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Magnetoacoustic tomography with magnetic induction (MAT-MI), as a new kind of in-vivo imaging method, has
potential application value in interstitial fluid research. In this paper, we propose the application of MAT-MI with liquid
metal serving as a tracer of the interstitial structure to study its fluid behavior, and use it to implement the positional
imaging of the spatial distribution of liquid metal. Owing to the particularity of liquid metal magnetoacoustic pressure
(MAP) signals, we propose an envelope analysis method to extract the rising edge of the amplitude envelope of the detected
waveform as effective position data. And for the first time, we propose the method of superpositing pixel matrix to achieve
the position imaging of liquid metal. Finally, the positional imaging of the liquid metal sample embedded in the gel is
achieved to have relatively accurate results. This study provides a method of effectively extracting data and implementing
the position imaging for liquid metal in the interstitial structure in the frame of MAT-MI.

Keywords: magnetic acoustic tomography with magnetic induction (MAT-MI), liquid metal, interstitial struc-

ture, position imaging
PACS: 43.80.+p, 72.55.+s, 73.50.Rb, 75.90.+w

1. Introduction

With the in-depth understanding of the life soft materi-
als, the study of the interstitial structure as a new organ has
gradually gained more and more attention. Since De Gennes
PG used the concept of “soft matter” for the first time at
the Nobel Prize Conference in 1991,[1 several teams world-
wide have devoted to the research actively on interstitial struc-
tures and their fluid behaviors, trying to reveal the operation
law of the interstitial fluid and establish a perfect model de-
scribing the life fluid operation system. Preliminary studies
have shown that the interstitial structures form a highly effi-
cient communication framework for organisms. The intersti-
tial fluid circulates under the framework to achieve efficient
long-distance transport of biological material, energy, and in-
formation, the operational characteristics of which are closely
related to physiological and pathological conditions and can
comprehensively reflect a variety of information about the sta-
tus of living organisms. >3 At present, researchers mainly ob-
serve the morphology and distribution characteristics of in-
terstitial structures through anatomical methods,*% which
cannot investigate the fluid behavior under living conditions.
Fluorescent tracer is an ideal medium for investigating fluid
behavior!”# and has been widely used in biological fluid
pipeline angiography. However, the short development time
of fluorescence restricts its application in interstitial fluid re-
search, since the interstitial fluid has a large spatial scale cycle
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over a large period with the development of new materials. Re-
searchers explore the nanoparticles used as markers to study
the behavior of interstitial fluids and obtain initial progress.[°!
In-vivo imaging methods have the characteristics of not de-
stroying the life state of living organisms and are an effective
method of studying the macroscopic structure and fluid be-
havior of interstitial tissues. For the physical characteristics of
interstitial tissues, imaging methods widely used in disease di-
agnosis, such as ultrasound, CT, efc., have their limitations in
the study of interstitial structures and fluid behavior. For ex-
ample, the contrast of ultrasound imaging is low for the small
difference in acoustic impedance between normal interstitial
structures and its adjacent tissue, while CT has the risk of ion-
izing radiation. The magnetic resonance imaging (MRI) is a
new type of in vivo imaging technique with high contrast and
good resolution. In recent years, with the in-depth research
on functional Magnetic Resonance Imaging (fMRI), the MRI
has the function of tracking and imaging the moving fluids. ']
However, MRI equipment is generally bulky and has strict re-
quirements for environmental electromagnetic parameters in
its working area, which restricts its application in clinical mon-
itoring of interstitial fluid that moves continuously over a large
time span all over the body. Therefore, it is necessary to de-
velop an in-vivo imaging method for the interstitial structure,
which can achieve long-term clinical monitoring of intersti-
tial fluid characteristics and systematically study the intersti-
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tial fluid behavior.

MAT-M]I, as a new type of in-vivo imaging technique, is
sensitive to conductivity parameters and has the characteristics
of no-radiation, no-contacting, and its imaging that is not re-
stricted by the physical structure of tissues. Since Xu and He
from University of Minnesota (USA) proposed the technology
of MAT-MI in 2005, researchers have done a lot of work
on early tumor detection based on the conductivity difference
between normal and diseased tissues, and have achieved a se-
ries of results in theoretical research, experimental platforms,
and imaging algorithms.[!'?) Based on the analytical model and
the finite element calculation model, the researchers conducted
numerical analysis and established a mathematical and physi-
cal model of the system.!!3-16] Researchers fully demonstrated
the parameters of the experimental system and established an
experimental platform. On the basics of this, they achieved
the experimental studies of physical phantoms and biological
tissues, which demonstrated the feasibility and performance of
MAT-MI. 7291 In recent years, the researchers have gradually
improved the imaging algorithm to make it more suitable for

[21.22] 1y tumor detection, the conductiv-

clinical applications.
ity of the lesion area is abnormal and the distribution is un-
known. It is necessary to reconstruct the conductivity of the
target area and its spatial distribution based on the detected
magnetoacoustic (MA) signal and take this as a reference to
discriminate and divide the cancerous area.[?'* Therefore,
it requires relatively high spatial resolution and accuracy of
reconstructed conductivity of the abnormal area. In the can-
cer detection in MAT-MI, the demagnetization effect of the
induced current can be neglected in the electromagnetic field
analysis, and the biological tissue is reduced to a one-way cou-
pled electromagnetic model due to the low conductivity of bi-
ological tissues themselves (< 1 S/m). At the same time, the
acoustic impedance difference between tissues is usually ig-
nored, and it is regarded as an acoustic uniform fluid, since the
acoustic characteristics of the biological tissue including the
cancerous area are no more than 10%, which is much smaller
than the electrical conductivity difference (> 100%). In the re-
construction algorithm, the unknown conductivity of the tissue
is taken as the target parameter. The MA source distribution
is reconstructed from the detected MAP of the sample points
on the scanning path, and then the spatial distribution of the
electrical conductivity is calculated and the precise boundary
is reconstructed, which was taken as the reference for cancer
screening and its boundary division.

However, in the study of interstitial structure, due to the
absence of electrical conductivity abnormal areas of the le-
sions, the electrical conductivity difference of normal tissues
in various parts of the organism is relatively small, which
results in the fact that the MA signal is too weak to de-
tect. In order to solve this problem, Zhao er al. proposed

the idea of studying the interstitial structure and fluid behav-
ior by using gallium-based liquid metal with high conduc-
tivity as the marker and measurement medium in the MAT-
MI detection.>! Galinstan (Quality ratio: Ga:In:Sn = 62.5:
21.5:16) is one kind of gallium-based liquid metal that has
good chemical stability and good biocompatibility. Its melt-
ing point is —18 °C and has good fluidity and low viscosity
at room temperature (as shown in Fig. 1(a)), which makes
it possible to directionally flow through the animal’s inter-
stitial fluid channels. Shown in Fig. 1(b) is a typical lig-
uid metal distribution in the interstitial structure of mouse
forelimbs.!?”! Tn MAT, we can approximate biological tissue as
a non-conductive material, and attribute the problem to solv-
ing the spatial distribution of liquid metal without solving its
conductivity value, since the conductivity of liquid metal is al-
ready known (6.4 x 10% S/m) and much larger than that of bi-
ological tissue (< 1 S/m). According to the characteristics of
the interstitial structure, liquid metal is distributed in a curve or
a sheet-like or hollow tubular shape with a small cross-section
over a large spatial scale.””! Therefore, we only care about
the spatial orientation of the liquid metal and the connectiv-
ity values of the various parts without accurately depicting
the boundary shape of the liquid metal. According to this,
in this paper we propose a position imaging method for liquid
metal in the interstitial structure by using the MA-MI detec-
tion, which has high fault tolerance (“fault tolerance” is widely
used in the engineering field to describe the system’s ability
to operate under partial fault conditions. This concept in the
present article is cited from the literature to indicate the per-
formance of the system for normal imaging when some sam-
pling units fail or are incorrectly sampled) and robustness for
its advantage of avoiding the problem that the unsolved in-
equalities are caused by data corruption. The envelope analy-
sis method is employed to extract liquid metal position infor-
mation and generate normalized position sequences, and a ge-
ometric imaging algorithm based on the pixel matrix superpo-
sition was designed to achieve positional imaging of the liquid
metal on different slices. The result indicated that this imag-
ing method has relatively low dependence on the number of
sampling points, small amount of computation, high comput-
ing speed, which can achieve online position imaging of the
liquid metal distribution in the interstitial structure.

Fig. 1. Pictures of galinstan (quality ratio: Ga:In:Sn = 62.5:21.5:16) for
(a) liquid metal in air at room temperature, ?%) and (b) galinstan’s distribu-
tion in fascial space of mice forelimb (black solid arrow). (271
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2. Signal processing and position imaging algo-
rithm

2.1. Principle of ma detection for liquid metal

The schematic diagram of the MAT-MI detection system
for liquid metal in the interstitial structure is shown in Fig. 2.
Liquid metal is distributed continuously in the space of the bi-
ological interstitial structure, which was placed in a complex
magnetic field combined with a static magnetic field By and a
pulsed magnetic field B(¢) which was generated by a pair of
Helmbholtz coils with pulsed current /(7). Under the excitation
of B(t), an induction current whose density is expressed as
J(r,t) was generated in the liquid metal. The Lorentz force
generated by the current subjected to in the magnetic field ex-
cited a sound wave which was detected by ultrasonic transduc-
ers located around the sample. In the experiment, considering
the penetration depth of the tissue and the spatial resolution
of the acoustic wave, the MA system is generally excited by
a pulsed current with 1 ps in width, and the ultrasonic trans-
ducer with a center frequency of 1 MHz is employed to receive
the sound field signal.

B(t) pulsed current
I(t)
scan path
\ . oty
ot - . Galinstan™ ~
M.;xﬁ Wave /= FE=F — L= Fransducer
By

/

Fig. 2. Principle of MAT-MI for liquid metal in interstitial structure.

Taking into account the differences in physical properties
between materials, the wave equation of acoustic pressure p
can be expressed in the following form:

1 d%p(r,t) 1 o 1
— -V. (pr(r,t)) =-V p[J(r,t) x BJ. (1)

pct 0%

There are two kinds of fluids, i.e., liquid metal and biologi-
cal tissue in the MA system. In Eq. (1), p is the bulk density
of the fluid, which is 1000 kg/m? and 6400 kg/m? of the bi-
ological tissue and the liquid metal respectively, and c is the
acoustic propagation velocity in the fluid, which is 1500 m/s
and 2000 m/s of the biological tissue and liquid metal, respec-
tively. B = By + B (1) is the flux density of the complex mag-
netic field, and the static magnetic field By is usually much
larger than the amplitude of the pulsed magnetic field B ()
to ensure the safety of the biological tissue under the pulsed
magnetic field, that is B ~ By. The effect of induced current
in the tissue can be ignored since the conductivity of liquid
metal (3.8 x 10° S/m) is much larger than that of biological
tissue (< 1 S/m). The induced current density of the liquid

metal exhibits a strong demagnetization effect under pulse ex-
citation, which is quite different from that in biology tissue
with low conductivity. The skin depth of the liquid metal is
about 0.2 mm which is much smaller than the acoustic wave-
length in liquid metal under the MAP detection frequency. As
a result, the induction current can be equivalent to the surface
current on the outer surface of the liquid metal, which can be
expressed as Jj o, , where d€2, indicates the outer boundary of
liquid metal region. Equation (1) is expanded as follows:

1.9%p(r,1)
¢z J%

1
= —V-[Jy0, x B] —va- [(Joq, x B) +Vp(r,1)]. 2)

7V2p(’r',l)

It can be seen from the right-hand side of Eq. (2) that in ad-
dition to the Lorentz force source term, the sound source also
includes the secondary component related to fluid density dif-
ference. In biological tissue imaging, the sound source of this
type is zero because the density difference between tissues is
not considered. However, in the MA process of biological tis-
sue containing liquid metal, the density difference cannot be
ignored. Therefore, it is necessary to consider the secondary
sound source term due to the density difference, which makes
the MA component more complicated, and its data extraction
and imaging algorithm are quite different from those involved
in biological tissue imaging.

2.2. Envelope analysis method

The MA signal characteristics of liquid metal in biologi-
cal tissues are significantly different from those in cancer de-
tection because the electromagnetic properties and acoustic
properties of liquid metals are quite different from those of bi-
ological tissues. Zhao et al. studied the MA signal character-
istics of liquid metals with different sizes under a certain sym-
metrical simplification framework based on the background of
MAT-MI, and provided a theoretical basis for the position in-
formation extraction of liquid metal.'®! According to the dis-
tribution characteristics of liquid metal and the magnetic field
distribution of the imaging area, the shape of any slice can be
regarded as having a certain symmetry. Therefore, the charac-
teristics of induced current and MAP still satisfy the symmetry
relationship described in Ref. [25].

According to the research by zhao er al., the original
acoustic wave and the reflected ones coexist due to the reflec-
tion and incomplete projection of acoustic waves at the inter-
face between liquid metal and tissue, which results in complex
acoustic signal components detected by the transducer at the
sampling point. In addition, there are large differences in the
detection waveforms of the MAP of liquid metal with different
sizes embedded in tissues, which makes it difficult to extract
the location information of the liquid metal. In experiment,
a narrow-band ultrasonic transducer was usually employed to
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detect MAP signals. The transducer output waveform is a typ-
ical narrowband signal, which can be expressed as follows:

s(r) = A(r) cos (2T for + ¢ (1)), 3)

where ¢ (¢) is the phase time function and A(¢) is the amplitude
time function, which is the envelope of the oscillating func-
tion when its equivalent frequency is much smaller than the
main frequency fy of the function. According to the Hilbert
transform principle, A(f) can be obtained from the following

At) = /s> (1) +82(1), @)

where §(t) = s(t) x 1/mt, which is the Hilbert transform of

s(t).

According to Ref. [16], when the size of liquid metal is

formula:

relatively large, the MAP envelope has multiple peaks, and
the first two peaks indicate the two boundaries of the liquid
metal along the acoustic wave propagation path, which can
be directly extracted to generate a normalized position se-
quence. Furthermore, the ratio between the amplitudes of the
first two peaks on the envelope is 0.55, which is determined
by the difference in acoustic impedance between the liquid
metal and the biological tissue. The ratio can be expressed as
K =1/(14rp), where r, is the reflection coefficient of sound
pressure propagating from liquid metal to biological tissue. In
this case, the positions of the first two peaks on the envelope
can be directly extracted as the boundary information on both
sides of the liquid metal. As the size of the liquid metal be-
comes smaller, the time interval between the MAP waveforms
on the two sides of the boundaries decreases, and the wave-
form overlap gradually increases. When the first peak on the
envelope is under the rising edge of the second cluster of wave-
form envelopes, the two sides of the liquid metal cannot be

original signal

identified by the envelope. In this case, we need a new algo-
rithm for boundary recognition. When the size of liquid metal
is smaller than the half acoustic wavelength in liquid metal
under the detection frequency, the detection signal has only
one wave cluster due to the waveforms of the two boundaries
on both sides almost completely overlapping and the peak of
its envelope indicates the position of the liquid metal. In this
condition, we will not be able to accurately extract the bound-
aries on both sides of the liquid metal, but we can extract the
position information of the liquid metal by detecting the wave-
form. Furthermore, under this situation, the liquid metal in the
interstitial structure can be attributed to the identification of
small targets on a large spatial scale, and our task is to find
their spatial location. Taking a cylindrical liquid metal sam-
ple with a diameter of 3 mm for example, the typical magnetic
acoustic waveform of the transducer t on one slice is shown in
Fig. 3(a). The effective signal detected by the transducer is one
cluster of complex waveform. The red line in Fig. 3(b) is the
envelope of the detected signal extracted by Hilbert transform.
According to the previous analysis, the front boundary of the
liquid metal is located 0.55 times of amplitude on the rising
edge of the envelope. Therefore, extracting the corresponding
data of the rising edge of the envelope and normalizing it, we
can obtain a time sequence of liquid metal and biological tis-
sue in the opposite direction to the acoustic wave propagation
path as the red line shown in Fig. 3(c). In the sequence, “0”
means the biological tissue, and “1” indicates the liquid metal.
The spatial distribution of liquid metal and biological tissue on
the acoustic path can be obtained by substituting the acoustic
wave propagation velocity into the two media and converting
the time axis into position information as shown in Fig. 3(d),
where R¢ and Ry, indicate the distances from the two sides of
the liquid metal to the transducer, respectively.

original signal

>

> 0.01 L2

~ =

) —

b 1 5

I 2 0

> =

—-0.01 SN
-5 0 5 10 4 6 8 10 12
Time/107°% s Time/107° s
(a)
signal with filter - time-position normalized position
i
3 1.0
b =)
M> 2 ﬂ\ X: 7.6X10712 ®) S ©) ° | | | ‘(d)
i Y': 0.002644 ) <
= X: 7.41X10-12 & 2 3
o 0fvY:0.001428 @ = 05
o0 o g
g 1 ——MAP 2 1 = R Ry,
c envelop 3 {
> -2 = — 0 N
6 ) 10 074 6 8 10 12 0.05 0.0  0.15 0.20
Time/lo—s s Time/10*5 s R/m

Fig. 3. Progress of MA signal processing and location information extraction, showing (a) original MAP signal, (b) envelope of signal with filter, (c) effective
signal extraction of envelope, and (d) normalized position sequence on sound path.
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2.3. Position imaging algorithm

According to the above analysis, the distance between the
transducer and the liquid metal front and between the trans-
ducer and the back interface are Ry and Ry, respectively. In the
Cartesian coordinate system, when the coordinate of the trans-
ducer is (x¢, y), the possible regional coordinates of the liquid
metal satisfy the following inequality if the directivity of the
transducer is not considered:

RE< (x—x)"+(y—»)> <R ()

That is, when the liquid metal is distributed in any part of the
arc-shaped region centered on (x;, y;) and the radius satisfies
R¢ < R < Ry as shown by the gray area 1 in Fig. 4, the trans-
ducer can detect the MAP signal of Fig. 3(a). According to
the geometric principle, more gray areas like 1 are needed to
determine the position of the liquid metal. The intersection of
all gray areas is as shown in Fig. 4 is the distribution area of
liquid metal.

: image area 1 : (x6,yt)
| I

| I

|

| z O ﬁb

' T_, R

| 0 £

| Y |

: : Ry;

| 1 Rbi | ('rtiayti)
|

Fig. 4. Position imaging schematics.

In the MA image reconstruction, it is necessary to de-
tect sound pressure data through multiple sampling points to
achieve the reconstruction of target parameters. In the experi-
ment, multi-point MAP data are sampled through single trans-
ducer scans according to a certain regular motion, or trans-
ducer array consisting of multiple detection units. If the num-
ber of sampling points is # and the position of each sampling
point is known as (x;,yi), i = 1,2,3,...,n respectively, the
inequality group with n inequalities can be established as fol-
lows according to formula (5):

R%ig(x_xti)2+(y_yti)2<R%i7 i:1a2737"'an' (6)

The liquid metal region is the solution of inequalities in for-
mula (6).

In multiple points’ sampling, the data quality of some
sampling points is relatively poor or invalid sampling for var-
ious reasons, which will result in no solution to the inequal-
ity group. In order to avoid this problem, in this paper pro-
posed is a method of implementing layer-by-layer superposi-
tion of pixel matrix for position imaging. The imaging re-
gion is divided into m x n pixel units, and a pixel matrix A;
(i=1,2,3,...,n) of m x n is defined for each sample point.
When the imaging region position (x, y) satisfies formula (6),

the corresponding element in the pixel matrix is set to be 1,
otherwise 0. That is, for each sampling point, the gray curved
band in Fig. 3 is set to be 1, and the rest is set to be 0. The
pixel matrix of all sampling points is superimposed layer by
layer to obtain the total pixel matrix as follows:

A=Y A (i=1,23,....n). (7)

The liquid metal region is the area with the maximum value in
the pixel matrix. Theoretically, the value of the liquid metal
region in the pixel matrix should be equal to the number of
sampling points. In multiple points’ scanning, the strength of
the MAP at some sampling points may be too small to be ex-
tracted from the system noise, which will lead to failing in
effective signal extraction. It can prove that as long as more
than 50% of effective sampling can be guaranteed, the posi-
tional imaging of liquid metal can be achieved by the pixel
matrix superposition method. This method greatly improves
the fault tolerance and robustness of the position imaging sys-
tem.

3. Rotating scanning experiment and position
imaging
3.1. Experimental system

In order to prove the analysis results above, we built an
circle scanning MA detection system for experiment as shown
in Fig. 5(a), in which the static magnetic field was provided
by two pieces of NdFeB permanent magnet magnetized along
the z direction to produce a uniform magnetic field By with a
magnetic flux density of about 0.2 T along the z direction in the
sample area. The pulsed current with the waveform as shown
in Fig. 5(a) in the Helmholtz coil to generate a pulsed magnetic
field B(t), which has the same direction as By. Water was
used as an acoustic coupling agent, and piezoelectric acous-
tic transducer with the impulse response waveform as shown
in Fig. 5(a) was employed to receive MA signals. The liquid
metal was poured into a soft rubber tube with an inner diame-
ter of 3 mm and sealed at both ends, tilt-embedded in the gel
as a test sample to simulate the distribution of liquid metal in
the interstitial structure in the organism as shown in Fig. 5(b).
Take 4 slice planes and scan them separately, then the distance
between adjacent layers will be 10 mm. The scanning path of
the sample and the transducer on each slice plane is shown in
Fig. 5(c). The center of the circular scanning motion is taken
as the ordinate origin. At each slice plane, the center coordi-
nates of the liquid metal are (15, —4), (8, —4), (3, —4), and
(=6, —5) (in unit mm) respectively. Taking the positive half-
axis of the x axis as the starting position of the rotational scan,
the transducer rotates counterclockwise along a circle with a
radius R of 9.5 cm in steps of 5° (angle d¢) and the total num-
ber of sample points 7 is 72.
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Fig. 5. Experimental system diagram, showing (a) structure of experimental
system, (b) sample schematics, (c) scanning process in one slice.

3.2. Position imaging

The imaging area is a square with a side length of 4 cm,
and its center is at the ordinate origin as shown in Fig. 4(c).
According to the structure of the rotating scanning system, the
coordinates of each sampling point position are as follows:

{ Xy = Rxcos(idg),

i = Rxsin(id@), =12,3,...n.

The imaging area was divided into 200 x 200 pixel units. As
shown in Fig. 6(a), the position of each layer was imaged, and
the maximum area in each layer was an approximately circular
shape with a diameter of about 3 mm, and the central coordi-
nates are (15.4, —3.2), (8.4, —4.2), (3, —4.4), (—6.2, —4.8)
(in unit mm), respectively, which was substantially consistent
with the position of the liquid metal in the test sample. This
result shows the feasibility of extracting the rising edge of the
amplitude envelope as a positional imaging parameter. Ac-
cording to the position imaging scheme, the maximum value
of the pixel matrix should be equal to the total number of sam-
pling points “n”. However, the maximum values of the pixel
matrix in the figures are all smaller than “a”. This is because
the failure of location data extraction due to poor signal-to-
noise ratio at some sampling points. This also indicates that

partial sampling data failure does not affect the imaging re-
sults, and the system has relatively high fault tolerance and
robustness. The normalization liquid metal position images
are shown in Fig. 6(b). Shown in Fig. 7(a) is the compari-
son of the position image of each layer with the original target
position image, indicating that there is good overlap between
the original position of the liquid metal and the imaging po-
sition. The coordinates of the imaging center points of each
layer are extracted and compared with that of the center point
of sample in each layer. The results indicate that there is good
consistency between the position imaging results and the sam-
ple coordinates as shown in Fig. 7(b). The spatial orientation
of liquid metal can be reconstructed through the information
about each layer position.

0
z/cm

z/cm

Fig. 6. Results of position imaging, showing (a) results of position imaging
for each slice and (b) normalized position for each slice.

For liquid metal in biological tissues, the conductivity is
a known parameter, and the target of imaging is to determine
the spatial orientation of the liquid metal without concerning
the specific shape of its boundary. So the goal of imaging for
each slice is to answer the questions about liquid metal: “yes”
or “no”, and “where it is”. Therefore, the number of sampling
points can be appropriately reduced to simplify the imaging al-
gorithm and improve the imaging efficiency. The liquid metal
position images of 9 sampling points are uniformly arranged
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on the scanning path as shown in Fig. 8, which indicates that
the position reconstruction of the liquid metal can be realized
by appropriately reducing the number of sampling points, and
has a certain fault tolerance performance. It can prove math-
ematically that the position of the liquid metal region can be
determined by at least three sequences of effective spatial po-
sitions of the sampling points.

2

(a) . @ image
i O original

-2
xz/cm
error
2
(b) Z-error
y-error
1 4
=
3
~
>
0
1 . . . .
1 2 3 4
x/cm

Fig. 7. (a) Comparison between position image and original target position
for each layer, and (b) error analysis of imaging center coordinate).
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Fig. 8. Position reconstruction of liquid metal with fewer sampling points.

The method has potential application value in high-speed
dynamic positioning detection of liquid metal for its advan-
tages of small data volume, high calculation speed, and on-
line imaging. At the same time, in the parallel detection sys-
tem using a transducer array, there are fewer requirements for
the number of detection units, which is convenient for system
installation and integration.

The above results show that the imaging method pro-
posed in this paper can achieve the position imaging of simple
targets. In order to verify the universal applicability of the
method, we performed this imaging method on a complex pla-
nar curved target, which injects liquid metal into the gel chan-
nel as shown in Fig. 9(a). Based on the data of 36 sampling
points evenly distributed along the scanning circle, the posi-
tion imaging results are shown in Fig. 9(b), which is in good
agreement with the sample shape. This result also proves the
effectiveness of the method in the detection of complex tar-
gets. According to the fascia distribution characteristics of the
limbs of the living body, the imaging algorithm can be used
for tracking the position.
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Fig. 9. Position imaging for plane curve sample, showing (a) sample and (b)
position imaging.

4. Discussion and conclusions

In this paper, we propose a new method of studying the
interstitial structure, which employs liquid metal to mark the
interstitial fluid channel and image the liquid metal by MAT-
MI to achieve the spatial reconstruction of the interstitial struc-
ture. The problem of MAT-MI for liquid metal in biological
tissues is attributed to the spatial position imaging of liquid
metal. By analyzing the characteristics of the waveform for
the liquid metal under a certain size in MA detection, it is
proposed that the envelope analysis method be used to solve
the problem of data extraction when the multi-reflection wave-
forms of the MA signal overlap, and the liquid metal position
imaging algorithm is designed based on the pixel matrix su-
perposition method. Finally, the columnar liquid metal em-
bedded in the gel is taken for sample, and multi-slice scan-
ning is performed on circle path to collect the MAP signal
for reconstructing the positional imaging, and the positional
imaging of liquid metal by fewer sampling points is discussed.
The results show that the envelope analysis method can effec-
tively solve the problem of liquid metal position information
extraction when sound pressure signals overlap, and positional
imaging by superimposing the pixel matrix avoides the prob-
lem that inequality group has no solution due to unexpected
data extraction caused by sampling data failure, which makes
the imaging system have relatively high robustness and fault
tolerance. Besides, the data extraction and position imaging
methods proposed in this paper are equally applicable to the
spatial position reconstruction of conductive objects of other
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known materials. The MAT-MI technology with high conduc-
tivity fluid material as its detection object and tracer is an ef-
fective method of studying the circulation characteristics of in-
terstitial fluid in biological tissues, which provides a new fea-
sible method of studying the restricted space material trans-
mission and information connectivity, and may provide new
experimental basis for scientific explanation of TCM meridian
theory. Furthermore, this position imaging method also has
a certain application value in the position detection for known
conductive material such as underground buried cable or metal
pipe and other subjects.

In this study, the organism is simplified into a uniform
fluid, and the liquid metal into a spatial linear structure with-
out considering the influence of the complex structure of the
organism. However, in the actual organism, there are bones
and lung structures, as well as gas and other substances in the
body cavity, the acoustic characteristics of which are quite dif-
ferent from soft tissues. In the future research, it is necessary
to systematically study its influence on sound field propagation
to improve the accuracy of signal extraction. The morphology
of the interstitial structure in different parts of the body is quite
different. For example, the interstitial of the extremities is ap-
proximately columnar or linear, the interstitial of the adventitia
has a hollow tubular structure, and the interstitial of the trunk is
closer to the sheet. Therefore, it is necessary to design differ-
ent transducer arrays for the interstitial shape characteristics of
different positions and the limb structure of the corresponding
parts. Besides, under different physiological and pathological
conditions of organisms, the fluid channel of the interstitial
structure may appear to be “bifurcation”, so it is necessary
to consider the positional imaging problem of multiple liquid
metal wires in the detection space. In addition, the spatial res-
olution of this imaging method is similar to the resolution of

ultrasound imaging, which is about half the wavelength of the
acoustic wave at the detection frequency. The detection target
of the interstitial structure position is the target with a small
size on a large space scale. Under this framework, the recog-
nition efficiency of small size target needs improving. This is
related to the strength of the excitation system and the sensi-
tivity of the detection system, which can be achieved by opti-
mizing the system parameters.
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