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Figure 1 The schematic of the structure. (a) The schematic diagram of the helical metamaterial-based cardiopulmonary auscultation device. The
structural parameters include the outer diameter of the cylindrical shell D, the length of the helical structure L, the lead P, the diameter of the acoustic
signal receiver d and the inner diameter a. (b) The helical propagation path of the acoustic wave inside the helical metamaterial. (¢) The profile map of
the cardiopulmonary stethoscope
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Figure 2 Effective properties of helical metamaterials. (a) The effective sound velocity ¢, calculated by Equation (1) versus lead P. (b) The effective
mass density p, calculated by Equation (3) versus lead P. (c) The effective sound velocity ¢, acquired by Equation (3) versus inner diameter a. (d) The
effective mass density p, calculated by Equation (3) versus inner diameter a
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Figure 3 The effective properties of helical metamaterials change with frequency. (a) P=12 mm; (b) P=20 mm. The relatively flat lines demonstrate

the low-dispersive feature of the helical metamaterial
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Figure 4 The frequency response curves of the cardiopulmonary stethoscope and the cylindrical stethoscope. Theoretical results and numerical results
at acoustic-solid interaction conditions for both stethoscopes are shown by solid lines and hollow circles, respectively. The resonant frequencies and
peaks of the cardiopulmonary stethoscope are (296 Hz, —41.8 dB) and (660 Hz, —41.8 dB)
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Table 1 Acoustic effective properties of 3 helical metamaterials with different leads
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Figure 5 The sensitivity-gain spectra. The sensitivity-gain curves of three cardiopulmonary stethoscopes with leads of 12, 20 and 80 mm respectively
while other geometric parameters are consistent with Fig. 4. The sensitivity gain is determined by the difference of SPL between the cardiopulmonary
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Figure 7 Schematic diagram of the experimental setup and the experimental results. (a) The schematic diagram of the experimental setup. (b) The
frequency response curves of the cardiopulmonary stethoscope and the cylindrical stethoscope measured by experiments. (c) The sensitivity-gain spectra
of the cardiopulmonary stethoscope
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A helical metamaterial-based auscultation device for broadband
cardiopulmonary sound detection

Zhengji Chen, Jingjing Liu, Bin Liang*, Jing Yang & Jianchun Cheng

Department of Physics, Nanjing University, Key Laboratory of Modern Acoustics of Ministry of Education, Collaborative Innovation Center of
Advanced Microstructures, Nanjing 210093, China
* Corresponding author, E-mail: liangbin@nju.edu.cn

The use of conventional stethoscopes in crucial situations when caring for patients with infectious disorders like COVID-
19 and HINI is significantly limited by protective garments for infection protection. In order to solve this issue, a straight
cylindrical stethoscope design is proposed that uses an empty potato chip canister coated in sterile paper and is inexpensive,
safe, and practical to use. The design can be used as a significant substitute for conventional stethoscopes for clinical
diagnosis in unique circumstances. By adjusting the diameter and length of the tube, the cylindrical tube stethoscope’s
structural design gets further optimization which improves the effect of heart sound acquisition and raises the sound
pressure level of cardiac auscultation by about 3 dB in comparison to the original structure. However, the dimension of the
cylindrical stethoscope is often quite large, it might be challenging to design the structural elements so that the resonance
frequency falls within the heart sound frequency range. The development of acoustic metamaterials, a class of composite
materials with artificial microstructures, offers anomalous acoustic features not found in nature, considerably expanding
the modulation possibilities for sound waves. The width of the effective operating frequency band is still constrained,
despite the fact that the use of acoustic metamaterials can greatly reduce the size of cylindrical auscultation devices and
enhance the auscultation effect of heart sounds. Normal lung sounds fall within the frequency range of 100—-1000 Hz, as
opposed to the typical heart sound range of 20-200 Hz. Hence, it is highly beneficial for research to efficiently expand the
cylindrical auscultation device’s operational frequency band to the typical frequency range of heart and lung sounds while
keeping the device’s compactness.

In this study, a novel design theory for a cardiopulmonary auscultation device with sub-wavelength size (less than 1/54,,
where 4, is the wavelength of the frequency band’s core frequency) is proposed. Large operational bandwidth, great
sensitivity, exceptional mobility, and high structural strength are some of its benefits. The equivalent medium theory is used
to evaluate the acoustic propagation within the helical metamaterial, and the variation law of the acoustic equivalent
parameters at various frequencies is investigated. According to theoretical and simulation results, the helical-based
cardiopulmonary stethoscope can improve its sensitivity by more than 10 dB over a broad frequency range between 20 and
1000 Hz. At the same time, the influence of thermal viscous loss and geometrical parameters on sensitivity, resonance
frequency, and operation bandwidth with lead are simulated. Ultimately, the experimental results prove that the
cardiopulmonary stethoscope can almost achieve higher sensitivity in the entire frequency band of 20-1000 Hz and
average gain of 10 dB in the range of 330-820 Hz.

The basic working principle of the designed device is to lengthen the propagation path length of acoustic waves by using
the built-in helical metamaterial, which has high equivalent refractive index within operating bands and can effectively
reduce the structure size while maintaining an extremely wide operating frequency band. Following an analysis of the
equivalent acoustic characteristics of the helical metamaterial using the equivalent medium theory, the acoustic
propagation process of the cardiopulmonary stethoscope is examined, and the cardiopulmonary stethoscope’s frequency
response curve is inferred. Theoretical and simulation findings show that the proposed stethoscope with a subwavelength
size can achieve an average sensitivity improvement of 10 dB in the frequency range of 20—1000 Hz. The impact of thermal
viscous loss and lead on the bandwidth and sensitivity is then investigated, along with the connection between the resonant
frequency, sensitivity increase, and working bandwidth. Finally, experimental investigations are used to validate the
cardiopulmonary sound stethoscope’s acoustic performance.

Important features of the cardiopulmonary auscultation device developed in this research include high sensitivity, a wide
operating bandwidth, a straightforward design, high structural strength, free material selection and robustness. It offers a
fresh approach to the construction of cardiopulmonary auscultation devices and has extensive application prospect in the
areas of acoustic sensing and clinical diagnosis.

helical metamaterial, broadband sensing, cardiopulmonary auscultation, high sensitivity
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