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EBME Theory!

In fluid medium, the velocity is the potential field as V= V¢ described. When the fluid is homogeneous,
the potential ¢ is the factor of standard wave equation, c™2¢ + V2@ = 0, with sound velocity c. The
oscillation of the pressure wave can also represent by the potential as p = —p¢, where p is the density of
fluid medium. Since the operation of effective dynamic density and bulk modulus elastography (EBME)
using the short pulse envelope instead of continuous wave, the reflection of the pulse is different from the
CW such as a sine wave.

A short pulse ¢, (T) is emitted by a transducer from a flat object, where T is the time factor. The entire
package of energy separates into two parts. The first part is the reflected echo from the closer boundary of
the sample named as @ (T). The second one is transmitted into the target object. The temporal width of the
original pulse ¢, (T) has to be short enough comparing with the target sample thickness. Due to this
condition, the first boundary maintains stable when the roundtrip pulse arrives there. In another words, the
duration of the pulse is needed to be long enough to eliminate the frequency dependent dispersion on the
acoustic impedance values of ambient fluid Z, and the target sample Z;. The linear relation in amplitude
and length between the input and output pulses on the targe sample can be represented by single frequency
component planar waves with angular frequency w and its wave vector as kg = w/cy and k; = w/c;
stated.

The dependence between the source pulse ¢,, the first echo ¢, and the transmitted energy ¢.is occurred
at the interface between the ambient fluid and a sample, where the acoustic pressure and velocity of the
wave are linear and continuous as p, + py = p; and V, + V; = V. In the potential form of wave equation,
then the source and two separated pulses are written as @,(x,T) = et*1*¥=lwt o (x,T) =

roe KXWt o (x, T) = tge1* 7@t where 15, and to, are the reflection and transmission
Z1—Zy

terms of pressure as p; = i—:(pe — |pol) when Z; > Z, and p; = i—;(pe + |po|) when Z; < Z;. In the

coefficients expressed as to; = 2Z1/(Zy + Z1) and 1y, = . The, the wave velocity is converted in

experiment, the signal of p, can be found by comparing with a known impedance hard object in the same



ambient fluid, or only acquired the absolute amplitude of the echo without any comparison. In the second
case, the impedance of the sample Z; can be estimated with the recorded amplitude of the second reflected
signal p;. Transmission of the internal roundtrip signal through the front boundary of the sample separated
its energy left in the sample, the relation the roundtrip echo and front surface echo was expressed in terms

2Bl 1y sen(Zy — Z)|poll-

of the emission source amplitude as p; = t; 0 710 Pt = Zi170)?
1 0

In experiments, all three signals, p,, |po|, and p; can be measured and combined into constant as a =
D1

Pe—sign(Z;—Zo)Ipol

The sample impedance Z; can be calculated based on this experimentally measured

Z; _ —l-a—4a+1 Z; _ (1—a)+Vi-4a

0 a-2 Zy a+2

constant a as follows

1,? = (1_02_% when 0 < % < § In the experimental data, |pg| and p; are taken from the
0 0

corresponding absolute maximum values of the measured first and second reflected pulses. The source
amplitude p, is the absolute maximum values of the transducer emission in the ambient medium without
any sample using bistatic setup measurement. The speed of sound value c in the target sample can be
determined from the time delay between two reflected echo which the known sample thickness value. Based

on the estimated sample impedance and speed of sound, the dynamic bulk modulus and effective density

z . z
when 22 > 1, in the range of lcho
Z 3 27,

of the scanned sample can be calculated as K = Zc and p = %
Numerical Simulation

For a better view of the EBME measurement, we perform two numerical simulation which provides the
propagation of pulse interacting with sample being tested (see Figure S1). In the first simulation, we place
a bone-like material with higher physical property comparing with ambient water. A transducer is located
at the top of the DI water tank. The target sample is placed at the middle region of the water tank. In Figure
S1 (A), we collect two reflected envelopes py and p; from the front and back surface of the sample due to
clear impedance mismatch between the ambient water and the target sample.

In the insets, the simulated sound pressure field is plotted in the entire study area at three time points. From
left to right, the first inset shows a pulse is excited from the transducer. The second inset shows the pulse
travels at the back boundary of the scanned sample. On the upper side of this inset, a reflected pulse is on
the way approaching back to the transducer which is the first echo py occurred from the front interface
between ambient water and sample. In the third inset, along the continuous moving of the time, the main
pulse travels to a lower position which completely passes the sample, and another reflection moving
backward to the transducer occurs from the back boundary of the sample.

In Figure S1 (B), the simulation is duplicated bistatic setup calibration for obtaining the value of transducer
emits source pulse amplitude p,. In the insets, the numerical experimental setup does not involve sample.
The pulse envelope transmits through low attenuation and non-dispersion DI water ambient arriving at
another receiver transducer. From the blue line in (A) and red line in (B), the relative amplitude relation
between the p,, py and p; can be comparing and visualized. The typical values of p,, py and p; are
selected from the absolute maximum values of each pulses. For the source pulse in (B), p, value can be
obtained based on the amplitude of the second positive peak. In (A), the pg and p; are able to be found
from the second positive peak of the first echo and the second negative peak on the second echo.
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Figure. S1. Numerical simulation of EBME test on a single measurement of a bone-like material in ambient
DI water. (A) Two reflected echoes from the front and back boundary of the tested sample pyand p;. (B) The bistatic
calibration of emission source amplitude p, in water ambient without sample.



