaluated on a horizontal plane at a height z = 20 µm.

14.3.2 Experimental setup for validation

Only rectangular microchannels could be manufactured for the experimental valida-
tion of convection. The mold for a microfluidic device containing a main channel
and several side channels (Figure 14.2) was manufactured using soft lithography
techniques. The microfluidic device itself was produced in silicon (Polydimethyl-
siloxane, Sylgard 184, Dow-Corning, Midland, Michigan, United States) and bonded
onto a glass microscope slide after plasma cleaning.

The side channels had a width w of 10, 40 or 100 µm and a height h of 39.4 µm,
with corresponding hydraulic diameters of 16, 40 and 57 µm and β = 100, 25 and
10, respectively. The side channels were closed at the remote end at a length L of
1 mm and were situated at one corner of the main channel, which had a height of hm

= 168 µm and a width of wm = 500 µm. The spacing between side channels along
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Figure 14.2: (a) Drawing of the microfluidic device with a main channel (dimensions wm×
hm) and side channels of varying width w. In the cross-section (red line, (b)), the position of
the side channels in the corner of the main channel is indicated, showing that the entrance
velocity (colors, from simulation) of the side channel is much lower than the average velocity
in the main channel.

the main channel was at least 5 times the side channel width, assuming that then at
each side channel the flow is unaffected by the previous side channel.

The velocity at the entrance of a side channel can be estimated from the velocity
profile in the corner of the main channel. An approximation for the velocity profile
in the main channel is given by [42] (see also Figure 14.2b):

u(x,z) =U
(

m+1
m

)(
n+1

n

)(
1−
(

2x
wm

)m)(
1−
(

2z
2hm

)n)
(14.9)

The factors m and n depend on the ratio of 2hm/wm; for 2hm/wm < 2/3, n = 2 and
m = 1.54 ·wm/(2hm). With a flow rate of 1 mL/min, the average velocity U = Q/A =
0.20 m/s. Assuming that the side channel does not affect the velocity profile, the
driving velocity for the side channel can be evaluated from the flow inside the main
channel, at a distance from the wall of 1

10 times the longest side of the rectangular
cross-section (empirical assumption). For a side channel width of 10 or 40, or 100
µm, the velocity at a distance of 1

10 ·d from the wall is 10−2.5 or 10−1.8 m/s, respec-
tively.

Demi water was pumped through the microfluidic device by a syringe pump
(PHD 22/2000, Harvard Apparatus, Holliston, MA, USA) at flow rates in the range
0.1 - 1 mL/min. Polymer microspheres (mean diameter of 0.2 or 2 µm and density
of 1.05 · 103 kg/m3; Red Fluorescent Polymer Microspheres, Duke Scientific Corp.,
Palo Alto, CA, USA) were added to the water as tracer particles. Their displacement
was imaged through a microscope (BX-FM; Olympus, Tokyo, Japan) with a mag-
nification of 10-100×, having a focal depth of 47.5-7.6 µm, respectively. Volume
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illumination was performed in bright-field by a continuous-wave light source (ILP-
1; Olympus). Recordings were made with a high-speed camera (SA1.1, Photron,
Tokyo, Japan) at frame rates between 50 and 500 frames per second, and were ana-
lyzed by using a micro-Particle Image Velocimetry (µPIV) code developed in-house,
employing ensemble averaging over at least 50 frames of the recordings.

14.3.3 Results

Convection into circular tubules: simulations.

Cases A and B resulted in a similar flow pattern inside the tubules, where a cascade
of up to four counter-rotating vortices was formed, driven by the flow in the main
channel (Figure 14.3). For both impingement angles θ , the irrigant velocity dropped
more than three orders of magnitude between the vortices (Figure 14.4, yellow line),
which had a size of approximately 7 µm = 2.8 times the diameter. After four vortices,
the velocity had decreased to the highest level of accuracy of the CFD model and no
more vortices could be identified. The numerical result for the velocity decrease
agreed well with the theoretically predicted slope based on the eigenvalues.

For flow impinging under an angle of 45◦ (case B), the CFD model predicted
a flow similar to case A, but with velocities one order of magnitude higher. The
vortex size was still 7 µm and the decay factor between vortices was three orders of
magnitude.

No difference was observed between each of the seven tubules or in the velocity
profile close to the tubules, implying that the presence of the tubules, at least for
this density, did not affect the velocity profile in the main canal or the conditions in
adjacent tubules.

Convection into rectangular side channels: simulations and experiments.

Both the CFD simulation and the PIV measurements of rectangular side channels
showed counterrotating vortices for the narrow channels (β = 25 or 100) and inflow-
only into the microchannel for a channel width of 100 µm (β = 10). In the simula-
tions, up to five vortices could be identified for these narrow channels, at which point
the velocity magnitude had decreased to the level of accuracy of the CFD model.
Experimentally, only one or two counterrotating vortices could be observed for β =
25 or 100, before Brownian motion of the tracer particles at 10−6 m/s became dom-
inant, which was not present in the CFD model. The size of the first vortex and the
location of the vortex center correspond very well with the simulation (Figure 14.5).
The size of the vortices for β = 25 or 100 in the simulations correspond well with the
theoretical prediction of 1.74 times the hydraulic diameter, within the accuracy of the
numerical grid.
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Figure 14.4: Velocity in the center of the side channel versus distance in the side channel,
including results from both numerical models (solid lines) and experiments (crosses, inset (b)
only), for circular (◦) and rectangular (�) cross-sections with (hydraulic) diameter d. The
dashed lines show theoretical predictions based on the diameter (circular cross-section) or
hydraulic diameter (rectangular cross-section), with an initial velocity obtained from the flow
in the main channel at a distance of h/10 from the wall.
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Figure 14.5: Velocity vectors inside a side channel of width w = 40 µm, driven by a flow from
left to right. One vortex can be identified in the experimental result (A), whereas a cascade
of vortices is visible in the numerical prediction (B).

The velocities along the longitudinal axis in the center of the side channel are
plotted in Figure 14.4, together with the theoretical result based on the hydraulic di-
ameter of the side channel. There is a good agreement between numerical result and
theoretical prediction close to the channel entrance, although further inside the chan-
nel the velocity appears to decrease with a different slope than theoretically predicted.
The velocity magnitude obtained from the experiments also matches the numerical
prediction for the velocity along the length of a side channel well, for both w = 40 µm
and 10 µm (Figure 14.4). Velocities above 10−3 m/s were too high to be measured
with the PIV setup; velocities below 10−6 m/s are dominated by Brownian motion.
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14.4 Convection-diffusion into side channels and tubules

14.4.1 Convection and diffusion regimes

Convection was shown to decrease rapidly with the distance into a side channel;
diffusion may therefore play an important role in the transport of irrigant. Using
Equation 14.5 an estimate can be made of the regions where convection or diffusion
is dominant. The convection is approximated by a one-dimensional velocity distribu-
tion along the side channel by only considering the velocity in the center of the side
channel in the three-dimensional numerical model.

Equations 14.4 and 14.5 suggest that convection attributes only to irrigant trans-
port when Pe >

√
κ−1, assuming constant concentration at the entrance of the mi-

crochannel. Figure 14.6 shows the convection and diffusion dominated regions along
the length of a side channel or tubule, for rectangular and circular channels of var-
ious widths, and for NaOCl and for a fluorescent dye with diffusion coefficient
D = 0.4 · 10−9 m2/s. The diffusion coefficient of OCl− was estimated to be D =
1.5 · 10−9 m2/s [43], independent of the concentration. HOCl is expected to have a
diffusion coefficient similar to that of OCl−.

The convection region is limited to approximately two times the side channel
diameter. For tubules with a diameter of 2.5 µm, this means that only the first 5 µm
is governed by convection, and the remaining 99.5% of the tubule length by diffusion.
For the circular side channels a slightly larger region is governed by convection than
for the rectangular side channels, due to the absence of damping in the corners. Due
to the higher diffusion coefficient of NaOCl than that of the fluorescent dye, diffusion
dominates in a larger region.

14.4.2 Numerical model of transport of NaOCl and fluorescent dye

The transport of irrigant and the contribution of convection and diffusion was stud-
ied in more detail by solving the convection-diffusion equation (Equation 14.1) nu-
merically, using a fully explicit discretization on a one-dimensional grid. A spatial
resolution of 1 µm and temporal resolution of 0.25 ms was used. The tubule or side
channel was assumed to be closed at the far end (x = L). The velocity along the
side channel is calculated from the eigenvalues and entrance velocities as discussed
in Section 14.3. The numerical model included 150 µm of the main channel, where
the concentration of NaOCl was assumed to either increase, to be constant, or to be
allowed to decrease over time. The latter condition is based on experimental obser-
vations and is approximated with an error function that approaches unity within an
empirical time interval T :

C0(t) =C0erf(t/T ). (14.10)

with T ≈ 30/Q and Q the flow rate in mL/min.
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Figure 14.6: Convection and diffu-
sion dominated regimes along the
length of a side channel for NaOCl
(orange) or the fluorescent dye
(green), as a function of channel
width (or diameter) with circular (◦)
or rectangular (�) cross-section.

Simulations are performed for the transport of a model irrigant, being a fluo-
rescent dye with a diffusion coefficient of 0.4 · 10−9 m2/s, into a rectangular side
channel with a diameter of 57 µm (w = 100 µm, β = 10), at a flow rate of 0.10, 0.30
and 0.80 mL/min, which could be experimentally verified. In addition, the transport
of NaOCl (with a diffusion coefficient of 1.5 · 10−9 m2/s) into a circular tubule of
diameter 2.5 µm is simulated, for one flow rate.

Both diffusion-only and diffusion-convection were calculated, to study the effect
of convection on irrigant transport.

14.4.3 Experimental setup for dye transport validation

Using the same microfluidic device as described in Section 14.3, the transport of a
fluorescent dye was measured using fluorescence microscopy. A mercury light source
(U-LH100HG, Olympus) was used in dark-field mode to excite the fluorescent dye
(Alexa Fluor 488, Invitrogen, Carlsbad, CA, USA) in the range 455-495 nm; the
emitted light in the range 505-555 nm was filtered using a FITC filter set and dichroic
mirror (Semrock, Lake Forrest, IL, USA). A photocamera (D300, Canon, Tokyo,
Japan) captured the images at a rate of 1 frame per second, using a shutter time of
1/30, ISO 1000 and white balance at 5000K.

The fluorescent dye was dissolved at a concentration of 1.7 µg/mL and was
pumped through the microfluidic device by a syringe pump (PHD 22/2000, Harvard



278 CHAPTER 14. IRRIGANT TRANSPORT INTO DENTAL µCHANNELS

Figure 14.7: Irrigant (or dye) concentration at three locations in the side channel for three
flow rates (colors). The dots are experimental data, the solid lines are numerical results for
dye into side channels with a rectangular cross-section and a diameter of d = 57 µm. The
dashed black line is the theoretical solution for a flow rate of 0.80 mL/min.

Apparatus) at a flow rate of 0.10, 0.30 or 0.80 mL/min. Calibration was performed
using dilutions of the fluorescent dye, and corrected for the intensity profile of the
light source and optical aberrations due to the microfluidic device.

The recordings were analyzed by evaluating the image intensity over time at three
locations, one being near the entrance of the side channel (x = -38 µm) and two
inside the side channel (x = +38 and +258 µm). At these locations, the intensity was
averaged over an area of 55×55 µm, normalized and converted to concentration.

14.4.4 Results

Concentration evaluated at three locations

The concentration of fluorescent dye at three locations in the rectangular side channel
as a function of time is plotted in Figure 14.7. Near the entrance (x = -38 µm) the rate
of increase is of the order of minutes, depending on the flow rate. The concentration
at locations inside the side channel (x = +38 or +258 µm) increases at a much lower
rate, and at x = +258 µm it takes more than 5 minutes to obtain only half the initial
concentration, for a flow rate of 0.30 mL/min.

The experimentally measured concentration of fluorescent dye at the three loca-
tions show trends for the concentration increase that agree very well with the numer-
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ical prediction (Figure 14.7). The concentrations at the side channel entrance (x =
-38 µm) do not match the concentration increase function that was assumed for the
numerical model, nevertheless the evolution of the concentration at x = +38 and +258
µm resembles the numerical prediction very well.

The theoretical result based on Equation 14.4 (dashed line) shows a similar trend
in concentration increase, but at a higher rate, as the theoretical solution is based on
a fixed concentration at the side channel entrance.

The numerical calculation of NaOCl transport into a cylindrical tubule with di-
ameter 2.5 µm, shows that NaOCl is transported at a higher rate, even though the
convection is less than for large channels with a rectangular cross-section (Figure
14.4). This suggests again that diffusion dominates and that the higher diffusion co-
efficient of NaOCl compared to the fluorescent dye is important.

Concentration evaluated at five time points

Figure 14.8 shows the result of the numerical transport model for diffusion and con-
vection of NaOCl, at five specific times. The inflow conditions (a), the irrigant dif-
fusion coefficient (b) and the side channel cross-sectional shape (c) and diameter (d)
are all varied.

The three different conditions for the concentration at the channel entrance (Equa-
tion 14.2a-c) lead to distinct evolutions of the concentration distribution. When a
finite amount of NaOCl is placed at the tubule entrance, the irrigant is observed to
spread out quickly, and as this leads to a smaller concentration gradient the diffusion
slows down. After 10 minutes, the concentration has leveled out to a concentration
of 16% of the concentration at the channel entrance. Convection leads to only a lim-
ited increase in penetration rate, although the increase is slightly higher for the side
channel than for the tubule, due to larger eddies and therefore a slower decrease of
velocity. Overall, the transport rate of NaOCl is very similar for both the tubules and
the side channel, as in both channels there is diffusion of NaOCl, and convection only
contributes within two diameters from the channel entrance.

Keeping the concentration C0 at the tubule entrance constant enhances the pene-
tration of irrigant significantly, leading to a 5.4 times higher concentration at the far
end of the tubule after 10 minutes, which then has increased to a value of 86% of the
initial concentration. Similar to a finite amount of irrigant, the concentration gradient
decreases and the diffusion slows down.

An increase of entrance concentration over time shows only a small difference
in concentration distribution compared to a constant entrance concentration, suggest-
ing that the increase in concentration at the entrance is quick compared to the total
simulated time.

The numerical solution is found to match the analytical solution (Equation 14.4)
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for a constant entrance concentration very well (not shown); at 10 seconds the differ-
ence between analytical and numerical solution is less than 1%.

Figure 14.8 shows repeatedly that diffusion is the dominant transport mechanism.
In (b) the diffusion coefficient is increased 4 times, leading to a significant increase
in the amount of NaOCl transported compared to the fluorescent dye. Furthermore,
neglecting convection (a, dashed line) or changing the convection by changing the
cross-sectional shape (c) or diameter (d) of the side channel lead only to very small
changes in the irrigant distribution along the side channel or tubule.

14.5 Discussion

The flow generated by a needle during root canal irrigation was found to induce a
cascade of vortices inside side channels or tubules in the dentin wall, with veloci-
ties that are rapidly decreasing. Convection dominates the transport of antimicrobial
irrigant only within approximately two times the diameter into a side channel or a
tubule. Especially for the narrow tubules, where the convection-dominated region
stops within 5 µm, irrigant transport will have to take place through diffusion, which
has been shown to be slow, requiring many minutes for irrigant to diffuse into the
side channels.

According to Fick’s Law (Equation 14.1), the rate of irrigant diffusion is de-
pendent on the concentration gradient, which, however, decreases as the irrigant is
diffused. Continuous refreshment of the irrigant in the vicinity of the tubule orifice
enhanced the diffusion rate into the tubule considerably. During a root canal treat-
ment it would therefore be beneficial to ensure regular refreshment and/or stirring of
the irrigant by an activation technique such as Passive Ultrasonic Activation [44]. Re-
cently, a system has been introduced which combines both refreshment and stirring
[45].

A flow impinging under an angle onto the side channel or tubule could increase
the convective transport into the microchannel; for the tubule it was shown that the
flow velocity inside the tubule increased by one order of magnitude. However, a one-
order-of-magnitude increase in velocities still would not result in a useful increase in
irrigant transport, as the rapid velocity decrease in the side channel was shown to be
independent of the impingement angle. This is in agreement with theory [37], as the
size of the vortices only depends on the cavity diameter, not on the inflow velocity,
and the decay factor is a constant.

The use of the CFD model for the study of convection into tubules and side chan-
nels was validated by comparing the vortex size and velocity decrease between the
CFD model results and the theoretical predictions, and by comparing the velocities
measured with PIV for a side channel with rectangular cross-section, which were
all found to agree well. The one-dimensional numerical model for irrigant transport
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Figure 14.8: Irrigant distribution along a side channel or tubule, at five times, as calculated
by the numerical transport model. Transport of (constant concentration) NaOCl into a square
side channel of diameter 57 µm is assumed, unless noted otherwise in the legend. In (a) the
inflow conditions for the irrigant concentration C are varied (solid black line corresponds to
figure 14.7), in (b) the irrigant (i.e. diffusion constant), in (c) the cross-sectional shape, and
in (d) the diameter and also the concentration condition at the entrance.
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based on Fick’s law also agreed very well with measurements inside a side channel
with rectangular cross-section. However, these validation experiments could only be
performed on side channels with a rectangular cross-section, having a width of at least
10 µm and made out of silicon. This leaves an uncertainty on whether the results for
a cylindrical tubule with a diameter of 2.5 µm are valid. Experimentally, however,
microchannels of the size of a tubule are very difficult to fabricate and measuring
convection and dye transport in them is a challenge for future work.

The results presented here are for ideal conditions, as in reality, side channels
and tubules exhibit a rich variety of geometrical properties, including tapering, cur-
vature (S-shape) and non-smooth walls. Furthermore, we assumed that there was no
consumption of irrigant due to a reaction, implying a ‘best case’ scenario for irrigant
transport. This is becomes clear when comparing our results to those of Zou et al.
[24], who measured the transport of NaOCl into tubules ex vivo after 2, 5 or 20 min-
utes of immersion. Whereas in our model the irrigant concentration at 1 mm from the
tubule entrance reached 86% of the initial concentration after 10 minutes, Zou et al.
found a penetration depth (discoloring) of only 300 µm after 20 minutes, dependent
on temperature and concentration of the irrigant. Most of the penetration took place
within the first two minutes, with rapid decrease in penetration rate afterwards. Re-
action with biomaterial inside the tubules and a complex geometry (branching) of the
tubules are possible explanations for the limited irrigant penetration found by Zou et
al., as their models were subject to biological variation.

OCl− is rapidly consumed while reacting with microbes and other organic ma-
terial present inside the tubules and around the tubule orifice [13, 14], which leads
to a decrease in concentration of OCl− and consequently their diffusion rate. The
amount of organic material itself decreases too, because of its reaction with OCl−.
The rate at which consumption takes place depends on the concentration, the pH and
the temperature of the OCl− and the organic material, but most importantly on the
composition of the organic material and area of surface contact [13]. Unfortunately,
data on the reaction rate is not available; therefore consumption was neglected here.

Even under the ideal conditions assumed in this study, irrigant penetration was
found to be slow. Therefore other techniques should be considered to improve irri-
gant flow into the side channels and the tubules through improved convection (e.g.,
irrigant activation techniques like passive ultrasonic irrigation [44], or cavitation-
based pumping [46]) and diffusion (e.g., higher concentration or temperature [24], or
electrokinetics [47]).

14.6 Conclusions

The numerical models and experimental measurements show that convection of irri-
gant into a side channel or tubule during root canal irrigation is limited to twice the
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diameter of the microchannel. Especially for tubules, having a diameter of only a
few micrometer, most of the irrigant transport takes place through diffusion, which
is slow. Simulations predict that diffusion needs more than 10 minutes to raise the
concentration at the far end of a tubule to 86%, when the irrigant concentration at the
entrance of the tubule is maintained at a constant value. A finite amount of concen-
tration at the channel entrance is even less effective in delivering irrigant. Alterna-
tive methods should therefore be considered to improve irrigant penetration into side
channels and tubules.

The numerical results show good agreement with experimental measurements of
the flow and the irrigant transport. However, the side channels and tubules are much
simplified compared to the real root canal geometry. Future numerical work should
include more complex channel shapes, and also include reaction in the diffusion-
convection equation.
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15
Removal of a hydrogel with Passive

Ultrasonic Irrigation

Abstract In this chapter, a hydrogel is shown to exhibit viscoelastic behavior similar to a biofilm.

The hydrogel is subjected to acoustic streaming induced by an ultrasonically oscillating endodontic

file. Visualizations of the interaction between the acoustic streaming and the hydrogel suggest that the

steady component of the flow is dominant for viscous deformation of the hydrogel, while the oscillatory

component of the flow induces an elastic deformation. Interestingly, a traveling stable cavitation bubble

was found to be highly efficient in removing the hydrogel from the substrate. Stable bubbles were

formed near the hydrogel during its reaction with NaOCl, although the size of the bubbles formed is not

optimal for maximum oscillation amplitude in combination with the employed 30 kHz ultrasound.

287
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15.1 Introduction

A biofilm is an agglomeration of bacteria, which produce a slime (the extracellular
polymeric substance, or EPS) that protects the bacteria from mechanical attacks [1].
The EPS makes the biofilm a viscoelastic fluid, causing the biofilm to exhibit elastic
behavior at low stress and viscous flow behavior at high stress [2], thereby protecting
the contained bacteria. At stresses exceeding the cohesive strength of the biofilm,
parts of the biofilm may detach (mechanical failure of the biofilm, a process called
sloughing [3–5]) from the bulk biofilm and reattach at a different location where the
mechanical and chemical conditions are more favorable [6].

Bacteria occur in a wide variety of systems, where they may be beneficial, e.g.
for chemical conversions [7]. However, in many occurrences, e.g. inside root canals
[8], their presence has a negative influence on the performance of a system. Gener-
ally biofilms therefore need to be removed, and many cleaning strategies have been
developed to deal with biofilms, which can broadly be separated into chemical and
mechanical attacks. However, biofilms have been around for more than 3 billion years
and have found many ways for coping with removal attempts, both mechanically and
chemically [6], and it has been realized that complete sterilization of a system is im-
possible. Cleaning strategies should therefore be based on restraining the negative
influence of biofilms to a minimum.

One specific example that lies at the base of the present study is the cleaning of
root canals during an endodontic treatment, when bacteria have caused an inflam-
mation of the tooth tip [8] and the body’s immune system cannot remove its source
within the root canal. During the root canal treatment, an antimicrobial fluid is in-
jected into the root canal using a needle and syringe [9]. However, it has been found
that this procedure is not able to remove all bacteria from the geometrically complex
root canal system, resulting in an estimated total of 40% of the treatments to be un-
successful [10]. Nowadays new techniques are available to agitate the fluid in order
to induce a stress on the biofilm on the root canal walls and to mix the antimicro-
bial fluid. One such technique is Passive Ultrasonic Irrigation, which makes use of a
thin miniature file (diameter 200 µm, taper 2%, length 25 mm) which is driven at 30
kHz in order to induce acoustic streaming and possibly cavitation [11]. The acoustic
streaming is known to consist of an oscillating component and a steady component
[12], which both could contribute to the removal of the biofilm. However, it remains
to be shown how the two components affect a biofilm and what the role of cavitation
is.

In order to evaluate the cleaning efficacy of the acoustic streaming, the exact me-
chanical properties of real biofilms need to be known, which are generally difficult
to asses, for a number of reasons. Firstly, a biofilm cultured in the lab is signifi-
cantly different from those encountered in real-life systems, because the composition
is widely varying (for example, in one root canal more than 400 bacterial species have
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been found [13]) and their cohesive and adhesive strength is dependent on the condi-
tions (e.g. shear stress) under which the biofilm has grown. Typical values found in
literature give a Young’s modulus of the order of 102 Pa and a cohesive shear strength
of 101 Pa [3, 6, 14–16]. Secondly, measurement of the mechanical properties should
take place on a short time scale (within minutes), because the biofilm is a living
organism and will adapt to its environment.

In order to investigate the fluid-biofilm interaction without those difficulties, we
present here a hydrogel with viscoelastic properties, which can be made very repeat-
able and with specific mechanical properties. This hydrogel is used as a substitute
for a biofilm [17], in order to investigate the cleaning mechanisms of ultrasonic root
canal irrigation.

15.2 Materials & Methods

15.2.1 Hydrogel preparation

A hydrogel was made using 1.0 g of gelatine (Merck, Whitehouse Station, NJ, USA)
and 0.02 g hyaluronan (Sodium hyaluronate 95%, Fisher, Waltham, MA, USA) in
45 mL of warm tap water [18]. Gelatine is a protein that mimicks bacteria; the ad-
dition of hyaluronan, a carbohydrate, creates an EPS-like material, as the hyaluronan
binds many water molecules. 0.1 g of water-based food dye (KTC, Wednesbury, UK)
and 0.2 g of hollow glass spheres (average diameter of 10 µm, density 1100 kg/m3;
Sphericel, Potters Industries, South Yorkshire, UK) was added to make the biofilm
better visible. This mixture was stirred and degassed with a centrifuge before it was
allowed to cool down to room temperature. The final density of the hydrogel was
1.07(±0.07) ·103 kg/m3.

At room temperature the mixture becomes a stiff gel, however, just before that
happened the hydrogel was placed on a glass substrate (24×24×0.1mm; Menzel
gläser, Braunschweig, Germany) and allowed to dry for approximately 10 minutes.
During the drying stage the hydrogel is binding to the glass substrate; cooling down
of the gel stiffened the gel.

The glass substrate was prepared by placing two layers of Scotch tape (3M, St.
Paul, MN, USA) on two edges of the glass substrate with a distance of approximately
1 mm between them. A drop of hydrogel was smeared out over the tape, which was
removed after 5 minutes of drying, leaving a 1 mm wide and 100 µm high line of
hydrogel on the glass substrate.

15.2.2 Irrigation protocol

The glass substrate was transferred to a water bath (dimensions 75×62×117 mm)
filled with demi-water, where it was fixed horizontally with a clamp which could be
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translated with a translation stage (9067M, New Focus, San Jose, CA, USA). A 22G
needle (inner diameter of 0.4 mm; Terumo, Leuven, Belgium) or an ultrasonically os-
cillating file (Irrisafe size 25/21, Satelec Acteon, Merignac, France) was positioned at
a specific distance above the biofilm and could also be translated with another trans-
lation stage (same type), to vary the distance between the hydrogel and the needle or
the file.

The flow through the needle was driven at flow rates up to 1 mL/min, using a
syringe pump (NE-1010, New Era Pump Systems, Wantagh, NY, USA) and a 10 mL
syringe (Plastipak, Becton-Dickinson, Oxford, UK). For each imaging measurement
the pump was switched on, allowed to obtain maximum flow rate and stopped before
commencing the next measurement. Alternatively, the needle was placed far away
from the glass substrate and allowed to obtain a steady flow rate, and then lowered
toward the hydrogel in steps of 100 µm.

The ultrasonically oscillating file was driven by a commercial endodontic device
(P-Max, Satelec) at various power settings.

15.2.3 Imaging and analysis

The water bath was placed in front of a microscope (BX-FM, Olympus, Tokyo,
Japan) with 1.25-20× magnification; the microscope was positioned horizontally in
order to image the hydrogel from the side. Illumination was provided in bright-
field mode using a continuous cold-light source (ILP-1, Olympus). A CCD-camera
(LM156, Lumenera, Ottawa, ON, Canada) attached to the microscope recorded the
behavior of the hydrogel at frame rates up to 28 fps.

Both positive and negative flow rates of the flow through the needle were used.
From the deformation induced by the flow with positive flow rate, the Young’s modu-
lus of the hydrogel can be determined. Tracking the glass particles inside the hydrogel
results in a strain ∆y depending on the stress exerted by the flow from the needle. The
stress on the hydrogel is roughly estimated from the stagnation pressure P+, obtained
from the Bernoulli equation:

P+ =
1
2

ρu2
+ (15.1)

thereby neglecting the complex two-way coupling of the flow with the hydrogel. The
average flow velocity u+ = Q/A can be calculated from the flow rate Q and the area
A = πR2 of the needle orifice with radius R. The Young’s modulus is then calculated
from the stagnation pressure and the compression of the hydrogel ∆y/Y0:

E =
P

∆y/Y0
(15.2)

The flow with negative flow rate causes a negative pressure (suction) around the
needle orifice. The magnitude of the pressure P− is again difficult to determine due
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to the two-way coupling between the flow and the hydrogel, but its order of magni-
tude can be estimated from the Bernoulli equation (equation 15.1), considering the
flow going into the needle or the flow in-between the needle and the glass substrate
(separated by a distance h). The average velocity u− = Q−/A, where A can be the
needle orifice area (A = πR2) or the influx area below the needle (A = 2πRh).

For high-speed imaging of the behavior of the hydrogel, the low-speed camera
was replaced by a high-speed CCD camera (HPV-1, Shimadzu Corp., Kyoto, Japan),
recording at frame rates up 250.000 fps. The other components of the setup wer the
same as for the low-speed imaging.

15.2.4 Chemical cleaning

The time scale of chemical removal of the hydrogel was assessed by submerging a
2D hydrogel into bleach and observing its removal. The hydrogel was placed inside
a chamber of height 150 µm, length 20 mm and width 3 mm, created by fixing a
cover glass (20×20mm) on top of a microscope slide using double-sided tape with
thickness 150 µm. The hydrogel inside the chamber was only accessible from two
sides. The glass slide was then immersed in a tank (dimension 45× 25× 30 mm)
filled with 30 mL of a 5% NaOCl solution (Sodium Hypochlorite, Sigma-Aldrich, St.
Louis, MO, USA) and recording of the process was started to observe the removal
rate of the hydrogel. For the recording the same equipment was used as for the
low-speed imaging, but now with a recording speed of 14 fps. This measurement
was done three times; another recording was made while an ultrasonically oscillating
file (same as before) was oscillating at a distance of 500 µm from the entrance of
the hydrogel chamber, at an angle of 45◦ with respect to the chamber. As a control
experiment the plate was submerged in a tank containing demi-water.

Analysis of the reaction rate was done by tracking the interface between the hy-
drogel and the bleach during a recording, which was moving into the chamber. The
resulting change in the interface location versus time was filtered with a running av-
erage filter over 10 samples with Gaussian weighing, and recalculated to volume.

15.3 Results

15.3.1 Viscoelastic properties of the hydrogel

A positive flow rate from the needle positioned at 300 µm from the hydrogel-covered
glass substrate resulted in elastic deformation of the hydrogel for flow rates below
0.05 mL/min (stagnation pressure 20 mPa); the hydrogel relaxed elastically to its
original shape after switching off the flow. For flow rates above 0.05 mL/min, the hy-
drogel started to show viscous behavior by flowing away from the stagnation point of
the needle flow; switching off the flow resulted in a net displacement of the particles
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Figure 15.1: Measured values of the Young modulus of the hydrogel and their occurrence.

in the hydrogel with respect to their initial position. Viscoelastic behavior is therefore
apparent. Flow rates higher than 0.20 mL/min (stagnation pressure 300 mPa) resulted
in plastic deformation by permanent disruption (failure), and in the end removal, of
the hydrogel.

From the recordings, 17 particles were selected which appeared in the center of
the flow from the needle, based on their location and whether or not the particle was
in focus. For these particles the maximum displacement was recorded, with which
the Young’s modulus was calculated. The resulting values and their occurrences are
plotted in figure 15.1, showing that the Young’s modulus has a magnitude of the order
of 10−1 Pa. The spread in the result is due to the particles not being exactly in the
center of the flow from the needle, and the hydrogel properties may have varied.

The viscoelastic behavior was also visible when the needle approached the hy-
drogel while having a constant, positive flow rate (supplementary movie 1). Figure
15.2 shows the displacement two particles entrapped in the hydrogel. When the nee-
dle was positioned far away these particles do not move. However, when the needle
is approaching within a distance of 600 µm the particles start to displace, follow-
ing elastic behavior. When the needle is held at a distance of 450 µm or less, the
particles are still displacing, even though there is no change in the flow, suggesting
viscous behavior.

Suction through the needle (supplementary movie 2) caused deformation of the
hydrogel at low flow rates; for flow rates above 0.2 mL/min, sloughing was observed.
During sloughing, the hydrogel was stretched and was observed to flow (viscoelastic
behavior) toward the needle orifice, until a part of the hydrogel detached, after which
the hydrogel retracted elastically and remained stationary or started another cycle of
sloughing, depending on the suction pressure. Continuous sloughing removed the
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hydrogen part by part, also the parts attached to the glass substrate. For flow rates
above 0.5 mL/min, the hydrogel was completely removed; for lower flow rates parts
of the hydrogel could remain. Figure 15.3 shows the trajectory of five particles during
sloughing. The retraction after sloughing (after approximately 4 and 17 seconds)
can be observed as a indication of elastic behavior; the overall displacement after
sloughing or when the flow was stopped suggests viscous behavior.

The fluidic pressure toward the needle orifice needed for sloughing and detach-
ment to occur was of the order of 10−1 Pa.

15.3.2 Ultrasonic irrigation

The flow induced by an ultrasonically oscillating file at a distance of 100 µm from
the hydrogel was observed to always remove the hydrogel, except at the lowest power
setting (‘Green 1’). By approaching the hydrogel during file oscillation, the hydrogel
was observed to deform, similar to the flow from a needle at low flow rate, suggesting
that the steady component of the flow was causing the removal of the hydrogel. At

Figure 15.2: Displacement of two particles (◦ and �) in the hydrogel due to the flow from
a needle that is approaching the hydrogel. The black arrow indicates the direction of ap-
proaching; each data point is one point in time (∆t = 35 ms). The vertical black lines indicate
locations where the needle has been hold still for approximately 1 second. Flow rate: 0.05
mL/min.
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Figure 15.3: Displacement of five particles in the hydrogel due to suction flow from a needle.
The top figure shows the particle trajectories, the bottom picture shows the corresponding
displacement as a function of time. The first black arrow indicates the moment of sloughing
of the green particle, the second black arrow indicated the moment of sloughing for the purple
particle. The crosses are the final positions of the particles The flow rate was 0.45 mL/min.
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Figure 15.4: (Movie 1) Removal of the hydrogel with an ultrasonically oscillating file. The
removal at location A is very similar to that caused by a the flow from a needle and is due
to the steady part of the acoustic streaming; the removal at location B is due to the bubble
indicated with the arrow. The scale bar on the right shows the initial height of the hydrogel
(150 µm).

small distances between the file and the hydrogel, the biofilm flowed away.
High-speed imaging at the time scale of file oscillations confirmed that at large

distances between oscillating file and the hydrogel the hydrogel did not oscillate but
only flows away. The hydrogel removal took place on a much larger time scale (order
of 100 ms) than the period of oscillation (33 µs) of the file. Only when the file was
placed within 100 µm of the surface of the hydrogel, the hydrogel was observed to
oscillate. However, these oscillations appeared to be elastic; no net displacement was
observed due to the oscillatory motion. Furthermore, when looking along the file, the
areas affected most were those associated with the antinodes of the oscillation pattern
on the file.

Transient cavitation was observed in the high-speed images, as a cloud of bubbles
was formed at the trailing edge of the tip of the oscillation file. However, this bubble
cloud appeared to collapse back onto the file and not toward the biofilm, thereby not
contributing to its removal. Occasionally, with low-speed imaging, a stable cavita-
tion bubble was observed near or under the hydrogel (figure 15.4 and supplementary
material movie 3). This bubble was very efficient in removing the hydrogel locally,
where the streaming induced by the file was not enough to remove the hydrogel.

15.3.3 Reaction rate of the hydrogel with NaOCl

Within seconds after submerging the 2D hydrogel into NaOCl, bubbles started to
appear within the hydrogel near its interface with the NaOCl (figure 15.5 and sup-
plementary movie 4). These bubbles typically grew within 10 seconds to an average
radius of 30 µm, before detaching from the hydrogel and floating upward. The parti-
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Figure 15.5: Image of the reaction interface (dashed line) between hydrogel and NaOCl.
The hydrogel (on the right) is colored gray to aid the eye; the particles embedded in the
hydrogel are also visible. Some of the generated bubbles are indicated with a black arrow;
these bubbles grow within the hydrogel near the surface and detach when they have grown
large enough. From these images the displacement of the interface d(t) is obtained. The
vertical line to the left is the edge of the hydrogel chamber, indicating the initial position of
the interface. This image is taken at t = 45 seconds.
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cles embedded in the hydrogel were observed to flow upward as well, suggesting that
the generated bubbles take part of the hydrogel with them. The interface advanced
over time at a speed of ca. 10 µm/s (figure 15.6), from which the average reaction rate
was calculated to be 4.1 ·10−6±1.0 ·10−6 mL/s. When the hydrogel was immersed
in water, no bubbles were formed and the interface did not displace.

The presence of an oscillating file did not enhance the reaction rate significantly
(3.83 · 10−6 mL/s), suggesting that the mixing by ultrasonic irrigation was not ben-
eficial and there was already enough NaOCl available to not slow down its reaction
with the hydrogel.

15.4 Discussion

15.4.1 Mechanical properties of the hydrogel

The hydrogel used in this study was found to have viscoelastic behavior similar to
biofilms. The Young’s modulus of the hydrogel used in this study was found to
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be of the order of 10−1 Pa; the cohesive and adhesive strengths were also of the
order of 10−1 Pa. Literature on the mechanical properties of real biofilms reports a
Young’s modulus of 101-103 Pa [3, 6, 14–16]; three orders of magnitude higher than
found for the present hydrogel. The cohesive shear strength is reported to be of the
order of 101 Pa [15, 19] - two orders of magnitude higher than this hydrogel. The
hydrogel could therefore be considered a soft, loosely attached biofilm. Changing
the concentration of the ingredients of the hydrogel or varying the drying time or
cross-linking with glutaraldehyde could result in a stiffer hydrogel. The attachment
of the hydrogel to glass is, however, difficult to control [20], but is important since
real biofilms are stratified, with a stronger, well adhering layer at its base [21].

Methods using a direct applied force, like tensile and compression tests or in-
denters coupled to force transducers [22], should be applied to get more exact values
for the mechanical properties of hydrogels and biofilms. Hydrodynamic techniques
always suffer from the complex interplay between the flow and the soft material,
making it difficult to calculate the exact stress applied.

The advantage of the hydrogel used in this study over a biofilm is the fact that it
can be made reproducibly. However, making the hydrogel reproducibly requires good
control over component concentrations, temperature and drying time. In addition,
swelling of the hydrogel was observed after several minutes during the visualization
experiments, which affects its mechanical properties.

15.4.2 Cleaning mechanism of PUI

The recordings of the ultrasonically oscillating file and the hydrogel made clear that
the steady component of the flow dominates in removing the hydrogel by applying a
shear stress that has been calculated previously [12] to be able to attain values in the
viscous domain of the viscoelastic behavior.

The shear stress due to the oscillating component of the flow only causes oscil-
latory elastic deformation of the hydrogel. While repeated elastic deformation could
lead to hydrogel material fatigue over time [6], no plastic deformation appears to be
caused by the oscillatory component.

For biofilms, being stiffer than the hydrogel, it is expected that the oscillating
component of the stress is too small to cause sloughing or viscous deformation and
the steady component is likely mainly responsible for the cleaning.

15.4.3 Cavitation

The time and length scales (gradients) associated with the exerted stress are important
with regard to the behavior of a viscoelastic material. Cavitation bubbles, both tran-
sient and stable, typically exhibit large velocities and accelerations on a small time
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scale, making them efficient in plastically deforming a hydrogel or biofilm (Chap-
ter 16).

The observation that a stable cavitation bubble enhanced the hydrogel removal
locally during ultrasonic irrigation, suggests that the addition of microbubbles could
be beneficial for the removal of a hydrogel or biofilm in real-life applications. The
oscillation velocity of these bubbles can be much higher than the oscillations induced
by the ultrasound itself, and also typically occurs on a smaller scale [23]. The radius
Rbubble (in mm) of such bubbles would have to match the driving frequency f (in
kHz) of the ultrasound in order to have maximum oscillations of these bubbles [24]:

Rbubble =
3.3

f
. (15.3)

The bubbles that were formed during the reaction between NaOCl and the hy-
drogel in the present experiments had a smaller average radius (30 µm) than the
optimal radius (100 µm at 30 kHz). The final size of the bubbles will depend on how
quickly they can detach from the hydrogel and on the amount of gas produced, which
in turn depends on the molecules in the hydrogel or biofilm. Therefore a biofilm,
having a higher viscoelasticity and richer molecular composition than the present hy-
drogel, could very well generate bubbles that match the currently used frequency of
30 kHz. Bubbles are also known to attain the optimal radius under ultrasound irra-
diation through a process called rectified diffusion [25]. Alternatively, the bubbles
could be driven to oscillate while they are still growing, i.e. at an earlier stage, which
would require higher ultrasound frequencies. Bubbles that have grown to a size of 10
µm would require a driving frequency of 330 kHz.

No literature has been found on the type of gas that is formed (and make up
the bubbles) during the reaction between NaOCl and proteins. However, the smell
that developed during the reaction resembled a ‘swimming pool’, which is known to
be caused by (mono-, di- and tri-) chloramines (NH2Cl) formed during the reaction
between HOCl and NH3 (ammonia in sweat and urine) [26, 27]. The NaOCl itself
did not smell strongly. Nitrogen is also present in the proteins making up the gelatin,
therefore chloramine gas is a good candidate for the gas type making up the bubbles.

Endodontic files have been demonstrated to generate transient cavitation under
certain conditions (Chapter 12). While we have shown here that the transient cavita-
tion bubbles do not tend to collapse toward the hydrogel, the production of radicals
due to transient cavitation was found to be significant compared to the radicals in
NaOCl, suggesting that transient cavitation at endodontic files may be capable of en-
hancing biofilm removal through sonochemical reactions within the root canal. Also,
small, stable bubbles have been observed to split off during the transient cavitation
near endodontic files. Furthermore, air may be entrained at the entrance of the root
canal during Passive Ultrasonic Irrigation (see Chapter 12), contributing to the pres-
ence of stable bubbles inside the root canal.
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15.5 Conclusions

A gelatin-based hydrogel showed viscoelastic behavior and is therefore a promising
substitute for a biofilm when studying flow-biofilm interaction. However, in its cur-
rent composition the hydrogel appears to be softer and weaker attached than a typical
biofilm.

Imaging of the biofilm under mechanical or chemical strain showed that the main
cleaning mechanism of passive ultrasonic irrigation appears to be the steady compo-
nent of the induced acoustic streaming, possibly aided by stable cavitation bubbles,
removing the hydrogel within one second. The oscillatory component of the flow and
transient cavitation were not observed to contribute to biofilm removal. A chemical
reaction with NaOCl showed slow disintegration (nanoliters per second) of the hy-
drogel, during which gas bubbles are formed. A higher ultrasound frequency could
possibly make those stable bubbles enhance biofilm removal.
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Appendices

15.A Supplementary material
(Online at http://stilton.tnw.utwente.nl/rootcanalcleaning/Gallery of Irrigant Motion)

Movie 1. Real-time visualization of the deformation of a hydrogel (dotted structure)
due to a jet of water from a needle. The needle is approaching the hydrogel in steps of
100 µm; the flow rate is constant at 0.05 mL/min. Both elastic and viscous behavior
can be observed. Scale: the outer diameter of the needle is 720 µm (22G).

Movie 2. Real-time visualization of the deformation of a hydrogel (dotted structure)
due to suction from a needle at a flow rate of 0.45 mL/min. Sloughing behavior can
be observed. Scale: the outer diameter of the needle is 720 µm (22G).

Movie 3. Real-time visualization of the removal of a hydrogel from a glass surface
by PUI. A K-file is positioned at a large distance away from the hydrogel; an elastic
deformation of the hydrogel near the file tip can be observed. Towards the end of
the movie, a stable cavitation bubble can be observed to aid in the removal of the
hydrogel. Recording speed is 15 fps; the hydrogel is initially 150 µm thick.

Movie 4. Real-time visualization of the reaction between NaOCl (left) and the hydro-
gel squeezed between two plates (right, dotted structure; the solid line is the border of
the plates). Bubbles can be observed to grow near the reaction interface; those reach-
ing (on average) a radius of 30 µm float upward (gravity is pointing downward).
Bubbles generated elsewhere can also be observed to pass by, out of focus.

http://stilton.tnw.utwente.nl/rootcanalcleaning/Gallery_of_Irrigant_Motion


16
Localized removal of layers of metal, polymer

or biomaterial by ultrasound cavitation
microbubbles ∗

Abstract We present an ultrasonic device with the ability to locally remove deposited layers from a glass

slide in a controlled and rapid manner. The cleaning takes place as the result of cavitating bubbles near

the deposited layers and not due to acoustic streaming. The bubbles are ejected from air-filled cavities

micromachined in a silicon surface, which, when vibrated ultrasonically at a frequency of 200 kHz,

generate a stream of bubbles that travel to the layer deposited on an opposing glass slide. Depending on

the pressure amplitude, the bubble clouds ejected from the micropits attain different shapes as a result of

complex bubble interaction forces, leading to distinct shapes of the cleaned areas. We have determined

the removal rates for several inorganic and organic materials and obtained an improved efficiency in

cleaning when compared to conventional cleaning equipment. We also provide values of the force the

bubbles are able to exert on an AFM tip.
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van der Sluis, M. Versluis, D. Lohse and Han J.G.E. Gardeniers. “Localized removal of layers of metal,
polymer or biomaterial by ultrasound cavitation microbubbles”, Biomicrofluidics 6, 034114 (2012)
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16.1 Introduction

Bubbles have been under analysis at least since the Greek times [1], and play an
important role in physics, chemistry, medicine, and technology. The generation of
bubbles by acoustic cavitation has been studied for many years, however without
special measures there is little control over its occurrence and their behavior can at
first sight be surprising and puzzling [2]. Whether or not cavitation due to pressure
oscillations will occur, depends not only on the acoustic field, but also on physical
properties and conditions such as the amount of gas in the liquid and the presence
of nucleation sites. Once these are controlled, one can achieve fully controllable
cavitation, in excellent agreement with the theoretical predictions [3].

Cavitation has found use in several applications, based either on its chemical or
mechanical effects [4–7]. In water solutions exposed to ultrasound, for example, an
enhancement of chemical reactions can be achieved. Short lived radicals form at the
breakdown of water molecules, due to the high pressures and temperatures in the
collapsing bubble’s interior [8–10].

The use of acoustics in microfluidics and specially in bio-applications has re-
ceived considerable attention in the last decade [11–13]. Acoustic cavitation can
produce surface modifications, including damage, through high-speed liquids jets
and shockwaves generated upon the asymmetric collapse of cavitation bubbles near
a surface [14–16]. These mechanical effects have been considered by many as nega-
tive, as it may give rise to significant erosion and abrasion, for example demonstrated
by the cavitation damage on ship propellers [2] and artificial heart valves [17, 18].
However, in specific cases the mechanical effect of cavitation has been shown to
be useful for practical applications, for example for cell disruption and drug uptake
[19, 20], or mixing and particle size reduction [21]. besides several other biological
effects [15, 22]. Also in electronics, cavitation has been useful for the modification
of surfaces (roughening, cleaning and gold plating, among others), using liquids as
benign as water. The undesired use of hazardous substances, high temperature and
long process times can be avoided or reduced by the use of cavitation [23]. The
use of ultrasound has therefore been considered as a “green solution” for the above
mentioned applications, given the reduction in power usage and chemicals.

Nevertheless, practical uses of cavitation are in general limited because of a lack
of control over the location and amount of cavitation. Under the irradiation of ultra-
sound to a liquid, bubbles originate from nuclei at random locations. Quantification
of cavitation effects (erosion and cleaning particularly) is very difficult due to its ran-
dom occurrence and also due to different materials and equipment used in different
laboratories and industrial equipment [4, 24]. This situation has prevented the upscal-
ing and extended usage of desirable effects of cavitation such as localized cleaning
or surface modifications [25]. Control over cavitation location requires special mea-
sures as, for example, the use of a laser [19], by seeding the liquid with particles
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and irradiating with a shockwave [26], or from gas-filled crevices in smooth surfaces
exposed to shockwaves [27], or continuous ultrasonic irradiation [28].

Here we show the generation of cavitation in various liquids for fast removal (or-
der of tenths of seconds) of several deposited materials from a glass substrate with
millimetric control, based on well-defined cavitation nucleation sites [28]. This arti-
cle will start with the description of the experimental setup for the localized genera-
tion of cavitation, as well as the methods for characterization of unwanted cavitation
erosion on the underlying substrate. Next, a short description of the various materials
that have been investigated for removal by cavitation is given. Additionally, to obtain
information on the force generated by a bubble, a measurement of the magnitude of
the forces that the bubbles exert on an AFM tip is provided. The measured material
removal rates will be presented and discussed; determination of the adhesion strength
of the different materials is described in the appendices.

16.2 Experimental setup

16.2.1 Materials to be removed

The cleaning of surfaces is a process that is required in a wide variety of applications,
with an equally wide range of materials that need to be removed from the given
surface. Each of these materials and surfaces have their specific mechanical and
chemical properties that provide different adhesion strengths between both. Here we
list some typical materials to be removed, which are all studied in this work.

1. Solid hard materials

The solid hard materials used in this study are Gold (Au), Platinum (Pt), Chro-
mium (Cr) and Titanium (Ti), both categorized as metals, and Olin and AZ96,
which can be categorized as organic materials, and are commonly used as pho-
toresists in microfabrication of semiconductors and microelectromechanical
systems (MEMS).

2. Soft biomaterials

Contrary to the solid hard materials, soft biological materials may deform
(visco)elastically before cohesive or adhesive failure takes place [29, 30]. Elas-
tic materials typically display significant strain when subjected to a stress, and
relax back to the initial shape and position when the stress is removed. Only
when the stress exceeds the material’s yield stress and enters the plastic do-
main of the soft material, cohesive failure will take place. Viscoelastic ma-
terials, however, exhibit viscous behavior when the stress exceeds the yield
stress; the material will flow away and there will be a net displacement when
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the stress is removed [31, 32]. One of the most commonly encountered vis-
coelastic materials is the biofilm, which can often be found in pipes, on med-
ical implants and inside and on teeth, where it often has a negative influence
on efficiency or health [30, 33] .The biofilm is a structure of bacteria enclosed
by a self-produced extracellular matrix [34, 35]. This matrix provides the vis-
coelastic properties of the biofilm, which protects the embedded bacteria from
high stresses.

3. Cells

Another biological material of great importance nowadays is a cancer cell. The
study of the reaction of a cell to different environmental conditions with mini-
mal interference in their habitat is still a problem. Cavitation has been used to
address this issue [22, 36], while it also is able to porate cells for drug uptake
due to shear forces [19].

16.2.2 Material removal experiments

Ultrasonic cavitation setup

The continuous and localized generation of cavitating bubbles has been accomplished
by ultrasonically vibrating a silicon surface containing micropits [28]. When pouring
liquid over the silicon substrate, individual gas bubbles were entrapped in the pits;
vibrating the surface ultrasonically resulted not only in acoustic streaming from the
oscillating surface, but for large enough pressures also in pinch-off of gas bubbles
from the micropits, as detailed elsewhere [37].

The silicon substrate with micropits was placed in a cavitation cell container
made of glass with 25 mm outer diameter, 15 mm inner diameter and 6 mm depth,
matching one quarter of the wavelength at the operation frequency of 200±5 kHz. A
piezo element (PZ27, Ferroperm) of thickness 6 mm and diameter 25 mm was glued
to the cell bottom. A sketch of the cavitation cell is given in Figure 16.1. For each
experiment, the cell was filled with fresh ultra-pure water (milliQ, milliPore). Also,
ethanol, bleach and acetone were investigated given their extensive use in general and
ultrasonic cleaning applications. Additionally, a cell cultivation liquid medium was
used.

The micropits were etched under clean room conditions on double-side polished
silicon wafers by means of a plasma dry-etching machine (Adixen AMS 100 SE,
Alcatel). The wafer was then diced in square chips with a side of 10 mm. The edge
of these substrates have a step of 58 µm with four notches radially and equally spaced
(see Figure 16.2).

Each pit had a diameter of 30 µm and a depth of approximately 10 µm; multiple
pits were arranged in four different configurations: single pits, two pits separated by
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Figure 16.1: Schematic representation of the experimental setup. The gap between the glass
slide and the silicon substrate h = 100 µm. The water column height is 5 mm.

a distance of 1 mm, three pits arranged at the corners of an equilateral triangle with a
side of 1 mm, and four pits at the corners of a 1 mm side square.

The piezo element was driven by a sinusoidal signal generated by an arbitrary
waveform generator (33120A, Hewlett Packard) and amplified by means of an audio
amplifier (TA-FB740R QS, Sony). The voltage, current and power to the piezo ele-
ment were monitored with a power meter (HM8115-2, Hameg). The duration of the
experiments was short enough (typically less than 5 minutes) so that the temperature
increased no more than approximately 5◦C (measured with a T-type thermocouple
with digital read-out; HI 93552R, HANNA Instruments).

Two different power settings were used with all pit arrangements: Low (0.182
W) and High (0.629 W). The corresponding approximate acoustic pressure ampli-
tudes were measured to be 225 kPa and 350 kPa, with error values provided by the
manufacturer as 20%. These pressures were measured using a needle hydrophone
(HNR-500, Onda) positioned 65 µm above the center of the chip.

Imaging setup

The occurrence of cavitation and the removal of the deposited materials was imaged
through the air-water interface with a CCD camera (LM165M, Lumenera Corp., Ot-
tawa, ON, Canada), recording at a frame rate of 15 fps and an exposure time of 10
µs. For the removal of metal layers, a color high-speed camera (SA2, Photron, San
Diego, CA, USA) was used, recording at frame rates between 60 and 2000 frames
per second and an exposure time of 30 µs. The cameras were attached to a micro-
scope (BX-FM, Olympus, Tokyo, Japan) with 10× magnification, with a focal depth
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of approximately 10 µm [38]. Illumination was provided through the microscope in
dark-field mode by a continuous cold-light source (ILP-1, Olympus).

The recordings of surface layer removal were analyzed using MatLab (The Math-
works, Natick, MA, USA), by converting each frame to black and white and deter-
mining the cleaned area. The size of each pixel was determined using a calibration
grid with markers of well-defined size.

Layer deposition

The glass slides on which materials of interest were deposited were made of fused
silica wafers. A circular chamber of 8 mm diameter and a depth of 158 µm and four
protruding notches that match the notches in the silicon substrate (described before)
were etched on one face of each glass slide section. The wafer was then diced in
chips with a side of 10 mm. In this way when placing the glass slide on top of the
silicon substrate a microchamber of 100 µm height was formed (see Figure 16.2).
Each material type that was investigated required a different deposition procedure,
which is now outlined.

Solid hard materials A single wafer sputter coater (home-made system avail-
able in MESA+ Nanolab) for deposition of metallic layers was used to deposit gold,
platinum, chromium and titanium. To deposit organic materials (photoresists Olin
35 and AZ96), hexamethyldisilazane (HMDS) was first spin-coated as a primer to
provide chemical bond of the photoresists and strong adhesion to the glass slide on a
single wafer spin-coater (Primus coater WB21).

Biomaterials The biofilm model used here was described recently for use in en-
dodontics [39]. In brief, round glass coverslips attached to a customized stainless
steel lid were suspended in a medium inoculated with bacteria. In this model, biofilm
attachment and growth is an active process against gravity. Microbiology Cells of
E. faecalis V583 and P. aeruginosa HG 1776, both clinical isolates, were grown and
maintained as pure cultures on blood agar plates. E. faecalis was cultured under
anaerobic conditions (80% N2, 10% H2 and 10% CO2) whilst P. aeruginosa was
cultured in air, both at 37 ◦C. Growth medium for overnight cultures of biofilms
was BHI broth containing 0.5 BHI, 50 mmol/L 1,4-piperazinediethanesulfonic acid,
buffer, 5% saccharose and 1 mmol/L Ca2+. Phosphate-buffered saline was used to
wash during refreshment of the medium. E. faecalis and P. aeruginosa were inocu-
lated in wells with additional Ca2+ in the broth of a 24-well multiwell plate. Round
glass coverslips, diameter 12 mm and thickness 140 µm, mounted on a custom-made
stainless steel lid, were suspended in the broth. In this experiment, biofilms grown
for 96 hours were used. The broth was refreshed daily. Inoculation of bacteria and
the biofilm growth took place at 37 ◦C in air. The average biofilm thickness was
estimated to be 20 µm, with some bacteria colonies up to 50 µm.

A biofilm was mimicked with a hydrogel, created by dissolving 1 g gelatin (Merck,
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Whitehouse Station, NJ, USA), 0.02 g hyaluronan (Sodium hyaluronate 95%, Fisher,
Waltham, MA, USA) and 0.1 g red food color (KTC, Wednesbury, UK) in 45 mL
warm water[40]. Hollow glass spheres with a mean diameter of 10 µm (Sphericel,
Potters Industries, South Yorkshire, UK) were added as tracer particles. The final
density of the hydrogel was 1.07(±0.07) · 103 kg/m3. This hydrogel was cooled
down to room temperature before depositing on a glass slide with raised edges of
approximately 100 µm height. The glass slide was then left to cool down for 7 or
15 minutes, during which the hydrogel dries and attaches to the glass, before the
ultrasound and imaging was applied.

MCF-7 human breast carcinoma cells were cultured on the same glass slides; its
adhesion resistance when exposed to the cavitation bubbles from the triangular array
of micropits was investigated in the cavitation setup. The culture medium was made
of Dulbecco’s Modified Eagle Medium (DMEM, Gibco), L-Glutatmate, fetal bovine
serum (FBS), Antibiotics (Penicillin and Stretopmycin) and Fungicide.

Table 16.1 gives an overview of the various deposited materials and their proper-
ties.

16.2.3 Cavitation damage

The glass substrate onto which the gold was deposited, was inspected for erosion
damage using a scanning electron microscope (SEM, HR-SEM 1550, Zeiss). After
the gold was removed by cavitation, the glass substrates were exposed to cavitation
for another 1, 5, 10, 15 or 30 minutes before SEM images were taken.

16.2.4 AFM up-thrust measurements of cavitation cloud force

An Atomic Force Microscope (AFM, Agilent 5100) in non-contact tapping mode
was used to measure the up-thrust force from the bubble cloud. A silicon n+ flat disc
tip cantilever (Nanosensors PL2-NCLR-10, spring constant of 48 N/m and resonant
frequency 190 kHz in air and 73 kHz in water) with a diameter of ca. 1.8 µm and
tip height of ca. 12 µm was used. The cantilever was withdrawn 100 µm from a
single-pit substrate surface to mimic the separation between the micropits and ‘to-
be-cleaned’ surfaces in the previous measurements. Both low and high ultrasonic
powers were used, although for the high power the resulting signal was clipping.
The cantilever approached from a distance of 1 mm in a line passing over the bubble
clouds. As it happens in the experiments with the glass slides and deposited layers,
the bubbles traveled to the cantilever and collapsed against it. Unfortunately, the
cantilever was destroyed during the second pass at this force, so the measurements
were stopped.
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16.3 Results

16.3.1 Cavitation occurrence, in the absence of deposited materials

Switching on the ultrasound leads to a continuous generation of microbubbles with
a size range of 2-17 µm, determined from the video recordings and shown in Figure
16.8 (see also Fernandez et al. (2012) [41]). Bubbles smaller than 2 µm could not
be visualized due to the resolution of the camera. Varying the pressure amplitude
(power) and the different arrangements of pits resulted in different bubble patterns,
as a result of the complex interplay of primary and secondary Bjerknes forces, micro-
streaming and also the inertial forces acting on the moving microbubbles in the close
vicinity of the glass slide. The bubbles were observed to travel towards the glass slide
on top of them where they come in focus of the optical setup. This upward motion is
a result of the effect of secondary Bjerkness forces, which makes bubbles close to a
hard surface “feel” the presence of their image bubble as an attraction force, driving
the bubbles closer to the wall.

Increasing the power resulted in an increase in the number of ejected bubbles
around the pits, forming a bubble cloud or cluster. At high power, with more than
one pit, the bubble clusters are attracted to each other and at a given power level
(between 0.182 and 0.629 W), the bubbles start to travel towards the geometrical
center of the pit array [28, 41] (see Figure 16.7 left column). These bubble cluster
configurations are reversible, although there is hysteresis in the amplitude necessary
to return to the separated clouds, which is lower than needed for making the bubbles
travel to the geometrical center of the pit configuration.

16.3.2 Removal of deposited materials by cavitation

Observations

Compared to the experiments with and without glass slide, a clear difference can be
observed in terms of stabilizing the free water-air interface oscillation when the glass
slide is not present. When the glass slide is placed, the traveling and standing wave
components change dramatically, contributing to complex effects of bubble cavitation
conditions (measured for example through the occurrence of sonochemical reactions)
[42].

The opaque materials deposited on the glass slide, when placed on top of the
cavitation cell, did not allow for optical visualization of the cavitation bubbles. How-
ever, taking as a representative example the case of deposited gold, when switching
on the ultrasound at low power (0.182 W), we see that almost instantly (within 2
seconds) a small opening appears in the gold layer right on top of where the pits are
located (Movie 1). If the power is kept constant the removed gold layer area increases
slowly over time. For the case of one pit, increasing the power makes the removed
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area increase until a maximum area is reached (approximately 0.03 mm2). Increasing
the power for the two, three and four pit geometries, for which situation the bubbles
travel to the geometrical center as described above, an area corresponding to the area
of the bubble trajectories is removed. Therefore, for two pits a linearly extended area
is typically observed. Accordingly, we find a triangular shape for the three pits and a
distorted rectangular shape for the case of four pits; see Figure 16.2 and Figure 16.7,
right column. For Au and Pt we observed a similar surface removal behavior.

Figure 16.2: a) A black tweezer holds a gold sputtered glass slide prior to exposure to
cavitating bubbles; in the background a silicon substrate is shown. b) A zoomed view of
the same glass slide after exposure to cavitating bubbles from four pits in the cavitation cell
described in this paper. The glass slide has sides of 10 mm.

For the cases of deposited Cr, Ti and the organic materials, there was no surface
removal with the same initial conditions as for Au and Pt. Manually creating a scratch
in the layer close to the geometrical center allowed for confirming the presence of the
bubbles in the scratched areas, but no material was removed from Cr and Ti layers.
After scratching of the photoresist materials the bubbles were able to detach a few
pieces of photoresist material only occasionally (Figure 16.3 and Movie 2). The
removed pieces of (all) layers could sometimes be trapped by the oscillating bubbles
for a relative long period of time (at least more than 30 seconds if no conditions
changed).

When the ultrasound is switched off abruptly, the pits may be expected to be
filled with water and perhaps, if a bubble is still inside any of the pits, are unable to
nucleate more bubbles, deactivating the acoustic bubble generation. If ultrasound is
turned on again therefore no cavitation from the micropits takes place. This is why
this procedure allows for studying the effect of acoustic streaming alone on material
removal. We could not observe removal of any material in the situations where no
bubbles were present, allowing us to conclude that the forces associated to streaming
alone were not sufficient to remove any of the tested materials. The quantification of
streaming from the air-filled pits could not be assessed with the current setup.
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Figure 16.3: (Movie 2) Montage of a time series of frames recorded for the case of AZ96
photoresist. The center part of each frame shows a portion of manually removed AZ96.
Arrow a points out a cloud of bubbles as a darker region cavitating close to a crack in the
AZ96 layer (arrow b). Arrow c shows how the crack grew within about 1 second. After 1.7 s,
the bubbles (arrow d) “trapped” a small portion of AZ96 as indicated by arrow e. Eventually,
after approximately 4.7s, the small portion gets stuck in the border line of removed material.
The pits do not appear in these pictures since they are out of the field of view.



314 CHAPTER 16. LOCALIZED LAYER REMOVAL BY CAVITATION

Figure 16.4: (Movie 3) Stills from a recording of a biofilm being removed by bubbles. The
gray area with black dots is the area covered by biofilm, the location of the pit is indicated
with a large black dot. The bubbles can be identified as the blurred dark region around the
pit.

The biofilm that was grown on a glass substrate was initially visible as a gray area
containing dark clusters of bacteria (Figure 16.4 and Movie 3). Due to transparency
of the biofilm the bubble cloud below the biofilm-covered substrate was visible when
the ultrasound was turned on. The biofilm was then removed quickly when the bubble
cloud was attracted by the biofilm-covered substrate. No biofilm was removed by the
streaming or by bubble clusters when not attracted to the glass surface.

A similar behavior was observed for the hydrogel. The hydrogel appeared softer
and attached with weaker force than the biofilm, both after 7 and 15 minutes of dry-
ing, but neither was removed by the acoustic streaming alone.

The distance between the hydrogel or biofilm and the micropits was less well-
defined than for the metal and hard organic deposited layers, due to the non-uniform
thickness of these layers and flexible (softer) nature. Therefore the bubbles were less
likely to travel toward these layers, which resulted in slow or no increase in removed
area after initial removal.

The MCF-7 cells grown on the glass substrate were also removed when the bub-
bles were present, leaving the outlier cells attached, as can be seen in Figure 16.5.
The liquid cultivation media produced bubbles similar to those in water. The contour
of the removed area resembles again the shape of the bubble cloud for the three pits
configuration.
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Figure 16.5: Cavitation cell and experimental results after removing MCF-7 cells fixed to a
glass slide. The liquid cultivation media’s pinkish color is visible inside the cavitation cell
glued to the piezo.

Removal rates

The area in which gold has been removed by the bubbles originated from a single pit,
after approximately 1 minute, is of the order of 0.1 mm2; for 4 pits this area increases
by one order of magnitude to 1 mm2, see figure 16.6. The rate of removal during the
initial growth of the removed area is of the order of 0.1 mm2/s; this reduces by one
order of magnitude to 0.01 mm2/s during steady growth. For platinum, once a scratch
had been made, the steady removal rate is of the order of 0.001 mm2/s.

Figure 16.6: Size of cleaned area and its derivative (i.e., removal rate) extracted from video
measurements
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Figure 16.7: From top to bottom and left to right, the cases for 1 to 4 pits at low and high
power. Left: Bright field illumination (inverted color) showing bubble patterns with slow
speed imaging. Right: Contour shape of cleaned area in gold (black) due to bubble cavita-
tion.

The removal of the hydrogel and the biofilm were recorded at lower imaging
speeds, providing less detailed information on the removal rates. However, estimates
for the removal rate of the hydrogel give a value similar to that of gold, being of
the order of 0.01 mm2/s, with initial removal rates up to 0.1 mm2/s. The initial rate
of removal of the biofilm was estimated to be 0.1 mm2/s as well, with only minor
increase in removed area after the initial removal.

The cleaning effect of bubbles is restricted locally by how close the pits and the
nucleated bubbles are from the surface to be cleaned. The bubbles cannot travel
farther than a given distance away from the pits, or nearby other bubbles. This is due
to the required conditions for continuous cavitation such as available gas content and
negative pressure values provided by the oscillating pressure field.
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Figure 16.8: Bubble pattern for four different liquids tested (no glass slide on top). The
bubbles generated are clearly different for each substance but qualitatively similar between
water and bleach and between ethanol and acetone.

16.3.3 Different liquids

Bubbles were observed to be generated in all five liquids investigated. Individual
images are shown in Figure 16.8. For water and bleach the bubble shapes are similar,
with an apparent higher number of bubbles than for ethanol and acetone. For these
two organic liquids we can see smaller bubbles ejected from the pits and a larger
bubble growing at the midpoint that, upon reaching a given size, floats away. The
experiments with MCF-7 cells were carried out with the same liquid cultivation media
showing similar bubble cavitation as in water (see Figure 16.5). We expect similar
removal effects for these liquids as for water, but it was not within the scope of this
paper to address this topic further.

16.3.4 Cavitation erosion

After the maximum period of 30 minutes of ultrasound exposure, no erosion was
visible on the glass surface, as investigated by SEM analysis. This shows a different
effect than the erosion observed on Si surfaces in our previous studies [41]. The rea-
sons for this are that Si has a crystalline atomic structure and is brittle whereas glass
is amorphous and does not exhibit the same mechanical properties. Additionally, the
erosion we observed on Si surfaces was on the substrates from which the bubbles
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were generated, whereas here the bubbles have travelled a considerable distance (150
µm from its nucleation sites) to the glass surface, and the acoustic conditions have
changed considerably.

16.3.5 Bubble cloud forces

The AFM measurements showed that the force was intermittent, with an average
deflection of the cantilever of ca. 500 nm, which corresponds to a force of 20 µN.
Using the tip area of the cantilever, the pressure exerted by the bubble cloud can be
estimated to be of the order of 50 atm.

The force measurements in both directions of sweep were symmetric, which is
especially important for the direction that runs along the length of the cantilever,
across the tip, and into free water (where there are no bubbles present). The sweep
force had a plateau maximum attributed to the cantilever being directly above the pit,
plus slightly to either side but with the bubble streams redirecting to the tip. The
value of the force given is the average of the maxima of both the lateral and long
ways sweeps, which agree with each other to within error, which thus represents the
bubbles hitting the end of the cantilever.

The sweeps pass over the end of the cantilever so we assume that the force mea-
surements can be interpreted in the usual sense in AFM measurements. That the
sweep along the length of the cantilever and into free space appears symmetric, rep-
resents the fact that the cantilever’s “lever” is more than double the distance away
from the surface.

Finally, in terms of incorrectly interpreting interference from bubbles as deflec-
tion, the laser spot is wholly and exclusively on the back side of the lever (we do not
see interference with the bare substrate from an overlapping spot, as an example of
the standard control measure). The chip is much wider than the probe’s 2 µm end and
all bubbles direct towards the end and terminate there for the cases when we use the
force measurement. Also, the temporal resolution limit is given by the resonant fre-
quency (190 kHz in air and 73 kHz in water), which is lower than the piezo frequency
(200 kHz), so we measure only averages of impacts and not individual events.

16.4 Discussion

16.4.1 Cleaning action of bubbles

With the micropits employed in this chapter it was shown that metal thin layers (Au
and Pt), biomaterials (biofilm, cells and hydrogel) and organic materials (photore-
sists) could be removed in a certain local area, defined by the bubble cloud from the
micropits. Surprisingly, the removal rates were similar for the metal and the vis-
coelastic layers, while they all have entirely different mechanical and adhesive prop-
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erties. This suggests that the bubbles can exert enough mechanical force to remove
all of these materials, but that the amount of material that each bubble can remove
during one cycle is limited. The deposited material will have to be removed piece by
piece, cycle after cycle as a result of several bubbles (clusters) cavitating close to a
layer (see Figure 16.5). As more material gets removed, the bubbles have to travel a
larger distance from their origin (pit or geometrical center of the pits array), but are
becoming less likely to do so, consequently slowing down the removal rate.

When acoustic cavitation bubbles are in contact with hydrophobic surfaces, it
could be expected that no cushion layer of liquid exists that would dampen the liq-
uid jet impact as a result of bubble collapse (the hydrophobic or -philic properties
of surfaces and adhesion forces among them have been reported elsewhere) [43–45].
Accordingly, the hydrophobicity of the deposited material might have an influence
on the material removal, as for bubbles it is easier to collapse towards a hydropho-
bic wall. As reported elsewhere, the hydrophobic force is uniquely determined by the
contact angle [46]. Interestingly, water on Au and on Pt, both removed by the cavitat-
ing bubbles, has a much higher (receding) contact angle than on the other metals (see
Appendix 16.D and Table 16.1 for contact angle measurement details and results),
suggesting that the bubbles could reach those two metals more easily than the other
metals. It is not known how much this effect contributes to the cleaning effect.

The fact that microbubbles were generated in ethanol, acetone, bleach, and cell
cultivation medium as well as in water suggests that the cleaning with the help of
microbubbles can be enhanced for chemical cleaning processes. AZ96 and Olin are
commonly removed by acetone; bleach is used routinely in biological/medical appli-
cations like dentistry to kill bacteria. According to the results of this study, cavitation
could mechanically enhance the chemical removal.

We focused on water since is the “greenest” solvent normally used in cleaning
applications but other liquids may be used with similar effects. Another important
fact related to our experiment is the small volumes needed to remove the desired
substrates. This becomes important when considering cleaning applications with less
green solvents (e.g. acetone, toluene, etc.).

To address the influence of the radicals produced by the cavitating microbubbles
[28] on the removal of deposited metal materials, all the metals were exposed to
hydrogen peroxide (Sigma-Aldrich 30% as provided). For Au there was no reaction
observed at least for the first 5 minutes, after which occasionally some small regions
presented small detachment areas (ca. 1 mm2). For Pt there was some chemical
activity observed (bubbling and gas formation) that led to detachment of virtually
the complete layer in a couple of seconds. For Cr and Ti, there was no reaction
within the observation time of 10 minutes. This allows us to conclude that if there
is any contribution of chemical radicals (e.g. H. or OH.) to the removal rates it will
be minimal under the conditions attained with cavitation bubbles nucleated from the
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pits.
The acoustic microbubble generation from the micro pits can be sustained for

at least several hours if the temperature is kept constant and gas loss is prevented.
This means that the loss of gas associated to the microbubble generation does not
deactivate the pits, evidencing a process of rectified gas diffusion into the pits. More
details on the bubble behavior can be found elsewhere [28, 41].

We observed stable cavitation from the pits with the glass slide placed on top for
at least 30 min. However, normally the removed layer areas did not increase much
more after the first 3 min if no change in the ultrasound conditions or moving of the
glass slide took place.

Additionally, the low operation power compared with conventional ultrasonic
cleaning devices (one order of magnitude lower in our case) and the control over
the areas to be removed, makes the present cleaning device useful in several applica-
tions. Furthermore, the amount of erosion damage of the glass substrate was found
to be low.

16.4.2 Detachment kinetics

Solid hard materials

The detachment of material layers by cavitating bubbles can occur due to material de-
fects, at which the bubbles can perform further detachment. Once a crack is formed,
detachment could proceed by peeling and tearing mechanisms due to bubble jetting,
and presumably also due to shock waves generated at cavitation bubble collapses and
reflections from the hard surfaces. The contribution of streaming can be ruled out
based on the above reported observations that there is no cleaning for streaming only
(without bubbles). Note that the removal of a thin film may follow a different time-
line than traditional cavitation erosion in bulk materials, as the material properties
of the bulk and a layer of the same material might be different [47]. To explain the
differences in cleaned area and removal rates between the various metals we have to
consider their different adhesion characteristics.

For the metals, a first estimation can be obtained by considering the formation of
metal oxides on the surface of the metals. Even though the films are sputtered under
Argon conditions, the thickness of all layers is small enough to allow metal oxides to
form on the surface. It is known that thin films of oxygen active metals have a higher
adhesion to glass than films of noble metals[48] because of molecular electrostatic
bonds between the metal oxides and glass [49].

The likeliness of a metal to form an oxide layer can be obtained from its affinity
of oxygen, which is directly related to the (negative) heat of oxide formation of the
metal. Au and Pt (heats of oxide formation of 79.5 kJ/mol and -134 kJ/mol for
Au2O3 and PtO2, respectively) do not oxidize easily since these are noble metals,
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and are therefore expected to have a lower adhesion to glass than Cr and Ti (heats of
oxide formation of -1130 kJ/mol and -912.1 kJ/mol for Cr2O3 and TiO2 respectively)
[50, 51].

The bonding of photoresists (AZ96 and Olin) to glass is strengthened by the
strong chemical bond provided by the HDMS priming step. For that reason, only
where defects in the layer existed, the bubbles were able to remove material.

The exact value for the adhesion for these solids is difficult to obtain, as the ways
and experimental techniques to quantify it are still controversial [52]. At the root of
this problem lies the fact that the individual surfaces to be bonded (metal/inorganic
layers and glass surface in our case) have different properties when bonded than when
separated. Many factors can affect a bond, such as impurities, roughness, defects or
inhomogeneity on any of both substances, actions of the environmental and mechan-
ical stresses.

Therefore, instead of theoretically predicting the adhesion of the solids of which
the layer and substrate are made off, it is more relevant to attempt to measure the
actual deposited materials’ adhesion with a given experimental system or technique.
There are many adhesion measurement techniques described in the literature, includ-
ing nucleation methods (based on deposition, only able to give basic adhesion values)
and mechanical methods (direct pull-off, moment or topple, ultracentrifugal, ultra-
sonic, adhesive tape peel, scratch, abrasion, laser spallation, etc.) [47]. However, the
values provided by one technique or given apparatus might not coincide with another
technique or with values given in the literature for similar systems. Comparison with
the literature should therefore be treated with care, and it is advisable to perform
adhesion tests in each individual system [50].

In order to get a qualitative comparison for the adhesion of the solid hard mate-
rials used in this study, we have performed our own scratch tests on the solid hard
materials, using an AFM and standard Scotch tape test. The details can be found
in Appendices 16.A and 16.B, respectively; the relative adhesion strength of these
materials can be summarized as follows: Au < Pt < Olin and Az96 < Ti and Cr.

As another qualitative comparison, and more relevant to ultrasonic cleaning, the
removal of the solid hard materials was investigated in a commercial ultrasound bath
(Appendix 16.C), showing non-localized removal of Au and Pt under maximum ul-
trasound conditions, or no removal after 10 minutes. Taking as an example the case
of Au, our technique provided better localized and faster layer removal (compare
Figures 16.2 and 16.11).

Soft biomaterials

Biofilms are known to be able to adhere strongly to a substrate. The initial state of
biofilm formation is the adhesion of planktonic bacteria to a substrate, after which
the biofilm structure is developed. The bacteria themselves adhere to a substrate
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due to a multitude of forces, based on both physicochemical and molecular/cellular
interactions [53, 54]. During its mature state, the biofilm has also been found to
increase its adherence through the production of functional amyloids, among others
[30].

Literature reports a wide range of viscoelastic and adhesive properties of encoun-
tered biofilms, as these properties depend on the ecology of the biofilm and also on
the conditions under which the biofilm has been grown [29, 30, 54–56]. Furthermore,
the properties of the substrate itself are important, for example the surface roughness
and hydrophobicity [30, 54].

A hydrogel can have better defined viscoelastic properties, as there is more con-
trol over its production, and can be used as a substitute for a biofilm when studying
the mechanical behavior of biofilms [57]. However, a hydrogel is not grown but de-
posited onto the glass slide and therefore its attachment to a substrate is expected to
be generally weaker than for a biofilm, relying only on physicochemical interactions
between glass and hydrogel proteins [58].

The elastic modulus and adhesion of the hydrogel were estimated using a hydro-
dynamic technique, of which the details and results are given in Appendix 16.E. The
hydrogel was observed to have a weaker attachment to the substrate than the typical
values for a biofilm, which is in agreement with our handling observations. How-
ever, considering the observation that the hydrogel did show viscoelastic behavior, it
can be considered a soft biofilm. The mechanical properties of the hydrogel can be
further tuned by changing its composition and through cross-linking.

The viscoelastic materials were not removed by the acoustic streaming alone,
whereas the cavitation cloud could remove them locally within a few seconds. An
explanation for this different behavior could be the timescales at which both compo-
nents react. The pressure magnitude and fluctuations associated with acoustic stream-
ing could be still in the elastic regime of the viscoelastic behavior; the pressure asso-
ciated with transient bubble dynamics, however, can locally have a high magnitude
and fast fluctuation, causing deformations in the viscous regime, and possibly even
in the plastic regime.

Many of the MCF-7 cells grown on the glass slide had been detached due to the
induced cavitation cloud. However, optical visualization does not give any informa-
tion on the cells around the area that was cleaned. Those cells might have been lysed
through sonoporation, as has been demonstrated by Ohl et al. [59]. Their method
of dead-live staining could provide the information on the viability of the remaining
cells.
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16.5 Conclusions

Localized generation of cavitation from micropits was shown to be able to remove
deposited thin metal and organic films and biomaterials on a millimetric scale in less
than 1 minute. The shape and extent of the cleaned area is related to the number of
micropits; the rate of removal was of the order of 0.1 mm2/s. Basic adhesion tests
provided some insight into the likeliness of a material to be removed.

The low operation power and small volumes of liquid required, together with the
limited cavitation erosion damage, make the cleaning device presented here a “green”
solution for localized cleaning in many applications.
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16.A AFM scratch test for the adhesion of solid hard mate-
rials

16.A.1 Experimental setup

The adhesion of Au and Pt was determined by scratching these deposited layers using
the same AFM as before, but with a different spherical cap tip (Micromasch NSC35,
spring constant of 14 N/m, resonant frequency 315 kHz) in contact mode. For these
measurements, the surface was scanned continuously over a 20µm×20µm areas with
the contact force increased gradually every 5 µm. Once the metal layer began to tear,
the cantilever was lifted and moved elsewhere on the substrate, before the process
was repeated. Several repeated measurements were carried out.

16.A.2 Results

Only gold and platinum could be removed with this AFM scratch test. The required
removal forces were found to be 22.6±0.5 µN (Au) and 44.0±1.5 µN (Pt), which,
using a removal width of R = 10 nm, correspond to peeling strengths of 2260± 50
µN/m (Au) and 4400±150 µN/m (Pt).

The gold and platinum layers delaminated differently to each other (Figure 16.9).
For the gold layer, once the metal had been compromised it continued to delaminate
from the glass substrate even if the contact force was reduced to less than 0.5 µN.
However, the platinum delaminated in a stick-slip, patchy fashion, in any case, so
lowering the contact force by only a few percent led to no further damage. Even at
a constant force of 44.0± 1.5 µN, the scratch was intermittent. The scratch widths
were increased to 90 µm for platinum to better see the effect.

The required forces and peeling strengths for metal removal given above were
measured on defect-free areas of the surface. It is interesting to note that the surfaces
peeled at much lower applied forces if the AFM probe collided with an optically-
sized (∼10 µm) asperity. For the gold, the required force and peeling strength were
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Figure 16.9: The top image is for the
gold sample and several scratch lines
can be seen. Each one is 20 µm wide.
The lower image is for the platinum
sample. As a guide to the eye, the
AFM probe mount is 30 µm wide.

dramatically reduced to approx. 2.1 µN and 210 N/m, respectively, whilst those for
platinum were reduced to approx. 20 µN and 2000 N/m.

16.B Macroscopic scratch test for the adhesion of solid hard
materials

16.B.1 Experimental setup

A hardness tester kit (SP0010, Thermimport Quality Control) and a cross-cut adhe-
sion tester kit (CC2000 SP1690, Thermimport Quality Control) were used to analyze
the adhesion strength of the solid hard materials. The hardness tester kit consisted
of a Tungsten-Carbide tip with 1 mm diameter and a spring with 0-300 g load ca-
pacity and can be used to measure the wear (by scratching) or fail resistance of coat-
ings, plastics, etc. The cross-cut adhesion tester kit is based on ISO 2409 Standards
and provides a semiquantitative measurement of adhesion. First, perpendicular cuts
with parallel blades were performed through the layers, touching the glass slide; af-
terwards a dedicated adhesive tape is attached and, when detached, it can remove
weakly adhered patches of each layer. According to the amount of removed material,
a classification of surface adhesion quality is given with a score between 0 and 5; 0
being the stronger attached where none of the squares is detached after peeling off
the tape.

16.B.2 Results

The hardness tester is a simple semi-quantitative test for surface hardness in which
all materials layers were scratched with 1 g (minimum setting that could be used).

The scratch test of the different solid hard materials used showed a marked dif-
ference between the metal and organic layers (Figure 16.10). When scratching the
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Figure 16.10: The left column shows the various deposited layers after the cuts are per-
formed. The right side shows the same region after peeling off the adhesive tape.
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organic layers (thicker and more brittle) we observed small parts detaching and it was
not possible to cut well defined squares as in the case of the metals.

Au and Pt were the weakest attached materials falling in the 5-and-4 and 4-and-3
category respectively. For Au layers we observed that the layer flaked in large ribbons
and along the edges where most squares were removed (more than 35 % of the total
area). For Pt we saw that most squares were partially or totally removed (more than
15 % of the total area). For Cr and Ti we classified it as 1-and-0 as we observed
very small flakes of the coating at the intersections of the cuts and no square could be
removed (less than 5% of the area removed).

For AZ and Olin we found that some chunks were removed in a way that could
be cataloged 2-and-1, but the squares were not neatly formed as these brittle layers
cracked; see Figure 16.10.

Summarizing, the qualitative adhesion of the solid hard materials can be arranged,
in order of weakest to strongest, as: Au < Pt < Olin and Az96 < Ti and Cr.

This qualitative quantification is consistent with values provided in the literature
using other techniques. For example, for the metals, a laser spallation technique was
used to find a direct correlation between the bond strength on silicon oxide substrates
with the free energy of oxide formation of the arriving metal vapor for both evapo-
rated and sputtered metals [61]. The energies at which the films detached were: Au
(25 J/cm2), Cr (75 J/cm2) and Ti (125 J/cm2), showing the same relative adhesion
strength as found in the present study.

16.C Ultrasonic bath test for the adhesion of solid hard ma-
terials and comparison with current setup

16.C.1 Experimental setup

A commercial ultrasonic bath (VWR) operating at 20 kHz was used to test the adhe-
sion strength of the layers with a conventional ultrasonic apparatus and a comparison
of the removal capabilities for each deposited sample was performed.

16.C.2 Results

With the ultrasonic bath, no material was removed after 10 minutes of sonication. All
samples were individually placed in a conventional configuration of a glass beaker of
200 mL (Schott) glued to a microscope glass slide (see Figure 16.11 Test A).

As an extreme test we placed each sample facing down, directly against the bot-
tom surface of the ultrasonic bath. For Au and Pt we observed surface removal with-
out localization and for Cr or Ti we saw no removal at all (see Figure 16.11 Test
B).
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Figure 16.11: Experimental con-
ditions provided to test adhesion
strength for all layers; in this case
for Gold deposited on a glass sub-
strate. Test A shows how the glass
substrate was glued to a glass slide
and inserted in a glass beaker filled
with water as normally cleaning US
baths are used. After 10 min no ma-
terial was removed in any case. Test
B shows the extreme conditions used
to be able to remove material (only
Au and Ti) but no localization of the
removed material.

16.D Contact angle measurement of solid hard materials

16.D.1 Experimental setup

The advancing and receding contact angles of a sessile drop of tapwater on the gold-,
platinum-, chromium- and titanium-coated glass chips in air was determined using a
commercial contact angle goniometer (OCA30, Dataphysics, Filderstadt, Germany).
The advancing and receding contact angles were determined automatically thrice by
the contact angle goniometer during volume change of a drop of volume 10 µL at a
rate of 0.25 µL/s. The non-clean conditions in the ultrasound setup were mimicked
by using tap water and by not cleaning the chips before contact angle measurement.

16.D.2 Results

The results are included in Table 16.1. Au and Pt were found to have a larger receding
contact angle than the other solid hard materials.
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16.E Hydrodynamic characterization of the viscoelastic prop-
erties of the the hydrogel

16.E.1 Experimental setup

The properties of the hydrogel used in this study have been measured by determining
the strain induced by the stress exerted by the flow from a needle. More details on
the characterization can be found in Chapter 15.

When the flow through the needle is driven with a positive pressure, a jet is cre-
ated, which has a stagnation pressure P of P = 1

2 ρu2, where ρ is the density of the
liquid (water: 1000 kg/m3) and u = Q/A is the average velocity, estimated from the
flow rate Q and the needle orifice A. The setup consisted of a 22G needle (Terumo,
Leuven, Belgium; internal diameter of 0.413 mm) positioned at a distance of 300 µm
above the hydrogel-covered surface, through which a flow with flow rates in the range
0.01 - 1 mL/min were created by a syringe pump (NE1010, New Era Pump Systems,
Wantagh, NY, USA). By recording (LM165 camera, Lumenera) the displacement of
particles embedded in the hydrogel that appeared to be near the stagnation region of
the jet, the Young modulus of the hydrogel can be estimated.

Using the same needle but with a negative pressure, a pulling force is exerted
on the hydrogel. Parts of the hydrogel detach (sloughing) from the bulk hydrogel
when the suction pressure exceeds the cohesive and adhesive forces of the hydrogel.
The suction pressure can be estimated roughly from the Bernoulli pressure along the
streamlines of the flow toward the needle orifice.

16.E.2 Results

The hydrogel, when subjected to stagnation pressure from a jet generated with a nee-
dle, displayed elastic behavior for flow rates higher than 0.01 mL/min, and additional
viscous behavior for flow rates higher than 0.1 mL/min. By tracking the displace-
ment of embedded particles in the elastic regime, the Young modulus of the hydrogel
was estimated to be of the order of 10−1 Pa. When using a negative pressure (suc-
tion) through the needle, sloughing was observed to occur for flow rates above 0.2
mL/min, from which the adhesive and cohesive strengths are estimated to be of the
order of 10−1 Pa.

The mechanical properties of the biofilm could not be determined, because its
limited thickness prohibited proper recording of its deformation and the other tests
used for the organic materials and metals are not applicable. However, overall the
biofilm appeared to be stiffer and better attached to the substrate than the hydrogel
was. This agrees with the typical range of values of the Young’s modulus and co-
hesive and adhesive strengths for biofilms given in literature [29–32, 54–56], which
are typically two or three order of magnitude higher than those measured for the
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hydrogel.

16.F Supplementary material
(Online at http://stilton.tnw.utwente.nl/rootcanalcleaning/Gallery of Irrigant Motion)

Movie 1. Removal of a deposited layer of gold by cavitating microbubbles, originat-
ing from two pits. After increasing the power (at t ≈ 8 seconds), the bubble clouds
start to move toward each other and remove an area in-between the two pits. Record-
ing speed is 50 fps.

Movie 2. Removal of a deposited layer of photoresist (AZ96). Recording speed is 50
fps.

Movie 3. Removal of a deposited layer of biofilm (black dots). Recording speed is
50 fps.

http://stilton.tnw.utwente.nl/rootcanalcleaning/Gallery_of_Irrigant_Motion
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338 CHAPTER 17. GENERAL DISCUSSION AND OUTLOOK

17.1 Irrigation of the root canal

Irrigation of the root canal during endodontic treatment is crucial in cleaning the root
canal system of bacteria, dentin debris and the smear layer. This thesis has described
the fluid dynamics and working mechanisms of some of the techniques available for
irrigant delivery and activation and how the confinement of the root canal affects
the fluid dynamics. Using the Damköhler number, an estimate of the efficacy of
irrigant refreshment during needle irrigation compared to its reaction time has been
made. Furthermore, the capability of various irrigant activation systems to remove
dentin debris from artificial grooves in the root canal wall has been evaluated. The
results of those experiments show a clear improvement in cleaning efficacy when
using Passive Ultrasonic Irrigation (PUI) or Laser-Activated Irrigation (LAI), even
though the shear stress induced by those systems is of the same order as that of needle
irrigation. The shear stress is therefore probably not the most relevant parameter;
rather, the oscillatory or impulsive nature of the activation systems and the associated
micromixing appear to be relevant for cleaning.

However, these in vitro studies are still a simplification of the complex in vivo
clinical situation, as, for example, we did not yet evaluate smear layer or biofilm
removal from a root canal, or take into account the full complexity of the root canal
system (discussed below). A first clinical study on the improvement in treatment
outcome when using PUI as compared to needle irrigation alone is currently being
done with a randomized controlled trial, in a collaboration between the Academic
Center for Dentistry in Amsterdam and the Beijing University School and Hospital
of Stomatology in China. Interpretation of those in vivo results, however, will have
to be done carefully, in order to properly relate the clinical findings to the working
mechanisms of the irrigation systems as observed in this thesis.

17.2 The complexity of the root canal system

In the Introduction and Chapters 11 and 14 it was pointed out that the root canal sys-
tem is geometrically very complex, possibly including curvatures in multiple direc-
tions, side channels and isthmuses and the apical delta, and tubules. Those locations
are largely untouched during the instrumentation step of a root canal treatment but
are excellent hiding places for bacteria [1]. The visualization experiments reported
throughout this thesis, however, have been made with a straight, unbranched root
canal with smooth walls. Only in Chapters 11 and 14, curvature, side channels and
tubules have been investigated in an attempt at mimicking the root canal complex-
ity. While simplifying the root canal geometry was necessary for understanding the
fluid dynamics of root canal irrigation, future work should investigate the influence
of these complexities in more detail, e.g. with real teeth made transparent [2].
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The influence of a certain feature of the complex root canal on the flow arguably
only needs to be considered when the specific feature has a length scale similar to
a typical length scale of the flow. The tubules were observed not to affect the flow
over them (Chapter 14), but real root canals have a much higher roughness that might
affect the streaming near the tubules’ entrance, which can have a significant effect
on the flow into the tubules. The curvature of the root canal did not change the
irrigant penetration depth significantly (Chapter 11), as the microstreaming in PUI
takes place on a smaller scale than the curvature. However, side channels do have a
size comparable to the microstreaming and could therefore have an effect on the flow
in the main root canal and the side channels. Resolving this flow requires solving the
two-way coupling between the applied flow and the flow inside the side channel.

The glass root canal models used in Chapters 9 and 13 have a hardness and acous-
tic properties similar to dentin, but it proved difficult to manufacture root canals of
specific dimensions and geometry in glass. PDMS, used in many of the other chap-
ters, can be made in any shape for which an appropriate mold is available. However,
PDMS is much softer than glass and virtually transparent for ultrasound (see the Dis-
cussion section of Chapter 4), thereby affecting the acoustics inside the root canal.
Nevertheless, standing waves in the root canal are not expected since the wavelength
of ultrasound at 30 kHz in water is of the order of 5 cm.

The reaction of the irrigant with biomaterial during convection and diffusion in
the root canal system has also not been taken into account, even though it determines
(Damköhler number) how adequate the convection is in delivering fresh irrigant in
all locations of the root canal system. The experiments with an extracted tooth model
reported in some of the chapters of this thesis, only evaluates the removal of debris
from grooves in the root canal wall; a model including a realistic biofilm and/or a
smear layer could yield additional information valuable for investigating the effec-
tiveness of an irrigation system. Creating biofilms, and studying their reaction with
irrigants, is a hot topic in endodontics [3–5], but also a challenging one, as biofilms
are difficult to grow in a controlled way in order to perform laboratory tests on them.

17.2.1 Vapor lock

Entrapment of a large air bubble in the apical part of the root canal, also termed
vapor lock, has been reported during needle irrigation of root canals, ex vivo [6–8]
and in vivo [8, 9]. This bubble could obstruct irrigant penetration. Air entrapment
has already been demonstrated and studied in top-filled conical capillaries in 1989
[10–12], but it was also shown that this air bubble disappears after a relatively long
time as fluid can get to the apex of the conical capillary via a thin liquid film between
the air bubble and the capillary wall [13]. A recent experimental and CFD study that
we have performed [14] has shown that this entrapped air bubble can also easily be
removed with flow from a needle inserted into the conical capillary.
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17.3 High-speed visualizations of irrigant flow

High-speed imaging was a valuable tool in many of the chapters of this thesis, provid-
ing a visual understanding of the flow and its cleaning efficacy in the main root canal
lumen as well as in curved canals and side channels. Because of the high velocities
and small length scales involved in the irrigation systems, high-speed imaging is a
indispensable tool for understanding the dynamics of these systems. Each of these
systems has its own characteristic time scale and associated frame rate, ranging from
1 fps (side channels, Chapter 14) to 1 million fps (cavitation and acoustic streaming
during PUI, Chapters 6 and 12).

Combined with Particle Imaging Velocimetry (PIV), high-speed imaging is a
powerful tool for both qualitative and quantitative analysis of the flow. The cur-
rent µPIV setup is suitable for analysis of the flow in a single plane, although a large
range of velocities and dark areas near the root canal wall sometimes provide diffi-
culties for proper analysis of the flow. An extension to three-dimensional velocity
measurements would be very useful considering the essentially three-dimensional
flow inside the root canal confinement. 3D-PIV in microfluidics is not easy to setup,
but may be possible by estimating the out-of-focus component of consecutive 2D
slices [15, 16].

Due to the size of the root canal the flow scale is larger than common for mi-
crofluidics, yet smaller than macrofluidics. Rather, the sub-millimeter size of the
root canal suggest ‘millifluidics’. There are some differences with typical microflu-
idic flow characteristics, as the Reynolds number can easily reach orders of 102 to
103. Furthermore, the relatively small magnification of 1.25-20×, necessary to have
a proper field of view, leads to a focal depth of the order of 100 µm, which is one
quarter of the diameter of the root canal. For PIV this means that many particles are
in focus and the PIV results are volume-averages instead of from a thin plane.

A fluorescent dye can be a good model compound for the transport of irrigant by
convection and diffusion, but still requires a translation to irrigants like NaOCl. The
latter cannot be detected with conventional optical techniques; simultaneous mea-
surement of velocity and concentrate would therefore require more advanced tech-
niques (e.g. [17]).

17.4 Outlook

The experiments with the hydrogel in Chapter 15 revealed that the steady compo-
nent of the acoustic streaming induced by an ultrasonically oscillating file is the main
cleaning mechanism of removal, although at short distances from the wall the file
cannot induce the steady jets. However, the acoustic streaming seemed to be primar-
ily effective at the tip of the file and not at other locations along the file. Also, the
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effectiveness of PUI is highly dependent on direction and distance between the file
and a wall. PUI, therefore, could use improvements in order increase the cleaning
efficacy. A new file design can be based on the acoustic streaming and associated
pressures that are generated, the risk of damaging the wall through cutting, and the
risk on file fracture. Design parameters are the cross-sectional shape, the diameter
and the twisting of the file and the oscillation characteristics. Several tools developed
during this project, like the one-dimensional numerical model and vibrometer system,
the cavitation quantification setup and the numerical model for acoustic streaming,
can aid in evaluating new file designs. It is also worthy to mention the newest file
designs, which have a flow through the needle during ultrasonic oscillation. This
combination of needle irrigation and passive ultrasonic irrigation, named Continuous
Ultrasonic Irrigation (CUI), could enhance the irrigant refreshment compared to PUI.

While cavitation was found to be very efficient in removing biofilm from a sub-
strate (Chapter 16), its use during PUI was found to be limited (Chapter 12). On
the other hand, the observation that a stable bubble, oscillating together with the file,
could significantly enhance hydrogel removal at all locations along the file suggests
the use of stable microbubbles to enhance the removal of biofilms. A further advan-
tage of using oscillating bubbles is the fact that their activity is much less restricted to
a specific direction or distance with respect to the oscillating file than the streaming
itself, suggesting an effectiveness even in remote locations inside the root canal.

Those microbubbles can be added to the irrigant that is injected into the root canal
during a root canal treatment. However, the flow from a needle during irrigant injec-
tion as obtained in Part I was shown in Chapter 14 to have difficulties in penetrating
into remote locations like the side channels. Generating the bubbles on-site could
overcome this problem, and in Chapter 15 it was shown that the reaction between
NaOCl and proteins can provide these bubbles at the interface of hydrogel/biofilm
and irrigant. The use of ultrasonic frequencies higher than the currently employed
30 kHz could be beneficial to match the resonance frequency of bubbles at an ear-
lier stage of their growth and therefore faster disrupt the biofilm/hydrogel. Ideally,
this would result in the development of a non-contact system, with ultrasound ap-
plied from outside the tooth, similar to the non-instrumentation technique already
described in 1993 by Lussi et al. [18], but which never made it to the market.

The hydrogel employed in Chapter 15 is promising as a substitute for biofilm. Be-
sides the production of bubbles during the reaction with NaOCl, the hydrogel showed
viscoelastic behavior, although its estimated properties suggested that it was a very
soft biofilm. However, these properties can be changed through the concentrations
of the components of the hydrogel and by cross-linking with glutaraldehyde. Its at-
tachment to a substrate, however, is difficult to control. Nevertheless, with a proper
protocol, a they can be made reproducibly and could therefore be a good substitute to
study the mechanical behavior of biofilms, until the use of real biofilms is feasible.
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In this thesis I have shown the fluid dynamics involved in root canal irrigation,
which I think is both interesting and important for the most important step for the
success of a root canal treatments. Future work should focus on the interaction of the
fluid with biofilms, both mechanically and chemically. Because of the rich, dynam-
ical behavior of biofilms, studying that interaction would be an even more complex,
multidisciplinary, but above all also a very interesting subject.
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dodontic biofilm bacteria”, Journal of Endodontics 36, 70–77 (2010).

[6] F. R. Tay, L.-s. Gu, G. J. Schoeffel, C. Wimmer, L. Susin, K. Zhang, S. N. Arun, J. Kim, S. W.
Looney, and D. H. Pashley, “Effect of vapor lock on root canal debridement by using a side-vented
needle for positive-pressure irrigant delivery”, Journal of Endodontics 36, 745–750 (2010).

[7] C. De Gregorio, R. Estevez, R. Cisneros, C. Heilborn, and N. Cohenca, “Effect of edta, sonic, and
ultrasonic activation on the penetration of sodium hypochlorite into simulated lateral canals: An
in vitro study”, Journal of Endodontics 35, 891–895 (2009).

[8] J. Vera, A. Arias, and M. Romero, “Dynamic movement of intracanal gas bubbles during cleaning
and shaping procedures: The effect of maintaining apical patency on their presence in the middle
and cervical thirds of human root canals - an in vivo study”, Journal of Endodontics 38, 200–203
(2012).

[9] J. Vera, A. Arias, and M. Romero, “Effect of maintaining apical patency on irrigant penetration
into the apical third of root canals when using passive ultrasonic irrigation: An in vivo study”,
Journal of Endodontics 37, 1276–1278 (2011).

[10] G. I. Dovgyallo, N. P. Migun, and P. P. Prokhorenko, “The complete filling of dead-end conical
capillaries with liquid”, Journal of Engineering Physics and Thermophysics 56, 395–397 (1989).

[11] N. P. Migoun and M. A. Azouni, “Filling of one-side-closed capillaries immersed in liquids”, J
Colloid Interf Sci 181, 337–340 (1996).



REFERENCES 343

[12] N. P. Migun and A. I. Shnip, “Model of film flow in a dead-end conic capillary”, Journal of
Engineering Physics and Thermophysics 75, 1422–1428 (2002).

[13] A. V. Pesse, G. R. Warrier, and V. K. Dhir, “An experimental study of the gas entrapment process
in closed-end microchannels”, International Journal of Heat and Mass Transfer 48, 5150–5165
(2005).

[14] C. Boutsioukis, E. Kastrinakis, B. Verhaagen, M. Versluis, and L. W. M. Van der Sluis, “Apical
vapor lock in root canals ex vivo: a combined experimental and computational fluid dynamics
approach”, International Endodontic Journal in progress (2013).

[15] M. S. Pommer, A. R. Kiehl, G. Soni, N. S. Dakessian, and C. D. Meinhart, “A 3d-3c micro-piv
method”, in Proceedings of the 2nd IEEE International Conference on Nano/Micro Engineered
and Molecular Systems (Bangkok, Thailand) (2007).

[16] C. Poelma, J. M. Mari, N. Foin, M.-X. Tang, R. Krams, C. G. Caro, P. D. Weinberg, and J. Wester-
weel, “3D Flow reconstruction using ultrasound PIV”, Experiments in Fluids 50, 777–785 (2011).

[17] M. Wellhausen, G. Rinke, and H. Wackerbarth, “Combined measurement of concentration distri-
bution and velocity field of two components in a micromixing process”, Microfluidics & Nanoflu-
idics 12, 917–926 (2012).

[18] A. Lussi, U. Nussbächer, and J. Grosrey, “A novel noninstrumented technique for cleansing the
root canal system”, Journal of Endodontics 19, 549–553 (1993).



344 REFERENCES



Summary

This thesis investigates the fluid dynamics involved with root canal irrigation, starting
with the most commonly used technique for irrigation, i.e. by a needle and syringe,
in Part I, which is still the most commonly used technique for irrigation. High-speed
Particle Imaging Velocimetry (PIV) recordings and a Computational Fluid Dynam-
ics (CFD) model have revealed the flow pattern and velocity magnitudes for needles
with an open end or a side outlet, which was modeled as an axisymmetric or a non-
axisymmetric microjet, respectively. There is good agreement between CFD and
experiment, validating the use of the CFD model for investigating the fluid flow dur-
ing irrigation. The axisymmetric jet is found to be stable and agrees well with the
theoretical prediction for this type of jet, however, a confinement causes instabilities
to the jet. The confinement of the root canal has a pronounced influence on the flow,
both for the axisymmetric and the non-axisymmetric jet, by reducing the velocity in
the jets by one order of magnitude. The confinement also increases the pressure at the
apex, which was measured locally with a miniature pressure sensor positioned there.
The non-axisymmetric jet inside the confinement shows a cascade of eddies with de-
creasing velocity, which, according to the calculated Damköhler numbers, does not
provide adequate irrigant refreshment at the apex with respect to the reaction time of
the irrigant with a biofilm.

The fluid refreshment inadequacy confirmed the need for irrigant activation tech-
niques. Part II discusses Passive Ultrasonic Irrigation (PUI), which makes use of
an ultrasonically (30 kHz) oscillating file that exhibits a pattern of nodes and antin-
odes and which activates the flow in the root canal. The oscillation characteristics
of various endodontic files have been analyzed with a one-dimensional numerical
model, which agreed well with vibrometer measurements, when the geometrical and
material properties of the file were accurately known. The model can also make pre-
dictions for the location where file fracture is likely to occur. Contact with a wall was
observed to lead to a secondary, audible oscillation frequency, superimposed on the
30 kHz oscillation, and also induces traveling waves. As the 30 kHz oscillation was
not severely affected, contact with a wall should not lead to a significant reduction
in induced streaming, and PUI can still be called passive. Experiments performed
by 30 endodontists on an in vitro root canal model showed that contact with the wall
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nearly always takes place, but the actual time of contact is short, due to the secondary
frequency. With more space around the file (larger root canal or longer distance to
the apex), the amount of contact decreased.

The oscillating endodontic file was shown to induce acoustic streaming. The
presence of an oscillatory component, dominant near the file, and a steady com-
ponent, further away from the file, has been confirmed using high-speed Particle
Imaging Velocimetry and a two-dimensional Computational Fluid Dynamics model.
Measurement of the pressure, both direct measurement and indirectly from bubble
oscillations, also agreed well with the theoretical and numerical predictions. The os-
cillatory component of both the pressure and the shear stress is two or three orders
of magnitude higher than its steady counterpart and cannot therefore be neglected, as
was done in previous studies. Furthermore, the formation of steady jets is affected
by the presence of a confinement; meanwhile the oscillatory velocity and associated
pressure and shear stress are increased. The cleaning efficacy of the induced flow was
evaluated in an extracted tooth model, measuring the removal of dentin debris from
an artificial groove or hole in the wall, representing an area that is difficult to clean.
Oscillating the file in the direction of the groove or hole, or increasing the oscillation
amplitude, enhanced the cleaning efficacy significantly. Pulsed activation of the file
was also beneficial for the cleaning efficacy, but only under a well-defined pulsation
scheme. Beyond the tip of the file, towards the apex of the root canal, only half of the
area could be cleaned, both in straight and curved root canals. A device operating at
sonic frequencies was not effective for cleaning, possibly due to the amplitude being
too large and the streaming being not effective at such frequencies. All these findings
of debris removal were supported by high-speed visualizations.

Finally, sonochemical measurements and visualizations of cavitation occurring
during Passive Ultrasonic Irrigation are reported. Transient cavitation is generated
by most of the files, in the form of a large bubble cloud at the file tip and smaller
bubbles at subsequent antinodes. High-speed visualizations showed that the bubble
cloud collapsed predominantly on the file itself and not on the wall, but its collapse
can pull material off a neighboring wall. Sonoluminescence and sonochemolumines-
cence was observed, not in the bubble cloud, but rather in the small single bubbles
at subsequent antinodes. The confinement of the root canal increased the amount
of cavitation, which was also predicted by the theory of acoustic streaming. At the
air-water interface at the coronal part of the root canal, air entrainment lead to the
entrapment of stable cavitation bubbles in the root canal.

Another activation technique, Laser Activated Irrigation (LAI), was investigated
in Part III. Laser-activated irrigation was significantly more effective in removing
dentin debris from the apical part of the root canal than passive ultrasonic irrigation
or hand irrigation when the irrigant was activated for 20 seconds. The high-speed
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recordings suggest that streaming, caused by the collapse of the laser-induced cavi-
tation bubble, is the main cleaning mechanism of LAI. Shockwaves, generated upon
bubble collapse, generated additional cavitation bubbles.

In the last part of this thesis, Part IV, the cleaning by the induced streaming
and cavitation was investigated. The penetration of irrigant into side canals, and
specifically tubules, through diffusion and convection was observed to be slow, with
convection only dominant in a region within two times the channel diameter from the
entrance. Irrigant transport through diffusion, however, is very slow, requiring many
minutes for the irrigant to penetrate the full length of a side channel.

The removal of a biofilm from a substrate by the acoustic streaming from an
ultrasonically oscillating file was evaluated by mimicking the viscoelastic behavior
of a biofilm with a hydrogel and visualizing its behavior. The oscillatory compo-
nent of the acoustic streaming appeared to cause only elastic deformation, whereas
the steady component induced viscous deformation and therefore the actual clean-
ing. The removal of the hydrogel was assisted by a stable microbubble, driven at
resonance. Stable bubbles were also generated during the reaction of the hydrogel
with bleach, however these bubbles were too small to be driven in resonance with
the driving acoustic field to enhance the cleaning. Furthermore, the time scale of the
chemical reaction was much larger than that of the removal by acoustic streaming or
cavitation. Finally, with a novel system employing micromachined pits driven at 200
kHz, cleaning was demonstrated within seconds for biofilm, hydrogel, cells and even
deposited metals like gold and platinum due to cavitation was demonstrated, showing
the potential of using cavitation bubbles for cleaning.
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Samenvatting

Dit proefschrift beschrijft de vloeistofdynamica van irrigatie van het wortelkanaal.
De meestgebruikte methode voor irrigatie is die met een naald en een spuit, waarvan
de vloeistofdynamica is beschreven in Deel 1. Experimenten met hogesnelheids-
Particle Imaging Velocimetry en numerieke simulaties met een Computational Fluid
Dynamics code hebben laten zien hoe, en hoe snel, de irrigatievloeistof uit een naald
met een open uiteinde of een opening aan de zijkant door het apicale gedeelte van
het wortelkanaal stroomt. De experimentele en numerieke resultaten komen goed
met elkaar overeen, wat vertrouwen geeft in de simulaties. De resultaten voor de
axisymmetrische stroming uit de naald met open uiteinde komen ook goed overeen
met theoretische voorspellingen, hoewel de nabijheid van de wortelkanaalwand zorgt
voor instabiliteiten in de vloeistofstraal. De omsluiting van het wortelkanaal zorgt
ook voor een afname van de snelheid van de vloeistof met een factor tien. Bovendien
hebben metingen met een mini-druksensor laten zien dat de druk bij de punt van het
wortelkanaal dan toeneemt. Voor optimale en veilige irrigatie van het wortelkanaal
zijn zowel een lage druk als een goede verversing vereist. De verversing van de irri-
gatievloeistof is gemeten aan de hand van het Damköhler getal, dat laat zien dat de
naald met open uiteinde wel voor genoeg verversing van de irrigatievloeistof zorgt,
maar de wervelingen die een naald met zijopening veroorzaakt, niet.

Vanwege de slechte verversing van de irrigatievloeistof in het (hoofd)wortelkanaal
met de naald met zijopening, en ook die in de zijkanalen van het wortelkanaal - zelfs
met de naald met open einde -, is het nodig de vloeistof te activeren. Deel 2 van
dit proefschrift gaat over een dergelijke techniek, namelijk Passive Ultrasonic Irri-
gation (PUI), waarin een dunne vijl door middel van ultrasone trillingen (30 kHz)
de vloeistof in beweging brengt. Het patroon van knopen en buiken dat op de vijl
ontstaat is gemeten met behulp van een vibrometer, en ook gesimuleerd in een eendi-
mensionaal model. De resultaten van die twee methoden voor een tiental endodontis-
che vijlen komen goed overeen, zolang tenminste de materiaaleigenschappen en de
geometrie in detail bekend zijn. Het numerieke model lijkt ook geschikt te zijn om
de breekpunten van vijlen te voorspellen, en om te voorspellen wat er gebeurt als de
vijl in contact komt met een wand tijdens zijn oscillaties. Na contact bleek de vijl
zich van de wand af en vervolgens weer terug te bewegen, met een frequentie die in
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het hoorbare gebied ligt. Bovendien treden er lopende golven op de vijl op. Onder-
tussen blijf de vijl even hard trillen met een frequentie van 30 kHz. Contact zorgt
dus niet per se voor demping van de oscillaties of van de geı̈nduceerde stroming. De
vraag hoeveel contact er daadwerkelijk optreedt tijdens een wortelkanaalirrigatie met
PUI is beantwoord met behulp van 30 endodontologen die in een in-vitro wortelka-
naalmodel PUI hebben uitgevoerd. Ze bleken altijd contact te maken, maar de duur
van de contact is maar kort, vanwege de hierboven beschreven beweging van de wand
af. Meer ruimte rondom de vijl (zoals in een groter wortelkanaal) verminderde de ho-
eveelheid contact dat de tandartsen maakten.

De oscillerende vijl veroorzaakt akoestische stromingen die worden gekenmerkt
door zowel een oscillerend als een continu veld dat beide bijdraagt aan de schoon-
maakefficiëntie van PUI. De theoretische voorspellingen voor deze akoestische stro-
mingen en bijbehorende drukken zijn experimenteel bevestigd met behulp van hoge-
snelheids-Particle Imaging Velocimetry en lokale drukmetingen en numeriek met een
twee-dimensionaal Computational Fluid Dynamics model. Het oscillerende gedeelte
van de druk en de afschuifspanning op een vlakke wand is twee tot drie orde-groottes
groter dan het continue gedeelte van de stroming, en in een wortelkanaal wordt dit
verschil nog groter omdat het continue gedeelte van de stroming wordt beı̈nvloed
door de krappe ruimte. Het oscillerende gedeelte moet dus in acht genomen werden,
terwijl het in eerdere studies is verwaarloosd. Aan de andere kant is het continue veld
juist weer belangrijk voor het mengen en verversen van de irrigatievloeistof.
De efficiëntie van PUI is gemeten met behulp van een geprepareerd wortelkanaal
waarin handmatig dentinegruis is aangebracht in een holte in de wortelkanaalwand.
Verwijdering van dit gruis verbeterde als de vijl in de richting van de holte oscilleerde
en ook als de oscillatieamplitude toenam. Een gepulseerd trillende vijl zorgde ook
voor een hogere schoonmaakefficientie, maar alleen bij een specifiek aan/uit schema.
Visualisaties van het gebied tussen de vijl en de wortelkanaalpunt lieten zien dat
slechts de helft van die ruimte werd schoongemaakt, zowel in rechte als in kromme
kanalen. Een commercieel apparaat dat plastic vijlen laat trillen op sonische frequen-
ties (100 Hz) bleek helemaal niet effectief in het verwijderen van het gruis, wat te
wijten is aan een te grote amplitude en de afwezigheid van akoestische stromingen.
Alle bevindingen met het wortelkanaalmodel met dentinegruis zijn bevestigd aan de
hand van hogesnelheidsopnamen.

De oscillerende vijl kan ook cavitatiebellen opwekken, die vervolgens ook kun-
nen bijdragen aan het schoonmaken van het wortelkanaal. De locatie, grootte en
chemische activiteit van deze bellen is onderzocht met behulp van visualisaties en
licht-gevoelige apparatuur. Bijna alle typen vijlen blijken wel cavitatiebellen op te
wekken, voornamelijk aan de punt van de vijl, waar een wolk van bellen ontstaat.
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Verder van de punt van de vijl worden kleinere, individuele belletjes gevormd, en
het zijn juist deze bellen die sonochemisch actief lijken te zijn. De visualisaties li-
eten zien dat de bellenwolk bij de vijlpunt voornamelijk op de vijl zelf implodeert
en niet op een dichtbij zijnde wand. De begrenzing van het wortelkanaal zorgt voor
een toename in cavitatie, zoals ook was verwacht op basis van de berekende drukken.
Daarnaast kunnen bij het grensvlak van water en lucht bovenaan in het wortelkanaal
luchtbellen ingesloten worden. Deze stabiele bellen kunnen vervolgens samen met
het ultrageluid bijdragen aan het schoonmaken van de wortelkanaal.

Deel 3 van dit proefschrift gaat over een hele andere techniek om de irrigatie-
vloeistof te activeren, namelijk met behulp van een laser. Metingen met het wortelka-
naalmodel met dentinegruis lieten zien dat een laser veel effectiever is dan de ultra-
soon trillende vijl, binnen een tijdspanne van 20 seconden. Dit kan worden verklaard
aan de hand van hogesnelheidsopnamen, waarop te zien is dat aan de punt van de
laserfiber een grote bel wordt gevormd, die vervolgens met hoge snelheid implodeert
en schokgolven veroorzaakt, met nog meer cavitatiebellen tot gevolg.

In het laatste deel (4) van dit proefschrift is gekeken naar de mechanismen die
ten grondslag liggen aan het schoonmaken van een wortelkanaal met behulp van
vloeistofstroming en cavitatiebellen. Een van de gebied die moeilijk schoon te maken
is, zijn de tubules. Dit zijn zijkanaaltjes in de wortelkanaalwand met een diameter
van enkele micrometers en een lengte van enkele millimeter. Hier blijkt een stro-
ming nauwelijks verder te komen dan twee maal de diameter van de tubulus, en
de irrigatievloeistof zal zich door middel van diffusie moeten verplaatsen om zo de
dieperliggende bacteriën in die kanalen te bereiken. Diffusie is echter zo langzaam
dat het vele minuten duurt om het eind van de tubulus te bereiken.
Het verwijderen van een biofilm (een laag bacteriën) van een oppervlak is onderzocht
door de viscoelastische eigenschappen van biofilms na te bootsen met een hydrogel.
De interactie van de biofilm met de akoestische stroming rondom een ultrasoon tril-
lende vijl is vervolgens gefilmd. Het oscillerende veld van de stroming blijkt alleen
elastische deformatie te veroorzaken, en het is het continue deel dat de biofilm daadw-
erkelijk verwijdert, eventueel geholpen door een stabiel oscillerende bel in de directe
nabijheid. Dat soort bellen worden door de biofilm zelf al geproduceerd tijdens zijn
reactie met bleekmiddel (een veelgebruikte irrigatievloeistof), alleen zijn die bellen
te klein om resonant te trillen met de 30 kHz frequentie van de vijl. De chemische
reactie zelf was veel langzamer dan de verwijdering door de vloeistofstroming en
oscillerende bellen. Een nieuw systeem, waarin bellen gevormd worden uit enkele
speciaal gefabriceerde microscopisch kleine gaatjes en geactiveerd met ultrageluid
met een frequentie van 200 kHz, liet veelbelovende resultaten zien voor wat betreft
het verwijderen van de biofilm, van cellen en ook van metalen zoals goud en platina.
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