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The aim of this study was to develop an ultrasonic tooth-whitening apparatus using piezoelectric transducers, 
which enhance bleaching efficiency by applying ultrasound, while performing a teeth whitening procedure. For this 
purpose, an ultrasonic transducer was designed and manufactured, and the effects of reduction in the whitening 
material’s concentration and in the whitening treatment time through using the ultrasound cavitation phenomenon 
were confirmed. Also, the validity of this study was investigated by comparing the whitening performance with a 
commercialized optical whitener, through color comparison. The results revealed that the ultrasound whitener 
produced color values that were enhanced by as much as double that of the conventional LED light whitening 
method. Even when the operational time was reduced by half, the ultrasound method showed superior performance 
by over 54% compared to the conventional light whitener, revealing that the ultrasound method showed a remarkable 
treatment reduction effect.
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1. INTRODUCTION

The color of teeth is determined by internal color change 
and external coloring. Internal color change is related to the 
light scattering and absorption of the enamel and dentin. In the 
case of external coloring, the main cause of teeth coloring is the 
absorption of staining substances by the enamel surface from 
drinking beverages and smoking which occurs in everyday life. 
With the recent trend of emphasizing beauty, the number of 
people undergoing whitening is increasing including patients 
who had difficulty conducting home bleaching, and people seek-
ing a short-term shade improvement. Also, as whitening is an 
advanced technology industry, there is a high chance that the 

whitening markets will continuously grow, both quantitatively 
and qualitatively, with increasing national income [1,2].

Teeth whitening involves the main ingredients hydrogen 
peroxide(HDP) and carbamide peroxide(CBP) in teeth whiten-
ers, which are broken down inside the oral cavity by heat or 
light to release oxygen, and released oxygen enters the enamel 
and dentin to bleach the colored material, so that the teeth be-
come white and bright. The whiteners HDP and CBP are used 
in various concentrations from 10% to 35%, and although their 
whitening performance is greater with higher concentrations. It 
has been reported that high concentrations lead to side effects, 
such as discomfort of the gingival tissue and sensitivity to cold 
stimulation [3,4]. The method simultaneously using light and 
heat results in temperature increases of the teeth, causing hyper-
sensitivity due to vasodilation within the dental pulp. At present, 
whiteners using light irradiation are mainly being commercial-
ized [5-7].

Ultrasound is used in everyday life and in various industries, 
such as precision processing, machinery, semiconductor, and 
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vitreous flow; ultrasound medical diagnosis; and ultrasonic 
cleaning [8-10]. Among these, the cavitation phenomenon us-
ing ultrasound occurs as bubbles are formed about foreign 
substances in the medium, the bubbles repeatedly forming and 
dissipating. Then, the bubbles grow until they become larger 
than a certain size, and contract and rupture all at once; and the 
produced shockwave creates high pressure and temperature. 
This effect accelerates physical and chemical reactions. The high 
pressure and temperature from cavitation causes physical dam-
age, breaks down the binding of cells, and produces free radicals 
that can react with microbial cells, making sterilization possible.

The aim of this study is to develop an ultrasonic tooth-whit-
ening apparatus using piezoelectric transducers, which enhance 
bleaching efficiency by applying ultrasound, in comparison with 
the commercialized optical whitening method. Increasing whit-
ening efficiency means not only reduction of the procedure time, 
but also reduction of the toxic whitening materials.

For this purpose, an ultrasonic whitening apparatus compris-
ing 3 unit piezoelectric transducers was designed and manufac-
tured, and the whitener concentration reduction and whitening 
treatment time reduction effects using the ultrasound cavitation 
phenomenon were confirmed. Also, the validity of this study was 
investigated, by comparing the whitening performances with 
acommercialized optical whitener through color comparison.

2. EXPERIMENTS

2.1 Ultrasonic transducer design

To design the ultrasonic whitening apparatus using piezoelec-
tric transducers for this purpose, the commercial finite element 
analysis program ANSYS 10.0 was used for the structural design 
and analysis of the behavior of the transducer. An ultrasonic fre-
quency of 1~2 MHz of small wavelength was chosen to effectively 
transfer the hydrogen peroxide whitening material to the teeth. 
Also, the whitening apparatus consisted of 3 piezoelectric unit 
transducers configured at 45 degree in the form of a mouthpiece 
jig, as shown in Fig. 1, to secure a uniform ultrasound pressure 
distribution of the whitening medium.

The front surface of the piezoelectric element, composed of 
electrodes and an oxidation barrier layer, directly contacts the 
whitening medium, and a silicon absorber layer is placed at 
the side surface to act as a support of the vibration and to block 
whitening medium passing into the whitening apparatus. A radi-
al type PZT is used as piezoelectric material, having a shape of 20 
mm diameter and 1.3 mm thickness, which results in a resonant 
frequency of 1.68 MHz of thickness vibration mode. An air gap 
is placed on the backside of the PZT so that the maximum vibra-
tion energy can be delivered to the opposite side.

The properties used in the design are shown in Table 1, and 
through modal and harmonic analysis, an ultrasonic transducer 
with a resonant frequency of 1.6~1.8 MHz and a whitening appa-
ratus were designed. 

2.2  Whitening experiment

Ceramic HA(Hydroxyapatite, TAIHEI CHEMICAL, Japan), 
which has a crystallographic and chemical composition similar 
to that of human bones was used as the material substituting for 
teeth, to investigate a whitening performance. It was sintered for 
2 hours, by raising the temperature to 1,350℃ at a rate of 5℃/
min. Artificial teeth specimens of disk shape of 14 mm diameter 
and 2 mm thickness were fabricated. The prepared specimens 
were mirror polished, and stained for one week at room tem-

perature using a solution of instant coffee, black tea and wine. 
Figure 2 shows uncolored and colored HA specimens.

The whitening assessment involved 10 samples for each exper-
imental condition to obtain the average value, and was conduct-
ed by immersing the colored tooth replacement HA specimens 
in 15% hydrogen peroxide at room temperature, and incremen-
tally increasing the exposure time to ultrasonic vibration or an 
LED light source, from 20 minutes to 1 hour, to measure the pH 
and content changes [11]. Figure 3(a) shows a whitener using a 
conventional LED light source(Aladdin, DXM.CO.LTD, Korea), 
and Fig. 3(b) shows the manufactured ultrasonic transducer. 
Evaluation of the degree of whitening was performed using a 
spectrophotometer(CN-700d, KONICA MINOLTA, JAPAN), and 
the differences in perceived color space A before whitening (CIE 
1976, Color space, L*, a*, b*) and after whitening A' (L*', a*', b*'), 
were compared [12].

2.3 Ultrasound driving circuit

In real application, movement of the resonant frequency of the 
ultrasonic transducer according to the amount, concentration, 
and temperature of the hydrogen peroxide, as well as the teeth 
bite shape, becomes a matter of concern. Therefore, by varying 
the frequency through a voltage controlled oscillator(VCO) cir-
cuit, and searching for the frequency when the impedance of the 
piezoelectric transducer was the lowest, the resonant frequency 
can be tracked through the driving algorithm shown in Fig. 4.

Since the resonance frequency of the selected piezoelectric 
transducer is in the range of about 1~2 MHz, a frequency genera-
tion module was designed by using a PWM(pulse width modula-
tion) controller. When power is supplied to the teeth whitener, 
the microprocessor(hereafter MCU) delivers the current status 
to the display module, and according to the PWM duty, the fre-
quency generation module generates a frequency of 1.3~1.9 MHz 
passing through the power switching and matching circuit to be 
finally delivered to the piezoelectric transducer. The impedance 
list is delivered to the MCU, and the MCU searches the resonant 
frequency of the piezoelectric transducer. Then, the PWM duty 
corresponding to the searched resonant frequency is delivered 

Table 1. Material properties used forANSYS analysis.

Material
Density

(kg/m3)

Modulus of 

Elasticity (GPa)
Poisson’s ratio

PZT

Aluminum

Silicone rubber

Air

7,750

2,700

1,400

1.21

60

70

0.01

0.14

0.31

0.33

0.50

0.30

Fig. 1. Modeling of the ultrasonic tooth-whitening apparatus, and 
cross sectional diagram of a unit piezoelectric transducer.
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to the frequency generation module, and the piezoelectric trans-
ducer can be operated at the resonant frequency. The constant-
current circuit was composed so that user defined output is 
maintained at a constant level.

3. RESULTS AND DISCUSSION

3.1 Ultrasonic transducer & apparatus

Verification of the validity of the structure is carried out 
through finite element analysis. Figure 5(a) is a meshed diagram 
of the unit ultrasonic transducer consisting of 1,704 nodes and 
1,610 elements. Results of the harmonic analysis and fabricated 
transducer’s impedance are shown in Fig. 5(b). The frequency 
response characteristic of the transducer is checked with an 
impedance analyzer, HP4192A. Some difference of the response 
is believed to happen because of the difference of the material 
properties, such as parasitic capacitance and inductance, and 

also the difference of loss coefficients used in ANSYS analysis. 
However, it shows good agreement between the two results over 
the resonant frequency of 1.68 MHz. Figure 6(a) shows ameshed 
diagram of the ultrasonic transducers, with 3 cells a rranged at 45 
degree. The results show that the generated ultrasound is evenly 
radiated in the medium, and the average sound pressure was 
about 8,387 Pa, due to the ultrasound generated at the front sur-
faces where the teeth were placed. 

Based on these results, a prototype of the ultrasonic whitener 
was manufactured, and measurement of the resonant frequency 
was found to be 1.68 MHz, which is in good agreement with the 
harmonic analysis result.

3.2 Whitening evaluation

Even though the ultrasonic cavitation is affected by the 
medium concentration, pH, temperature, pressure, time and 
frequency, the ultrasound radiation may cause changes in the 
experimental conditions, such as the medium concentration, 
temperature and pH. Therefore, prior to the whitening assess-
ment, the concentration and pH changes of the HDP were in-
vestigated according to the ultrasound and LED light exposure, 
respectively. 

After exposing specimens to each whitening condition for an 
increasing experiment time from 20 minutes to 1 hour, it was 

Fig. 3. Experimental setup of the (a) optical (LED) whitening and (b) 
ultrasonic whitening.

Fig. 2. The colored HA specimen.

Fig. 4. Resonant frequency tracking algorithm for the ultrasonic 
transducer.

Fig. 5. Unit piezoelectric transducer (a) half model diagram and (b) 
impedance plots of the simulation and actual measurement.

(a)

(b)

(a)

(b)

(a)

(b)
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found that the HDP content and pH change from the ultrasound 
and light were as shown in Fig. 7. In the case of the ultrasound 
method, an increase in temperature of about 2~5 degrees Celsius 
occurred, due to the vibration friction by the piezoelectric ele-
ment, which led to relatively larger changes in the pH and HDP 
concentration compared to the LED method. However, an over-
all change within 5% was found, which led to the conclusion that 
the experimental condition changes due to ultrasound and the 
LED light source were insignificant. The electric power applied 
to the piezoelectric transducer was 10 W.

The color of the HA specimens were measured using a spec-
trophotometer before and after each whitening process, for 3 in-
tervals of 20 minutes to 1 hour under equal condition. As seen in 
Fig. 8, the ultrasonic whitening method produces superior whit-
ening improvement compared to the conventional LED method, 
and the chrominance measurement results shown in Fig. 9 reveal 

Fig. 6. Ultrasonic transducers composed of 3 unit cells (a) modeling 
diagram and (b) simulated ultrasound pressure distribution.

Fig. 7.  The HDP content and pH changes according to the test time.

Fig. 8. HA samples after the ultrasonic and LED whitening processes 
(a) after ultrasonic process and (b) after LED process.

Fig. 10. Comparison of the ΔE between the ultrasonic and conven-
tional LED whitening methods.

Fig. 9. Comparison of the ΔE between the ultrasonic and LED whiten-
ing methods (60 minutes).

(a)

(b)

(a)

(b)
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that there was an improvement of approximately double from 
the values of 12.1 and 25.3, respectively.

Figure 10 shows the result of chrominance comparison be-
tween 1 hour process and reduced time of 30 minutes. The 
reduced 30 minutes process showed an approximately 54.3% 
improved result, compared to that of the 1 hour LED method. As 
a result, it was determined that the use of ultrasound effectively 
led to a reduction of whitener treatment time.

Figure 11 shows the prototype sample of the piezoelectric 
ultrasound whitener, in which 3 piezoelectric transducers are at-
tached to the mouthpiece shape jig, arranged at 45 degree.

4. CONCLUSIONS

In this study, an ultrasonic tooth-whitening apparatus using 
piezoelectrict ransducers was developed and evaluated, which 
enhances bleaching efficiency by applying ultrasound while the 
teeth whitening procedure is being performed. For this purpose, 
an ultrasonic transducer was designed and manufactured, and 
the whitening material’s concentration reduction and whitening 
treatment time reduction effects using the ultrasound cavitation 
phenomenon were confirmed. Also, the validity of this study was 
investigated by comparing the whitening performance with a 
commercialized optical whitener through color comparison. The 
results revealed that the ultrasound whitener produced color 
values that were enhanced by as much as double that of the con-

ventional LED light whitening method. Even when the operation 
time was reduced by half, the ultrasound method showed su-
perior performance by over 54%, compared to the conventional 
light whitener, revealing that the ultrasound method showed a 
remarkable treatment reduction effect.
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