
Ultrasonics Sonochemistry 82 (2022) 105844

Available online 25 November 2021
1350-4177/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Collapse pressure measurement of single hollow glass microsphere using 
single-beam acoustic tweezer 

Jinhee Yoo a,b,1, Hyunhee Kim b,c,1, Yeonggeun Kim b,c, Hae Gyun Lim d,*, Hyung 
Ham Kim a,b,c,e,* 

a School of Interdisciplinary Bioscience and Bioengineering, Pohang University of Science and Technology, Pohang 37673, Republic of Korea 
b Medical Device Innovation Center, Pohang University of Science and Technology, Pohang 37673, Republic of Korea 
c Department of Convergence IT Engineering, Pohang University of Science and Technology, Pohang 37673, Republic of Korea 
d Department of Biomedical Engineering, Pukyong National University, Busan 48513, Republic of Korea 
e Department of Electrical Engineering, Pohang University of Science and Technology, Pohang 37673, Republic of Korea   

A R T I C L E  I N F O   

Keywords: 
Collapse pressure 
High-frequency ultrasound 
Single hollow glass microsphere 
Single-beam acoustic tweezer 
Acoustic pressure measurement 

A B S T R A C T   

Microbubbles are widely used in medical ultrasound imaging and drug delivery. Many studies have attempted to 
quantify the collapse pressure of microbubbles using methods that vary depending on the type and population of 
bubbles and the frequency band of the ultrasound. However, accurate measurement of collapse pressure is 
difficult as a result of non-acoustic pressure factors generated by physical and chemical reactions such as 
dissolution, cavitation, and interaction between bubbles. In this study, we developed a method for accurately 
measuring collapse pressure using only ultrasound pulse acoustic pressure. Under the proposed method, the 
collapse pressure of a single hollow glass microsphere (HGM) is measured using a high-frequency (20–40 MHz) 
single-beam acoustic tweezer (SBAT), thereby eliminating the influence of additional factors. Based on these 
measurements, the collapse pressure is derived as a function of the HGM size using the microspheres’ true 
density. We also developed a method for estimating high-frequency acoustic pressure, whose measurement using 
current hydrophone equipment is complicated by limitations in the size of the active aperture. By recording the 
transmit voltage at the moment of collapse and referencing it against the corresponding pressure, it is possible to 
estimate the acoustic pressure at the given transmit condition. These results of this study suggest a method for 
quantifying high-frequency acoustic pressure, provide a potential reference for the characterization of bubble 
collapse pressure, and demonstrate the potential use of acoustic tweezers as a tool for measuring the elastic 
properties of particles/cells.   

1. Introduction 

Microbubbles have been thoroughly studied in fields such as medical 
ultrasound imaging and drug delivery, and their applications can be 
classified in terms of the mode of use, that is, collapse or non-collapse. 
The most common use of the non-collapse mode is as an ultrasound 
contrast agent [1,2]; microbubbles can be used to amplify echo signals 
during ultrasound imaging by generating a subharmonic response. To 
maximize the efficiency of the non-inertial cavitation of microbubbles, 
we need to comprehend the applied pressure to enable the use of the 
mechanical index as a guide to avoiding microbubble breakage while 

improving echogenicity [3]. The collapse mode of microbubbles has also 
been actively investigated in the context of biomedical applications such 
as nuclei cavitation [4], gene localization, and drug delivery [5,6]. Ul-
trasound pulses can rupture a cloud of microbubbles to release thera-
peutic agents at a designated site; however, if the acoustic pressure 
required to rupture the microbubbles is too high, the heat or cavitation 
can have adverse side effects [7,8]. The increased risk of cavitation can 
cause tissue damage even at the relatively low range of mechanical in-
dexes, i.e., ≤0.4 [9–11]. Therefore, accurate quantification of the 
collapse pressure is required for the effective use of microbubbles. 

Although the collapse pressure of various bubble types can be 
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quantified, accurate measurement is difficult because many bubbles can 
be easily dissolved in solution or destroyed by cavitation or heat 
[5,12–15]. Previous studies on collapse pressure disregarded the influ-
ence of such external factors; to accurately measure microbubble 
collapse pressure, the microbubbles should be stable with respect to 
these factors. Hollow glass microspheres (HGMs) meet these re-
quirements; they are composed of soda-lime-borosilicate glass, which is 
spherical and hollow, and has a single, thin outer wall (<1 μm thick). 
They are widely used in non-medical applications such as oil expansion 
[16], thermal insulation [17], and weight reduction [18]. In the medical 
field, HGMs are utilized for cell sorting or cell wall destruction owing to 
their rigidity [19,20]. HGMs do not dissolve and have high collapse 
pressure and low thermal conductivity [16–18]. Because they are brittle, 
HGMs produce clear collapse patterns when ruptured. However, 
compared to other soft-based bubbles, the stiffness of HGM necessitates 
the use of a high-pressure ultrasound beam to measure the collapse 
pressure. 

Although microbubble-based ultrasound imaging usually requires 
the use of low frequencies ranging from 1 to 10 MHz, in recent years, 
many researchers have explored high-frequency applications (>10 
MHz). High-frequency imaging using contrast agents is advantageous as 
this imaging approach can be used to solve the problem of increased 
attenuation following improved echogenicity and yields more optimized 
resolution than low-frequency imaging [21–25]. Furthermore, a sharp 
high-frequency ultrasound beam can deliver genes and drugs to local 
regions with high precision. High-frequency imaging-based micro-unit 
studies at the single-cell level are also being conducted [26–28]. How-
ever, despite recent growing interest in such applications, studies on 
high-frequency microbubble dynamics are rare [12]. In addition, the 
low-frequency mechanics of microbubbles are considered along with 
their mechanical effects [29–31]. As the likelihood of cavitation is 
reduced at high frequencies because of the reduced mechanical index, 
the collapse pressure can be measured more accurately because the 
acoustic pressure applied to the bubble is the dominant factor that af-
fects the collapse [32]. Likewise, using a frequency that is significantly 
higher than the resonance frequency can reduce the resonance effect of 
the bubble, thereby contributing to accurate measurements [33]. 
Therefore, understanding the high-frequency dynamics of microbubbles 
is necessary for the study of high-resolution imaging and high-precision 
enhanced drug delivery. 

In addition to cavitation, bubble dynamics factors include size, 
population, and boundary type, which are usually described using the 
Rayleigh-Plesset equation [34]. The size of a bubble is inversely pro-
portional to the square of its collapse pressure [35]. The bubble popu-
lation and boundary type are mechanically important to pressure 
measurement. To understand the mechanism of bubble collapse, models 
comprising a single bubble near a rigid wall are widely used because 
they can be used to specify the impacts of bubble size, population, and 
boundary effects in a well-defined setting [36–39]. Models involving 
multiple bubbles have also been used to observe changes in natural 
frequency and collapse pressure [40–42], which are dependent on the 
interactions and void fractions between bubbles [43–46]. Such models 
must solve for more variables than single-bubble models and determine 
the collapse pressure based on the surrounding environment rather than 
the dynamics and structure of the bubble itself. Therefore, a single- 
bubble response is more suitable for measuring the collapse pressure 
of bubbles because the associated dynamics are less affected by the 
surrounding environment. 

Passive cavitation detection is the preferred approach for measuring 
the collapse pressure of microbubbles [12,15,47–50]. Under this 
approach, collapse pressure is measured by applying an acoustic beam to 
a bubble and detecting the signal that occurs when the bubble ruptures. 
However, this is very challenging for single bubble measurement owing 
to the need to confirm that the signal is produced by exactly one bubble, 
which can be done by measuring the distance to the bubble or the shape 
of the received signal [47–49]. Another significant limitation of passive 

cavitation detection is that it indirectly measures the collapse pressure, 
which limits the accuracy of its results. Current solutions include sta-
tistical methods [49,50] and measurement using static overpressure 
[51,52]. 

Non-contact particle trapping techniques such as acoustic or optical 
tweezers are a robust potential tool for studying single microbubble 
dynamics [53,54]. Tweezer approaches can be used to trap a single 
microbubble from a bubble cloud by isolating the bubble using a focused 
beam while pushing the surrounding bubbles away. Optical tweezers 
have high spatial resolutions, enabling precise particle collection and 
selection [55,56]. However, optical tweezers have the critical drawback 
of generating excessive heat, which has a thermal effect on the particle 
and affects the collapse pressure of the bubble [9,37,57]. More signifi-
cantly, because the trapping and radiation forces of optical tweezers are 
limited to the pico-Newton (10-12N) range [58–61], they are not suitable 
for rupturing microbubbles. Acoustic tweezers, by contrast, are free 
from such photothermal effects [62,63] and can generate strong trap-
ping forces at the nano-Newton (10-9N) level [64]. This nN-scale trap-
ping force ensures stable trapping even at high pressure levels within the 
range of a few MPa and is robust against external forces. There are many 
types of acoustic tweezers, including approaches based on the use of 
surface acoustic [65,66] or traveling waves [67] and potential wells 
[68]. Of these, single-beam acoustic tweezers (SBATs) 
[58,62–64,69–71] can trap particles using a single transducer, enabling 
the selective trapping of either single or multiple particles depending on 
the particle size and beamwidth. In addition, SBATs do not require 
complex implementation setups [58,69]. There are many microbubbles 
or cell studies that require micrometer-level displacement control and 
substantial trapping force, and high-frequency (>10 MHz) SBAT is 
potentially the optimal approach toward studying micrometer-sized 
bubbles because it satisfies the requirements of such studies. 

In this study, we developed a method for measuring the collapse 
pressure of a single HGM using a high-frequency SBAT. To the best of our 
knowledge, acoustic tweezing to measure microsphere collapse has not 
been applied in any previous studies. We chose a HGM as the research 
target because the solid shells of these structures are less affected by 
external factors and their properties can be more accurately quantified 
than those of other microbubbles. The proposed approach uses a fre-
quency range of 20–40 MHz to avoid cavitation and resonance. Since it 
is difficult to measure acoustic pressure using higher frequencies, we 
chose the frequencies as high as possible (20, 25 MHz) and twice as high 
(40 MHz). In addition, single microsphere trapping was made possible 
by the use of a relatively small beamwidth (due to higher frequency) to 
rule out interactions between microspheres. SBAT has enough force to 
reliably trap the HGM and completely rupture it. Under these controlled 
conditions, we measured the collapse pressure of a HGM based on the 
acoustic pressure at the given transmit condition, which was charac-
terized by the hydrophone measurements. Measurements of the collapse 
pressures at 20 and 25 MHz demonstrated that the frequency did not 
affect the collapse pressure. To apply the proposed method to smaller 
microspheres, a 40 MHz high-frequency transducer was used. Because 
measuring acoustic pressure using hydrophone when a 40 MHz trans-
ducer is used is difficult, the collapse pressure of the 34–48-μm micro-
sphere was indirectly measured using a derived collapse pressure 
estimation curve. The curve was further used to identify the acoustic 
pressure characteristics of the 40 MHz transducer. Advantage of the 
technique demonstrated in this paper is that it can compensate for the 
limitations of the current hydrophone technology by allowing for high- 
frequency measurements with beam sizes that are smaller than the 
aperture size of a needle hydrophone (the minimum sizes is typically 40 
μm). Furthermore, this study was conducted with HGM for accuracy, but 
if a higher-frequency transducer were to be fabricated, this technique 
could be used to measure the collapse pressure of smaller contrast agents 
ranging from 1 to 10 μm in size or air bubbles in water. 
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2. Experimental setup 

2.1. Acoustic tweezers for particle manipulation 

An acoustic tweezer microscope system to trap and manipulate 
HGMs was formed using an SBAT with a five-axis control and an 
inverted microscope was used to observe the rupture process (Fig. 1). 
The signal generated by a function generator (SG382, Stanford Research 
Systems, Sunnyvale, CA, USA) was amplified using a power amplifier 
(525LA, Electronics & Innovation, Ltd., Rochester, NY, USA) and applied 
to the transducer. The X-, Y-, and Z-coordinates of the SBAT were 
controlled using a linear motorized stage (OSMS20-85, Sigma Koki Co., 
Ltd, Tokyo, Japan) and the θ and Φ angles were controlled using a dual- 
axis goniometer (GNL 20/M, Thorlab Inc., Newton, NJ, USA). An 
inverted microscope (IX-73, Olympus, Center Valley, PA, USA) was used 
to observe the motion and breakage of the HGMs, which were recorded 
using a CMOS camera (ORCA-Flash4.0 V3, Hamamatsu Photonics, Shi-
zuoka, Japan) and imaging software (MetaMorph, Molecular Devices, 
LLC, San Jose, CA, USA). 

A Petri dish containing deionized water was placed in the acoustic 
tweezer system and the SBAT transducer was immersed in water and 

manipulated using the linear motorized stage system. The transducer 
was excited by pulses generated by a pulser-receiver (DPR500, Imagi-
nant Inc., Pittsford, NY, USA) and the position of the transducer was 
adjusted by observing the echo to place the focal point at the bottom 
surface of the Petri dish. HGMs (Glass bubbles K15, 3M, Maplewood, 
MN, USA) were then placed in the Petri dish (Fig. 1B-1). To trap HGMs, 
the SBAT was driven by square wave with a peak-to-peak voltage (Vpp) 
of 3 V, a pulse repetition time of 1 ms, and a duty factor of 1% (Fig. 1B- 
2). HGMs of various sizes were used because the size of the microspheres 
trapped by acoustic tweezers can depend on the frequency and beam-
width [69,72]. 

2.2. Transducers for single-beam acoustic tweezer (SBAT) 

Two ultrasound transducers were fabricated for the SBAT (Fig. 2A). 
Each transducer was designed using Krimholtz, Leedom, and Matthaei 
(KLM) model-based software (PiezoCAD, Sonic Concepts, Bothell, WA, 
USA). In general, SBAT transducers require highly focused beams that 
can be formed with high frequencies and low f-numbers [63]. For the 
fabrication of the high-frequency SBAT, a 36◦ rotating Y-shaped lithium 
niobate (Boston Piezo-Optics Inc, Bellingham, MA, USA) was used as a 

Fig. 1. Schematic of collapse pressure measurement system. (A) Overall schematic. The system is divided into ultrasound radiation (function generator – transducer), 
microsphere imaging (light source – CCD camera), transducer alignment, and position control (dual-axis goniometer, 3-axis linear motor stage) components. (B) 
Magnified schematic of ultrasound radiation component of SBAT setup sequence. Ultrasound radiation near a HGM traps it at the focal point of the ultra-
sound transducer. 

Fig. 2. Properties of ultrasound transducers used as SBATs. (A) Image of the fabricated transducers. (B) Pulse echo response with a center frequency of 23 MHz and a 
bandwidth of 35% based on − 6 dB. (C) Pulse echo response with a center frequency of 48 MHz and a bandwidth of 62% based on − 6 dB. 
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piezo material. Lithium niobate has a piezoelectric performance com-
parable to that of zirconate titanate (PZT) and a low dielectric constant, 
which can be useful for fabricating a high-frequency transducer with a 
large aperture. The proposed device achieves low f-numbers by press- 
focusing the entire aperture of the lithium niobate piece to form a 
tight beam shape. The impulse response of each transducer was 
measured using a pulser-receiver (Fig. 2B, C). The − 6 dB center fre-
quencies of the two transducers were 23 MHz and 48 MHz, and their f- 
numbers 0.75 and 0.55. 

2.3. Measurement of acoustic pressure 

A beam-profile test system (IPB760, IMP Systems, Gyeongsangbuk- 
do, South Korea) and hydrophone (NH0040, Precision Acoustics, Dor-
chester, UK) were used to measure the acoustic pressure characteristics 
of the transducers. The five-axis beam profile test system was used to 
move the hydrophone along the X-, Y-, and Z-axes and to adjust the 
transducer along the θ and Φ axes (Fig. 3A). After mounting the trans-
ducer and hydrophone onto the test system, 3D alignment was per-
formed. Acoustic pressure was measured by increasing the applied 
voltage at the position in 3D space at which the pressure was highest. As 
hydrophones cannot measure high acoustic pressures above 10 MPa, 
such measurements must be made at low applied voltages; however, 
because the applied voltage and output acoustic pressure have a linear 

relationship, the characteristics of higher applied voltages could be 
determined by first-order linear fitting (Fig. 3B). The acoustic pressure 
characteristics of the 23 MHz center-frequency transducer were 
measured at frequencies of 20 and 25 MHz, which had sufficient pulse- 
echo responses despite not coinciding with the center frequency 
(Fig. 2B). The measurements revealed that the acoustic pressure 
measured at 25 MHz was higher than that measured at 20 MHz at a 
given applied voltage. A comparison between the efficiencies at 20 and 
25 MHz is given in Section 3.d. 

The lateral resolution was measured as the acoustic pressure relative 
to position by scanning along the X-or Y-axes from the positions at which 
the pressure was highest at given depths. The lateral resolutions at 20 
and 40 MHz were measured using 23 and 48 MHz transducers, respec-
tively; in a manner similar to the acoustic pressure characteristic mea-
surements, we used frequencies with sufficient amplitudes to obtain 
pulse-echo responses rather than the center frequency (Fig. 2B, C). 
Generally, the lateral resolution should be inversely proportional to the 
frequency. However, our measurement results revealed nearly no 
change in the lateral resolution between 20 and 40 MHz. More specif-
ically, the full half-width maximum (FWHM) of the measured lateral 
resolutions were 60 and 57 μm at 20 and 40 MHz, respectively, and the 
simulated lateral resolutions obtained using Field II [73] were 65 and 
27 μm at 20 and 40 MHz, respectively. Considering that the calculated 
lateral resolutions at 20 and 40 MHz were 56 and 21 μm, respectively, 
we found a large error in the measurement result at 40 MHz (calculated 
lateral resolution = f-number × wavelength) owing to the spatial 
averaging effect [74–76]. If the effective diameter of the hydrophone is 
larger than the lateral resolution, the measured parameters are affected 
by spatial averaging. Specifically, for 20 and 25 MHz, the effective 
diameter of the hydrophone that we used, 40 μm, was smaller than the 
lateral resolution of 20 and 25 MHz, so the acoustic pressure could be 
measured correctly. However, for 40 MHz, the effective diameter was 
larger than the lateral resolution, so the acoustic pressure was not 
measured correctly. To address this issue, we carried out an indirect 
measurement of acoustic pressure using high-frequency transducers 
following the procedures described in detail in Section 3.f. 

2.4. Measurement of the collapse pressure of HGMs 

The collapse pressures of HGMs were measured by recording the 
applied voltage on the SBAT transducer during the collapses of single 
HGMs trapped by the acoustic tweezer. During trapping, the diameters 
of the microspheres were accurately measured using a microscopic ruler 
(minimum scale = 1 μm). Because the microspheres wobbled at high 
applied voltages and escaped trapping at low applied voltages, an initial 
input voltage of 3 Vpp was applied based on optimization across all 

Fig. 3. Acoustic pressure characteristics of ultrasound transducers. (A) Schematic of transducer acoustic pressure measurement using a hydrophone (green markings 
indicate motor). (B) Acoustic pressure measurement and fitted results at applied voltages of 1.7, 3.6, 5.2, 6.9, 8.7, and 10.4 Vpp. The data obtained at 20 and 25 MHz 
are fitted to linear regressions, with both obtaining R2 > 0.999. (C) Lateral resolution measurement and simulation results. Measured data at 20 and 40 MHz are fitted 
with a Gaussian model and obtain R2 = 0.970 and 0.997, respectively. 

Fig. 4. HGM trapped by SBAT at 20 MHz. Trapping is evaluated by moving the 
transducer with a linear motor. HGM (1) moving freely before being trapped at 
the focal point. Trapped microsphere (2) moving to the left, (3) upward, (4) to 
the right, and (5) down. The size of the HGM is 73 μm. 
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Fig. 5. Measurable range and basis for collapse pressure at 20 MHz. (A) Probability of measuring collapse pressure according to microsphere size (measurements 
obtained for n = 8, 10, 6, 10, 6, and 7 microspheres in respective groups of increasing size). The results are divided into three types: ruptured, not trapped, and not 
ruptured. (B) Image of trapped-but-not-ruptured case, where the microsphere engages solely in rolling; microsphere size is 79 μm. (C) Schematic of SBAT mechanism 
application to large sphere obtained using the ray approach. 

Fig. 6. Measurement of collapse pressure at 20 MHz. (A) Increase in acoustic 
pressure over time leading to microsphere collapse; microsphere size, 76 μm. 
(B) Threshold applied voltage and acoustic pressure by microsphere size ob-
tained for n = 9, 7, 13, 16, and 10 microspheres in respective size groups. 
Results of one-way analysis of variance (ANOVA) test, P = 0.443. Bar graph 
represents mean ± s.e.m. 

Fig. 7. Measured collapse pressures at 25 MHz and comparison with 20-MHz 
results. (A) Threshold data for acoustic pressure as a function of microsphere 
size at 25 MHz (one-way ANOVA, P = 0.804). (B) Threshold data for acoustic 
pressure for 70-μm microspheres at 20 and 25 MHz (two-tailed t-test assuming 
equal variance, P = 0.893). All bar graphs represent mean ± s.e.m. 

Fig. 8. Collapse pressure as a function of microsphere size at 20 and 25 MHz. 
(A) Threshold data for acoustic pressure according to microsphere size at 20 
and 25 MHz (one-way ANOVA with a Tukey honestly significant difference post 
hoc test, P = 4 × 10-4; details for each group are listed in Table S1). (B) Primary 
threshold data for acoustic pressure by microsphere size at 20 and 25 MHz (one- 
way ANOVA with a Tukey honestly significant difference post hoc test, P <
0.001; details of each group are listed in Table S2). All bar graphs represent 
mean ± s.e.m. *P < 0.05, **P < 0.01. 
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frequency bands and the applied voltage was increased by approxi-
mately 0.2 Vpp per second until the trapped microspheres ruptured. At 
the moment of rupture, the applied voltage was recorded and converted 
to acoustic pressure based on the hydrophone measurement, and the 
acoustic pressure was expressed as the collapse pressure of the ruptured 
HGM. Fifty-five, thirty-five, and forty-eight HGMs were measured at 20, 
25, and 40 MHz, respectively. Error bars are presented as mean ±
standard error of the mean (s.e.m.). The procedures used in the mea-
surement process are described in detail in Section 3.c. 

3. Results and discussion 

3.1. HGM trapping 

Single HGMs were trapped at the focus of the ultrasound beam 
generated by a 20 MHz SBAT (Fig. 4, Video S1) and moved along the 
path of mechanical translation of the tweezer transducer (Fig. 1). Before 
applying the ultrasound field, the HGMs moved freely (Fig. 4-1); when 
the acoustic tweezer was turned on, they were trapped at the focal point 
(Fig. 4-2). As the transducer moved left, up, right, and down, the trapped 
HGM moved along with the transducer (Fig. 4-2–4-6) without affecting 
the other microspheres in the surrounding area. We observed the same 
trapping pattern when moving the Petri dish (Video S1) while keeping 
the acoustic tweezer still. 

3.2. Finding the size range of microspheres to measure the collapse 
pressure 

There were two cases where pressure measurement was not possible: 
when the microspheres could not be trapped and when they did not 
rupture. Using SBAT at 20 MHz, the collapse pressures of microspheres 
of various sizes were measured to determine acceptable ranges for 
trapping and rupturing (Fig. 5A). Theoretically, an SBAT can trap par-
ticles larger than its beamwidth through a phenomenon that can be 
described using the ray approach, but it cannot trap particles similar in 
size to its beamwidth [68,69]. We were unable to trap HGMs ranging 
from 40 to 59-μm in size because the lateral resolution of ultrasound at 
20 MHz of 60 μm was similar in size to the microspheres. We also found 

that increasing the microsphere size increased the probability of trap-
ping without rupture. Based on these results, we concluded that the 
collapse pressure measurement of 60–99-μm diameter microspheres is 
possible at 20 MHz but that the best measurement results can be ob-
tained in the 70–79-μm range, which was approximately 15 μm larger 
than the lateral resolution (Fig. 5A). 

We then compared the differences between the behavior of ruptured 
and unruptured microspheres. Whereas the unruptured microspheres 
rotated along an axis parallel to the floor (Fig. 5B, Video S2), the 
ruptured microspheres rotated along an axis perpendicular to the floor 
(Videos S3 and S4). The particle rotation mechanism of acoustic twee-
zers is not well known and, to better understand this phenomenon, we 
analyzed the particle rotation mechanism of the optical tweezers using 
the ray approach [59,77]. Under optical tweezing, the direction of 
rotation can be divided into yaw, pitch, and roll components. In our 
results, the unruptured and ruptured microspheres rotated approxi-
mately along the pitch and yaw directions, respectively. Although pitch 
rotation is associated with asymmetric spherical particles, the asym-
metric application of ultrasonic waves to sufficiently large symmetric 
HGMs would also be expected to induce pitch rotation. To examine this, 
we considered the case of a HGM located at a point on the x-axis with the 
ultrasound focused at the point “ a ” (Fig. 5C). If the diameter of the 
HGM (d) is significantly larger than the beamwidth (λ≪d), the con-
ventional ray approach is not applicable and the area inside the HGM 
can be divided into two zones: zone 1 (near the focus, yellow-colored), 
where the ultrasound force (Fa) is strong; and zone 2 (away from the 
focus, magenta-colored), where Fb converges to zero . The conventional 
ray approach, which assumes that both Fa and Fb affect the particle along 
a beam profile of Gaussian intensity, alters the particle’s momentum by 
a net force consisting of the incident (Fa , Fb) and refractive forces (F’

a , 
F’

b). However, in this case, as the magnitude of Fb has no effect on the 
HGM, force asymmetry occurs in each zone, creating torque and causing 
the HGM to roll, making it difficult to rupture. 

3.3. Collapse pressure measurements at 20 MHz 

We trapped HGMs and then gradually increased the applied voltage 
to the acoustic tweezer until rupture occurred (Fig. 6A). While 
increasing the applied voltage, we transversely manipulated in the 
vertical direction of the ultrasound beam to confirm that they were 
trapped. Upon reaching a specific pressure, cracks or partial ruptures 
occur (Fig. 6A-2). When the microspheres ruptured, the ultrasound ra-
diation was halted, and the applied voltage was recorded (Fig. 6A-3). 
The HGM completely ruptures into two pieces (Fig. 6A-4). To obtain the 
collapse pressures, the recorded voltages were converted to acoustic 
pressures based on hydrophone measurements. The recorded HGM size 

Table 1 
Calculated Young’s modulus and radius ratio.  

HGM 
size 
(μm) 

Collapse 
pressure  
(MPa) 

True 
density  
(g/cc) 

HGM 
thickness  
(μm) 

Young’s 
modulus  
(GPa) 

Radius 
ratio  

61.5  3.523  0.150  0.689  5.958  0.978  

Fig. 9. Characterization and pressure estimation by individual HGM sizes. (A) True density as a function of size fitted with linear regression (R2 
= 0.974). Red marks 

are values estimated from information provided by the manufacturer. (B) Radius ratio as a function of size fitted with linear regression (R2 = 0.974). (C) Collapse 
pressure characteristics across overall range of HGM sizes. The red marks are the values obtained from the simulation. (D) Simulation result for the displacement of 
microsphere at 1 MPa. (E) Simulation result for the displacement of microsphere at 5.38 MPa. A stationary study was used in 2D axisymmetric, and the parameters 
referred to Table S5 (total number of elements = 170, degrees of freedom = 1010). 
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was 76 μm and the collapse pressure was 3.15 MPa (Video S2). The 
degree of cracking and rupture of each HGM was evaluated qualitatively 
(Fig. S1). 

Additional measurements were performed on 55 HGMs ranging from 
70 to 79 μm in size (Fig. 6B). A one-way analysis of variance analysis 
(ANOVA) of the results revealed that there was no significant relation-
ship between the microsphere size and the collapse pressure in this size 
range, indicating that the collapse pressure of the 70–79-μm micro-
spheres could be assumed to be approximately 3.08 MPa (on average), 
which exceeds the manufacturer-specified 2.07 MPa. The measured 
values can vary depending on the collapse pressure measurement 
method used; in this case, the manufacturer used static pressure whereas 
the proposed method uses acoustic pressure with both compression and 
rarefaction. Because the threshold pressure is attained instantaneously, 
it is measured as a rather high collapse pressure, a result supported by 
previous studies [5,52,78]. In addition, the manufacturer’s criteria for 

microsphere collapse were based on the 80–90% survival rate of mul-
tiple microspheres; conversely, the proposed method observes the 
moment at which a single microsphere ruptures in real time, enabling a 
more accurate measurement of collapse pressure than could be obtained 
by the manufacturer. 

3.4. Collapse pressure measurements at 25 MHz 

To validate the applicability of the proposed approach at higher 
frequencies, the collapse pressures at 25 MHz were measured following 
the same procedure and using the same transducer as that used at 20 
MHz. The collapse pressures were also measured over a wide range of 
microsphere sizes. O’Neil et al. [79] derived the following formula for 
the acoustic pressure produced by a focused transducer: [80] 

p =
ρcue− iωt

1 − d
a

(eikd − eikR) (1)  

R = a

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 + (1 − d/a)2
− 2

(

1 −
d
a

)

cosα

√

(2) 

where ρ and c are the density and speed of sound of the medium, 
respectively, u is the normal velocity amplitude of the transducer sur-
face, ω is the angular frequency, k is the wavenumber, d is the focal 
length, and a and α are the radius of the transducer surface and its half- 
aperture angle, respectively. Because we used the same transducer in a 
single environment containing hydrophones, ρ , c , d , a , and R were the 
same at both 20 and 25 MHz and the pressure was solely determined by 
u , k , and ω , i.e., the pressure was solely influenced by frequency- 
dependent parameters and unaffected by geometric parameters. If 
transducers with different f-numbers or apertures of different sizes are 
used in this analysis, the attenuation or spatial averaging effect should 
be considered. 

We first searched for the range of appropriate microsphere sizes at 
25 MHz. To ensure that the measured microsphere size range overlapped 
with the data at 20 MHz (70–79 μm) for the purpose of continuity and 
that the sizes exceeded the lateral resolution (45 μm), we selected a 
range of 60–71 μm (Fig. 7A), which was approximately 15 μm larger 
than the lateral resolution. Application of a one-way ANOVA to the re-
sults for 35 HGMs revealed that the relationship between microsphere 

Fig. 10. Measured collapse pressures at 40 MHz. (A) Increase in acoustic 
pressure over time leading to microsphere collapse; microsphere size, 38 μm. 
(B) Threshold applied voltage data according to microsphere size. Measure-
ments obtained from groups of n = 8, 13, 13, 11, and 3 microspheres in 
increasing order of size (one-way ANOVA with a Tukey honestly significant 
difference post hoc test, P < 0.001; details of each group are listed in Table S3). 
Bar graph represents mean ± s.e.m. *P < 0.05, **P < 0.01. 

Fig. 11. Expected acoustic pressure characteristics of a 40 MHz transducer. The 
threshold applied voltage data by size (Fig. 10B) and estimated pressure results 
by size (Pall , Fig. 9C) were used to obtain the estimated data. The 40-MHz data 
are fitted with a linear regression (R2 

= 0.551). 
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size and threshold pressure was not significant in this range, indicating 
that the HGM collapse pressure was approximately 3.74 MPa (average 
value) over the 60–71-μm size range. 

The collapse pressure at 25 MHz was 0.66 MPa higher than that at 20 
MHz (3.08 MPa). Although the relationship between size and collapse 
pressure was not significant over either small size range, a significant 
difference was observed between these results. Two controlled varia-
bles—frequency and microsphere size—were available for comparing 
the results obtained at 25 and 20 MHz. We investigated whether the 
frequency affected the collapse pressure by measuring the collapse 
pressures on 70-μm microspheres at 20 and 25 MHz (Fig. 7B). The results 
of a two-tailed t-test assuming equal variance revealed that the ultra-
sound frequency did not affect the measured collapse pressure. We also 
calculated the resonance frequency depending on the HGM size and the 
ratio of amplitude of oscillation depending on the frequency to see the 
resonance effect with frequency [33,81]. The resonance frequency of 65 
μm HGM is 4.37 MHz, and the driving frequency (25 MHz) is approxi-
mately 5 times higher, so the resonance with frequency has little effect 
(Fig. S3). These results indicate that the frequency did not affect the 
HGM collapse pressure. Therefore, our results revealed that the collapse 
pressure of a HGM could be measured at 25 MHz and that the micro-
sphere size did not affect the collapse pressure at either 20 or 25 MHz; 
instead, the disparity in measurements obtained at each frequency 
indicate that the collapse pressure was size-dependent. 

3.5. Collapse pressure characteristics at all HGM sizes 

To understand the significant differences in the results obtained at 
each frequency, we reviewed all results obtained at 20 and 25 MHz 
(Fig. 8A) and found based on ANOVA testing that the relationship be-
tween microsphere size and threshold pressure was significant. To 
clearly visualize this slight dependency between the two, we classified 
microsphere collapse pressure into two groups with outliers excluded 
following the statistical procedures used in previous studies [51]. Using 
a Gaussian mixed model, we divided the collapses into primary and 
secondary groups (Fig. S2). Considering that the primary group was 
more representative of the relationship between collapse pressure and 
size, we used only this group to confirm the results at 20 and 25 MHz 
(Fig. 8B). Our ANOVA results revealed that the relationship between size 
and collapse pressure was more significant for this group, for which it 
was evident that the collapse pressure increases as the microsphere size 
decreases. 

To explain the phenomenon where the collapse pressure increases as 
the microsphere size decreases, we used primary group data to deter-
mine the factors that affect collapse pressure. The collapse pressure was 
calculated as follows [35]: 

P =
2E

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3(1 − v2)

√

(
2t
d

)
2 (3) 

where E is Young’s modulus, v is Poisson’s ratio, d is the diameter of 
the microsphere, and t is the thickness of the microsphere. Because 
Young’s modulus and Poisson’s ratio are both related to material 
properties, the variables that determine the collapse pressure are the size 
and thickness of the microsphere. However, in previous studies the size 
and thickness of the microspheres were considered together as the 
radius ratio [82,83], which is given as 

η = 1 −
2t
d

(4) 

In previous studies [82,83], the radius ratio of the material used was 
0.98 and, therefore, the collapse pressure was constant regardless of 
size, producing values that were inconsistent with the experimental 
results of this study. In contrast, some studies where HGMs were 
measured with a scanning electron microscope (SEM) have shown that 
the radius ratio is proportional to the microsphere size [84], suggesting 
that the collapse pressure is dependent on microsphere size and is not 

constant. We therefore used a radius ratio that varied slightly with size. 
By using Poisson’s ratio of glass in Eq. (3) (0.19), the microsphere size 
can be measured and the thickness of the microsphere can be calculated 
[78] as follows: 

t =
d∙ρtrue

6∙ρglass
(5) 

where ρtrue is the true density (0.15 g/cc, from the data provided by 
the manufacturer) and ρglass is the density of borosilicate glass (2.23 g/ 
cc) [78]. The microsphere size was set to be similar to the average sizes 
in the data provided by the manufacturer, and the collapse pressure was 
obtained from the primary group at 25 MHz; these data were used to 
determine the Young’s modulus of the HGMs from Eq. (3) as 5.958 GPa 
and the radius ratio from Eq. (4) as 0.978 (Table 1). These values are 
similar to the Young’s modulus (5.539 GPa) and radius ratio (0.98) for 
HGMs obtained in previous studies [82,83,85]. 

Based on the obtained Young’s modulus value, the thickness of a 
microsphere can be calculated as a function of size. Using the collapse 
pressures obtained from the primary data measured at 20 and 25 MHz 
and the Young’s modulus obtained as shown above, the thicknesses were 
calculated using Eq. (3) (Table S4), with the results indicating that the 
true density and radius ratio are inversely and directly proportional to 
the size, respectively (Fig. 9A, B). The high coefficient of determination 
(R2) suggests that the collapse pressure increases as the microsphere size 
decreases. According to the HGM manufacturer, 10% distribution of 
spheres are at the size of 30 μm, 50% at 60 μm, and 90% at 105 μm, and 
true density ranges from 0.10 to 0.19 g/cc. Although manufacturers 
reported only ranges for true density, not size-dependent information, 
we could use the inverse linear relationship between size and true 
density initially found in this study. We estimated the true density to be 
0.19 g/cc (maximum level) for the 30 μm size (10% of spheres) and 0.10 
g/cc (maximum level) for the 105 μm size (90% of spheres). This result 
was consistent with the inverse linearity of the true density in Fig. 9A. By 
further substituting Eq. (5) into Eq. (3), an equation for the collapse 
pressure as a function of microsphere size can be derived (Fig. 9C). To 
improve the accuracy, we chose COMSOL Multiphysics (COMSOL Inc., 
Burlington, MA, USA) to simulate the collapse pressure to the sphere 
(Fig. 9D, E). The simulation measured the displacement when pressure 
was applied to a microsphere. The pressure followed a Gaussian distri-
bution along the r-axis and was applied to all surfaces of the microsphere 
wall, and the point of contact with the bottom surface was fixed. To find 
the collapse pressure, the proportional limit, which is the point at which 
the linearity is lost, was obtained. The stationary study was used while 
increasing the applied pressure, which is mainly used to obtain the yield 
point (collapse pressure) of brittle materials, and it was obtained from 
the pressure–displacement curve, not the stress–strain curve for intuitive 
analysis (marked as B and C in Fig. S4A). For brittle materials, the 
proportional limit means the pressure point right before rupture [86]. 
When we plotted the proportional limits for each size, it showed an 
excellently matched trend with the derived equations (Fig. 9C). The fact 
that collapse pressure measurement study using high-frequency ultra-
sound showed the same trend also supports this graph [52]. This trend is 
also the same in other studies [52]. Therefore, we determined from the 
collapse pressures measured at 20 and 25 MHz that the true density and 
radius ratio vary with size, allowing us to estimate the collapse pressure 
characteristics at smaller sizes of HGMs used (Pall). 

3.6. Application to a small HGM at 40 MHz 

The collapse pressure was then measured at 40 MHz to demonstrate 
that the proposed measurement method can be applied to smaller mi-
crospheres. Each smaller microsphere was ruptured, and the acoustic 
pressure was measured using the curve for Pall . Because the calculated 
lateral resolution was 21 μm, we investigated microspheres in the 
34–48-μm range, which was approximately 15 μm larger, as at other 
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frequencies. The recorded HGM size was 38 μm (Fig. 10A, Video S4). As 
the voltage was increased, partial and complete ruptures were observed 
at 21.1 and 21.5 Vpp, respectively. 

We measured the acoustic pressure characteristics of the 40 MHz 
transducer. Because the beam characteristics of this transducer could 
not be accurately measured owing to the spatial averaging effect of the 
hydrophone [74,76], we solved this problem by measuring how much 
acoustic pressure was applied to the size of the HGM, not the acoustic 
pressure that the transducer radiates. We obtained experimentally 
threshold data of applied voltage at 18.7, 18.0, 15.9, 15.2, and 15.1 Vpp 
at 34–36, 37–39, 40–42, 43–45, and 46–48 μm, respectively (Fig. 10B). 
From the Pall curve, we found that the pressures at 35, 38, 41, 44, and 47 
μm were 5.23, 5.03, 4.83, 4.63, and 4.44 MPa, respectively (Table S5). 
Using these values, we plotted the acoustic pressure as a function of 
applied voltage and found that, with a moderate coefficient of deter-
mination, a 40 MHz transducer radiates 2.608 times more pressure than 
a 20 MHz transducer (Fig. 11). The linear regression results included five 
data sets (n = 48) and a point of convergence to zero (no acoustic 
pressure if no voltage is applied to the transducer). Therefore, we 
measured the collapse pressures of smaller microspheres at 40 MHz and 
obtained the acoustic pressure characteristics of a 40 MHz focused 
beam. 

4. Conclusion 

We demonstrated for the first time that an acoustic tweezer can be 
used to measure the collapse pressures of microspheres. To measure 
collapse pressure, single HGMs are trapped and their collapse pressures 
measured at different frequencies, following a method that had not been 
attempted in previous acoustic tweezer studies. Using SBAT, the range of 
microsphere size appropriate for trapping and rupturing at each fre-
quency was determined and the collapse pressure was measured. The 
measured collapse pressure values were validated using hydrophone 
measurements and compared with manufacturer’s data. This collapse 
pressure measurement method excludes factors other than acoustic 
pressure, e.g., cavitation and interaction between microspheres, by 
isolating single microspheres to enable more accurate measurement. We 
also determined the relationship between true density and microsphere 
size from the variation in collapse pressure based on microsphere size 
and used this relation to determine a collapse pressure relation Pall as a 
function of microsphere size. Using Pall , the collapse pressures of smaller 
HGMs and the acoustic pressure characteristics of a 40 MHz transducer 
were estimated; this was possible because high-resolution acoustic 
tweezers can selectively trap a single HGM and rupture the microsphere 
with pulses ranging from low (-1 MPa) to high pressures (1–5 MPa). 
These results suggest that this measurement tool can be applied to 
calibrate the acoustic pressures of high-frequency (>40 MHz) trans-
ducers, eliminating the error caused by the spatial averaging effect of a 
hydrophone. 

The proposed method can be further used to understand the dy-
namics of ultrasound contrast agents, where the bubbles are very 
small—typically<10 μm in diameter—and therefore require very high 
frequencies exceeding 100 MHz to measure. The study in this paper 
could be viewed as an initial investigation for this application, as it 
showed that even smaller spheres could be measured. Contrast agent 
bubbles are also composed of polymer or lipid shells, which are not as 
robust as glass to external factors, making measurement error poten-
tially more significant. As the collapse pressures measured using single 
contrast agent bubbles yield more accurate values than those obtained 
from previous studies, the use of the proposed approach would be an 
effective method for understanding bubble dynamics under high- 
frequency ultrasound. 

The proposed method might also be used to measure the elastic 
properties of various cells. These are often measured using atomic force 
microscopy, which has high resolution but limited pressure. The 
acoustic tweezer-based trap and collapse method might be able to 

measure elastic properties of cells at higher pressures with compromised 
resolution. Despite numerous studies on the measurement of elastic 
properties using ultrasound, most of them involved low-resolution 
measurement at < 100 MHz [70,87]. Our next step is to implement 
the proposed method using a very high-frequency (above 100 MHz) 
acoustic tweezer to obtain more accurate elastic property values. 
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