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Abstract
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and root canal treatment

Junhee Choi
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Ultrasonic cleaning system has been used in semiconductors such as Si 

wafer and photomasks and optical lenses because of its high performance of 

cleaning. When an ultrasound travels in a liquid, ultrasonic bubbles 

exhibiting dynamic motions such as oscillation, translation, and growth and 

collapse are generated, which are capable of removing miron- and 

submicron-sized contaminants adhering on a solid surface. However, the 

previous studies have been limited to cleaning contaminants adhering to a 

simple surfaces whose structure is simple and flat. Here we employ 

ultrasonic cleaning system in the intricate structures such as textiles and root 

canals.

Textile washing was done by the use of tools such as clubs and bats. In 

the late 19th century, washing machines were invented to replace the human 

labor. The rotational force of washing bath creates mechanical actions such 

as deforming and twisting of textiles to get rid of contaminants. Recently, 
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ultrasonic washing machine has been made due to the cleaning ability of 

ultrasonic bubbles. However, a simple ultrasonic system results in a non-

uniform washing performance because the region of acoustic fields are 

limited, and thus ultrasonic bubbles locating outside the acoustic fields 

become unduly inactive. Here we thus suggest a novel cleaning system that 

maximizes the cleaning effect of ultrasonic bubbles. We verify that an 

ultrasonic bubble can detach contaminant particles adhering to textiles. 

Because the washing performance is mitigated in a large volume of washing 

bath when an ultrasonic transducer is solely used, we suggest a novel hybrid 

scheme by combining an ultrasonic transducer with a conventional washing 

machine utilizing kinetic energy of textiles. The washing results by the 

hybrid system are superior to the individual washing scheme. This work can 

contribute to developing a novel washing machine with reduced washing 

time and wasted water.

Root canal treatment, called endodontic treatment, is a procedure to 

preserve natural teeth infected with bacteria. To proceed with a root canal 

treatment, a hole on top of a teeth is made to insert dental cleaning device. 

Next, the infected tissues are removed by using a dental device, and after the 

cleaning, empty spaces of root canals need to be filled with filling materials 

to prevent the further proliferation of bacteria. In particular, cleaning and 

filling are the most challenging because the micro-sized narrow gaps of root 

canals requires a high level of technical skills for cleaning and filling. Thus, 

a successful endodontic treatment depends significantly on the process of 

cleaning and filling. As the conventional method for cleaning, a strong basic 

washing liquid, 5% NaOCl, has been injected into root canals for dissolving 

bacteria. Also, ultrasonic vibration has been employed by inserting an 
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ultrasonically vibrating cannula into root canals to promote the effect of 

washing liquid by making a strong flow. However, because of the presence 

of alkaliphile microbe, Enterococcus faecalis in the root canal, the 

conventional protocol has a limitation to clean perfectly. In addition, for 

filling root canals, the conventional injection method results in an 

incomplete filling because of the high viscosity of filling materials and the 

complicated and narrow root canals. Here we thus propose a novel 

endodontic device that employs ultrasonic jet system. We reveal that an 

ultrasonic bubble can detach the contaminated tissues inside the root canals 

and can decrease the viscosity of filling materials. Because the cleaning and 

filling performance is mitigated when an ultrasonic system is solely used, 

we develop a prototype device that combines an ultrasonic transducer with a 

liquid jet system to effectively deliver ultrasonic bubbles into root canals. 

The preclinical test results show that the hybrid scheme is superior to the 

individual scheme. This work can contribute to developing a novel 

endodontic device that can integrate the steps of cleaning and filling into 

one step.

Keyword : Acoustic cavitation bubble, Textile washing, Root canal 

cleaning, Root canal filling

Student Number : 2013-23092
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Chapter 1. Introduction

1.1. Cleaning nano- and micro-sized patterns

The modern semiconductor manufacturing in industry can be described as 

the accumulation of the numerous nano- and micro-sized patterns. Because 

the feature sizes of semiconductor devices become shrinks down, the 

deposition of nano- or submicron-sized contaminants from various sources 

such as photomasks, solvent, and containers can be a serious problem during 

the manufacturing process which can induce the malfunctioning of the 

devices. Besides, the tiny contaminants adhering to the surfaces tools such 

as surgical instruments and optical lenses can be a significant problem. Thus, 

attempts to reduce the contamination level have been widely conducted, and 

ultrasonic cleaning system has been an alternative as a practical method.

1.2. The principle of ultrasonic cleaning

Ultrasonic system has been frequently used in cleaning semiconductors such 

as photomasks and wafers, surgical instruments, optical lenses, and 

membranes (Lamminen et al., 2004). Ultrasound is the sound with a 

frequency greater than 20 kHz which is the upper limit of human hearing.

When the ultrasound travels in a liquid, pressure waves are produced, 

leading to the generation of microcavitation bubbles from pre-existing 

nuclei of dissolved gas as well as the rupture of the fluid (Leignton, 1994; 
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Doinikov, 2002; Wagterveld et al., 2011). Since the microcavitation bubbles 

interact with the negative pressure generated by the pressure wave, the 

microbubbles exhibit the dynamic motions such as translation, oscillation, 

growth, and collapse due to Bjerknes force (Crum, 1975; Mettin et al., 

1997). Thus, in the ultrasonic cleaning processes, acoustic excitation is 

conducted within a liquid to remove contaminations.

Previously, various fluid phenomena produced by the acoustic pressure 

waves were suggested to reveal the cleaning mechanism of ultrasound.

Kuttruff et al., 1991 reported that pressure gradients due to the pressure 

waves are formed. If a contaminant particle is smaller than the wavelength 

of the acoustic pressure wave, acoustic pressure gradient on the particle is 

generated. Thus, a contaminant particle may be affected by the force due to 

the pressure gradient. Nybrog et al., 2002 reported that the acoustic 

streaming flows are produced, which can deliver hydrodynamic pressure to 

a contaminant particle. In spite of the good cleaning performances, the 

physical mechanism of removing the contaminants is still far from clear.

Recently, Kim et al., 2009 revealed the clear mechanism of cleaning 

contaminants by reporting a well-established observation of the procedure 

of particle removal by acoustic cavitation bubbles oscillating under the 

continuous ultrasonic vibrations with a frequency of 1 MHz. Kim et al., 

2009 also compared the magnitude of orders of a variety of forces that was 

proposed to be responsible for the particle removal, comparing the 

magnitude of orders of the forces due to acoustic pressure gradient (Olim, 

1997), acoustic streaming (Bakhtari, 2006), and acoustic cavitation bubble 

(Lamminen et al., 2004). Thus, it was elucidated that the removing force by 

an acoustic cavitation bubble is sufficiently larger than the adhering force of 
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micro-sized particles. To support the theoretical analysis, the high speed 

images of removing micro-sized contaminant particles adhering to a Si 

wafer with line patterns were reported (Kim et al., 2009), as shown in 

Figure 1.

Acoustic cavitation bubbles can locally create a strong liquid motions 

which are responsible for the contaminant removal (Kim et al., 2009; 

Gonzalez-Avila et al., 2011). There are two mechanisms for generating a 

local strong liquid flow. First, contaminant particles sitting outside the range 

swept by the bubble interface can be removed by a pressure gradient 

between the bubbles and the particles.  When an acoustic cavitation bubble 

oscillates, a local liquid flow occurs near the bubble, generating a velocity 

profile. Thus, the pressure near the bubble decreases due to the Bernoulli’s 

law, but the pressure near contaminant particle located at the far-field fluid 

becomes higher. This lead to a pressure gradient between the particle and 

the bubble surface, which can make a liquid flow toward to the bubble. 

Secondly, when a particle sits within the oscillation rage during the bubble’s 

radial motion, the liquid-gas interface of the bubble can be passed through 

the particle. The pressure of the bubble, which can be given by the Laplace 

pressure, gives removal force to the contaminant particles.

The forces generated by an acoustic cavitation bubbles are dependent 

on the acoustic pressure (Kim et al., 2014). Kim et al., 2014 reported four 

types of bubble motions: volume oscillation, splitting and jetting, shape 

oscillation, and chaotic oscillation, as shown in Figure 2. In order to 

quantitatively estimate the forces of each bubble, an array of silicon 

microcantilever was made and the deflections by each bubble were 

measured, resulting in the pressure range on the order of 10 kPa to 1 GPa.
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Previous researchers have reported the cleaning abilities of an acoustic 

cavitation bubble and its dynamic motions. However, the previous studies

have been concentrated on the cleaning simply structured surfaces such as 

semiconductors which are flat and open to atmosphere. In the next section, 

we are going to explain some applications of ultrasonic systems in cleaning 

intricate surfaces such as textiles and root canals in teeth.

1.3. Acoustic cavitation bubbles in cleaning intricate 

structures

1.3.1. Ultrasonic washing of textile

Because of the outstanding cleaning efficiency of acoustic cavitation 

bubbles, attempts have been made to clean the intricate surfaces such as 

textiles. Moholkar et al. 2004 reported ultrasonic washing of textiles which 

were placed at pressure nodes and antinodes in a standing-wave field, 

showing that the textiles were exclusively cleaned at the antinodes where 

acoustic cavitation bubble is mainly generated. Gallego-Juarez et al. 2010 

showed that the washing performance of an ultrasonic system with an

acoustic intensity higher than 0.4 W/cm2 was higher than that of

conventional washing machines (Gallego-Juarez et al., 2010).

However, a solely used ultrasonic washing has a critical weakness in 

terms of cleaning range (Gallego-Juarez et al., 2010). Although textiles 

consists of flexible threads which are entangled each other, forming a 

porous structure that traps contaminant particles, the cleaning performance 

by ultrasonic system is favorable when the textiles are located in the 

acoustic fields. However, because the range of acoustic fields is limited, 
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acoustic cavitation bubbles become extremely inactive at the far fields, 

thereby inducing inhomogeneous cleaning of textiles. This weakness of the 

limited area of acoustic fields significantly impedes the practical use of 

ultrasonic washing machine.

1.3.2. Ultrasonic root canal cleaning

In dentistry, ultrasonic cleaning device has been used for endodontic 

treatment. Root canal treatment should be conducted when the tissues such 

as biofilms in root canals of teeth are infected with bacteria. Previously, 

dentists have ejected 5% sodium hypochlorite solution by using a syringe 

needle, and thus expect the hydrodynamic pressure exerted on the infected 

tissues. Recently, researchers developed an ultrasonically vibrating cannula 

which is inserted into root canal. Due to the effect of ultrasonic vibration, its 

cleaning performance is superior to the conventional method, a syringe 

needle. 

However, although the ultrasonically vibrating cannula results in better 

cleaning performance in comparison to the conventional method, the root 

canals is still not sufficiently cleaned, thereby making the bacteria be free to 

proliferate. Because root canals consist of microchannels connecting to each 

other, forming a complicated network structures working as a damper and a 

barrier to impede the penetration of ultrasonic waves, the acoustic power of 

ultrasonic cannula is not sufficiently strong to cause acoustic cavitation 

bubbles. Overcoming the weakness of the weakened ultrasonic energy in 

narrow and complicated structures is still a critical challenge in the field of 

Conservative Dentistry.  
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1.4. Purpose of Research

The purpose of the research is to develop the novel ultrasonic devices that 

can be employed in the intricate surfaces such as textiles and root canals. 

Although acoustic cavitation bubbles are sufficient to remove contaminant 

particles, its practical use has been limited because of the lack of proper 

instructions. However, the weakness of a simple ultrasonic system is 

overcome by the support of conventional methods such as washing machine 

in textiles washing and a liquid jet by a syringe needle in root canal 

treatment. By combining an ultrasonic system and conventional methods, a 

novel hybrid scheme is developed, which is superior to the individual 

schemes. To develop the hybrid system, we follow the next steps.

In textile washing, we measure the adhesion torque of contaminant 

particle deposited on the textile substrate and compare that with the removal 

torque by an acoustic cavitation bubble. We visualize the particle removal 

by using a high speed camera. Also, we analyze the weakness of washing 

performance of a conventional washing machine and a simple ultrasonic 

system. In order to overcome the weakness of the individual schemes, a 

hybrid system that combines each scheme is developed, which is superior to 

the individual schemes.

In root canal treatment, the adhesion torque of contaminant particles 

adhering to the root canals is measured and compared with that of an 

acoustic cavitation bubble. The visualization of the contaminant removal by 

acoustic cavitation bubbles in a root canal model supports the theoretical 

analysis. We experimentally analyze the weakness of cleaning performance 
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of a conventional method, liquid jet, and an ultrasonic cleaning system. 

Based on the experimental analysis, we develop a hybrid cleaning system 

which combines the conventional method and the ultrasonic system, which 

is superior to the individual schemes. 

The ultrasonic effect is not limited to the cleaning. After the cleaning 

process, root canals need to be filled with a filling material to prevent 

further proliferation of bacteria. The filling material currently used is based 

on cement paste. Due to the high viscosity of cement paste, a complete 

filling has not been made, but we shed light on that the ultrasonic vibration 

can decrease its viscosity of cement paste.

The studies can contribute to the development of the practical use of 

ultrasonic device in the intricate structures by enhancing the activities of 

acoustic cavitation bubbles with the support of the mechanical actions such 

as macro-scale liquid flow. The novel hybrid system may allow us to start 

thinking about optimal designs of transducers and operating conditions for 

practical uses.
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Figure 1.1. Visualization of contaminant particle removal by an acoustic 

cavitation bubble (Kim et al., 2009)
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Figure 1.2. Four types of bubble motions. (a) Volume oscillation, (b) 

Splitting and jetting, (c) Shape oscillation, and (d) Chaostic oscillation (Kim 

& Kim, 2014)



10

Chapter 2. Ultrasonic Washing of Textiles

2.1. Introduction

The laundry was a human labor with the use of hands or tool such as clubs 

and bats before a washing machine in the late 19th century came out (Mohun, 

1999). In some less industrialized regions, the laundry is still done in this 

manner. The mechanical forces by the laundry tools are exerted on the dirt 

adhering to textiles by scouring, twisting, or beating. Washing machines use 

rotational washing bath to replace human labor for generating the 

mechanical forces. The rotation of washing bath leads to a liquid flow, 

generating mechanical actions such as souring and deformation textiles, thus

removing the dirt (Warmoeskerken et al., 2002; Lee et al., 2008). In 

addition to the chemical effect of detergent loosening the dirt from textile 

surfaces, mechanical actions by washing bath are principally responsible for

the textile washing.

Recently attempts have been made to use ultrasonic waves for washing 

textiles. Ultrasonic cleaning has been widely employed to remove the 

micron and submicron-sized contaminant particles adhering to solid 

substrates (e.g., photomasks, wafers) in semiconductor industry since 1980s 

(Bakhtari et al., 2006; Wagterveld et al., 2011). It was recently demonstrated 

that the ultrasonic waves are capable of removing the contaminants from the 

textiles. When ultrasonic waves travel in a liquid, cavitation instantaneously

occurs at the place where pressure is lower than vapor pressure (Wagterveld 
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et al., 2011). The cavitation bubbles exhibit dynamic motions such as 

translation, oscillating, and growth and collapse with response to the 

acoustic pressure (Kim et al., 2014; Wagterveld et al., 2011). The dynamic 

motions of the cavitation bubbles are responsible for contaminants removal 

from clothes. Moholkar et al. examined the cleaning effect of ultrasonic 

waves by comparing the washed textiles placed at the pressure node and the 

antinode in a standing-wave field (Moholkar et al, 2004). Their experiments 

indicated that the textiles were exclusively cleaned at the pressure antinodes 

where the cavitation mainly occurred, and thus demonstrated that the 

ultrasonic cavitation is a major factor for the cleaning. Juarez et al. informed 

that ultrasonic waves with an intensity of higher than approximately 0.4

W/cm2 have better cleaning capability in comparison with the conventional 

washing machine (Gallego-Juarez et al., 2010).

However, some critical weaknesses of ultrasonic washing have

impeded the development of commercial washing machines. Previous 

researchers reported that degassed water has to be used for washing textile 

to regulate the cavitation bubbles. Although acoustic cavitation b should 

occur in the entire volume of the bath for the uniform washing (Gallego-

Juarez et al., 2010), the large content of gas in water causes a great number 

of air pockets trapped in the reticulate structures of textile, a source to 

obstruct the ultrasonic waves (Moholkar et al, 2003; Moholkar et al, 2004). 

Later, it was demonstrated that the radiation force of ultrasonic waves with a 

high intensity can remove the air pockets trapped in the reticulate structure 

of the textile, and thus degassing water was not necessary (Gallego-Juarez et

al., 2010). In addition, it is well known that commercial washing machine 

leads to the uniformly cleaned textiles. Accordingly, the ultrasonic cleaning 
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mechanism needs to be combined with conventional washing mechanisms 

for their application to laundry machines. Nevertheless, focus in previous 

studies has mainly given to cleaning effects of ultrasonic waves solely 

without the consideration of other cleaning mechanisms. 

In this study, we present a new textile cleaning process in which 

ultrasonic waves are added to conventional washing machines. We examine 

the washing effects of ultrasonic waves with a high intensity to clean textiles 

covered with carbon black particles. We study theoretically on the 

detachment forces induced by acoustic cavitation bubbles, which are proved 

to be comparable with the adhesion forces of a carbon black particle. The 

analysis is supported by the high-speed visualization of contaminant 

removal from textiles by the acoustic cavitation bubbles. We compare

washing ability of three distinct techniques: cleaning using ultrasonic waves,

cleaning by a conventional washing machine, and cleaning using both. The 

experimental results reveal that applying ultrasonic waves to a commercial 

washing machine effectively improves the washing performance of the 

commercial washing machine. Consequently, we conclude with the

applicability of ultrasonic systems on the commercial washing machine.
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2.2. Adhesive torque of a contaminant particle on textiles

We estimate the adhesive force of carbon black particles on a standard 

specimen textile (EMPA 106, Testfabrics) made of cotton fabric. Figure 2.1 

presents the Scanning Electron Microscopy (SEM) images indicating that

nano-sized carbon black particles are aggregated with a size on the order of 

1 μm. We may thus assume an aggregation of carbon black as a single 

particle with a radius of approximately 1 μm. The strength of adhesion of a 

micron-sized particle to a flat substrate is generally given by the van der 

Waals force, which can be expressed as below.

�� =
��

6��
� (2.1)

Here, A is the Hamaker constant, R the aggregation radius, and Z0 the 

distance between the aggregation and the surface (Kim et al., 2009; Zhang 

et al., 2000). When the particles adhere to a substrate and deform, the total 

adhesive force Fag increases and can be expressed as below.

��� = �� �1 +
��

���
� (2.2)

Here, a is the contact radius (Kim et al., 2009). Neither the deformed shapes

of carbon black particles nor the surface geometry is easily determined on 

the basis of the SEM observations. However, when a particle adheres to a 

solid surface, the contact radius is usually given by the Johnson-Kendall-

Roberts (JKR) theory, a ~ [6πWR2(1/E1+1/E2)]
1/3, where W is the surface 
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free energy of solid surface, and E1 and E2 are the elastic moduli of the 

particle and solid substrate, respectively (Chaudhury et al., 1991). The 

surface free energy of cotton fabric is of the order of 2×10-2 J/m2

(Chaudhury et al., 1991), and the elastic moduli of cotton fabric and carbon 

black are 30 (Basu, 2012) and 27 GPa (Ashby & Jones, 2005), respectively. 

Therefore, we obtain the contact radius of approximately 10 nm, which is 

approximately 0.01 times smaller than the size of the aggregated 

contaminant particles. In addition, we assume that Z0 ~ 1.6 nm and A ~ 

3.3×10-20 J, which correspond to a carbon black particle on cellophane 

immersed in water (Visser, 1970). Consequently, an adhesive torque is acted 

on the contaminant particle, as shown in Figure 2.2, and our analysis yields 

a rough estimation of the adhesion torque τag ~ RFag of the order of 10-7

nN·m.

Figure 2.1. SEM images of carbon black particles adhering to the textile. (a) 

Texture of the contaminated specimen textile. (b and c) Carbon black 

aggregation on the textile. (Choi et al., 2015)
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Figure 2.2. Torques acting on a contaminant particle adhering to a solid 

substrate. An adhesion force exerts on the contaminant particle which 

deforms on the substrate, having a contact radius (a).

One may think that the contact area of the particle increases with time 

(Kim et al., 2009). We thus assume that the minimum contact radius is only 

10 % of the size of the contaminant particles and the contact radius 

maximizes when it becomes equal to the size of the contaminant particles (a

~ R). The contact radius is determined by the size of the contaminant 

particles, and thus the adhesive torques increase with the size of the particles, 

as shown in Figure 2.3.
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Figure 2.3. Adhesion torques increase with the particle size. The minimum 

and maximum adhesive torques are determined when amin ~ 0.01R and amax

~ R, respectively.
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2.3. Removal torques of an acoustic cavitation bubble

The dynamic motions of an acoustic cavitation bubble are responsible for 

the particle removal (Kim et al., 2009). Recently, Kim et al., 2014 

visualized the dynamic actions of acoustic cavitation bubbles in acoustic 

pressure field and classified into four modes: volume oscillation, shape 

oscillation, splitting and jetting, and chaotic oscillation (Kim & Kim et al., 

2014). Depending on the radius of a bubble and acoustic pressure, a specific 

oscillation mode is predominant. An acoustic cavitation bubble around the 

most powerful acoustic pressure field exhibits the chaotic oscillation mode, 

followed by splitting and jetting, shape oscillation, and volume oscillation 

modes, as shown in Figure 1.2.

To get rid of the contaminant particle from the solid substrate, the 

removal torque by those acoustic cavitation bubbles need to be comparable 

to or larger than that by the particle (see Figure 2.2). The chaotic oscillation

mode of an acoustic cavitation bubble occurs at a relatively high acoustic 

pressure when the radius of the bubble is comparable to that of a resonant 

bubble, which is given by Minnaert’s formula Rb = (3kP0/ρ)1/2/ω, where k is 

the adiabatic exponent, P0 the ambient pressure, ρ the liquid density, and ω

the angular frequency (Kuttruff, 1991). Because the dominant contents of 

bubbles are oxygen and nitrogen, the adiabatic exponent k is approximately 

1.4 (Kim et al., 2009). In our ultrasonic system with a frequency of 26 kHz, 

Rb is calculated and scaled as approximately 100 μm. It has been reported 

that a chaotically oscillating bubble entails a liquid jet with a speed v of ~ 

102 m/s, which induces a water hammer pressure ρcv ~ 102 MPa (Ishida et

al., 2001), thereby resulting in the removal torque ρcvR3 ~ 10-2 nN·m, where 
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c is the speed of sound in water. Also, it has been experimentally reported

that a chaotically oscillating bubble locally induces the liquid jet whose 

speed v is scaled on the order of 10 m/s, which generates a dynamic pressure

of ρv2 ~ 102 kPa (Kim et al., 2014), thus leading to the removal torque ρv2R3

~ 10-5 nN·m. A chaotically oscillating bubble can even generate shock 

waves with a pressure on the order of 102 GPa Therefore, the removal 

torque by chaotic oscillation greatly exceeds the adhesion torque (Ishida et

al., 2001).

We verify that the aggregated carbon black particles can be detached by 

an acoustic cavitation bubble with the volume oscillation, which is the 

weakest mode. The volume oscillation bubble can be observed in a 

relatively low acoustic pressure or when the bubble radius is significantly 

different from the resonance radius. Kim et al., 2009 suggested two 

mechanisms of removal torques by a volume oscillation bubble. First, when 

a contaminant particle sits outside the oscillation range of a bubble, a 

removal torque is generated due to a pressure gradient between the bubble 

and the particle. A radially oscillating bubble with an angular frequency ω

and radius Rb produces the radial velocity field given by v ~ ωRb(Rb/r)2, 

where r is the radial distance from the center of bubble. Thus, the pressure 

in the vicinity of the oscillating bubble becomes lower in comparison with 

that near the particle, thus generating a pressure gradient between the bubble 

and the particle. This pressure gradient leads to a localized liquid flow from 

the particle to the bubble. The dynamic pressure P ~ ρv2 decreases with the 

distance from the bubble. Therefore, the pressure gradient is scaled as 

|∂P/∂r| ~ ρω2Rb(Rb/r)5 near a resonant bubble, and this pressure gradient 

exerts a thrust on the order of R3|∂P/∂r| on a particle sitting outside the range 
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of the bubble oscillation. Accordingly, the removal torque due to the 

pressure gradient can be expressed as below.

�� 	~	
8�

3

�������
�

��
(2.3)

Here r can be scaled on the order of Rb. This removal torque can be 

calculated on the order of 10-7 nN·m. Secondly, when a contaminant particle 

is sitting inside the range of the bubble oscillation, a removal torque due to 

the bubble interface is generated. The interface of the bubble oscillating can 

hit the particle, and its pressure can be given by the Laplace pressure, ∆PL =

2σ/Rb. Thus, this Laplace pressure exerts a force on the order of R2σ/Rb on a 

particle sitting inside the oscillation range. Accordingly, the removal torque 

due to the Laplace pressure can be expressed as below.
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(2.4)

This removal torque is scaled on the order of 10-6 nN·m. Accordingly, the 

magnitude of the removal torques due to a pressure gradient and the bubble 

interface sweeping is comparable to or greater than that of the adhesive 

torque. As shown in Figure 2.4, we compare the adhesive torque with the 

removal torques according to the size of a particle. 
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Figure 2.4. The torques acting on the particle. The removal torques due to a 

pressure gradient and interface sweeping are in the range of the adhesion 

torques. 
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2.4. Visualization of particle removal

Here we visualize the effects of an acoustic cavitation bubble on particle 

removal. We establish the experimental apparatus which consists of a 

transparent bath filled with water, a flow-horn type transducer (UP400S, 

Hielscher), an upright microscope (Olympus BX-51M) with a water 

immersion objective lens (Olympus LUMPLEL 10XW), and a high-speed 

camera (Photron SA1.1), as shown in Figure 2.5. We visualize the 

contaminant removal by an acoustic caviation bubble at a rate of 10,000 

frames per second. The transducer with a diameter of 2.2 cm produces the 

ultrasonic waves with a frequency of 26 kHz and an intensity of 40 W/cm2.

To visualize the washing process, we replace the carbon black particles with 

microparticles (IDC Latex particle, Life technology) with a dimeter of 4 μm 

because the nano or submicron sized carbon black particles cannot be 

clearly shown with the optical lens. Furthermore, the adhesive torque of a 

particle with a diameter of 1 μm or less is much smaller than that with a 

diameter of 4 μm, and thus it is reasonable that if an acoustic cavitation 

bubble can detach the 4 μm particles, it can also remove the 1 μm particles. 

The microparticles are attached on a textile by dripping a drop of the ethanol

solution of microparticles. Before immersing the contaminated textile in the 

bath, we wait for 30 minutes to regulate the adhesion force before 

immersing the contaminated textile in the bath.

Figure 2.6 presents the sequential high-speed images of the 
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microparticle removal by an acoustic cavitation bubble. The microparticles 

are deposited on the textile which consists of threads entangled each other, 

thus making the particles trapped between the fibers. We can see that an 

acoustic cavitation bubble (see the dotted circular lines in Figure 2.6) 

detaches the microparticles. This is the first visualization result, to the 

authors’ knowledge of the particle removal from textiles due to an acoustic 

cavitation bubble. 

Figure 2.5. Illustration of the experimental set-up for the high-speed 

visualization (Choi et al., 2015).
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Figure 2.6. High-speed images of the particle removal by an acoustic 

cavitation bubble (Choi et al., 2015). The dotted circle shows the cleaning 

result by an acoustic cavitation bubble.
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2.5. Washing test by ultrasonic system

So far, we have verified that an acoustic cavitation bubble can detach the 

contaminant particles. Here, we conduct the washing performance of an 

ultrasonic system, depending on the acoustic intensity. We place the same 

transducer shown in Figure 2.5 in a small beaker filled with 0.3 L of the 

detergent (AHAM HLW-1 Formula III) solution with a mass concentration 

of 3,000 ppm. The detergent is composed of various chemicals including 

linear sodium alkyl benzene sulfonate, ethoxylated fatty alcohol C12-18, 

sodium soap, and anti-foam DC2-4248S. We investigate the washing 

efficiency of the textile contaminated with carbon black particles after 

washing for 10 min. We use a needle hydrophone (Precision Acoustics 

HPM1/1) to measure the acoustic intensity.

To quantify the washing efficiency, we use a graphic software tool 

(Adobe Photoshop CS6). We record the average gray scale of the pictures of 

the whole surface of the washed specimen. The gray scale ranging between 

1 and 255 quantifies the brightness of a pixel of images, so that black and 

white pixels have the value of 1 and 255, respectively. Since carbon black 

particles darken the surface of the specimen, the higher gray scale indicates 

the better washing results. We define the washing efficiency as below.

� =
������� − �������
��������� − �������

× 100% (2.5)

Gsoiled and Gwashed are the gray scale of specimens before and after washing, 

respectively, and Gunsoiled is the gray scale of the specimen that has not been 
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soiled with carborn black particles. Our measurements indicate that Gsoiled

and Gunsoiled are 104 and 252.

We proceed with the washing test and compare the ultrasonic washing 

and the conventional washing machine (DWD-M300WA, Dongbu Daewoo 

Electronics). As shown in Figure 2.7a, the results show that the washing 

efficiency of ultrasonic washing is better than that of the conventional 

washing machine. Figure 2.7b presents the Scanning Electron Microscopy 

(SEM) images of the textiles before and after washing. Also, the washing 

efficieny increases with the increase in the washing time because the 

washing time of acoustic cavitation bubbles increases. Additionally, the 

chemical effects of the detergent boost up the washing efficiency by 

loosening the Van der Waals force between the particle and the surface.

We also present the efficiency of the ultrasonic washing with the 

acoustic intensity, as shown in Figure 2.8 The results show that the washing 

efficiency of the textiles increases with the increase in the acoustic intensity

(see Figure 2.8). When the textile is washed in a volume of 0.3 L of water, 

the ultrasonic cleaning system with the acoustic intensity higher than 

approximately 20 W/cm2 results in the better washing efficiency than the 

conventional washing machine. This is because the amplitude of ultrasonic 

waves icnreases with the acoustic intensity. The increase in the amplitude of 

ultrasonic waves leads to the increase in the magnitude of the radial velocity 

field near an oscillating bubble, which can be scaled as v ~ ωRb(Rb/r)2, 

generating the increase in the pressure gradient between the bubble and the 

particle. Thus, the removal torque due to this pressure gradiet by the 

increase in the acoustic intensity. Accoringly, the dynamic behaviors of 

acoustic cavitation bubble are given when the acoustic intensity increases, 
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thereby resulting in the increase in the washing efficiency.

Figure 2.7. The washing efficiency of the simple ultrasonic system. The 

washing efficiency (a) increases with increasing washing time. The 

chemical effects of detergent increase the washing efficiency. (b) The carbon 

black particles are removed after the ultrasonic washing with the detergent. 

The washing time is 5 min.
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Figure 2.8. The washing efficiency of the simple ultrasonic system. The 

washing efficiency increases with increasing acoustic intensity (Choi et al., 

2015). The error bar indicates the standard deviation.
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2.6. Weakness of a simple ultrasonic cleaning system
. 

Even though the ultrasonic cleaning system exhibits much better washing 

efficiency than the conventional washing machine, there are some critical 

weaknesses when a transducer is soley used. The washing efficiency 

significantly decreases with the volume of water, as shown in Figure 2.9. 

The strong ultrasonic waves are effectively present only in a region near the 

transducer due to the attenuation of acoustic waves (Gallego-Juarez et al., 

2010), and thus the acoustic cavitation bubbles become unduly inactive in 

far field. Thus, the increase in the volume of washing medium makes 

textiles located in the far field of acoustic waves, thereby impeding the 

practical use of the ultrasonic washing of textiles.

This weakness can also lead to the inhomogenous washing 

performance, as shown in Figure 2.10. We investigate the uniformity of 

washing when 1 L of the volume of washing medium is used. The 

convneional washing machine results in exhibits the uniform washing 

performance which is indicated by the standard deviation σ = 2.2. The 

ultrasonic washing system resuls in the similar washing efficiency with the 

conventional method, but exhibits the inhomogenous washing performance, 

resulting in a relatively high standard deviation of σ = 9.5. Accordingly, the 

degraded washing performance in terms of inhomogenous washing result 

has hindered the practical development of ultrasonic washing machine.
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Figure 2.9. The weakness of the simple ultrasonic system. The washing 

efficiency decreases with increasing volume of water (Choi et al., 2015). 

The error bar indicates the standard deviation. The washing time is 10 min.

Figure 2.10. The weakness of the simple ultrasonic washing. The 

conventional washing machine results in low washing efficiency but 

exhibits uniform washing. However, the ultrasonic washing exhibits high 

washing efficiency and inhomogeneous washing result. The standard 

deviation indicates the homogeneity of washing. The washing time is 10 

min.
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2.7. Development of a novel hybrid washing system

In order to exhibit the high washing efficiency, textiles should be located in 

the near field of the acoustic waves. We thus propose a novel hybrid scheme 

by combining the ultrasonic washing with the conventional washing method 

to enhance washing performance in a large volume of washing medium. The 

washing peformance of the hybrid scheme is compared with those of the 

simple ultrasonic system and the conventional washing machine. Figure 

2.11a shows the schematic of the hybrid washing machine. The washing 

machine has a drum bath with a diameter of 40 cm. A hole of 3 cm in 

diameter is made on the door to insert the transducer into the drum bath. The 

acoustic power of an intensity of 65 W/cm2 is applied. The drum bath is

filled with 1.5 L detergent solution, and three pieces of specimen were 

washed. The washing machine has a specific operation cycle programmed 

by the manufacturer, as shown in Figure 2.11b. The drum bath rotates at 50 

RPM for 5 s and stops for 10 s, and then rotates again reversely. This 

washing cycle is repeated for 10 min.

For the test of the washing performance of the conventional washing 

machine alone, the ultrasonic transducer is turned off. In the test of the 

ultrasonic washing alone, the conventional washing machine is turned off 

and the drum bath is stationary, but the transducer is activated during every 

time intervals of 10 s following the interruption of 5 s, such that total 

sonication time is 6.7 min out of the total washing time of 10 min. When we 

test the hybrid scheme, both the transducer and the washing bath are

activated in such a way that the ultrasonic waves are applied while the 

washing bath is stationary.  
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The washing performances of the distinct washing schemes are shown

in Figure 2.12. The washing efficiency of the conventional washing machine

is only 15%. This is because the mechanical forces generated by the drum 

rotation are insufficient to completely break the van der Waals interaction 

between the textile and the carbon black particles (Lee et al., 2008). 

Furthermore, the hydrodynamic drag by the liquid flow generated by the 

drum rotation is ineffectively applied to the carbon black particles whose 

sizes are on the order of nano- and submicron-scale. Since the speed of the 

liquid becomes smaller in the boundary layer and almost zero near the 

textile surface, the carbon black particles are too small to expect the 

hydrodynamic drag. The washing efficiency of the simple ultrasonic 

washing is also approximately 15 %. This is because the simple ultrasonic 

washing system is ineffective in a large volume of washing medium in spite 

of the outstanding washing performance in a small washing bath. Also, the 

ultrasonic washing in a large volume of washing medium leads to the 

inhomogeneous washing results.

However, the hybrid scheme shows the washing efficiency of 30 %, 

which significantly exceeds the washing results of both the conventional 

washing machine and the simple ultrasonic washing. The results suggest 

that during the wasted time interval when the drum rotation stops, ultrasonic 

waves are effectively applied to the washing bath, yielding the synergy 

effects that the performance of the conventional washing machine is 

remarkably improved by the support of ultrasonic system. Also, the uniform 

washing of the ultrasonic washing is enhanced by the support of the 

conventional washing machine. Note that the washing efficiency of hybrid 

scheme is only 10 % for washing without detergent. It suggests that the 
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detergent loosens the adhesive force of particles so that the ultrasonic 

bubbles can more easily remove the particles.

Figure 2.11. (a) Schematic illustration of washing machine combined with 

the ultrasonic system. (b) Operation cycle of the washing machine (Choi et 

al., 2015).
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Figure 2.12. The washing performances of the distinct washing conditions.

(a) I and II denote the conventional washing machine and the ultrasonic 

system, respectively. The volume of washing liquid and the acoustic 

intensity are 1.5 L and 65 W/cm2, respectively. The gray and white bars 

correspond to the washing with and without detergent, respectively. The 

bars indicate the average efficiencies from three experimental tests, and the 

error bars denote the max and min (Choi et al., 2015). (b) The conventional 

washing machine yields the most uniform washing, followed by the hybrid 

system and the ultrasonic washing, but the washing efficiency in the hybrid 

system is the highest.
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2.8. Discussion

One may think that the non-uniform washing of a simple ultrasonic system 

is a critical problem in the practical development. This is because of the 

inhomostraight propagation of ultrasonic waves induces the inhomogeneous 

acoustic field in a washing volume (Cook, 1957). Although we provide the 

hybrid scheme yielding more homogeneous washing performance than the 

simple ultrasonic washing scheme due to the uniform washing effects of the 

conventional washing machine, the hybrid scheme is still insufficient to lead 

to its practical development. This problem definitely has to be captured, and 

we thus suggest that multiple ultrasonic transducers may be able to yielding 

a homogeneous distribution of ultrasonic waves in a large volume of 

washing bath, thus achieving uniform washing results over the entire surface 

of textile. We also suggest the shapes of ultrasonic transducer in such a way 

that the drum bath is made of the transducer, so that the ultrasonic waves 

can be applied in the entire volume of the washing medium. Therefore, the 

optimal design of ultrasonic transducer to apply ultrasonic waves in the 

entire volume of washing medium needs to be achieved for the practical 

development.
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2.9. Conclusions

We have estimated the adhesive torque of carbon black particles on a textile 

surface and the detachment torques by an acoustic cavitation bubble. Our 

analysis suggests that either the interfacial pressure or the dynamic pressure 

gradient of acoustic cavitation bubbles can detach the carbon black particles 

adhering to a textile surface by the van der Waals force. Such theoretical 

estimation has been verified by visualizing an acoustic cavitation bubble 

detaching the microparticles adhering to a textile surface, using a high-speed 

camera. We have experimentally tested the washing performance of a 

conventional washing machine and a simple ultrasonic washing system. The 

conventional washing machine yields a low washing efficiency with an 

uniform washing result. The simple ultrasonic washing system results in a 

high washing efficiency in a small volume of washing medium. However, in 

a large volume of washing medium, its washing efficiency not only 

significantly decreases but also yields non-uniform washing result. We thus 

have proposed a novel hybrid washing scheme by combining the simple 

ultrasonic washing system with the conventional washing machine. The 

combination of both the washing systems is superior to the individual 

schemes, allowing us to start thinking about optimal designs of transducers 

and operating conditions for practical uses. 
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Chapter 3. Ultrasonic treatment of root canals

3.1. Introduction

Root canal treatment, which is called endodontic treatment, needs to be 

done when the tissues inside the root canals are infected. The process of the 

root canal treatment consists mainly of four steps: making a hole on the top 

of a tooth, enlarging the root canals, cleaning, and filling. Among the 

processes, cleaning and filling root canals are the most challenging parts. 

Cleaning is an essential process to eliminate the contaminated dental pulp 

and biofilms strongly adhering to the wall of the root canals. Filling the 

empty root canals with a filling material after finishing the cleaning is also 

an important process to prevent further proliferation of the contaminated 

tissues. Thus, the success of endodontic treatment significantly depends on 

the processes of cleaning and filling root canals.

As pre-existing cleaning methods, syringe irrigator has been used to 

eject the cleaning solution of 4 % NaOCl, which is a strong base. Many 

contaminants in root canals are molten by a strong base solution, but 

Enterococcus Faecalis, which is one of the main contaminant in root canals, 

is highly resistant to a solution with strong base. Furthermore, although one 

can expect the dynamic pressure created by the ejection of the liquid, it is 

insufficient to detach the E. Faecalis. For an alternative method, EndoVac 

Pure has been invented, which makes a pressure gradient near the 

contaminant by operating both ejection and suction of washing liquid 
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simultaneously. However, the pressure gradient created by the ejection and 

suction of washing liquid is not sufficiently strong to detach the contaminant. 

Recently, a metal tip that is vibrated beyond the frequency of 20 kHz is 

inserted into root canal to deliver acoustic energy (Passive Ultrasonic 

Irrigation, PUI). However, PUI has some problems in which ultrasonic 

energy is focused on the end of tip (Mayer et al., 2002). Also, the tip easily 

tends to touch the wall of root canals, and thus the ultrasonic energies are 

mitigated due to the damping of the vibration. Furthermore, although the 

metal is made of flexible materials, it can be easily broken, thus causing a 

serious problem during the treatment. 

The incomplete cleaning results cause the next step, filling root canals, 

to prevent the proliferation of the remained contaminants (Schilder, 2006). 

As a pre-existing filling material, gutta-percha, which is a rubber, has been 

widely used to root canals by meting it. However, this method seriously 

depends on doctor’s skills and is time consuming when filling multiple root 

canals. Thus, some clinical mistake can happen, which can remain cavities 

in the root canals, thereby leaving contaminants to proliferate in the cavities. 

Recently, Mineral Trioxide Aggregate (MTA) has been used as a filling 

material due to its high sealing efficiency and physical conformity (Chang et

al., 2010). Nevertheless, it still requires the manual process because of its 

high viscosity and the complicated network of the root canals (Plotino et al., 

2018). MTA sealer consists mainly of Portland cement (Abdullah et al., 

2002) whose main constituent is calcium silicate. The aggregation of the 

calcium silicate causes the high viscosity, and thus a high injection pressure 

is needed which can cause a problem in clinical treatment. 

Although the root canal treatment has been done second in the dental 
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treatments, there have been no proper protocols. Thus, approximately 30 % 

of the patients who already had the treatment have visited the dentist again 

because of the recurrence. Many dentists find the reason of the reoccurrence 

in the cleaning and filling processes, and thus it is necessary to develop a 

new device for endodontic treatment.

In this study, we present a new endodontic process in which ultrasonic 

waves are employed. In the cleaning root canals, we examine the cleaning

effects of ultrasonic waves to clean root canals covered with contaminant 

particles. We study theoretically on the removal forces induced by acoustic 

cavitation bubbles, which are proved to be comparable with or larger than 

the adhesion forces of a contaminant particle. The analysis is supported by 

the high-speed visualization of contaminant removal from a microchannel

by the acoustic cavitation bubbles. We develop a hybrid system combining 

ultrasonic system with conventional method, liquid jet. The experimental 

results reveal that applying ultrasonic waves to a liquid jet system 

effectively improves the washing performance of the commercial washing 

machine. In the filling root canals, we also estimate the adhesive forces 

between two particles of MTA sealer and the removal forces generated by an 

acoustic cavitation bubble. We also analyze the effect of ultrasonic waves on 

the decrease in the viscosity. The analysis is supported by the high-speed 

visualization of cement filling in a microchannel by testing an ultrasonic 

device that we develop. Consequently, we conclude with the applicability of 

ultrasonic systems on the conventional clinical method. 
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3.2. Torques acting on a contaminant particle

3.2.1. Adhesive torque of a contaminant particle

Because E. Faecalis is strongly resistant to the chemical effect of a washing 

medium such as strong bases (Dunavant et al., 2006), some physical actions 

need to be applied. E. Faecalis is known to have a spheroid shape with a 

characteristic size of several micrometers and has an adhesion force of 0.35 

nN when the surrounding liquid on the dentin is water (Kishen et al., 2008). 

The characteristic length of a E. Faecalis is approximately 0.5 to 1 μm (Zan 

et al., 2013). Assuming that the contaminant particles are deformed on a 

solid surface, we can use the equation 2.2, the van der Waals force. Thus, 

the adhesion torque due to this van der Waals force can be scaled as 10-7

nN·m. 

Although the adhesion force of the contaminant particle is known to be 

0.35 nN (Kishen et al., 2008), we may need to consider the contact radius (a) 

of the particle due to the deformation (see Figure 2.2). We thus assume that 

the minimum contact radius is only 10 % of the size of the contaminant 

particle and the contact radius maximizes when it becomes equal to the size 

of the contaminant particles (a ~ R). The contact radius is determined by the 

size of the contaminant particle, and thus the adhesive torques increase with 

the size of the particles. The minimum and maximum adhesion torques of E. 

Faecalis are presented in Figure 2.3.

3.2.2. Removal torques of an acoustic cavitation bubble

As mentioned in the chapter 2.3, the dynamic motions of acoustic cavitation 

bubbles are responsible for the particle removal (Kim et al., 2009) and the 
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motions can be classified into four modes depending on the radius of a 

bubble and acoustic pressure: volume oscillation, shape oscillation, splitting 

and jetting, and chaotic oscillation (Kim & Kim et al., 2014). To get rid of 

the contaminant particle from the root canal wall, the removal torque by 

those acoustic cavitation bubbles need to be comparable to or larger than 

that by the particle (see Figure 2.2). In the chapter 2.3, we have discussed 

that the chaotic oscillation mode of an acoustic cavitation bubble can induce 

a water hammer pressure (Ishida et al., 2001) and a dynamic pressure of a 

liquid jet (Kim et al., 2014), thereby generating the removal torques of 10-2

nN·m and 10-5 nN·m, respectively.

To verify that E. Faecalis can be detached by an acoustic cavitation 

bubble with the weakest mode, volume oscillation, we follow the same steps 

in chapter 2.3. When a contaminant particle is sitting outside the range of a 

bubble oscillation, a pressure gradient between the particle and the bubble 

occurs, generating a removal torque of τd ~ (8π/3)ρω2R4Rb
6/r5, as shown in 

the equation 2.3. In our ultrasonic system, the angular frequency ω is 

approximately 163 kHz and bubble radius Rb is approximately 100 μm, the 

removal torque due to the pressure gradient can be calculated on the order of 

10-7 nN·m. On the other hand, when a contaminant particle is sitting inside 

the range of the bubble oscillation, the gas-liquid interface of the bubble can 

hit the particle, generating a removal torque of τi ~ 2πσR3/Rb, as described in 

the equation 2.4. The pressure of the bubble at gas-liquid interface can be 

given by the Laplace pressure, ∆PL = 2σ/Rb. Then, the removal torque due to 

the bubble interface sweeping is scaled on the order of 10-6 nN·m. 

Accordingly, the magnitude of the removal torques due to a pressure 

gradient and the bubble interface sweeping is comparable to or greater than 
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that of the adhesive torque. As shown in Figure 2.4, we can also compare 

the adhesive torque with the removal torques with the size of a particle. 
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3.3. Visualization of particle removal

Here we visualize the effects of an acoustic cavitation bubble on the 

contaminant removal. A single root canal is known to have a length of 10 ~ 

20 mm and a diameter of 100 ~ 500 μm (Vertucci et al., 2015). We thus 

model a single root canal by using a poly(dimethylsiloxane) (PDMS) 

channel with a length of 15 mm and a width of 500 μm for the visualization. 

To model the E. Faecalis, we use microparticles (IDC Latex particle, Life 

technology) with a dimeter of 1 μm. Since the micro-sized particles adhere 

to a solid surface by the van der Waals force, the adhesion force of a 

microparticle with a diameter of 1 μm can be scaled as the same order of 

that of E. Faecalis. As a cleaning liquid, we use water to verify the physical 

cleaning effect of acoustic cavitation bubbles rather than the chemical 

cleaning effect. We thus establish the experimental apparatus for the 

visualization consisting of a PDMS channel, a flow-horn type transducer 

(UP400S, Hielscher), an upright microscope (Olympus BX-51M) with an 

objective lens (Olympus LUMPLEL 10XW), and a high-speed camera 

(Photron SA1.1), as shown in Figure 3.1. We visualize the contaminant 

removal by an acoustic cavitation bubble at a rate of 40,000 frames per 

second. The transducer with a diameter of 2.2 cm produces the ultrasonic 

waves with a frequency of 26 kHz and an intensity of 20 W/cm2. The water 

containing the microparticles are inserted into the PDMS channel by using a 

syringe needle.

Figure 3.2 presents the sequential high-speed images of the 

microparticle removal by acoustic cavitation bubbles. The microparticles are 

deposited on the wall of the PDMS channel, thus darkening the channel. We 
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can see that the several acoustic cavitation bubbles occur (see the process of 

cleaning). This is the first visualization result, to the authors’ knowledge of 

the particle removal from a microchannel due to acoustic cavitation bubbles. 

Figure 3.1. Illustration of the experimental set-up for the high-speed 

visualization of cleaning a root canal.
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Figure 3.2. High-speed images of the particle removal by acoustic cavitation 

bubble. The white arrow indicates the acoustic cavitation bubble removing 

the contaminant particles. 
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3.4. Weakness of a simple ultrasonic system

Even though the ultrasonic cleaning system exhibits much better 

performance in cleaning E. Faecalis than the previously ussed dental 

devices such as PUI, there are some critical weaknesses when a transducer 

is soley used. As shown in Figure 3.3, when the distance from the source of 

sound increases, the motions of acoustic cavitation bubbles become induly 

weak and finally trapped between the bubbles. 

We measure the acoustic pressure with the distance from the transducer. 

We use a water immsersion hydrophone (Precision Acoustic, HPM/1). If 

acoustic cavitation bubbles are contacted to the hydrophone, the acoustic 

pressure can be inaccurately measured. We thus use a degassed water. We 

measure the acoustic pressure with the distance from the transdcer, as shown 

in Figure 3.4. As shown in Figure 3.4, the acoustic pressure significantly 

decreases with the increase in the axial distance from the transducer. This is 

because the sound waves become attenuated at a specific point (lf) in the far 

field from the source of the sound (Goldstein et al., 2004). Thus, the 

acoustic pressure is inversely proportional to the axial distance from the 

transducer, which can be expressed in the Eqation 3.1 (Goldstein et al., 

2004).
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Here d is the diameter of the transudcer and λ is the wave length, z0 is

impedance of medium, and W is ultrasonic power.

Jung, 2018 reported that the removal torque due to a pressure gradient (τd) 

significantly decreases with the axial distance from the transducer (Jung, 

2018). Because the oscillation range of the bubble depends on the period of 

the acoustic pressure, the range decreases with the distance from the 

transducer. Thus, the a velocity profile generated by the bubble oscillation 

decreases with the increase in the distance, thereby resulting in the decrease 

in a pressure gradient. Accordingly, the removal torque generated by a 

pressure gradient decreases with the increase in the axial distance from the 

transducer.

One may note that a metal tip acousically vibrating, PUI, can be deeply 

inserted into a root canal so that acoustic cavitation bubbles can be in order 

to generate acoutic cavitation bubbles near the tip. However, there are still 

some problems. Because the metal tip is thin, it can be easily broken 

because of the complicated structures of root canals. Once it breaks in root 

canals, some additional treatments are needed to extract it. Furthermore, 

because the intricate structures of root canals can work as a damper, the 

propagation of acoustic waves can be hindered, thus impeding the 

generation of acoustic cavitation bubbles. Another problem is that PUI 

method requires tiresome steps. A metal tip can be inserted into only one 

root canal, and thus the PUI method is a vexatious treatment when multiple 

root canals need to be cleaned.
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Figure 3.3. High-speed images of the acoustic cavitation bubble which is 

trapped and inactive when the distance from the transducer increases. 
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Figure 3.4. The acoustic intensity with the distance from the transducer. The 

acoustic intensity significantly decreases at l = 10 mm. 
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3.5. Development of a novel hybrid cleaning system

In order to overcome the weakness of a simple ultrasonic system in cleaning 

root canals, the dynamic motions of acoustic cavitation bubbles should be 

kept at the far field. As an alternative for overcoming this problem, we 

suggest a circulating flow so that acoustic cavitation bubble can be delivered 

to the far region from the transducer. We thus propose a novel hybrid system 

by combining an ultrasonic system with a conventional method, liquid jet. 

Figure 3.5 presents a schematic illustration of the hybrid cleaning scheme 

which consists of the ultrasonic transducer (Hielcher, UP400S), the water 

tank, the nozzle for ejection and suction, and root canal model. Acoustic 

cavitation bubbles are generated in the water tank where the transducer is 

put. The transducer with a diameter of 2 cm generates acoustic waves with a 

frequency of 26 kHz. The acoustic intensity is adjusted to approximately 10 

W/cm2. Acoustic cavitation bubbles are generated in the water tank. Water 

is supplied to the tank by using a pressurizing pump (HAN 1-1501-B). A 

nozzle, which is connected to the water tank, consists of two parts: ejection 

and suction. Water containing acoustic cavitation bubbles generated in the 

water tank is ejected into the root canal model through the ejection nozzle. 

Also, the detached contaminants are extracted outside through the suction 

nozzle by using a vacuum pump (Vacuumer, VOP-100). The simultaneous 

use of ejection and suction leads to the circulating flow inside the root canal 

model. We use PDMS to make the root canal model with a width of 500 μm 

and a length of 15 mm. Dental wax is used as a sealer to prevent water to 

leak. We contaminate the root canal model with the microparticles (IDC 

Latex particle, Life technology) with a dimeter of 1 μm.
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In order to quantify the cleaning efficiency of the hybrid scheme, we 

used a microscope (Olympus, BX51M) to observe the microparticles 

remaining on the root canal model after the cleaning experiment. To analyze 

the images extracted from the microscope, we use a graphic software tool 

(Adobe Photoshop CS6). We record the average gray scale of the pictures of 

the whole surface of the cleaned root canal model. The gray scale ranging 

between 1 and 255 quantifies the brightness of a pixel of images, so that 

black and white pixels have the value of 1 and 255, respectively. Since the 

existance of the microparticles darkens the surface of the model, the higher 

gray scale indicates the better washing results. We define the cleaning

efficiency as below.

� =
�������� − �������
��������� − �������

× 100% (3.3)

Gsoiled and Gcleaned are the gray scale of the speciment before and after 

cleaning, respectively, and Gunsoiled is the gray scale of the specimen that has 

not been soiled with the microparticles. Our measurements indicate that 

Gsoiled and Gunsoiled are 104 and 252.

We proceed with the cleaning test of the liquid jet and the ultrasonic jet. 

As shown in Figure 3.6a, three locations are divided according to the 

position from the transducer so that we can analyze whether or not the 

hybrid cleaning system can deliver the acoustic cavitation bubbles to the 

region far from the transducer. Figure 3.6b presents the cleaning efficiency 

at the three locations. The cleaning efficiencies at both the location 1 and 2 

are above 90 %. However, the efficiency decreases to approximately 80 % at 
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the location 3. This is because the acoustic cavitaton bubbles become weak 

at the location 3. Nevertheless, we can recognize that the ultrasonic jet 

results in the much better cleaning performance than the simple jet at all 

three locations. As shown in Figure 3.6c, we obtain the images of the three 

locations. The microparticles which darken the surface are significantly 

removed at all locations when ultrasonic jet is applied. Accordingly, the 

cleaning results may suggest that the liquid circulation by the ejection and 

suction of water induces the acoustic cavitation bubbles to be active in the 

far field.

Figure 3.5. The schematic illustration of hybrid cleaning system which 

consists mainly of the transducer, the nozzle for ejection and suction, and 
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the root canal model.

Figure 3.6. The schematic illustration of hybrid cleaning system which 

consists mainly of the transducer, the nozzle for ejection and suction, and 
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the root canal model.

Figure 3.7. Cleaning results of the cleaning systems in dental bloc.

We obtain dental blocs, which mimic root canals, and conduct the 

cleaning tests of the distinct cleaning scheme. The canal with a diameter of 

approximately 150 μm is contaminated with E. Faecalis. As shown in 

Figure 3.7, the cleaning performance of ultrasonic jet system is superior to 

that of the simple jet system. Accordingly, the cleaning results may suggest 

that the liquid circulation by the ejection and suction of water deliver the 

acoustic cavitation bubbles into the far region from the transducer even in 

the curved structures.
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3.6. Forces exerting on the filling materials

Filling root canals are conducted after the cleaning to prevent the 

proliferation of the remained bacteria. Recently, Mineral Trioxide Aggregate 

(MTA) has been widely used as a filling material to fill root canals. Cement 

particles are the main constituents of the MTA and exist in the form of 

calcium silicate. The calcium silicates in the gel chemically interact with 

water, thereby forming Calcium Silicate Hydrates (CSH) strongly bond each 

other. Due to this bonding, the viscosity of the MTA paste significantly 

increases, and thus the ejection of the MTA paste into the narrow and 

intricate structures of root canals is difficult. Here we investigate the 

ultrasonic effect on the decrease in the viscosity of the MTA paste.

3.6.1. Adhesion force between cement particles

The interparticle adhesion force between the CSH particles can be 

determined by the van der Waals force, Fv = AR/6Z0
2 (Equation 2.1). Here 

the Hamaker constant A between the CSH particles can be scaled as 10-19 J 

(Plassard et al., 2005). A single CSH particle can be assumed as spherical 

shapes with a radius R of approximately 50 nm (Lesko et al., 2001). 

However, the van der Waals force aggregate the CHS particles, and the 

aggregation has a diameter of 1 μm. Thus, the interparticle adhesion force 

can be scaled on the order of 1 nN. 

3.6.2. Removal forces by an acoustic cavitation bubble
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To reduce the viscosity of the MTA paste, the interparticle bonding should 

be broken. When ultrasonic waves are applied to the CSH particles, the 

forces generated by the bubble oscillation can break the interparticle 

bonding. When the aggregated particles are sitting inside the range of the 

bubble oscillation, the force generated by the Laplace pressure (Fi) is 

exerted on the particles, which can be expressed as the Equation 3.4.

��	~	
2�

��
π�� (3.4)

Because we use a transducer with a frequency of 40 kHz, the bubble radius 

Rb is estimated as approximately 100 um. Here σ is the surface tension of 

water and R is the radius of an aggregation of the CSH particles. Thus, the 

force due to the Laplace pressure can be scaled on the order of 1 nN. On the 

other hand, When the aggregated particles are sitting outside the range of 

the bubble oscillation, the force generated by a pressure gradient (Fd) can be 

exerted on the particles, as expressed in the Equation 3.5. 

��	~	�
∂�

∂�
� � (3.5)

Here V ~ 4πR3/3 is the volume of the particles. Since a velocity profile and 

the dynamic pressure is scaled as v ~ ωRb(Rb/r)2 and P ~ ρv2, respectively, 

where r is the radial distance from the center of bubble, the pressure 

gradient is scaled as |∂P/∂r| ~ ρω2Rb(Rb/r)5 near a resonant bubble. Thus, the 

force due to the pressure gradient can be scaled on the order of 102 nN. 
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Accordingly, the magnitude of the removal forces by an acoustic cavitation 

bubble is comparable to or greater than that of the interparticle bonding.

3.7. Decrease in viscosity

Here we measure the viscosity of the MTA paste. To measure the viscosity, 

an ultrasonic transducer (Hielcher, UP400S) is put in a tank filled with the 

paste. The viscosity of the paste is measured during 1 min by using a 

Brookfield viscometer (LP-22). As shown in Figure 3.8, the viscosity of the 

paste is approximately 2,000 cP, and almost constant with time when 

ultrasonic waves are not applied. However, when the ultrasonic waves are 

applied in the paste, its viscosity significantly decreases. When the 

sonication time is 60 s, the viscosity is 100 cP, which is much lowered. 

When ultrasonic waves are applied in suspensions such as cement paste, 

the particles work as obstacles. Thus, one may think that ultrasonic waves 

are significantly attenuated by the obstacles. In the Equation 3.6, the 

acoustic intensity decreases with the number of the particles (Ballatine, 

1997). However, we verify that acoustic cavitation bubbles are still 

generated in the MTA paste, as shown in Figure 3.9. MTA paste are put on 

an aluminum plate attached with a transducer with a frequency of 40 kHz. 

When the transducer is activated, we record the movement of the acoustic 

cavitation bubbles in the paste, as shown in Figure 3.9b. 
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Figure 3.8. The effect of ultrasonic waves on the MTA paste. When 

ultrasonic waves are applied, the viscosity of the paste significantly 

decreases.

Figure 3.9. (a) Experimental apparatus for visualizing the acoustic cavitation 
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bubbles in the MTA paste and (b) Acoustic cavitation bubbles.

3.8. Increase in the ejection speed of filling materials

Because the viscosity decreases by the ultrasonic waves, we may easily 

insert the paste into root canals. We thus visualize the injection of the paste 

into a root canal model. Figure 3.10 presents an experimental apparatus 

which consists of the syringe containing the MTA paste, the transducers, the 

nozzle, the root canal model, and the air compressor. The disk shaped 

transducers with a diameter of 2.5 cm are attached to an aluminum plate. We 

make a hole in the aluminum plate to insert the syringe. The root canal 

model is made of acrylic plate. The pressure generated by the air 

compressor is 1 bar. A high-speed camera is used for the visualization. 

When we test the ejection without ultrasonic wave, the transducer is off.

Figure 3.10. (a) Experimental apparatus for the visualization of the paste 

ejection into the channel. (b) Ultrasonic transducers attached to the 

aluminum plate with a hole to insert the syringe containing MTA paste.
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Figure 3.11 presents the visualization of the ejection of the MTA paste 

into the channel. As shown in Figure 3.8a, because the viscosity of the paste 

significantly decreases after 30 s, we apply the ultrasound before starting the 

ejection. After starting the ejection, the paste with ultrasound moves faster 

than that without ultrasound (see Figure 3.11). Figure 3.12 presents the 

distance that the paste moves. We can also verify that the paste with 

ultrasound moves more than that without ultrasound. 

Figure 3.11. The visualization of the ejection of the paste. We can notice that 

the speed of the paste when ultrasonic waves are applied is faster than that 
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when ultrasonic waves are not applied.

Figure 3.12. (a) The distance that the paste moves. (b) The comparison of 

ultrasound effects on the distance that the paste moves.
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3.9. Increase in the packing effect of filling materials

The effects of the ultrasonic waves on the MTA paste are not limited to the 

decrease in viscosity and the speed of ejection. When the ultrasound is 

applied to a paste, the CSH particles are packed densely. The MTA paste 

forms a crystal structure by inter-CSH intergranular bonds during solidification. 

These crystals grow due to the interaction with water and grains are formed. Thus, 

after the filling material is completely solidified, a cavity of a size of a few 

micrometers may be formed between the grains. In this study, we investigation the 

formation of cavity inside the filling material after solidification. Figure 3.13 

presents the Scanning Electron Microscope (SEM) image of the MTA paste. We 

can recognize that when the paste is injected into the root canal by applying 

ultrasonic waves, the density of the cavities existing in the cross sectional area is 

remarkably lowered. This may be because the external forces are applied by the 

ultrasonic wave during the solidification process of the paste to break the van der 

Waals interactions between the grains. Accordingly, ultrasound prevents the 

formation of cavities, thereby hindering the proliferation of bacteria in the cavities.



62

Figure 3.13. (a) The distance that the paste moves. (b) The comparison of 

ultrasound effects on the distance that the paste moves.

3.10. Conclusions

In this study, a new method of root canal cleaning and filling is suggested by 

applying the physical phenomenon that occurs when ultrasonic wave is 

applied to the medium to tooth root canal treatment. 

In cleaning process, we have estimated the adhesive torque of E. 

Faecalis adhering to a root canal surface and the removal torques by an 

acoustic cavitation bubble. Our analysis suggests that either the interfacial 

pressure or the dynamic pressure gradient of acoustic cavitation bubbles can 

detach the contaminant particles adhering to the surface by the van der 

Waals force. Such theoretical estimation has been verified by visualizing an 

acoustic cavitation bubble detaching the microparticles adhering to a root 

canal model, using a high-speed camera. However, the cleaning efficiency at 

the far region from the transducer decreases because the acoustic cavitation 

bubbles are unduly inactive in the far region because of the attenuation of 

the ultrasound. We thus have proposed a novel hybrid cleaning scheme by 

combining the simple ultrasonic cleaning system with the conventional 

treatment method, liquid jet. The combination of both the systems is 

superior to the individual schemes.

In filling process, we have estimated the adhesive force of the CSH 

particles and the removal forces generated by an acoustic cavitation bubble. 

Our analysis suggests that either the interfacial pressure or the dynamic 

pressure gradient of acoustic cavitation bubbles can break the interparticle 
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bonds. The theoretical analysis has been verified by investigating the effects 

of ultrasonic waves on the filling material. When the ultrasound is applied to 

the filling material, its viscosity decreases, thereby increasing the speed of 

ejection. Furthermore, the filling materials are packed more densely when 

ultrasound is applied. 



64

Chapter 4. Concluding remarks

4.1. Conclusions

In this study, we have developed the novel devices for textile washing and 

root canal treatment. When we clean micron-sized particle adhering to a 

solid surface by using a conventional liquid jet to exert hydrodynamic drag, 

the speed becomes lowered in the boundary layer. Thus, the hydrodynamic 

drag by a conventional liquid jet is not exerted on the particle. However, 

acoustic cavitation bubbles oscillating near the particles can locally generate 

a strong liquid flow, which can generate enough forces exerted on the 

particles. Nevertheless, a simple ultrasonic system has some weaknesses in 

the range that acoustic fields can cover when employed in the intricate 

structures such as textile and root canals. However, these weaknesses can be 

overcome by combining the simple ultrasonic system with the conventional 

liquid jet. This hybrid scheme can enlarge the regions that acoustic 

cavitation bubbles can be active. 

In chapter 1, we have explained the principle of ultrasonic cleaning 

system and the dynamic behaviors of the acoustic cavitation bubbles. The 

ultrasonic system has been used in cleaning flat and simple structures such 

as semiconductors. However, a simple ultrasonic system hinders its practical 

applications to clean the intricate surfaces such as textiles and root canals.
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In chapter 2, we have presented the results of experimental 

investigation of ultrasonic cleaning of textile. The results show that acoustic 

cavitation bubbles in an acoustic field are capable of removing contaminants 

from the textile surfaces. Although acoustic cavitation bubbles can improve 

washing efficiency compared with conventional washing method, the non-

homogeneous distribution of cavitation bubbles in a large washing bath 

hinders the uniform washing of textile. We thus reported a novel washing

scheme by combining an ultrasonic transducer with a conventional washing 

machine. Quantifying the washing performance reveals that the hybrid 

washing scheme indeed achieves a remarkably enhanced washing 

performance in comparison with the conventional washing machine. This 

work can lead to development of an innovative washing scheme aiming at 

both reduced washing time and high washing performance. 

In chapter 3, we have explained the device for root canal treatment. 

Root canal treatment is a procedure for preserving natural teeth infected 

with bacteria, and it consists of three stages: root canal formation, root canal 

cleaning, and root canal filling. In particular, root canal cleaning and filling 

process is the most important step for a successful endodontic treatment by 

removing infectious canal tissue and preventing reinfection. It has been 

proposed that a chemical method of dissolving bacteria by injecting a strong 

basic liquid, 5% NaOCl as a conventional treatment method or a physical

method of applying ultrasonic energy to a bacterium by inserting a 

ultrasonically vibrating cannula. However, because of the presence of 

alkaliphile microbe, Enterococcus faecalis in the root canal, the 

conventional root canal cleaning protocol has a limitation to clean perfectly. 

In addition, due to the high viscosity of the filling material, mineral trioxide 
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aggregate (MTA) and the complicated and narrow shape of the root canal, 

there is a limitation in complete filling of the root canal with the 

conventional injection method. In this study, we proposed a new endodontic 

treatment device that injects ultrasonic jet into the root canal, focusing on 

the fact that ultrasonic waves are used in various industries such as 

semiconductor cleaning process. In addition, to understand the physical 

phenomena of ultrasonic wave propagation in liquid medium, the devices 

are used for preclinical experiments of root canal cleaning and root canal 

filling.

Through these studies, we can extend the practical use of ultrasonic 

cleaning devices from the simple structures to the intricate structures. 

Furthermore, we overcome the weaknesses of a simple ultrasonic system in 

cleaning the intricate surfaces by adding the conventional cleaning method.
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4.2. Future works

4.2.1. Control of the leakage of liquid at root apex

Although we have investigated the cleaning root canals whose apex is 

closed, there are also opened root apex. If the volumetric flow rate of 

ejection is larger than that of suction, the liquid will be leaked at the root 

apex. The spurt at the root apex causes a severe pain to patients. It is easy to 

control the flow rate of ejection and suction when cleaning a simple root 

canal. However, when we clean the multiple root canals whose dimensions 

are different, the volumetric flow rates entering into root canals are different, 

thereby causing a spurt at root canals with a large diameter. So far we have 

used a straight nozzle. However, as shown in Figure 4.1, when the direction 

of the nozzle is toward the small channel, the spurt at root apex is prevented. 

Thus, as a future work, we plan to change the design of nozzle to optimize 

the direction of liquid ejection. 

Figure 4.1. The direction of the nozzle should be toward the small root canal 

to prevent the ejection at the root apex.
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4.2.2. Discharge of air inside root canals

When we insert a filling material into the root canals whose apex are closed,

the air inside the canals works as an obstacle. Thus, the internal air should 

be discharged. If the air is discharged by using a suction pump, the distance 

that filling material can enter will be able to be longer.

4.2.3. Filling multiple root canals with opened root apex

We model a root canal with root apex by using an acrylic plate, as shown in 

Figure 4.2. The width of root apex is approximately 0.2 mm. Because the 

width of root apex shrinks down, the flow resistance at root apex will 

increase, thus reducing the speed of filling material. We thus plan to 

investigate the ultrasonic effects on filling materials moving at root canals. 

We expect that the resistance at root apex may decrease due to the 

ultrasound.

Figure 4.2. Root canal model with root apex
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국 문 초 록

초음파를 이용한 섬유 세정과 치아 근관 치료 기

기 개발 연구

서울대학교 공과대학원

기계항공공학부

최 준 희

초음파 세정은 실리콘 웨이퍼나 포토마스크와 같은 반도체나

미세구조물을 세정하기 위해 사용된다. 가청주파수이상의

압력변동을 액체에 가할 때, 압력이 낮아지는 상황에서 물속에

용해된 기체들이 기포로 형성(공동현상)되고 주기적인

압력변동으로 기포를 진동시켜 기포 주위에 기계적인 힘을
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발생시키게 된다. 이런 진동하는 기포의 힘은 반도체나

미세구조물을 제작하는 과정에서 표면에 붙은 오염물질을

제거하는데 탁월한 역할을 하고 있다. 그러나 기존 초음파 세정

관련 기기는 평평하거나 간단한 구조로 이루어진 표면을

세정하는데 국한되어 있다. 따라서 본 연구에서는 복잡한 구조로

이루어진 옷감이나 치아의 근관에 적용시킬 수 있는 새로운

초음파 기기를 개발하고자 한다.

세탁기가 발명되기 전에는 막대와 같은 도구를 이용하여

옷감을 세정하였다. 세탁기가 발명된 이후에는 세탁통의

회전력으로 강력한 액체 제트와 같은 유동을 발생시켜 옷감에

부착된 오염물을 제거하였다. 최근에는 초음파를 활용한 세정

기술이 개발되고 있다. 그러나 단일 초음파 시스템은 음장 영역이

제한되어 있기 때문에 음장 영역 밖에서는 세정 효율이 현저히

떨어지게 된다. 이에 단일 초음파 세정 시스템을 옷감 세정에

사용하면 옷감이 불균일하게 세정된다. 따라서 초음파 기포의

효과를 극대화하기 위해 새로운 초음파 기기를 개발할 필요가

있다. 본 연구에서는 이와 같은 단점을 해결하기 위해 기존 상용

세탁기에 초음파 진동자를 결합하는 하이브리드 세정 기기를

개발하였다. 세탁통의 기계적인 회전력에 의해 옷감이 초음파

음장 영역 내에 위치하게 될 확률이 높아지게 되어 세정의

불균일성을 줄일 수 있다. 이렇게 개발된 하이브리드 세정 기기는

기존 상용화된 세탁기와 단일 초음파 세정기보다 세정 효율이
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높다는 것을 실험적으로 증명하였다. 본 연구 결과는 세정 시간과

세탁수를 획기적으로 줄일 수 있는 신개념의 새로운 세탁기를

개발하는데 있어 활용될 수 있다.

치아 근관 치료는 세균에 감연된 치아를 보존하기 위한

시술로써, 근관 형성, 근관 세정, 근관 충전의 3단계로 이루어진다.

근관을 형성한 후, 치과용 세정 기기를 근관에 삽입하여

1차적으로 세균을 제거한다. 그리고 추후 있을 세균의 증식을

막기 위해 근관을 충전물질을 삽입하여 밀폐하는 과정을 거친다. 

기존에는 근관을 세정하기 위해 강염기성 액체를 주사하여 근관

내벽에 존재하는 세균을 용해시키는 화학적인 방법을 사용하였다.

최근에는 초음파 주파수로 진동하는 캐뉼러를 삽입하여 초음파

에너지를 전달하는 물리적인 방식 등이 제시되었다. 그러나 기존

세정 방식은 그 효과가 현저히 떨어지며 특히 내염기성 특성을

지닌 세균 (Enterococcus faecalis)의 존재 때문에 완벽한 세정이

불가능한 실정이다. 또한, 근관 충전 과정에서 주로 이용되는 충전

물질인 Mineral Trioxide Aggregate (MTA)는 높은 점도를 지니고

있고 근관의 복잡한 형상 때문에 기존 임상에서의 주사

방식으로는 근관을 완벽히 채우는데 한계가 있다. 따라서 본

연구에서는 기존의 주사 방식인 액체 제트와 초음파 기기를

결합하는 하이브리드 근관 치료 기기를 개발하였다. 초음파를

인가한 제트를 근관 내부로 주사하는 새로운 근관 치료 방식을

제안하였다. 이렇게 개발된 하이브리드 기기는 기존 근관 세정
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방식보다 월등한 세정력을 보인다. 또한, 초음파 기포에 의해 근관

충전 물질의 점도가 낮아져 유동성이 개선되어 빠른 충전 효과도

볼 수 있다. 아울러, 하이브리드 근관 치료 기기 시작품 제작을

통해 임상 전 단계의 치아 근관 모형 시편에서 근관 세정 및 충전

실험을 통해 기기의 우수성을 검증하였다. 본 연구 결과는 세정

및 충전 단계를 하나의 단계로 통합할 수 있는 신개념의 근관

치료 기기를 개발하는데 활용될 수 있다.

주요어 : 초음파 기포, 섬유 세정, 근관 세정, 근관 충전

학 번 : 2013-23092
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