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The development of ultrasonic transducers with higher en-

ergy conversion and transmission capabilities is crucial for

medical diagnosis, smart wearable monitoring, and indus-

trial non-destructive testing [1]. Achieving high electrome-

chanical coupling, acoustic impedance matching, and con-

trolled focusing of the acoustic field simultaneously remains

a significant challenge. Piezoelectric materials are com-

monly used in underwater ultrasonic transducers for trans-

mitting and receiving acoustic waves in a medium. How-

ever, there is often an impedance mismatch between the

high acoustic impedance of piezoelectric materials and the

low acoustic impedance of the surrounding medium (such

as water). On the other hand, traditional focusing meth-

ods such as mechanical ball pressure and concave lenses

have limitations due to the potential for damage to piezo-

electric materials and their bulkiness. Recently, the use of

new acoustic lenses has become a hot topic in the research

of ultrasonic focusing. Melde et al. [2] used acoustic holo-

grams to effectively control acoustic waves to achieve com-

plex acoustic beams such as multi-point focusing. Jin et

al. [3] used soft gradient refractive index metasurface lenses

to produce ultrasonic focusing and vortex acoustic beams

at a frequency of 200 kHz. Walker et al. [4] used acoustic

metamaterial lenses to produce focused acoustic beams with

high collimation and high lateral resolution at a frequency of

approximately 500 kHz. Despite these advances, relatively

few studies have been able to combine the performance im-

provement of ultrasonic transducers and applications.

In this study, we designed a 1-3-2 piezoelectric compos-

ite structure ultrasonic transducer based on a focusing high-

order Fresnel lens. This method improves the acoustic trans-

mission efficiency of the ultrasonic transducer due to gra-

dient acoustic impedance matching (from the piezoelectric

material to the water medium), further effectively combines

the Fresnel acoustic focusing effect, and ultimately promotes

the application of high-resolution ultrasound imaging.

Device design and fabrication. The overall device struc-

ture mainly includes a 1-3-2 piezoelectric composite ele-

ment and a high-order Fresnel lens as shown in Figure 1(a).

In particular, the 1-3-2 piezoelectric composite ultrasonic

transducer is selected here because it has high mechani-

cal stability and high energy conversion efficiency [5] and

its design can be seen in detail in Appendix A.1. In addi-

tion, we have also considered the issue of acoustic impedance

matching. The piezoelectric composite material uses a low-

impedance polymer material as one of its connecting phases.

This reduces the equivalent acoustic impedance of the entire

piezoelectric layer by approximately 50%. This adjustment

makes the acoustic impedance closer to that of the preceding

medium during acoustic transmission. Figure 1(b) shows the

front and side view of the 1-3-2 composite structure, from

which it can be obtained that the width of 1-3-2 piezoelec-

tric columns is 260 µm, the spacing of piezoelectric columns

is 106 µm, the thickness of 1-3 parts and the ceramic sub-

strate is 500 and 250 µm, respectively. The designed 1-

3-2 piezoelectric composite structure is based on the W.A.

Smith theory and the series-parallel theory of the equivalent

circuit model of piezoelectric materials. The specific theo-

retical derivation and parameter calculation can be found

in Appendix A.2. The diameter of the overall composited

piezoelectric material prepared is 25 mm and the thickness of

the piezoelectric layer is 750 µm. After packaging and test-

ing, the center frequency of the ultrasonic transducer with

the designed piezoelectric composite material is 2.2 MHz

and the effective electromechanical coupling coefficient kteff

is 0.64. Finally, the Fresnel lens is designed to achieve pre-

cise acoustic focusing through a series of concentric rings

that alter the phase of acoustic waves passing through the

lens. The specific design theory of the Fresnel lens can be

found in Appendix B.1. The lens parameters, including the
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Figure 1 (Color online) (a) Structure of the 1-3-2 composite ultrasonic transducer with Fresnel lens; (b) preparation and image

of the transducer; (c) C-scan system schematic; (d) imaging device diagram; (e) 6th-order Fresnel lenses with 25 and 50 mm focal

lengths; (f) 8th-order Fresnel lenses with 25 and 50 mm focal lengths; (g) echo signals at maximum amplitude using 6th-order

Fresnel lenses.

number of rings (order), ring spacing, and thickness, were

optimized to ensure efficient focusing at the target frequency.

Fresnel lenses with orders of 4, 6, and 8, and focal lengths

of 25 and 50 mm respectively, were fabricated via 3D print-

ing using GR rigid resin. The designed frequency of the

lens was matched to the center frequency of the transducer

(2.2 MHz) to ensure compatibility. A 1 mm thick substrate

was also added as a matching layer to optimize acoustic en-

ergy transmission and reduce reflection losses. The specific

design and preparation process of the Fresnel lens can be

found in Appendix B.2.

Results and discussion. To verify the acoustic perfor-

mance (especially focusing characteristics) of the 1-3-2 types

piezoelectric composite transducer based on a high-order

Fresnel lens, we conducted the acoustic field test using nee-

dle hydrophone to measure the sound pressure distribution

generated by the ultrasonic transducer in the water tank

(see Appendix C.1 for specific experimental steps). Since

the ultrasonic transducer has a wide operating frequency

range, we focus on pressure map within the effective band-

width of 1.2 to 3.0 MHz. The specific experimental acoustic

field distribution and comparison results are detailed in Ap-

pendix C.2. Figure C2 shows the experimental sound pres-

sure distribution generated by six different Fresnel lenses

in the frequency range of 1.8–2.6 MHz, where the sound

pressure intensity has been normalized. To better show the

frequency response of ultrasound transducers with different

orders Fresnel lenses, Figures C2(c), (f), and (i) give the

maximum sound pressure intensity distribution at each fre-

quency (1.8, 2.0, 2.2, 2.4, 2.6 MHz). Although the sound

pressure intensity decreases when the frequency deviates

from the center frequency by 2.2 MHz, it remains above

0.5 (i.e., greater than −6 dB) within the test range of 1.8–

2.6 MHz. The above experimental results not only show

that the device has the ability to focus the sound beam,

but also exhibits effective lateral resolution at different fre-

quencies, which demonstrates its good broadband focusing

characteristics. To further evaluate its performance in ultra-

sound applications, we conducted C-mode ultrasound imag-

ing experiments and imaging plate detials are provided in

Table C1. Figure 1(c) shows the schematic with the red-

arrow scanning path and the red-dotted-box resolution plate

(key part). Figure 1(d) is the imaging device diagram. The

imaging area for C-mod is −2 group, lines 2–4, and results

are in Figure 1(e). As the Fresnel order increases, imag-

ing improves with better contrast and lateral resolution.

Figure 1(f) shows the 6th- and 8th-order, 25 and 50 mm

designed focal-length Fresnel lenses for imaging. The echo

signals of ultrasonic transduer with two focal-length lenses

at focusing positon are shown in Figure 1(g). This study

realizes high-resolution focused imaging of a composite ul-

trasonic transducer based on a broadband Fresnel lens. It

demonstrated its acoustic beam focusing capability in the

1.8–2.6 MHz broadband through hydrophone testing, and

ultrasonic imaging performance through C-mode imaging.

Three sets of comparable Fresnel lens ultrasonic transducers

have been selected for performance evaluation and compari-

son, and the results are shown in Table C2. The combination

of Fresnel lens and composite transducer in this work can not

only focus the acoustic beam in a frequency band, but also

significantly improve the resolution of the ultrasound imag-

ing, providing a new solution for high-performance trans-

ducer.
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