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ABSTRACT Flexible ultrasound array with phased array configurations have individually controllable array
element emission and reception acoustic properties, however array conventional processes and array design
are too complex. It is necessary to explore rapid creation methods and potential ultrasound applications for
flexible arrays. In this paper, we provide a method for rapid fabrication of flexible transducers based on laser
micromachining and verify the performance of the line array by multi-mode positioning imaging under curved
surfaces. The proposed single-layered and double-sided conductive stretchable electrode configuration
eliminated the blockage of acoustic waves,and ’island bridge’ structures are compatible with array flexibility
and array excitation for row addressing. The mechanical, acoustic and electrical interconnections of the array
are verified.Based on the Verasonics system, the ultrasonic line array scans multiple steel column targets in
multiple modalities under curved surfaces for imaging and localization.The results show that the ultrasonic
line array can obtain clear visual localization images in A-scan, B-scan and E-scan poses.In addition, the
artifacts in the images can be effectively suppressed by adjusting the depth of focus of E-scan and optimizing
the sparse line array structure. It is verified that laser micromachining for rapid creation of flexible ultrasonic
line array has potential applications in the field of localization imaging.

INDEX TERMS  Laser micromachining, flexible ultrasonic line array, multi-modal scanning, ultrasonic

SPECIAL SECTION ON MICROMACHINED ULTRASONIC TRANSDUCERS

imaging.

. INTRODUCTION

LTRASOUND imaging is an indispensable auxiliary

method of modern medical diagnosis and its technol-
ogy is widely used to visualize the interior of objects for
nondestructive assessment, health monitoring, and medical
diagnosis with non-invasive, high-precision, high-sensitivity
and strong penetrating ability [1]—[3]. Ultrasound technology
provides a unique, noninvasive in vivo appearance [4], [S].
Conventional ultrasound probes can achieve most contact
and non-contact imaging, however, these rigid probes are
incapable of solid interface contact and impossible to couple
well with irregular non-planar surfaces [6], [7]. In addition,
conventional ultrasound devices immobilize the object to be
examined must receive diagnosis, treatment and detection in
a fixed mode, limiting the usage scenarios [8].

Flexible ultrasound transducer is a technology that com-
bines the art of flexible circuit electrical design with solid
piezoelectric ceramics, which can be applied to various com-
plex surfaces in a laminated manner in order to achieve
dynamic and static Medical aids such as ultrasound diagnosis,
ultrasound therapy, and ultrasound imaging have opened up
functional diagnosis applications [9]-[11]. Recent research
has focused on the development of ultrasound probes can be
classified as: using organic piezoelectric films as transducers,
embedding piezoelectric ceramic into polymer substrates,
and fabricating capacitive micromachined ultrasonic trans-
ducers (CMUTs) [1]. However, polymer piezoelectric bodies,
usually polyvinylidene fluoride and its copolymer films, are
not suitable as transmitters due to their low electromechan-
ical coupling coefficients, low dielectric constants, and high
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dielectric losses [12]-[14]. CMUTs usually have lower elec-
tromechanical efficiency than piezoelectric ceramics due to
inhomogeneities between array elements and parasitic capac-
itance [15], [16]. The use of d33 vibration mode, filled with
resin in 1-3 composites, used to enhance longitudinal vibra-
tion polishing is a good example of achieving piezoelectric
ceramics embedded in a polymer base, this method has low
output rate and complicated process with high equipment
requirements [17]-[19].

The above ultrasonic device fabrication process is complex
and the processing is difficult. There is an urgent search
for a method with high yield, easy operation, and can be
rapidly created into stretchable ultrasound line array for vari-
ous complex surfaces such as: skull, human tibia, and skin.
Stretchable ultrasound technology is a technique that can
combine both rigid ultrasound materials and carrier extension
properties and integrates the whole into a compatible platform
[9]. Laser micromachining techniques rapidly melt arbitrarily
shaped stretchable structures, which provides new design
methods for stretchable ultrasound line array that can achieve
output rates of 100% ultrasound array fabrication [20]-[22].

In this paper, based on laser micromachining technology,
a 10-element stretchable ultrasound line array is rapidly
fabricated to demonstrate the array by multi-modal scan-
ning surface imaging and to verify the potential application
of laser micromachined created line array in the field of
localization imaging. Section 2 provides the array design
and laser micromachining, and characterizes the mechanical,
electrical, and acoustic properties of the array, as well as
the imaging displacement characteristics in multiple scanning
modes. Section 3 provides a complete experimental system,
including detailed experimental parameters and experimental
coordinates. Section 4 presents the experimental results and
analyzes the surface imaging results and error analysis of
the flexible ultrasonic line array in three different scanning
modes. The imaging performance of the laser micromachined
rapidly created ultrasonic line array in multiple scanning
modes in-plane and its potential applications in the field of
localization imaging was verified.

Il. DESIGN AND CHARACTERIZATION

A. ULTRASONIC LINE ARRAY DESIGN

The line array structure is shown in Fig. 1, with an ’island-
bridge’ structure connecting the whole device skeleton and
three notches (0.9 x 0.9 mm) reserved on each island for
carrying the square PZT [23], [24].AS shown in Fig. 1(a), the
stretchable hinge uses a modified advanced serpentine hinge,
which can effectively reduce the stress concentration in the
stretching process [24], [25]. The array structure is shown
in Figure 1(b), and the array process is designed. First, the
polyimide film (PI) is covered with copper foil on both sides,
and a 1mm square slot is laser micromachined. Then, the
pre-scored PZT-8 is embedded in the slot, and a conductive
silver paste layer is applied to both the top and bottom of
the array. Finally, the rows of addressable electrodes are
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designed, the electrode wires are connected, and the single-
sided circuit copper foil is peeled off. Test the flexible circuit
after drying at 70° for 20 minutes. Each line array module
carries three ceramic pressure point blocks (0.9 x 0.9mm,
thickness 1.5mm). The thickness of the entire stretchable
hinge matrix is 0.25mm, the width of the serpentine hinge is
0.2mm, and the center distance between the serpentine hinges
is 0.4mm. As shown in Fig.1(c), the three PZT elements
are integrated on the same island with 10 pins reserved in
advance for external electrodes to provide excitation circuits.
The single-layer island-bridge structure provided in this paper
has the advantages of easy processing, high flexibility, and
large stretchability compared with the multi-layer island-
bridge structure studied in recent years [1], [26].As shown
in Fig. 1(d), the ultrasonic linear array adopts three pieces of
PZT-8 independently embedded in the polyimide groove to
replace the whole piezoelectric ceramic. The main purpose of
the linear array design is to provide multi-directional bending
for the ultrasonic linear array to achieve array flexibility. The
array size and the number are improved compared to the
stretchable piezoelectric micro-ultrasonic transducer array
proposed by Liu et al. [27].

B. LASER MICROMACHINING

Laser precision machining system (protolaser U3,LPKF
Laser & Electronics, Switzerland) is used to micromachine
the initial state of "island-bridge’ structure in polyimide film
(covered with conductive copper film on both sides). The
process flow is shown in Fig. 1. The design parameters of
the ultrasonic line array are input to the laser micromachining
system as graphical information for fast and accurate micro-
machining of the stretchable ultrasonic line array structure.
The laser micromachining flexible array structure can realize
one-time processing and has a very high processing yield.
In addition, the limitations of laser processing are low, and
the shape of the structure to be processed can be flexibly
designed. Laser power, repetition rate, scanning times and
scanning speed have important effects on the ablation depth
and surface morphology of polyimide films, and then affect
the tensile properties. When the power and repetition rate
of the laser is overloaded, the superposition effect of laser
energy and the phenomenon of excessive ablation become
more and more obvious, resulting in the increase of abla-
tion width caused by local material melting. Increasing the
scanning speed can reduce the single processing time at the
expense of ablation depth and small-size graphics accuracy.
The repetition rate is set at 24 times and no ablation is evident
in the cross section of the laser micromachined polyimide
film.

C. MECHANICAL AND ACOUSTIC PROPERTIES
CHARACTERIZATION

Agilent 4294 A precision impedance analyzer is used to deter-
mine the resonant frequency fr and the anti-resonant fre-

quency fa of the ultrasonic line array are 1.99 and 2.13 MHz.
The bandwidth (—6 dB) of the array is ~7.8% without
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FIGURE 1. Ultrasonic line array structure schematic.
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FIGURE 2. Laser micromachining flow chart.

matching or backing layers, and the phase angle of the
transducer is about —1.7°. As shown in Fig. 3 (a) (b), the
biaxial tensile test carried out on the flexible ultrasonic linear
array proves that the array can obtain 100% tensile properties
in both directions. The flexible adaptation of the ultrasonic
line array under different stretching patterns (horizontal axis
stretching, vertical axis stretching and curling) is shown in
Fig. 3. The array remains in active operation under 40%-60%
simultaneous biaxial stretching conditions [24], [28]. The
in-mechanical properties of the array are also expressed in
the fatigue resistance of the devices, and they must be able
to maintain mechanical integrity during repeated loading.
In addition to this, the encapsulation material can rely on its
own van der Waals forces to adsorb to the surface of the body,
and the flexibility can be stretched to accommodate various
curves and bumps.

D. ELECTRICAL PROPERTIES CHARACTERIZATION

The electrical interconnection of the line array is through the
line array single-point excitation method as shown in Fig. 4.
For a 10 element line array, the lower surface of all elements
is connected to the row electrodes on the lower surface of the
stretchable hinge matrix, and the row electrodes are shared
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and grounded, with the pins noted as A. The upper surface
of the elements are connected to the column electrodes on
the upper surface of the stretchable hinge matrix. The upper
surface of the array elements are connected to the column
electrodes on the upper surface of the stretchable hinge
matrix, and the column electrodes are independent of each
other and not connected. The pins of 1 to 10 are correspond to
1# to 10# elements respectively. For example, when the array
element 3# is to be excited, only the row electrode A and the
column electrode 3 corresponding to this array element are to
be excited, while the row-column electrodes corresponding
to the other array elements do not form an electrical circuit
and are therefore not excited. The schematic diagram of the
stretchable line array with multi-point excitation is shown in
Fig. 4(b).

The ultrasonic line array is interconnected by a double-
sided copper film covered by a PI film, and 1041 leads
are provided outside the array for control and excitation. 10
“row”” copper films were stripped at the top of the array to
obtain individual control of the corresponding array elements
by the leads, and all the ““column’ copper films were stripped
at the bottom of the array. The electrodes form row and col-
umn circuit addressing in the vertical direction, and the cor-
responding row and column circuits can be activated through
external independent leads. The active array element area is
jointly determined by the selected row and column electrodes.
The design of the 1041 flexible addressing electrodes enables
the array to achieve independent and ordered excitation of
arbitrary cells, helping to reconstruct the shape of the target
in multi-section images.

lll. PHASE-CONTROLLED SCANNING

The ultrasound line array special excitation method is suitable
for a variety of imaging multi-mode, type A, type B and
type E imaging methods differ in the echo processing and
scan path of the target. As shown in Fig. 5(b), type B scan
can be regarded as a type A scan in a certain distance in a
certain direction (in Fig. 5 in the direction of the X axis),
which can be explained as the expansion of type A scan
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FIGURE 3. Flexibility demonstration. (a) Extending. (b) Stretching. (c) Twisting.
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FIGURE 4. Ultrasonic line array. (a) Single-point excitation. (b) Multi-point excitation.

in space dimension. The scanning area is a vertical section
along the X-axis direction, which has the ability to obtain
two-dimensional data information in order to visually display
the X and Z direction positions of the target object. The
B-scan can be used for a single array or a phased array.
The single array requires mechanical motion to step along
the x-direction to complete multiple A-scans, and the width
of the scanned longitudinal section is related to the length
of the mechanical motion. The phased array can be used to
excite a single element in sequence to complete an A-scan
with the same position, and the width of the scan cross-section
is related to the size of the phased array along the x-direction.

The E-scan is a unique scanning method of phased array,
similar to the B-scan of phased array, in which the array
elements are sequentially excited along the array direction
to complete multiple A-scans, thus acquiring the ultrasonic
data of two-dimensional cross-section, as shown in Fig. 5 (c).
The E-scan of the line array requires more than one array
element to participate in each scan, forming a single array
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element equivalent to the same aperture size, as shown in
Fig. 6. Therefore, compared with the phased-array B-scan,
this type of scan has higher imaging quality.

In ultrasound E-scan, the phase-controlled imaging scan
is performed in a stepwise progression, where the depth of
focus has an important effect on axial detection and the size
of the imaging area. Zy denotes the natural focal length of the
transducer; Fz represents the depth of focus. According to
imaging theory:

Fz =ZpeS: [;} (D)
(14 0.55F)

=t/ )

The emission aperture also plays a key factor in the imaging
quality, and B,, is the width of the acoustic beam at the focal
point determines the level of imaging resolution, which can
be obtained from the following equation. D is the sound
field diameter. A discussion of depth of focus and emission
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FIGURE 5. Ultrasonic line array scan. (a) Type A. (b) Type B. (c) Type E.
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FIGURE 6. Ultrasonic line array E-scan model.

aperture is necessary in stretchable line array imaging.

B,, (—6dB) = 1.02f e 1, 3)
f=F/p )

where A, is sound wave in the medium wavelength; f; is the
transducer emission aperture.

As shown in Fig.7, the E-scan divides the two-dimensional
imaging section into 10 columns of pixel areas, each col-
umn corresponds to 1~10# array elements, and the emission
events correspond to the array element numbers.The transmit
aperture PnumTx is when the nth array element transmits,
PnumTx /2 array elements on both sides transmit simulta-
neously. The focal depth P.txFocus is the focal depth of the
sound wave emitted by the stimulated array element. The 1#
array element and the PnumTx/2 array elements on the right
participate in the emission, and the result obtained is placed
in the first column of the imaging section in the first launch.
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When the number of array elements on the left side of the
2# array element is s < PnumTx, there are s array elements
participating in the transmission; if s >P.numTx, there are
PnumTx /2 array elements participating in the emission.
There are PnumTx /2 array elements on the right side of 2#
participating in the second launch. The firing events and so
on complete 10 firing events and fill the imaging section with
column pixels.

IV. IMAGING EXPERIMENT SYSTEM

The experimental system is shown in Fig. 8, The flexible
ultrasonic line array is affixed to the curved water tank, and
three steel columns are placed randomly as targets. Line
array electrode wires are connected to (LEMO) connectors
to build stretchable ultrasound probes that can be integrated
with ultrasound imaging systems and used independently.
The 10 column electrodes of the line array are used as signal
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FIGURE 7. Schematic diagram of E-scan array element launch.

FIGURE 8. Ultrasonic line array imaging and positioning experi-
mental system.

poles, corresponding to each of the 10 array elements con-
nected directly to the signal terminal of the LEMO. The line
electrodes serve all the elements as ground poles. The key
parameters of the probe are shown in Tab. 1.

The 10-array stretchable ultrasound line array performs
ultrasound scanning in A-type, B-type, and E-type scanning
modes to capture the position of the target object based on
the Verasonics system(Vantage 64 LE, Verasonics, USA) in
an imaging manner. The ultrasound line array is attached to
the side wall of a water tank (acoustic impedance of water
is about 1.5 MRayl and soft tissue acoustic impedance is
about 1.6 MRayl), and the electrode wires of the line array
are connected to the adapter of the ultrasound platform panel
interface through LEMO. Three 1 mm diameter steel columns
are randomly placed in the flume as target objects. The tar-
get objects are distributed non-coplanar and at distances of
43 mm, 87 mm, and 132 mm from the line array.

The parameters of the ultrasound probe are defined in
MATLAB. According to the imaging theory, because of the
interference of the acoustic field when the array elements are
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distributed equidistant will cause the array acoustic field to
appear as a grid flap at a particular angle, the array element
pitch must be defined [29], [30]. The actual array element
pitch of the ultrasonic line array is determined by optical
microscopy, as shown in Tab. 2.

The theoretical pitch of the line array is 3.4 mm, and the
average pitch of the actual array elements is 3.4015 mm with
a polar deviation of 0.002 mm and a standard deviation of
0.073%, which can be approximated as an equally spaced
arrangement. The center of the array is set as the coordinate
origin, and the coordinates of each array element are shown in
Tab. 3. The operating frequency is set to 2 MHz, the operating
bandwidth is 1.9 ~ 2.1 MHz, and the excitation voltage is set
to 100 Vpp.

V. RESULTS AND DISCUSSION

The results of the A-scan are shown in Fig. 9, and the ultra-
sound data received in channel 5# corresponds to the Sth array
element along the x-direction. All targets produced distinct
echoes, and the echo signal amplitude became progressively
smaller as the distance became larger.

L=(we Vw)/2 5)

Equation (5) provides a linear relationship between the
speed of sound and the propagation distance, #,, is the time
interval, v, is the speed of propagation of sound waves in
water. The times corresponding to the maximum peak-to-
peak of all target echo signals are captured with time intervals
of 57.23, 114.15, and 175.02, respectively. The actual dis-
tances from the three steel columns to the surface of the line
array are calculated as 42.9mm, 85.6mm, and 131.3mm. The
theoretical pitches from the steel columns to the line array are
43mm, 87mm, and 132mm with a minimum error of 16%, and
it matches well with the preset values. However, the A-scan is
based on a simple pulse-echo principle, and the target position
obtained from the imaging results is not intuitive.

The B-scan imaging scans of the ultrasonic line array
need to be acquired computationally to be provided in
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TABLE 1. Ultrasonic line array probe parameters.

Probe name number frequency (MHz)bandwidth ~ Array element distance
linear array 10 1.97 8.8% 34
TABLE 2. Ultrasonic line array actual array element pitch.
Location number |1 2 3 4 5 6 7 8 9
Numerical value  3.403 3.402 3401 3.401 3402 3401 3.401 3402 3401
(mm )
TABLE 3. Coordinates of line array elements.
Array number |1 2 3 4 5 6 7 8 9 10
-153 1190 -850 -5.10 -1.70 1.70 5.10 850 11.90 15.30
X (mm )
12
—’E—‘. 0.6
;: o -’— —- —
':_éf -0.6
z
125 35 50 75 100 125 150 175 200

Time (us)

FIGURE 9. Ultrasonic line array A-scan results.

two-dimensional imaging, and the experimental results are
shown in Fig. 10(a). Based on the Verasonics system, the
B-scan image of the 10-array line array is more visualized
than the A-scan. In Fig. 10(a), the white bright spots dis-
tributed on the vertical axis represent the position of the
target in the water tank, and the vertical coordinate val-
ues of the bright spots directly correspond to the distance
between the steel column and the surface of the line array.
Around the bright spot of the first steel column, several
bright spots with slightly darker luminance are also present.
This is an artifact caused by the grid flap at a closer dis-
tance due to the array element pitch being greater than one
wavelength. The other two steel columns also show artifacts,
but due to the distance between the steel columns and the
line array, the artifacts appear outside the imaged 2D cross
section.

Fig. 10 easily shows that each E-type scan-based image
quality is superior to that of the B-type scan, as evi-
denced by the brighter imaging points and higher resolu-
tion of the steel columns imaged in the images. In addition,
the artifacts generated by the B-scan are not clearly pre-
sented in the E-scan images, indicating that the E-scan has
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significantly suppressed the artifacts around the first steel
column. Fig. 10(b),(c),(d) shows the three imaging results of
the line array under E-type scan, respectively. According to
the imaging theory, we provide the imaging results under dif-
ferent depth of focus P.txFocus = 100X, 120X and emitting
aperture P.numTx = 4, 6 conditions to explore the effects of
the parameters on the imaging quality.

Increasing the depth of focus(P.txFocus) from 100A to
1201  yields the imaging positioning results in
Fig.10(b) and (c). The comparison shows that when
P.txFocus is increased to 120A, the artifacts near the first steel
column are further suppressed, and the size of the artifacts
is slightly reduced and the brightness is also slightly dimin-
ished. However, further increase P.txFocus does not improve
the image quality significantly. Fig. 10(d) and (c) show the
imaging results for P.numTx = 4 and P.numTx = 6, which
indicates that the addition of P.numTx does not significantly
improve the image quality further. This is due to the fact
that the total number of line array elements is small and the
spacing between the elements is large, so the enhancement of
the image by increasing P.numTx and the deterioration of the
image by the large array element spacing cancel each other
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FIGURE 10. Imaging junction of ultrasonic line array B and E
scans.

out, resulting in a less significant enhancement of the imaging
positioning results.

Comparing the imaging of ultrasonic linear array in differ-
ent scanning modes, it can be seen that good imaging effect
can be obtained under both A-scan and B-scan. Under E-scan,
the ultrasonic linear array can achieve good positioning and
imaging by modulating parameters, and there is an optimal
depth of focus in linear electronic scanning imaging, which
can achieve the highest level of imaging quality. The sparse
array imaging of the line array can improve the imaging qual-
ity by adjusting the emission aperture and the pitch matching
of the array elements, and this also indicates a direction
for the structural optimization of the future stretchable and
stretchable ultrasonic line array.

VI. CONCLUSION

This paper provides stretchable stretchable line array that are
rapidly fabricated based on laser micromachining and have
row-addressable electrical interconnections. The stretchable
ultrasound line array is based on Verasonics for multi-modal
imaging of multiple targets. Comparative analysis of the line
array in type A, type B and type E scans imaging results are
concluded as follows:

1 Rapidly created ultrasonic line array based on laser
micromachining has the ability to achieve surface localization
imaging in multiple scanning modes (A-scan, B-scan, and
E-scan), validating its potential application in the field of
positional imaging.

2 Excellent phase-controlled imaging can be achieved
under E-scan, and the imaging quality can be improved by
adjusting the depth of focus to effectively suppress imaging
artifacts. In addition, there exists a best quality P.txFocus to
improve the resolution of column array imaging and adjust
the imaging artifacts.

3 The optimization ability of the emission aperture in
sparse array imaging is offset by the array element spacing,
and optimizing the line array structure can provide new ideas
for optimal imaging of sparse arrays.
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