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One possible way to evaluate acupuncture therapy quantitatively is to measure the change in the elastic
property of muscle after application of the therapy. Many studies have been conducted to measure
mechanical properties of tissues using ultrasound-induced acoustic radiation force. To assess mechanical
properties, strain must be generated in an object. However, a single radiation force is not effective because
it mainly generates translational motion when the object is much harder than the surrounding medium.
In the present study, two cyclic radiation forces are simultaneously applied to a muscle phantom from
two opposite horizontal directions so that the object is cyclically compressed in the horizontal direction.
By the horizontal compression, the object is expanded vertically based on its incompressibility. The
resultant vertical displacement is measured using another ultrasound pulse. Two ultrasonic transducers
for actuation were both driven by the sum of two continuous sinusoidal signals at two slightly different
frequencies (1 MHz and (1 M+5) Hz). The displacement of several micrometers in amplitude, which
fluctuated at 5 Hz, was measured by the ultrasonic phased tracking method. Increase in thickness inside the
object was observed just when acoustic radiation forces increased. Such changes in thickness correspond
to vertical expansion due to horizontal compression.

1 Introduction

Acupuncture was first used more than 2,000 years ago
and has been developed based on the results of experi-
ence. However, the mechanism by which acupuncture
therapy works is not clearly understood. Therefore, the
quantitative evaluation of acupuncture therapy is im-
portant and the measurement of changes in elastic prop-
erties of muscle due to treatments is one of the strate-
gies for quantitative evaluation of the therapy. When
acupuncture is effective, the elastic modulus of muscle
after acupuncture therapy decreases compared with that
before therapy.
Recently, some remote actuation methods based on

acoustic radiation forces have been reported. Fatemi
and Greenleaf proposed an imaging modality that uses
the acoustic response of an object to a localized dy-
namic radiation force [1, 2]. The radiation force pro-
duces an acoustic emission which is closely related to the
mechanical frequency response of the medium. By mea-
suring the acoustic emission with a hydrophone, hard
inclusions such as calcified tissues in soft material were
detected experimentally. The spatial resolution in the
depth direction corresponds to the size of the intersec-
tional area of ultrasound beams at two different frequen-
cies.
Nightingale et al. proposed an alternative imaging

method in which focused ultrasound is employed to ap-
ply the radiation force to soft tissue for short durations
(less than 1 ms). The viscoelastic properties of the tissue
were investigated from the magnitude of the transient
response, which was measured as the displacement, d(t),
of the tissue [3]. In order to generate measurable d(t)
using several ultrasonic pulses, high-intensity pulsed ul-
trasound (1,000 W/cm2) was employed. According to
safety guidelines for the use of ultrasound, the intensity
is recommended to be below 240 mW/cm2 for pulsed
waves and 1 W/cm2 for the continuous waves [4]. There-
fore, the intensity of the pulsed ultrasound employed by
Nightingale et al. would be far greater than that indi-
cated in the safety guidelines.
As described above, acoustic radiation force has pos-

sibilities for use in the measurement of mechanical prop-
erties of tissues. However, a single acoustic radiation
force does not generate strain in an object effectively
because it primarily produces a change in the object’s
position which has zero spatial gradient in displacement
(no strain). Specifically when the elastic modulus of

the object is far greater than that of the surrounding
medium, a single acoustic radiation force may generate
only a change in the position of the object. To effectively
generate strain in the object, Hasegawa et al. used two
acoustic radiation forces [5]. A set of cyclically oscillat-
ing acoustic radiation forces induced by two ultrasounds
at frequencies f and f+Δf were simultaneously applied
to two different positions in the object from two different
directions. In this case, two ultrasound beams crossed
each other at certain depth from the surface as shown
in Fig. 1, and the shadowed region that is compressed
horizontally corresponded to the generation of strain.
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Figure 1: Illustration of acoustic radiation forces
generated by two ultrasound beams focused at two

points separated by a given distance.

In our previous studies [6, 5], ultrasound at 1 MHz
and 5 MHz was used for actuation and measurement,
respectively. Therefore, irradiation of ultrasound for ac-
tuation needed to be stopped during transmission and
reception of ultrasound for measurement because the
frequencies of these two ultrasounds is insufficiently dif-
ferent, and it is difficult to separate them by filtering. In
this study, continuous ultrasound for actuation was used
to obtain a larger amplitude of displacement in compar-
ison with that in previous studies. In order to separate
the pulsed ultrasound for the measurement from the
continuous ultrasound for actuation by filtering, high-
frequency ultrasound was employed (center frequency:
16 MHz) for measurement of displacements [11]. Us-
ing this newly developed experimental system, an ob-
ject was stably actuated by two acoustic radiation forces
with a larger amplitude, and the change in thickness
(= strain) inside the object was imaged at a high spa-
tial resolution by the ultrasonic phased tracking method
[7, 8].
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2 Principles

When ultrasound propagates in a medium (density: ρ1,
sound speed: c1), a constant force is generated in the
direction of propagation. This force is called the acous-
tic radiation force [9]. The acoustic radiation pressure,
PR(t), is defined as the acoustic radiation force per unit
area as follows:

PR(t) = (1 +R2)e(t), (1)

where R and e(t) are the pressure reflection coefficient
and the energy density at the interface between the
medium and object, respectively. In eq. (1), the trans-
mitted wave is assumed to be perfectly absorbed by the
object. Using the densities, ρ1 and ρ2, and sound speed,
c1 and c2, of the medium, the reflection coefficient, R,
and the energy density, e(t), are defined by

R =
Z2 − Z1

Z2 + Z1

=
ρ2c2 − ρ1c1
ρ2c2 + ρ1c1

, (2)

e(t) =
1

ρ1c21
{p(t)}2. (3)

For example, the speed of sound in muscle and fat are
1,568 and 1,465 m/s, respectively. By assuming densi-
ties of these tissue to be 1.0× 103 kg/m3, the reflection
coefficient R is 0.034. Thus, the square of the reflec-
tion coefficient, R2, is assumed to be zero. The en-
ergy density, e(t), of the incident wave is proportional
to the square of the sound pressure, p(t), of the ultra-
sound beam. When two ultrasound waves with the same
sound pressure, p0, at slightly different frequencies, f
and f + Δf , are crossed each other, an acoustic radia-
tion pressure, PR(t), which fluctuates at the frequency
difference, Δf , is generated in the intersectional area.
In this case, the sound pressure, psum(t), in the inter-
sectional area is expressed as follows:

psum(t) = p0 cos 2πft+ p0 cos 2π(f +Δf)t, (4)

and the energy density, e(t), is given by

e(t) =
1

ρ1c21
[psum(t)]2

=
1

ρ1c21
[p0 cos 2πft+ p0 cos 2π(f +Δf)t]2

=
p2
0

ρ1c21
[1 + cos 2πΔft+ cos 2π(2f +Δf)t

+
1
2
cos 4πft+

1
2
cos 4π(f +Δf)t], (5)

From the second term on the right-hand side of eq.
(5), it is found that the energy density, e(t), has a com-
ponent at the frequency difference Δf . With respect
to the low-frequency component, the acoustic radiation
pressure, PR(t), acting on the interface is given by

PR(t) = (1 +R2)
p2
0

ρ1c21
(1 + cos 2πΔft)

� p2
0

ρ1c21
(1 + cos 2πΔft). (6)

To improve the spatial resolution in measurements
of the response of an object, an ultrasound correlation-
based method, the ultrasonic phased tracking method, is
used to measure the minute displacement, d(t), caused
by the acoustic radiation force [6]. The accuracy of
the displacement measurement by the phased tracking
method was determined to be 0.2 μm by basic experi-
ments using a rubber plate [10].

3 Experimental Methods

The experimental setup is illustrated in Fig. 2. In order
to measure the displacement distribution at a high spa-
tial resolution, we employed ultrasonic diagnostic equip-
ment (Dynamic Imaging DIASUS) with a linear probe
(center frequency: 16 MHz). The equipment was mod-
ified to detect minute displacement in the object by
the ultrasonic phased tracking method. A homogeneous
object made of gel (45 × 45 × 17 mm3, static elastic
modulus Es: 6.3 kPa, containing 5% carbon powder by
weight to provide sufficient scattering) was placed in a
water tank as shown in Fig. 2. To apply radiation pres-
sures PR1(t) and PR2(t), two concave ultrasonic trans-
ducers were employed. Each concave ultrasonic trans-
ducer (center frequency: 1 MHz, focal length: 52 mm)
was driven by the sum of two continuous waves (CWs)
at two slightly different frequencies of 1 MHz and 1 MHz
+ 5 Hz. The resultant ultrasound beam was focused 50
mm away from the surface of the transducer, and the
focal point was set at the top surface of the object at
25◦ in beam angle from the horizontal direction.
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Figure 2: Experimental setup for measurement of the
displacement of an object cyclically actuated by

ultrasound.

Ultrasound signals for actuation (around 1 MHz) re-
ceived by the linear-array probe were filtered to estimate
the displacement distribution using only the pulsed ul-
trasound for measurement (center frequency: 16 MHz).
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4 Results

4.1 Displacement at the boundary of oil
and water

As illustrated in Fig. 3, the interface between oil and
water was measured with ultrasound because the inter-
face of liquids is easily actuated in large amplitude, and
the actuated region can be easily identified. In this ex-
periment, beam angles of two ultrasound waves for ac-
tuation were set to 25◦, and the distance between two
focal points was set to 16 mm. The width, Δzp, at half
maximum of the sound pressure was determined to be
about 2.5 mm along the x-axis (z = 52 mm) by mea-
suring the sound field produced by a transducer with a
hydrophone.
Figure 4 shows the measured displacement at each

beam position during a cycle of acoustic radiation forces.
The time of the measured displacement relative to acous-
tic radiation forces is shown in Fig. 4(b). In Fig. 4(a),
measured displacements are superimposed on the B-
mode images using a color code shown in the bottom
of Fig. 4. Blue and red correspond to downward and
upward displacements of the interface, respectively.
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Figure 3: Measurement of the interface between oil
and water actuated by radiation forces.
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Figure 4: (a) Displacement distribution at the interface
between oil and water successfully obtained every 50
ms during one cycle of the actuation from the top

panel to the bottom panel. (b) Acoustic radiation force
during the same period.

4.2 Measurement of Displacements in-
side the object

When two acoustic radiation forces were applied to two
different positions in the object from two different direc-
tions, acoustic radiation forces overlap inside an object

made of gel. The spatial distribution of displacements
inside the object was measured with ultrasound. In this
experiment, the distance between two focal points was
set to 0 and 8 mm. Figure 5(a) shows an M-mode image
of the object along the z-axis at the center (x = 0) of two
focal points. In Fig. 5, the distance between two focal
points was set to 0 mm. Acoustic radiation pressures,
PR1(t) and PR2(t), shown in Figs. 5(b) and 5(c) were
calculated based on eq. (6) as follows: The density, ρ2,
and the sound speed, c2, of the object were measured
as 1.1 × 103 kg/m3 and 1.47 × 103 m/s, respectively,
and the pressure reflection coefficient, R, and the en-
ergy reflection coefficient, R2, were calculated as 0.038
and 0.0014 (≈ 0), respectively, using eq. (2). In this
study, by assuming the object to be a totally absorbing
material, the acoustic radiation pressures, PR1(t) and
PR2(t), were calculated based on eq. (6). By measuring
the acoustic field of the ultrasound for actuation with a
hydrophone (Force Institute, MH-28-10), the amplitude
of the focused sound pressure of p0 was obtained.
The vibration velocities, {vz(t)}, at beam position x

= 0 and depths z = 0 mm (surface) and 1.5 mm within
the object actuated by the acoustic radiation force were
measured by the ultrasonic phased tracking method, as
shown in Fig. 5(d). By integrating velocities {vz(t)},
the displacements, {dz(t)}, at the depths z = 0 mm
and 1.5 mm were obtained as shown in Fig. 5(e). It
was found that the object was cyclically actuated at the
frequency difference Δf = 5 Hz at an amplitude of 1.5
μm.
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Figure 5: (a) M-mode image of an object. (b) Acoustic
radiation pressure, PR1(t). (c) Acoustic radiation

pressure, PR2(t). (d) Vibration velocities at 0 and 1.5
mm from the surface. (e) Displacements at 0 and 1.5

mm from the surface.

By applying the ultrasonic phased tracking method
at every sampled points from the surface to 3 mm deep
within the object, the spatial distributions of displace-
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ments, {dx,z(t)}, were measured. Moreover, changes in
thickness (strain), {Δhx,z(t)}, were obtained as the spa-
tial gradient of displacements calculated by applying the
least-squares method to the displacement distribution in
every region with a width of 1.5 mm in the depth direc-
tion. Spatially random variation of displacements was
large, and it was difficult to obtain the change in thick-
ness from the difference between the displacements of
two points.
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Figure 6: Experimental results from the phantom at a
distance between two focal points of 0 mm. (a)
Distribution of displacements, {dx,z(t)}, inside the
object. (b) Distribution of strain (changes in

thickness), {Δhx,z(t)}, inside the object. (c) Acoustic
radiation force during one cycle.

Figures 6 and 7 show the spatial distributions of dis-
placements {dx,z(t)} and changes in thickness {Δhx,z(t)}
during a cycle of acoustic radiation forces at distances
between two focal points of 0 mm and 8 mm, respec-
tively. The dashed lines in Figs. 6(c) and 7(c) show
the time when each distribution is measured. In Figs.
6(a) and 7(a), the measured displacements {dx,z(t)} are
superimposed on the B-mode images using a color code
shown at the bottom of Figs. 6(a) and 7(a). Blue and
red correspond to the upward and downward displace-
ments, respectively. In Figs. 6(b) and 7(b), the mea-
sured changes in thickness {Δhx,z(t)} are superimposed
on the B-mode images using a color code shown in the
bottom of Figs. 6(b) and 7(b). Blue indicates a thinning
region and red indicates a thickening one.
In Fig. 6(a), the downward displacements were gen-

erated at the surface of the object during the period
when the acoustic radiation forces increased. The region
around the surface of the object was displaced downward
slightly more than a deep region because two acoustic
radiation forces intersected at the surface. Therefore, in
Fig. 6(b), the region around the surface became some-
what thinner when the applied acoustic radiation forces
increased because the object was not compressed hori-
zontally.
In Fig. 7(a), in the region (around a depth of 1.8

mm) where two acoustic radiation forces crossed, am-
plitudes of displacements were larger than those in the
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Figure 7: Experimental results from the phantom at a
distance between two focal points of 8 mm. (a)
Distribution of displacements, {dx,z(t)}, inside the
object. (b) Distribution of strain (changes in

thickness), {Δhx,z(t)}, inside the object. (c) Acoustic
radiation force during one cycle.

other region. Although the region around the surface
of the object was compressed in the horizontal direc-
tion by the horizontal components of the applied acous-
tic radiation forces, the region was displaced upward
or downward unidirectionally because the applied radi-
ation forces have vertical components. The horizontal
compression can be revealed by estimating the spatial
distribution of the changes in thickness {Δhx,z(t)} as
shown in Fig. 7(b). In Fig. 7(b), the region around
the midpoint between two focal points thickened when
the applied acoustic radiation forces increased. This re-
sult suggests that the object is actually compressed in
the horizontal direction and is expanded in the verti-
cal direction due to its incompressibility. From these
results, it was found that strain inside the object was
successfully generated specifically around the midpoint
between two focal points.

4.3 In vitro measurements of porcine liver

An in vitro experiment using porcine liver, which is
softer than silicone gel, was conducted. In this exper-
iment, the distance between two focal points is set at
8 mm, and acoustic radiation forces were applied at a
low intensity of 6 Pa compared with the basic exper-
iments using silicone gel (about 1/5 of the intensity).
This intensity complies with the safety standards for ul-
trasound.
Figure 8(a) shows a B-mode image of the porcine

liver. There was an artery in the region which is sur-
rounded by the red rectangle in Fig. 8(a). Figures 8(b)
and 8(c) show the spatial distributions of displacements
{dx,z(t)} and strains (changes in thickness) {Δhx,z(t)}
along each beam during a cycle of acoustic radiation
forces shown by color codes indicated in the bottom of
these figures. The dashed lines in Fig. 8(d) show the
time when each distribution is displayed.
In Fig. 8(b), in spite of the fact that acoustic radia-

Acoustics 08 Paris

10623



0
x

increase in
thickness

decrease in
thickness

105.0-5.0-10 [   10  %]
-3μ[   m]

upward downward
0-2.0 2.0

acoustic radiation
pressure  [Pa]

0
x

0

z

(a) (b) (c) (d)

0.1

0.2

0 6
0

time [s]

5 
m

m

5 mm

Figure 8: (a) B-mode image of porcine liver. (b)
Distribution of displacements, {dx,z(t)}, inside the
porcine liver. (c) Distribution of strain (changes in
thickness), {Δhx,z(t)}, inside the porcine liver. (d)
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Figure 9: Shear wave propagation in the porcine liver.

tion forces were applied at a low intensity, amplitude of
displacements were larger than those of the silicone gel.
In addition, as shown in Fig. 9, it was observed that
a shear wave propagated to the outside from the re-
gion where acoustic radiation forces were radiated. The
measured region in Fig. 9 was moved 10 mm in the hor-
izontal direction in comparison with that in Fig. 8. The
propagation of the shear wave was visualized because
the liver is much softer than the gel.
In Fig. 9, the propagation velocity of the shear wave,

cs, is calculated as 1.3 m/s. By assuming the density
of liver, ρ, to be 1.0 × 103 kg/m3 and the liver to be
incompressible, shear modulus, G, is calculated by

G = ρc2s. (7)

The shear modulus, G, was determined to be 1.7 kPa,
which is similar to that reported in literature [12]. This
result shows that it is possible to evaluate elasticity from
the propagation speed of a shear wave.
In Fig. 8(c), large changes in thickness were gen-

erated in the region over the blood vessel. The region
became thin when overall downward displacements were

caused by acoustic radiation forces because the blood
vessel was hard compared with liver tissue.

5 Conclusion

In this study, the spatial distributions of displacements
and changes in thickness inside an object were generated
by two acoustic radiation forces and they were measured
by the ultrasonic phased tracking method. It was shown
that strain could be generated using two acoustic ra-
diation forces. These results show the potential of the
proposed method for evaluation of the change in elas-
tic spatial properties of muscle. Moreover, this method
could be useful for the measurement of elastic proper-
ties of tissues, for example, liver and breast tissue, which
require an external force to be deformed.
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