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Double-parabolic-reflectors 
acoustic waveguides for high-
power medical ultrasound
Kang Chen  1, Takasuke irie2, Takashi Iijima3 & Takeshi Morita1*

High intensity focused ultrasound therapeutics are widely used to noninvasively treat various types of 
primary tumors and metastasis. However, ultrasound penetration depth is shallowed with increasing 
frequency which limits the therapeutic accuracy for deep tissues. Although acoustic waveguides 
are commonly inserted into tissue for localized therapy, powerful ultrasound delivery is difficult. 
Here, we invent double-parabolic-reflectors acoustic waveguides, where high-power ultrasound 
emission and large mechanical vibration enhance the therapeutic efficiency. High-energy-density 
ultrasound with around 20 times amplification by two parabolic reflectors propagates through the 
thin waveguide between 1 to 2 MHz, and wideband large mechanical vibration at the waveguide tip 
from 1 kHz to 2.5 MHz accelerates the therapeutics. This fundamental work serves as a milestone for 
future biomedical applications, from therapeutics to diagnostics. Since the high-power ability at high 
frequencies, our waveguide will also open up new research fields in medical, bio, physics and so on.

Health of human beings is always the dominant concern in the modern society, which is continuously arousing 
further investments and development for medical devices. Among the medical equipment, ultrasound based 
medical devices have been universally recognized as the low-cost and human/environmental-friendly tool for 
diagnostics and therapeutics, applications mainly cover from finding the source of diseases (imaging of internal 
body structures)1,2 to treatments (tissue destruction, drug delivery, gene therapy, etc.)3,4. In typical ultrasound 
therapeutics, High Intensity Focused Ultrasound (HIFU) treatments with the frequency of 0.75 to 3 MHz and 
the focal intensity of over 1 kW/cm2 are utilized to noninvasively destruct the diseased tissue by acoustic focus-
ing from the outside of human body. The cigar-shaped focal dimensions are usually in the order of 1–3 mm in 
the transverse direction and 8–15 mm in the beam axis direction. Such relatively large dimensions make HIFU 
transducers lose certain accuracy in localized therapy for deep tissues5,6 and some bioeffects including side burn-
ings (by thermal-based therapies) and significant hemorrhage (by mechanical-based therapies)7,8 may be poten-
tially induced. Alternatively, minimally invasive energy-based treatments (MIT) can be a promising candidate, it 
inserts the thin needle directly to the lesion to deliver different types of energy for treatments. MIT can limit the 
size of required incisions, localize the therapeutic region, and shorten the wound healing time, associated pain 
and risk of infection9,10. MIT possesses superior advantages for tumor therapeutics11,12 in liver, kidney, prostate, 
etc. However, conventional MIT including thermotherapy (radiofrequency ablation13, laser ablation14) and cry-
otherapy (cryoablation15) are intended to realize large-volume efficient therapy with over 4 mm in diameter and 
5 mm in depth3,16, which limits the applications that require localized accurate therapy.

Although ultrasound-based MIT offers the opportunity for localized accurate therapy, the essential point is 
how to emit powerful ultrasound at the needle tip to increase the therapy efficiency. When arranging the energy 
source (usually piezoelectric element) at the needle tip that is similar to intravascular ultrasonic transducers 
(IVUS), the size is restricted which hinders the high-power generation17–19. Therefore, using acoustic waveguides 
to deliver powerful ultrasound from the outside of human body to the waveguide tip has received wide attention. 
However, the available designs are suffering from limited energy source (large diameter difference between pie-
zoelectric element and waveguide)20,21 and energy loss during transmission (multiple changes of transmission 
mediums)22, so, high-power transmission had been impossible. The essence of these problems belongs to the 
difficult design of the transition portion between piezoelectric element and thin waveguides. To transmit more 
powerful ultrasound, although increasing contact surface area between piezoelectric element and waveguides 
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were proposed23–28, high-power performances were still not satisfied due to the undesirable acoustic guidance of 
ultrasound in the waveguides (large reflections by the steep design of waveguides, etc.). Thus, no available acous-
tic waveguides were reported that can achieve high-power ultrasound propagation.

In this article we report a significant advancement in delivering high-power ultrasound in acoustic wave-
guides for efficient minimally invasive ultrasound therapeutics. By designing the 1st parabolic reflector to focus 
ultrasound and the 2nd parabolic reflector to guide ultrasound, powerful ultrasound with plane wavefront and 
enhanced energy density can be introduced into the thin waveguide for high-power transmission. Extremely large 
mechanical vibration at the waveguide tip can be realized between 1 kHz to 2.5 MHz, and large localized acoustic 
pressure can be emitted, which allow accurate and efficient therapeutics. For conventional HIFU transducers that 
focus ultrasound from the outside, the focusing performance strongly relies on the working medium, however, 
our waveguide can directly orient the thin waveguide tip to the lesion for treatments and the output performances 
can be conveniently controlled by the waveguide design. Due to the direct contact between the solid waveguide 
and tissue, additional large mechanical vibration for direct contact tissue damage29–31 can be achieved besides the 
heating effects. So, by combining these effects, the tissue destruction efficiency can be improved. This proposal 
will provide a new solution for accurate minimally invasive ultrasound therapeutics.

Results
Double-parabolic-reflectors acoustic waveguides. In typical thin waveguides as shown in Fig. 1a, the 
piezoelectric element (PZT) works in thickness mode vibration and the emitted weak ultrasound is propagating 
through the thin waveguides. Waveguides are required to be thinner than several mm for minimally invasive treat-
ments23–28, therefore, large diameter difference exists between PZT and waveguides, which limits the amount of 
energy being directly transmitted to the waveguides. To enhance the energy input, we invented double-parabolic-re-
flectors acoustic waveguides as shown in Fig. 1b. Two important features should be highlighted. First, a large-size 
PZT ring can be attached to the large-end-surface waveguide, which indicates that more energy can be directly intro-
duced to the waveguide. Second, plane-wavefront ultrasound with enhanced vibration amplitude can be achieved 
by double parabolic reflections. The first parabolic reflector is used to increase the contact surface area between 
PZT and waveguides and to focus ultrasound. The second parabolic reflector is to transfer the focused ultrasound 
to an enhanced plane-wavefront ultrasound. Two parabolic reflectors share the same focal point and the resulted 
ultrasound is guided to the thin waveguides for high-power transmission. The working principle can be described 
by five steps as shown in Fig. 1c. In the beginning, a plane-wavefront ultrasound is emitted by PZT and propagated 
into the waveguide. Then, the plane-wavefront ultrasound is reflected by the 1st parabolic reflector. The reflected 
ultrasound is focused to the focal area. In the next, the focused ultrasound is reflected by the 2nd parabolic reflector 
and transferred to a plane-wavefront ultrasound with larger energy density. Eventually, the enhanced plane-wave-
front ultrasound is propagating through the thin waveguide. Theoretically speaking, we have proved that the pro-
posed acoustic waveguide can generate powerful ultrasound that is over one order-of-magnitude of conventional 
configuration in acoustic pressure and over two orders-of-magnitude in power32. In Fig. 1d, we also illustrate the 
comparison of acoustic pressure in φ 1 mm waveguides under 1.4046 MHz. It is obvious that the invented waveguide 
possesses superior performance in generating powerful ultrasound.

Figure 1. Principles of conventional waveguides and invented double-parabolic-reflectors waveguides. 
(a,b) Conceptual schematics of general configuration of piezoelectric element (PZT) and waveguide (a) and 
proposed configuration with parabolic-focusing waveguides (b). In (a) PZT is attached to a thin waveguide with 
large diameter difference. In (b) PZT ring is attached to a large-end-surface waveguide with double parabolic 
reflectors to focus and guide ultrasound. (c) Working steps of double-parabolic-reflectors waveguides. Vibration 
amplitude of the incident plane-wavefront ultrasound is enhanced by double parabolic reflectors, color 
represents the vibration velocity in z direction. (d) Transmitted ultrasound comparison for two configurations. 
Simulated acoustic pressure at positions P1 and P2 that is 200 mm away from the left end of thin waveguides 
under same voltage and 1.4046 MHz when thin waveguides are φ 1 mm in diameter and PZT is attached to 
backing layers32.
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Transducer design and characterization. The essential theory in solid waveguides is the propagation 
modes. And dispersion phenomenon is the reason why waves with different wavelengths can propagate at differ-
ent speeds in each propagation mode in the same material. In cylindrical mechanical waveguides for minimally 
invasive treatments, axially symmetrical “longitudinal” waves are most commonly selected20–28, the characteristic 
equation of Pochhammer-Chree wave is given by33
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quency and wavenumber of the propagating wave, J0(x) and J1(x) are the Bessel functions of the first kind of order 
zero and one, λ and μ are Lame’s constants, and a is the radius of the waveguide. Depending on the modes, the 
propagation speeds are different and the vibration shapes at the cross section of the waveguides are complicated 
with increasing number of the modes. Here, the first mode was selected (see Supplementary Fig. 1), and the diam-
eter of the thin waveguide was determined as 1 mm with 20 mm long considering the fabrication process. In terms 
of two parabolic reflectors, amplification ratio of the vibration amplitude of the incident ultrasound is the key 
design purpose. The carried energy E of a plane-wavefront ultrasound averaged over a wavelength is related to 
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1 2 2 2 , where u is the vibration displacement, V is the volume of the wave, A is the vibration 
amplitude, ρ is the density of the waveguide material, and S represents the area of the wavefront33. If the mode 
conversion34 during parabolic reflections to cause loss of energy carried by longitudinal vibration is neglected, the 
amplification ratio of the vibration amplitude equals to −r r m( )/42

2
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2 2  (see Supplementary Note 1 for the 

detailed derivation), where r1 and r2 represent the inner and outer radius of the PZT ring, m is the focal length of 
the 2nd parabolic reflector. In the current optimized design, r1 and r2 were 8 mm and 20 mm, respectively, PZT 
thickness was 1.1 mm, m equaled to 0.5 mm, and the focal length of the 1st parabolic reflector was 10 mm, there-
fore, the amplification ratio reaches to around 18.3. A prototype named Double Parabolic refLectors wave-guided 
Ultrasonic tranSducer (DPLUS) was fabricated as shown in Fig. 2a, the core component is the acoustic waveguide 
with double parabolic reflectors. The waveguide was made of duralumin, the fixtures were made of brass, and a 
soft-type PZT with mechanical quality factor Qm of around 75 was used.

To examine the capability of minimally invasive tissue treatments by direct-contact mechanical vibration 
and thermal destruction, we characterized the output performances of DPLUS based on vibration velocity and 
emitted acoustic pressure. For low frequency high intensity ultrasound ablation using waveguides, direct contact 
ablation, cavitation, acoustic streaming and pressure wave components are the main effects, and they are directly 
related to vibration velocity at the waveguide tip and frequency35,36. Therefore, vibration velocity is regarded as 
one of the important evaluation indexes. For HIFU ablation, the working mechanisms of thermal and mechanical 
destruction are associated with frequency, acoustic pressure, and cavitation7,8. Thus, acoustic pressure is consid-
ered as an evaluation index for high frequencies.

To characterize the mechanical vibration at the waveguide tip, frequency responses of DPLUS in terms of 
admittance and vibration velocity were investigated using the experimental setup shown in Fig. 2b. The vibration 
velocity was measured along the longitudinal direction of the thin waveguide under 1 Vpp and the results are 
shown in Fig. 2c (see Supplementary Fig. 2 for the lateral vibration velocities). There are three important findings. 
First, the admittance curve was flattened compared with admittance from a single PZT ring without attaching 
to the waveguide (see Supplementary Fig. 3 for the admittance curve of PZT ring), meanwhile, more admittance 
peaks appeared. As a result, there are wide frequency ranges showing large vibration velocities. Second, frequen-
cies with large mechanical vibration exactly correspond to the frequencies with obvious admittance change (see 
Supplementary Fig. 4 for the detailed admittance change compared to simulation). Third, from the vibration 
velocity curves, large mechanical vibration can be constantly observed from 0 to 2.5 MHz, which offers flexible 
selection of frequencies with large vibration for effective tissue destruction. At low frequencies of 62.1, 187.9, 
305.1, and 438.1 kHz, velocity peaks of 1.22, 0.114, 0.05, and 0.075 m/s can be achieved, more importantly, dense 
and large vibration velocity peaks occur at megahertz frequencies, vibration velocity at 0.811, 1.346, 1.53 and 
1.705 MHz can be over 41.5, 22.3, 35.8, and 44.18 mm/s, respectively. Compared with conventional kilohertz 
range high-power Langevin transducers29–31, these results were regarded as a breakthrough in two aspects: pro-
viding wideband frequencies with large vibration amplitudes and extending high mechanical vibration to mega-
hertz frequency range.

For further exploration of vibration velocity characteristics, the aforementioned frequencies were typically 
selected, and measurements under continuous and 5-cycles short burst excitation were shown in Figs. 3–5 (see 
Supplementary Fig. 5 and Note 2 for the designed impedance matching circuit for vibration velocity measure-
ments). Under continuous excitation as shown in Fig. 3, vibration velocity at the waveguide tip (α direction) 
and PZT surface (β direction) were measured, and an amplification ratio RA defined by the vibration veloc-
ity at the waveguide tip divided by PZT surface vibration velocity at the same input was calculated. In Fig. 3a, 
with increasing exciting voltage, vibration velocity at the waveguide tip showed an initial linear increase and a 
subsequent saturation for 1.346 and 1.53 MHz, in comparison, a continuous increase for 0.811 and 1.705 MHz 
can be observed. Theoretical curves were provided by numerical simulation at 1.29 MHz under continuous and 
5-cycles burst excitation, which delineated the linear relationship due to the underestimation of heat generation 
and associated nonlinearity phenomena37. It is important to highlight that at megahertz frequencies, DPLUS 
can realize extremely large vibration velocity at the waveguide tip, 4.8, 1.015, 2.08, and 2.315 m/s peak value of 
vibration velocity can be achieved at around 0.807, 1.3454, 1.53 and 1.702 MHz under the exciting voltage of 120, 
90, 90 and 70 Vpp, respectively. These results proved the high mechanical vibration of our DPLUS at megahertz 
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range. Regarding the vibration velocity along the thickness direction at the PZT surface as shown in Fig. 3b, with 
increasing voltage, 0.811 and 1.706 MHz indicated a more linear relationship while the other frequencies showed 
a gradual saturation. The amplification ratio RA was calculated as shown in Fig. 3c, theoretical results under 
continuous excitation were indicated by an area due to the uneven distribution of vibration velocity at the PZT 
surface. In experiments, RA of 0.811 MHz (around 40) possessed a large discrepancy with RA of other frequencies 
(around 20), which indicates that 1.346, 1.53 and 1.706 MHz are closer to the thickness mode vibration of PZT 
under continuous excitation.

Under 5-cycles short burst excitation, vibration velocity at the waveguide tip and PZT surface were measured 
under 1.346 and 1.986 MHz as shown in Fig. 4. From Fig. 4a, one can observe that vibration velocities delineated 
a linear relationship with increasing voltage and showed the peak values of 0.88 (at 1.346 MHz) and 1.08 (at 
1.986 MHz) m/s under 100 Vpp. The amplification ratios in Fig. 4b indicated similar values between experiment 
and simulation, 27 and 20 times of amplification ratios were achieved in simulation and experiments. In our 
previous calculation, the amplification ratio should be around 18.3 without considering the mode conversion loss 
and resonance of the structure, the difference indicates that resonance assists to enhance the amplification ratio 
under short burst excitation. It is significantly important to notice that large amplification ratio can be achieved 
for the designed DPLUS. Compared with the focusing techniques in HIFU transducers38,39 (commonly with the 
focusing gain of several to a hundred times) and conventional Langevin transducers with horn deign40 (com-
monly with amplification lower than 10), our waveguide showed promising focusing performance. It also needs 
to be noticed that if we design additional focusing part at the thin waveguide tip such as focusing lens, the focus-
ing performance can be further improved. Furthermore, transient vibration velocity shown in Fig. 4c compared 

Figure 2. Device architecture and experimental schematic. (a) Photograph of the manufactured Double 
Parabolic refLectors wave-guided Ultrasonic tranSducer (DPLUS). The core component of DPLUS is the 
double-parabolic-reflectors acoustic waveguide. The thin waveguide is φ 1 mm in diameter and the focal 
lengths of the 1st and 2nd parabolic reflectors are 10 mm and 0.5 mm. The PZT ring is 20 mm in outer radius, 
8 mm in inner radius, and 1.1 mm in thickness. (b) Experimental setup used to characterize the frequency 
responses of DPLUS. PC personal computer, FRA frequency response analyzer, PA power amplifier, ADP 
adaptor, OSC oscilloscope, LDV laser doppler vibrometer. (c) Measured frequency responses of DPLUS in 
terms of admittance and vibration velocity. In admittance curves, water represents that admittance of DPLUS 
was measured when the waveguide tip was immersed into water. The vibration velocity was obtained along the 
longitudinal direction of thin waveguide under 1 Vpp.
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the simulation and experimental results under 10 Vpp, 1.29 and 1.346 MHz, respectively. It can be found that very 
similar waveforms can be obtained at the waveguide tip despite of the difference in vibration velocity values, 
experimental results were around half of simulation results. In summary, from the mechanical vibration char-
acteristics at high frequencies, we showed that the invented acoustic waveguide successfully achieved extremely 
large mechanical vibration with high amplification ratio.

At low frequencies, the mechanical vibration was measured under continuous excitation as shown in Fig. 5a. 
Different from high frequencies where double-parabolic-reflectors structure serves as the focusing mechanism 
by double parabolic reflections, for ultrasound at low frequencies with large wavelength, the 1st parabolic reflector 
works as a horn structure in Langevin transducers to increase the vibration amplitude under resonance. In other 
words, the large vibration amplitude is due to the small diameter of the thin waveguide. It can be observed that 
62.1 kHz offers the largest potential to increase the vibration velocity, 7 m/s at 10 Vpp can be easily achieved. Other 
frequencies showed smooth increase of vibration velocity, around 4.4, 2.2, and 3.9 m/s can be realized under 
80 Vpp at 187.6, 306, and 438 kHz, respectively. Comparison with conventional transducers using long horn or 
waveguides for tissue ablation was shown in Fig. 5b, there are two important aspects to be emphasized for the 
designed DPLUS. First, from the perspective of vibration velocity, the proposed acoustic waveguide can achieve 
similar level of vibration velocity at frequencies below 100 kHz which enables tissue ablation at low frequencies by 
direct-contact mechanical vibration. Second, from the view of working frequency, we can extend it to megahertz 
range while keeping large vibration velocity. It is not available for conventional types because large vibration 
displacement that can be easily achieved at low frequencies was considered to be effective to increase the ablation 
area41,42 and high-frequency transducers that can realize large mechanical vibration is difficult to design. For our 
DPLUS working at megahertz ranges, in addition to tissue ablation by thermal effects, the solid waveguide with 
large mechanical vibration can directly contact tissue so that direct-contact mechanical ablation can be induced, 
by combining these two effects, the therapeutic efficiency can be enhanced.

Besides mechanical vibration characteristics, important parameters related to thermal treatments were also 
explored. Here, we investigated the emission of localized powerful ultrasound in water when the waveguide tip 
was immersed into water as shown in Fig. 6a. The distribution of acoustic pressure in water was extracted from 
simulation at 1.164 MHz as indicated in Fig. 6b, one can observe that large acoustic pressure can be generated 

Figure 3. Vibration velocity characteristics under continuous excitation. Vibration velocity at the (a) waveguide 
tip, (b) PZT surface, and (c) the calculated amplification ratio under continuous excitation. The theoretical 
curves in (a,c) were provided by simulation using PZFlex (see Supplementary Fig. 6 for the simulation model). 
In (a,b), α direction represents the longitudinal direction along the thin waveguide and β direction is the 
thickness direction of the PZT ring. In (c) the amplification ratio was calculated by the vibration velocity of 
waveguide tip divided by the vibration velocity at the PZT surface under the same input.

Figure 4. Vibration velocity characteristics under short burst excitation. (a) Vibration velocity at the waveguide 
tip, PZT surface and (b) calculated amplification ratio under 5-cycles short burst excitation. In (c) the waveform 
at the waveguide tip under 10 Vpp excitation is compared between simulation and experiment.
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near the waveguide tip and the area is constrained to 1 mm × 1 mm range. If we design active/passive acoustic 
focus at the waveguide tip, focalized large acoustic pressure can be realized. The axial acoustic pressure at differ-
ent frequencies were measured as shown in Fig. 6c. Experimental results were smaller than simulation near the 

Figure 6. Evaluation of localized powerful ultrasound emission in water. (a) Illustration of axial acoustic 
pressure measurement. (b) Simulated acoustic pressure distribution at the waveguide tip under 1.164 MHz. 
(c) Measured axial acoustic pressure under 10 Vpp. (d) Acoustic pressure comparison with conventional HIFU 
transducers. Normalized acoustic pressure is evaluated as the acoustic pressure divided by the input voltage. 
Black circles represent the peak positive pressure, black squares indicate the peak negative pressure. The 
superior performance of DPLUS (red dots) is comparable to transducers for histotripsy. Citations to previous 
work are provided in the Supplementary Fig. 8.

Figure 5. Vibration velocity at low frequencies and performance comparison of mechanical vibration. (a) 
Measured vibration velocity at low frequencies under continuous excitation. (b) Vibration velocity comparison 
with conventional transducers. In conventional transducers, long horn or long waveguides were typically used 
for tissue ablation. Citations to previous work are provided in the Supplementary Fig. 7.
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waveguide tip and one possible reason is that experiments were influenced by the spatial averaging effects. In 
simulation, acoustic pressure close to the waveguide tip was 2.65 MPa under 10 Vpp. And the acoustic pressure was 
dramatically reduced to be around 1/2 and 1/4 of the acoustic pressure near the waveguide tip when z′ was around 
0.55 mm and 1.35 mm. In experiments, 1.344, 1.521, and 1.7 MHz offer around 1, 1.2, and 2 MPa of maximum 
acoustic pressure, and the acoustic pressure was reduced to be around 1/2 when z′ was around 1.4 mm. These 
results support the generation of localized ultrasound. Furthermore, the output acoustic pressure was compared 
with conventional HIFU transducers for ultrasound therapeutics as shown in Fig. 6d, normalized acoustic pres-
sure was evaluated as the acoustic pressure divided by the input voltage. For our waveguide, the measured acous-
tic pressure was at 10 Vpp but the compared normalized pressure was calculated to the maximum applied voltage 
according to the vibration velocity values shown in Fig. 3a. In comparison, it can be found that for mechanical 
HIFU treatments such as histotripsy, transducers are required to have a high normalized acoustic pressure of 
over 0.1 MPa/Vpp while transducers for typical thermal treatments need a moderate value from 0.01 to 0.1 MPa/
Vpp. Between 1 to 2 MHz, our waveguide possesses a good performance and can be comparable to transducers for 
histotripsy applications although it is difficult to achieve as high acoustic pressure as those transducers (usually 
over 80 MPa peak positive pressure and 20 MPa peak negative pressure are required for histotripsy applications). 
In conclusion, our waveguide shows the ability to realize large and localized acoustic pressure at the waveguide 
tip, which is promising for practical treatments.

Applications of the double-parabolic-reflectors acoustic waveguides for tissue ablation. To prove 
our invented acoustic waveguides with double parabolic reflectors for effective therapeutics by combining large 
mechanical vibration induced direct-contact mechanical ablation and large localized acoustic pressure induced ther-
mal ablation, here we present the basic results of soft tissue destruction. Soft tissue of commercial animal fat was 
attached to the thin waveguide tip, the consumed time to destruct the fat to entirely fluid condition was recorded 
under different frequencies and vibration velocities, results are shown in Fig. 7. Under the same free vibration veloc-
ity at the waveguide tip, frequencies from 1 to 2 MHz dramatically enhanced the destruction efficiency, and the 
destruction time was reduced by around two magnitudes when the free vibration velocities were larger than 1.6 m/s. 
A comparison of fat destruction at low and high frequencies can be found in Supplementary Movie 1 and Movie 2. 
At each frequency, increasing mechanical vibration saved the destruction time to a different extent, 0.1 to 1 MHz 
ranges show smooth decrease of destruction time and 1 to 2 MHz ranges indicate the sharp reduction of destruction 
time. When the working frequency is relatively low (<0.5 MHz), the thermal effects for tissue destruction are not 
strong so that direct-contact mechanical effects play an important role. In comparison, at high frequencies (1 to 
2 MHz), ultrasound can be easily absorbed by soft tissue so that both thermal and mechanical effects are effective 
for tissue destruction. Therefore, by combining these two effects, efficient tissue destruction can be achieved. In 
addition, since the waveguide can directly contact with tissue and achieve large mechanical vibration, solid tissue 
destruction is promising in the future. In conclusion, to effectively destruct tissue, high vibration amplitudes at low 
frequencies (0.1 to 1 MHz) are required, however, at high frequencies (1 to 2 MHz), the ablation efficiency is high 
even at low vibration amplitudes due to the combination of thermal effects and mechanical effects.

Discussion
Our work demonstrates the effectiveness of double parabolic reflectors to enhance the energy density of the 
incident ultrasound and to transmit powerful ultrasound. Combining experimental and theoretical approaches, 
we found the acoustic waveguide can not only deliver localized powerful ultrasound at the waveguide tip for 
ultrasound thermal therapeutics but also generate wideband large mechanical vibration for direct-contact 

Figure 7. Tissue destruction abilities at different frequencies. Commercial animal fat was attached to the thin 
waveguide tip and it was completely turned to fluid statement after applying ultrasound, the destruction time 
refers to the required time for turning the fat to fluid statement and the measurements were conducted at the 
same vibration velocities (at free condition without attaching to loads) for different frequencies.
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mechanical tissue ablation, therefore, the therapeutic efficiency is high. Compared with conventional 
low-frequency (<100 kHz) high-power transducers for tissue destruction, our technique extends the working 
frequency to 2.5 MHz while keeping high mechanical vibration. Besides, compared with typical HIFU transduc-
ers for common thermal and mechanical ablation, our waveguide can realize similar output performance while 
speeding up the therapeutic by direct-contact mechanical effects. These new introduced features of our waveguide 
are of great importance to examine and explore some basic physics in the research field. For further investigation 
of our acoustic waveguides, first, matching sections at the thin waveguide tip can be added to ease the large acous-
tic impedance mismatch. Second, coating to the waveguide surface seems to be promising to avoid energy loss22. 
Third, long waveguide that can get access to deep tissues will be considered for future development. Fourth, high 
frequency acoustic waveguides larger than 10 MHz for treatments will be a breakthrough for ultrasound thera-
peutics. By realizing these future works, performances of our waveguide can be further improved, and many bio-
medical applications can be opened. As for potential applications, in addition to minimally invasive ultrasound 
therapeutics, our waveguide can also be utilized for ultrasound imaging of large tissue (liver, etc.), ultrasound 
microscope28, cavitation for chemical reaction43–45, acoustic tweezer for cell manipulation46, drug delivery4,47, 
gene therapy47, etc. In conclusion, in this fundamental work, we introduced new features to our waveguide that 
are not possible for conventional transducers. As a result, many important biomedical applications might become 
possible. Therefore, this work is regarded as a milestone in achieving important biomedical applications in the 
future.

Methods
Measurement setup. To characterize the vibration velocity under single frequency excitation, continuous/
burst RF signals generated by a waveform generator (33250 A, Keysight Technologies) and amplified by a power 
amplifier (T145-5027D, THAMWAY CO., LTD) were applied to DPLUS. Impedance matching circuit shown in 
Supplementary Fig. 5 and Note 2 was designed to supply enough power to DPLUS. The vibration velocity signals 
were measured by a Laser Doppler Vibrometer (LV-1800, ONO SOKKI Co., Ltd.). When the thin waveguide 
tip was immersed into water for acoustic pressure measurements, a needle type hydrophone (HY05N, Toray 
Engineering) with the tip effective diameter of 0.5 mm was placed concentrically below the thin waveguide tip. 
For tissue destruction experiments, commercial animal fat from cow with the volume of 72 mm3 was added to 
the waveguide tip each time, and the destruction of fat was recorded by a microscope (HOZAN TOOL IND.
CO., LTD.).

Simulation. The finite element software Femtet (Murata Software Co., Ltd.) and PZFlex (Weildlinger 
Associates, Los Altos, CA) were used in simulation. Simulation models are shown in Supplementary Fig. 6. 
Femtet was utilized to obtain the admittance characteristics and PZFlex was to get the transient vibration veloci-
ties and acoustic pressure distribution. Simulation models were built as axisymmetric models to improve the 
calculation efficiency. PZT polarized in thickness direction was selected as a soft type PZT C-62 from Fuji 
Ceramics Co., Ltd. with thickness of 1.1 mm and inner/outer radius of 8/20 mm, waveguide was made of duralu-
min with the density of 2790 kg/m3, bulk velocity of 6420 m/s and poison’s ratio of 0.3467, and the water medium 
possessed the sound velocity of 1496 m/s. The waveguide radius a was 0.5 mm, the focal length of the 1st parabolic 
reflector n and the 2nd parabolic reflector m equaled to 10 and 0.5 mm. In PZFlex simulation, the excitation fre-
quency to obtain the vibration velocity characteristics was 1.29 MHz and the frequency for acoustic pressure 
extraction was 1.164 MHz. To reach the stable output fields, the element size for meshing in PZFlex was 50 µm 
and the total simulation time was 1 ms.

Received: 10 September 2019; Accepted: 20 November 2019;
Published: xx xx xxxx

References
 1. Tobis, J. M. et al. Intravascular ultrasound imaging of human coronary arteries in vivo. Circulation 83, 913–926 (1991).
 2. Fenster, A., Downey, D. B. & Cardinal, H. N. Three-dimensional ultrasound imaging. Phys. Med. Biol. 46, R67–R99 (2001).
 3. Kennedy, J. E. High-intensity focused ultrasound in the treatment of solid tumours. Nat. Rev. Cancer 5, 321–327 (2005).
 4. Canavese, G. et al. Nanoparticle-assisted ultrasound: A special focus on sonodynamic therapy against cancer. Chem. Eng. J. 340, 

155–172 (2018).
 5. Chamanzar, M. et al. Ultrasonic sculpting of virtual optical waveguides in tissue. Nat. Commun. 10, 92, https://doi.org/10.1038/

s41467-018-07856-w (2019).
 6. Lee, J. et al. A MEMS ultrasound stimulation system for modulation of neural circuits with high spatial resolution in vitro. Microsyst. 

Nanoeng. 5, 28, https://doi.org/10.1038/s41378-019-0070-5 (2019).
 7. Hoogenboom, M. et al. Mechanical high-intensity focused ultrasound destruction of soft tissue: working mechanisms and 

physiologic effects. Ultrasound Med. Biol. 41, 1500–1517 (2015).
 8. Miller, D. L. et al. Overview of Therapeutic Ultrasound Applications and Safety Considerations. J. Ultrasound Med. 31, 623–634 

(2012).
 9. Chapelon, J. Y. et al. Effects of high-energy focused ultrasound on kidney tissue in the rat and the dog. Eur. Urol. 22, 147–152 (1992).
 10. Oesterling, J. E. Benign prostatic hyperplasia medical and minimally invasive treatment options. N. Engl. J. Med. 332, 99–109 (1995).
 11. Barile, A. et al. Minimally invasive treatments of painful bone lesions: state of the art. Med. Oncol. 34, 53 (2017).
 12. Beerlage, H. P. et al. Current status of minimally invasive treatment options for localized, prostate carcinoma. Eur. Urol. 37, 2–13 

(2000).
 13. Daly, M. G., Melton, I., Roper, G., Lim, G. & Crozier, I. G. High-resolution infrared thermography of esophageal temperature during 

radiofrequency ablation of atrial fibrillation. Circ. Arrhythm. Electrophysiol. 11, e005667 (2018).
 14. Navarro, L., Min, R. J. & Bon, C. Endovenous laser: a new minimally invasive method of treatment for varicose veins preliminary 

observations using an 810 nm diode laser. Dermatol. Surg. 27, 117–122 (2001).
 15. Auloge, P. et al. Complications of Percutaneous Bone Tumor Cryoablation: A 10-year Experience. Radiology 291, 521–528 (2019).
 16. Gillis, A. M., Khairy, P. & Dubuc, M. Cryoablation Biology and Clinical Uses. Circ. Arrhythm. Electrophysiol. 6, 218–227 (2013).

https://doi.org/10.1038/s41598-019-54916-2
https://doi.org/10.1038/s41467-018-07856-w
https://doi.org/10.1038/s41467-018-07856-w
https://doi.org/10.1038/s41378-019-0070-5


9Scientific RepoRtS |         (2019) 9:18493  | https://doi.org/10.1038/s41598-019-54916-2

www.nature.com/scientificreportswww.nature.com/scientificreports/

 17. Hynynen, K. & Davis, K. L. Small cylindrical ultrasound sources for induction of hyperthermia via body cavities or interstitial 
implants. Int. J. Hyperthermia 9, 263–274, https://doi.org/10.3109/02656739309022539 (1993).

 18. Nakagawa, H. et al. Initial experience using a forward directed, high-intensity focused ultrasound balloon catheter for pulmonary 
vein antrum isolation in patients with atrial fibrillation. J. Cardiovasc. Electrophysiol. 18, 136–144 (2006).

 19. Adams, M. S. & Diederich, C. J. Deployable cylindrical phased-array applicator mimicking a concentric ring configuration for 
minimally-invasive delivery of therapeutic ultrasound. Phys. Med. Biol. 64, 125001 (2019).

 20. Shikano, K., Yoshizawa, M., Tagawa, N., Moriya, T. & Yagi, S. Focusing method in high-impedance material using transmission line 
coupler: ultrasonic transmission line coupling method. Jpn. J. Appl. Phys. 35, 3097–3010 (1996).

 21. Yoshizawa, M. et al. Development of Scanning Method for Puncture Needle-Type Ultrasonography. Jpn. J. Appl. Phys. 48, 1–5 
(2009).

 22. Hu, Z. Q., Moriya, T. & Tanahashi, Y. Imaging System for Intravascular Ultrasonography Using Pulse Compression Technique. Jpn. 
J. Appl. Phys. 40, 3896–3899 (2001).

 23. Nicholson, N. C. & Mcdicken, W. N. A comparison of coupling horns for waveguides used in medical ultrasonics. Ultrasonics 34, 
747–755 (1996).

 24. Jarosz, B. J. & Kaytar, D. Ultrasonic waveguide applicator arrays for interstitial heating: a model study. IEEE Trans. Ultrason. 
Ferroelectr. Freq. Control 45, 806–814 (1998).

 25. Diederich, C. J. & Hynynen, K. Ultrasound technology for hyperthermia. Ultrasound Med. Biol. 25, 871–887 (1999).
 26. Moriya, T., Hu, Z. Q., Tanahashi, Y. & Seki, Y. Development of an Ultrasonic Applicator for SonoFiber Therapy: A Thermal Therapy 

Using Fused-Quartz Fibers (SoFT). Jpn. J. Appl. Phys. 42, 3262–3264 (2003).
 27. Moriya, T., Tagawa, N., Tanahashi, Y., Takamura, Y. & Yagi, S. In 2003 IEEE Symposium on Ultrasonics, 1463–1466 (Honolulu, HI, 

USA, 2003).
 28. Irie, T. et al. Transmission of 100-MHz-range ultrasound through a fused quartz fiber. J. Ultrasound Med. 38, 119–127 (2011).
 29. Brendan, J. O., Morris, E., Gavin, G. P., John, M. O. & Mcguinness, G. B. High-power low-frequency ultrasound: a review of tissue 

dissection and ablation in medicine and surgery. J. Mater. Process. Tech. 200, 38–58 (2008).
 30. Bubulis, A. et al. Low frequency and high intensity ultrasound in vascular surgery: theory, instrumentation and possibilities of 

clinical application. J. Vibroeng. 14, 1833–1851 (2012).
 31. Yokozawa, H. & Morita, T. Wireguide driving actuator using resonant-type smooth impact drive mechanism. Sens. Actuator A-Phys. 

230, 40–44 (2015).
 32. Chen, K., Irie, T., Iijima, T. & Morita, T. Acoustic focusing to the waveguides utilizing double parabolic reflectors. Appl. Phys. Lett. 

114, 072902 (2019).
 33. Redwood, M. Mechanical Waveguides: The Propagation of Acoustic and Ultrasonic Waves in Fluids and Solids with Boundaries 

32–35, 135–137 (Pergamon Press, Oxford, 1960).
 34. Verma, B., Mishra, T. K., Balasubramaniam, K. & Rajagopal, P. Interaction of low-frequency axisymmetric ultrasonic guided waves 

with bends in pipes of arbitrary bend angle and general bend radius. Ultrasonics 54, 801–808 (2014).
 35. Atar, S., Luo, H., Nagai, T. & Siegel, R. J. Ultrasonic thrombolysis: catheter-delivered and transcutaneous applications. Eur. J. 

Ultrasound 9, 39–54 (1999).
 36. O’Daly, B. J. et al. High power, low frequency ultrasound: meniscal tissue interaction and ablation characteristics. Ultrasound Med. 

Biol. 37, 556–567 (2011).
 37. Miyake, S., Ozaki, R., Hosaka, H. & Morita, T. High-power piezoelectric vibration model considering the interaction between 

nonlinear vibration and temperature increase. Ultrasonics 93, 93–101 (2019).
 38. Canney, M. S., Bailey, M. R., Crum, L. A., Khokhlova, V. A. & Sapozhnikov, O. A. Acoustic characterization of high intensity focused 

ultrasound fields: a combined measurement and modeling approach. J. Acoust. Soc. Am. 124, 2406–2420 (2008).
 39. Pajek, D. & Hynynen, K. The design of a focused ultrasound transducer array for the treatment of stroke: a simulation study. Phys. 

Med. Biol. 57, 4951–4968 (2012).
 40. Peshkovsky, S. L. & Peshkovsky, A. S. Matching a transducer to water at cavitation: acoustic horn design principles. Ultrason. 

Sonochem. 14, 314–322 (2007).
 41. Ebina, K., Hasegawa, H. & Kanai, H. Investigation of frequency characteristics in cutting of soft tissue using prototype ultrasonic 

knives. Jpn. J. Appl. Phys. 46, 4793–4800 (2007).
 42. Cimino, W. W. & Bond, L. J. Physics of ultrasonic surgery using tissue fragmentation: Part I. Ultrasound Med. Biol. 22, 89–100 

(1996).
 43. Suslick, K. S. et al. Acoustic cavitation and its chemical consequences. Philos. T. R. Soc. A. 357, 335–353 (1999).
 44. Isobe, G., Maeda, T., Bornmann, P., Hemsel, T. & Morita, T. Synthesis of lead-free piezoelectric powders by ultrasonic-assisted 

hydrothermal method and properties of sintered (K0.48Na0.52)NbO3 ceramics. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 61, 
225–230 (2014).

 45. Saigusa, K. & Morita, T. Optimum reaction conditions for lead zirconate titanate thick film deposition by ultrasound-assisted 
hydrothermal method. Jpn. J. Appl. Phys. 55, 07KC05 (2016).

 46. Ozcelik, A. et al. Acoustic tweezers for the life sciences. Nat. Methods 15, 1021–1028, https://doi.org/10.1038/s41592-018-0222-9 
(2018).

 47. Paliwal, S. & Mitragotri, S. Ultrasound-induced cavitation: applications in drug and gene delivery. Expert Opin. Drug Del. 3, 713–726 
(2006).

Acknowledgements
We acknowledge M. Takasaki for valuable discussions. Funding support from Japan Keirin Autorace foundation 
(JKA) is acknowledged.

Author contributions
K.C. and T.M. proposed the original idea of double-parabolic-reflectors waveguide and K.C. led all the device 
design, modelling, simulation, and measurements under the supervision of T.M. T. Irie and T.I. initiated the 
fundamental idea of using acoustic waveguides to delivery ultrasound for diagnostics and joined many invaluable 
discussions for the development of our technique.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-54916-2.
Correspondence and requests for materials should be addressed to T.M.

https://doi.org/10.1038/s41598-019-54916-2
https://doi.org/10.3109/02656739309022539
https://doi.org/10.1038/s41592-018-0222-9
https://doi.org/10.1038/s41598-019-54916-2


1 0Scientific RepoRtS |         (2019) 9:18493  | https://doi.org/10.1038/s41598-019-54916-2

www.nature.com/scientificreportswww.nature.com/scientificreports/

Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-54916-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Double-parabolic-reflectors acoustic waveguides for high-power medical ultrasound
	Results
	Double-parabolic-reflectors acoustic waveguides. 
	Transducer design and characterization. 
	Applications of the double-parabolic-reflectors acoustic waveguides for tissue ablation. 

	Discussion
	Methods
	Measurement setup. 
	Simulation. 

	Acknowledgements
	Figure 1 Principles of conventional waveguides and invented double-parabolic-reflectors waveguides.
	Figure 2 Device architecture and experimental schematic.
	Figure 3 Vibration velocity characteristics under continuous excitation.
	Figure 4 Vibration velocity characteristics under short burst excitation.
	Figure 5 Vibration velocity at low frequencies and performance comparison of mechanical vibration.
	Figure 6 Evaluation of localized powerful ultrasound emission in water.
	Figure 7 Tissue destruction abilities at different frequencies.




