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Abstract—This article investigates the design elements of
a digital stethoscope and its signal fidelity in the presence
of ambient noise. While the acoustic impedance matching
literature demonstrates that signal pickup can improve when
the diaphragm’s acoustic impedance closely matches that
of the auscultated surface, this approach considers only
one interface between two materials. Acoustic impedance
matching with two materials may not explain the full pic-
ture for electret microphones, which introduce an air gap
in their design and therefore have two interfaces between
three materials. Introducing a hole in the electret stethoscope
diaphragm reduces the three material impedance matching problem into a two material problem. Our empirical results
with a 3-D printed electret stethoscope show that a hole in the diaphragm improves signal quality in a variety of tested
settings. We additionally propose signal fidelity and noise leakage statistics, a signal quality score, and an amplitude
spectrum, all based on the empirical distance correlation. We utilize these statistics to evaluate how all combinations
of four diaphragm materials, six diaphragm thicknesses, and presence or absence of a hole affect signal quality of lung
sounds in different ambient noise conditions on an acoustic phantom. Moreover, a result of this work is the fabrication of
a high-quality and low-cost (U.S. $5) digital stethoscope that can be fabricated with a 3-D printer, soldering iron, electret
microphone, and readily available materials.

Index Terms— Acoustics, auscultation, digital stethoscope, electret microphone, signal fidelity.

I. INTRODUCTION

THE electronic stethoscope is an acoustic device for
listening to body sounds. It incorporates a transducer

that observes body sounds as electrical signals, an enclosure
that attaches the device to the subject’s skin, and a system
to electronically process the signals. The enclosure itself is
comprised of three parts, each serving different functions:
a material casing provides physical protection and ambient
noise suppression; an internal acoustic chamber transmits
the auscultated acoustic signal; and a diaphragm interfaces
between the external sensed environment (e.g., human skin)
and the internal chamber (e.g., air).

Transducers for digital stethoscopes include electret micro-
phones [1], capacitive [2] and piezoelectric transducers [3],
[4], microelectromechanical systems (MEMSs) [5], accelerom-
eters [6], [7], [8], and other technologies reviewed in
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Section II. Electret microphones have the benefit of low cost,
high sound quality, and reliable performance in different envi-
ronmental conditions, but they are also sensitive to ambient
noise.

Several studies have examined the influence of the enclo-
sure’s three components on stethoscopes [9], [10], [11], [12],
[13], [14], [15], [16], [17]. The literature, as surveyed in
Section II, presents conflicting claims on whether a diaphragm
attenuates or improves the signal. Some studies show that the
absence of a diaphragm in a stethoscope with an air column
improves signal amplitude [14] or reduces attenuation [15],
[16], while others have shown the opposite in the presence of
white noise [11]. Moreover, different diaphragm shapes also
affect frequency response, and it has been shown that a nonuni-
form (convex shaped) diaphragm and a corrugated diaphragm
have flatter frequency responses with higher amplitude than
the diaphragms with a homogeneous and flat structure [14].
None of these works studied diaphragm performance in the
presence of realistic ambient noise sounds. Furthermore, the
metrics utilized for analysis are either simplistic or require
qualitative interpretation of a plot. The design of acoustic
impedance matched stethoscopes [2], [9], [18] introduces an
objective to select a diaphragm material in order to transmit
sound waves from the skin to the sensor with minimum signal
loss. This literature utilizes the limiting assumption that there
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is only one interfacing surface between two materials, and
those materials are the skin and the diaphragm. An elec-
tret stethoscope introduces two interfaces between three
materials.

A main novelty of this work, and a hypothesis we evaluate,
is that good signal quality can be obtained by exactly matching
the acoustic impedance of the air column rather than approx-
imately matching the acoustic impedance of the skin, and
therefore reducing the number of interfacing surfaces from two
to one. To the best of our knowledge, no existing works have
studied a diaphragm with a through-hole design. A secondary
novelty of our work is to study the effect of ambient noise,
as captured from realistic hospital settings, on the diaphragm
material and thickness. We have not identified any works that
studied how the diaphragm affects the performance of an
electret stethoscope (or of any stethoscope with two surface
impedance matching problem) in the presence of realistic
ambient noise, though Joyashiki and Wada [11] compared a
polyurethane diaphragm to no diaphragm in the presence of
white ambient noise. Our results agree with evidence from
the literature that diaphragms may not be necessary in electret
stethoscopes to detect signal with high fidelity, but we also
show that a diaphragm with a through-hole in the center may
mitigate ambient noise leakage due to the presence of sound
attenuating material, while the through-hole design preserves
signal fidelity.

This work studies the diaphragm and enclosure design for
an electret microphone stethoscope that adheres to human skin
via an adhesive. We conduct an ablative analysis comparing
the signal fidelity to the noise leakage in order to identify an
optimized diaphragm design. Independent variables include six
diaphragm thicknesses (from 0.5 to 2 mm), four diaphragm
materials, presence or not of a small hole in the diaphragm,
six varying phantom signals, eight ambient signals, and three
ambient noise gain levels. The tested materials include 3-D
printed thermoplastic polyurethane (TPU), 3-D printed poly-
lactic acid (PLA), 3-D printed biomedical resin (Elastic 50A)
by Form Labs1, and cast resin polydimethylsiloxane (PDMS)
by Sylgard2 184 (Dow Inc.). All experiments are performed
on an acoustic phantom in a sound booth. The outcomes of
this study are.

1) Material: TPU offers the best noise suppression of the
four tested materials and the best signal fidelity at higher
ambient noise levels.

2) Air column: A diaphragm with a hole that allows direct
contact between the internal air column and the skin
or sensing medium gave better signal fidelity in most
settings than a homogeneous diaphragm without a hole,
though this finding is material dependent. Our results
indicate that the diaphragm of an electret stethoscope
both suppresses noise and attenuates the signal. TPU
with a hole enabling direct contact of the air column
with the skin or phantom is preferred over other tested
diaphragm designs.

1Registered trademark.
2Trademarked.

3) Thickness: There are no clear trends that summarize
all evaluated materials. The influence of ambient noise
leakage, possibly due to air gaps at interfaces between
materials, has more significant impact on sensor quality
than diaphragm thickness.

4) Low cost and high quality: A stethoscope can be con-
structed with 3-D printed materials, shielded audio wire,
and an electret microphone capsule. The resulting device
is low cost (U.S. $5), offers a high-quality signal, and
can be assembled with a soldering station and 3-D
printer.

5) Signal fidelity and noise leakage statistics based on
the empirical distance correlations between a generated
signal, generated ambient noise signal, and observed
microphone signal are proposed to characterize the sig-
nal to noise ratio. We also propose a windowed distance
correlation statistic to provide a statistical characteriza-
tion of two signals across frequencies, and we introduce
a quality measure to perform sensor selection.

Section II surveys stethoscope designs, impedance match-
ing, air-coupled stethoscopes, and evaluation methodologies.
Section III presents the experimental setup and evalua-
tion methodology. Section IV shows and analyzes results.
Section V discusses the scope, limitations, and future direc-
tions pertaining to this work.

II. BACKGROUND AND RELATED WORK

Acoustic sensors used in stethoscopes: The conventional or
nonelectronic, stethoscope utilizes air-coupled sensors that can
be as simple as a hollow wooden tube [19]. Conventional
stethoscope designs transmit sounds observed on the skin
surface, through the air and tubing of the device, and into the
listener’s ear. Electronic stethoscopes [20] and wearable sound
sensors [21] utilize transducers including electret, capacitive,
optical, and piezoelectric microphones, as well as accelerom-
eters used as microphones and triboelectric nanogenerators
(TENGs).

Stethoscopes and their transducers should have a low noise
floor, sensitivity to sounds in the low frequency range (approx-
imately 50 Hz–3 kHz, assuming lung and heart sounds are of
interest), and a general stability to environmental conditions
like temperature and humidity. Preferably, the sensors should
use environmentally friendly materials and have low manufac-
turing cost.

Stethoscope sensors that are not air-coupled: Stethoscopes
made with piezoelectric microphone sensors [3], [4] and
their miniaturized MEMSs variants, known as piezoelectric
MEMS [5], utilize materials exhibiting the piezoelectric effect,
such as ceramics and certain crystalline materials, to convert
sound pressure into electricity. Piezoelectric sensors can have
variability due to environmental temperature and typically
lower sensitivity to low frequency sounds that has limited the
popularity of these sensors for auscultation.

TENGs may enable wireless and battery-less stetho-
scopes [22], and recent work proposed a TENG with
significantly higher sensitivity for auscultation than a piezo-
electric sensor [23]. TENG approaches eliminate the air gap
introduced by electret microphones, and they can be designed
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with environmentally friendly materials. TENG was invented
in 2012 and research in this area is limited.

Accelerometers for recording sounds can be defined as a
kind of piezoelectric sensor [6]. Accelerometers are well suited
for the recording of low-frequency signals (such as 1 Hz–
500 Hz), though they can measure higher frequencies [7].
The sensors are suitable for wearable devices and continuous
monitoring [8] in part due to their insensitivity to ambient
noise.

Impedance matched stethoscopes [9], [24] are designed
to match the diaphragm’s acoustic impedance to that of
human skin in order to minimize attenuation of the trans-
mitted acoustic signal. The utility of impedance matching
was recognized as early as 1980 in a piezoelectric stetho-
scope [10]. The capacitive stethoscope, as introduced with the
patented ThinkLabs stethoscope [2], utilizes the stethoscope’s
diaphragm as a dielectric polymer between two capacitive
plates. The ThinkLabs diaphragm has a direct coupling to
the skin, although it also has an air cavity behind the
diaphragm. Impedance matching stethoscopes, by design, only
address the signal transmission of one interface between two
materials.

Air-coupled and electret stethoscopes: In contrast to previ-
ously described sensors, the electret microphone is air-coupled,
which means acoustic vibration must travel through air to be
observed by the transducer. The foil-electret microphone [1],
[25] contains an air-coupled internal diaphragm (or charged
dielectric film) that transforms acoustic vibrations in the
air into measurable voltage differences, and the diaphragm
vibrates freely inside an air cavity. In auscultation, transmitted
body sounds must pass through human skin, through the
stethoscope diaphragm, and finally into the air column inside
of the capsule where it vibrates the electret microphone’s
diaphragm. A signal passing from skin to sensor, therefore, has
two opportunities to attenuate due to signal reflection caused
by acoustic impedance mismatch, and therefore, the signal
may undergo three or more reflections, or undergo other kinds
of signal transmission challenges. An electret stethoscope,
by design, introduces impedance mismatch at the interface
between the skin and stethoscope diaphragm, from diaphragm
to air column, and technically also from air column to the
internal diaphragm.

Electret stethoscopes and MEMS stethoscopes: For con-
tinuous auscultation, Lee et al. [26] embedded a MEMS
sensor into a soft flexible material for continuous wireless
monitoring, with effort made to minimize the air gap. Joyashiki
and Wada [11] compared an electret microphone with a ure-
thane diaphragm that matches impedance of skin, an electret
microphone without a diaphragm, and an accelerometer. The
sensors were adhered to skin by covering them externally with
adhesive tape, a solution that is prone to delamination of the
seal between skin and device. They found that the urethane
diaphragm was preferable to the absence of a diaphragm. Our
work is similar, but we use a diaphragm with a small hole;
the diaphragm serves to block noise yet permit transmission
of the signal of interest.

Diaphragm design for conventional stethoscopes: Ertel et al.
[12] studied the frequency response of 12 conventional

nonelectronic stethoscopes, including the bell and tubing, and
observed that all tested diaphragms attenuate the transmitted
signal, but some more than others. The electret stethoscope
is similar to a conventional stethoscope because both share a
design challenge to match acoustic impedances between the
skin, the stethoscope diaphragm and the air. A conventional
stethoscope also introduces artifacts caused by the tubing.
Wodicka et al. [13] analyzed the depth of the air cavity and
found that larger cavity height diminishes the high-frequency
response, therefore suggesting that air cavities with small
height are preferable for lung sound analysis. Nowak and
Nowak [14] studied seven diaphragms from commercially
available conventional stethoscopes independently of an enclo-
sure but affixed to the body. Their results show that the
absence of a diaphragm gives higher amplitude in all frequency
bands than all other tested diaphragms. None of these works
rigorously studied the impact of realistic ambient noise on
diaphragm design.

Coupling of the chest and air-coupled stethoscope:
Nussbaumer and Agarwal [15] proposed a theoretical
lumped-element model and experimental study of stethoscope
acoustics that couples the stethoscope with the chest or
phantom. They demonstrate that a diaphragm attenuates the
signal at low frequencies, and that larger air cavity volume
very slightly increases signal attenuation at low frequencies.
An earlier work of Ertel et al. [16] also demonstrated that
the stethoscope’s diaphragm attenuates the acoustic signal all
12 evaluated analog stethoscopes. Nowak and Nowak [17]
studied the hypothesis that the stethoscope’s diaphragm can act
as a low-pass or high-pass filter by varying the force pressing
a stethoscope into a human subject’s skin. They concluded that
an alteration to the amplitude spectrum is primarily due to the
deformation of tissue under the stethoscope, and not from the
deformation of the diaphragm itself. They also suggested that
stiff diaphragms seem to have the best performance. Our work
is complementary to these studies, where we emphasize the
study of electret stethoscope design in the context of signal
fidelity and noise leakage with a variety of realistic noise
sounds from different hospital settings.

Metrics for measuring stethoscope signal quality: The
reviewed literature utilizes a small variety of approaches
to analyze signal quality. Curves visualizing the amplitude,
magnitude, or power spectra across frequency bins are shown
in nearly all papers reviewed, but an analysis of the relative
quality of the signal is left to the reader’s qualitative and visual
interpretation. Phase information available from the underlying
Fourier transform is also largely ignored. In the presence
of two signals, such as either the stethoscope recording and
noise signals or the stethoscope recording and a ground truth
phantom sound signals, the signal-to-noise ratio (SNR) offers
a general framework for comparing the signals by reducing
each to a scalar number, and computing a ratio. Peak SNR,
used by Hui et al. [23], measures the SNR ratio between
the peak amplitudes in two Fourier spectra, such as from
the stethoscope and from the ambient noise. Peak SNR is
a simplistic measure that can mislead researchers when the
frequency response of the stethoscope is not flat, or when
the noise signal does not represent all noise sources in the
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observed environment. However, the peak SNR can give an
overall intuition for sensitivity.

The tissue-to-air ratio (TAR) [27] can be described as
a kind of SNR that analyzes how an auscultated signal is
distorted by an ambient noise signal, and the method offers
a visual comparison of both signals’ transfer functions. The
transfer functions are computed as the sound power level
across frequency bins. Zanartu et al. [27] utilized TAR to
show that air-coupled microphones are significantly improved
when ambient noise is isolated from the auscultated signal.
Joyashiki and Wada [11] utilized TAR to demonstrate that an
electret microphone that is enclosed in 3-D-printed ABS and
loosely attached to the skin by external tape leaks noise more
than a comparable setup with a solid urethane diaphragm. Our
evaluation is similar to [11] and [27] and actually demonstrates
an opposite result because we utilize a solid diaphragm with
a hole (and a 3-D printed enclosure) that properly seals out
ambient noise while permitting transmission of the auscultated
signal. The magnitude squared coherence (MSC), as adopted
by Rennoll et al. [9], gives an estimate for how well one signal
can be linearly transformed into another, and it computes a
ratio comparing the cross spectral density of the signals to
the product of the respective power spectral densities. Since
cross-spectral density is estimated by sampling frequency
bins, the MSC depends on the bandwidth (and range) of the
sampled bins, and suffers from need to choose the bin width.
The MSC approaches zero when the cross-spectral density
approaches zero, and this does not measure general statistical
independence. Pearson correlation is an alternative measure to
compare two signals. Semmlow [28] utilized it in the time
domain to compare the auscultated signal to the transmitted
signal. The Pearson correlation of two time-domain signals
only measures a linear correlation between two signals, and
it can give a large response to nonlinear distortions that
have minor effect on signal fidelity. The empirical distance
correlation [29], generalizes the Pearson correlation to rep-
resent linear and nonlinear relationships, and it also analyzes
either paired random vectors or multiple observations of paired
random vectors. Comparisons with Pearson correlation have
shown that the distance correlation is a superior metric [30],
[31], but the statistic is relatively new (2007), and not yet well
utilized for signal analysis. This work employs the empirical
distance correlation to define signal fidelity and noise leakage
statistics.

III. METHODS

A set of experiments was defined to evaluate how diaphragm
material, thickness, and through-hole design affect the record-
ing of body sounds from an acoustic phantom in the presence
of ambient noise. Figs. 1 and 2 show the design of the acoustic
sensor and Fig. 3 shows the setup of a sound booth in which
experiments were conducted.

A. Experiment Setup, Sound Booth
All components shown in Fig. 3 were located inside an

acoustically isolated sound booth except the computer and
human operator. We utilized the same phantom described

Fig. 1. Stethoscope sensor designed with 3-D printed components.
The enclosure is 3-D printed in TPU (yellow, in two parts). The example
diaphragm (PLA, in black) attaches to the middle component to form
an interchangeable diaphragm. The small tab attached to the black
diaphragm is a protective film covering the double-sided tape.

in [18], with a fresh gelatin layer (Humimic Medical,
Gelatin 2) of thickness 11 cm and created following the pro-
cedure in the supplementary of [18]. For a given sensor, there
are multiple experiments, and each experiment contains three
simultaneous and synchronized acoustic events: an ambient
noise signal is emitted on ambient noise speakers at a given
gain, a phantom signal is emitted on a phantom speaker at
a constant gain, and a recorded signal is received from the
stethoscope sensor through a dedicated audio interface. The
sample rate of all signals is 44 100 Hz. The ambient speakers
are equidistant and approximately 65 cm from the phantom.
The phantom signals are represented as a set P containing six
lung sound vectors, where each signal vector p ∈ P is 5 s long.
The lung sounds were manually selected from digital stetho-
scope recordings in the ICBHI respiratory sound database [32]
and the PERCH database [33]. Nine noise sounds are repre-
sented as a set S, where each signal s ∈ S is also a five seconds
long vector. Six of the nine noise sounds were curated from
the PERCH study and from a private collection of ambient
noise recordings. The private recordings were collected in a
clinical environment where auscultation was performed, both
at the Johns Hopkins Hospital in Baltimore, Maryland (US)
and in the Kamazu Central Hospital in Lilongwe (Malawi).
The three manually generated noise sounds were uniform
noise, pink noise, and silence. A set V of three ambient
noise gain levels is denoted V ≜ {(1/40), (1/10), (1/2)}.
The Cartesian product of all three sets identifies 135 pairs
of emitted signals necessary to perform 135 experiments of a
given sensor. Both signal vectors s and p in each experiment
are each normalized by a function ny(x) = (yx/ max x), which
converts values of each signal vector into the range of [0,1]
and multiplies by a given gain level y. The pair of normalized
output signals for each i th experiment are therefore denoted as
{(n(1/40)(p), nv(s)); (p, s, v)i ∈ P ×S ×V}. The normalized
noise signals have an expected sound pressure levels of 57, 68,
and 79 A-weighted decibels (dBA) for respective gains (1/40),
(1/10), and (1/2), where the expectation had a standard devia-
tion of ±10 dbA in each of the three cases. The sound pressure
level measurement was performed with a Martel 322 Sound
Level Meter tool positioned at the location on the phantom
where the stethoscope sensor would be. For each normalized
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Fig. 2. Digital stethoscope construction using an electret microphone imposes an air gap between the electret’s diaphragm and either the
stethoscope diaphragm or the sensing medium. In the 2-mm hole design (right), the air column interfaces directly with skin, and the figure shows
less opportunity for reflection of the acoustic signal.

Fig. 3. Illustration of the experiment setup in a sound booth. The
phantom and ambient noise speakers playback audio signals p and s
sent from the computer, and the sensor transmits observed recorded
signal r back to the computer.

pair, a corresponding recording from the evaluated stethoscope
sensor is obtained and denoted as ri ∈ R. The set R contains
135 corresponding recordings. The inputs and outputs of all
experiments for a given sensor are denoted

E ≜
{(

n 1
40

(p) , nv (s) , r
)

;

(p, s, v)i ∈ (P × S × V) , ri ∈ R
}
. (1)

B. Experiment Setup, Sensor
The 135 experiments in the set E were performed once for

each sensor, and 32 sensors were evaluated. Sensors vary in
material type (m), thickness (t), and whether they have a hole
in the center of 2 mm in diameter (h). These properties are
identified with subscripts Em,t,h . We therefore define a superset
of all experiments across all sensors{

Em,t,h;

m ∈ {TPU, PLA, Elastic50a, PDMS} ,

t ∈ {0.5, 1.0, 1.5, 2.0} , h ∈ {0, 1}} . (2)

Diaphragm materials are identified as m ∈

{TPU, PLA, Elastic50a, and PDMS}. TPU is a TPU 3-D
printer filament (overture1 TPU, in yellow). PLA is polylactic
acid filament (PolyTerra2 PLA from Polymaker1, in black).
The TPU and PLA materials were printed on Bambu Lab1

X1C 3-D printer with a 0.4 mm nozzle, 0.2 mm layer

height, and 100% concentric infill. The nozzle temperature
was 250 ◦C for TPU and 220 ◦C for PLA. Elastic50a is a
proprietary biomedical grade resin (Biomed Elastic50A) from
Form Labs that was printed directly on the Form Labs build
plate, without support. PDMS is a PDMS cast resin (Sylgard
184, Dow Inc.1) prepared with a 1:10 ratio of parts A and B.
While the other materials consist of a cylindrical disk with
raised side walls and a small overhang, the PDMS, which
was cast rather than 3-D printed, was simply a cylindrical
disk, and a retaining ring with the raised side walls with
overhang was 3-D printed in TPU. The PDMS diaphragm
was contained inside a TPU retaining ring due to the inability
to cast the PDMS into the desired shape. Due to the retaining
ring, the diameter of the PDMS diaphragm was smaller by
2 mm. As shown in Fig. 1, the diaphragm (left side) attaches
to the middle part of the enclosure, and the middle part
attaches to the right-most part.

The diaphragm thicknesses, in millimeters, are d ∈

{0.5, 1.0, 1.5, 2.0}. In practice, the PDMS diaphragm thick-
nesses varied to within about 0.3 mm, and more accurate
measurement of the thickness is challenging due to the flexi-
bility of the material.

The presence of the 2 mm hole is indicated as h ∈

{“No Hole”, “2mm Hole”}. Fig. 2 shows that the 2 mm hole
extends from the opening of the capsule directly to the
phantom or skin.

Adhesive: A double-sided adhesive (3M2 2477P) adheres
the diaphragm to the phantom or skin. The adhesive is 0.4 mm
thick. Because the phantom’s gelatin layer did not stick
securely to the adhesive, it was necessary to apply a 50 g
weight on top of the sensor that ensured the seal between
sensor and phantom was not broken by any twist in the audio
wire leading into the sensor. The adhesive was laser cut into
the shape of a donut so that it always had a hole. The adhesive
hole diameter was 6 mm, which is larger than the 2 mm air
column. The purpose of the larger diameter was to ensure
the skin or phantom can make contact with the “No Hole”
diaphragms in at least a 2 mm region.

Enclosure and dimensions: All sensors shared the same 3-D
printed enclosure, shown in Figs. 1 and 2. The enclosure was
3-D printed in TPU with the same 3-D printer configuration
described for the diaphragms. The electret capsule (Soberton
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EM6027) is press-fit inside the enclosure, its rear vent hole
and wire leads encapsulated in silicone glue, and a TPU cap
is pressed into the wet glue. The height of the cylindrical air
column from the capsule’s aluminum casing to the diaphragm
was approximately 2.5 mm. The diaphragm diameter was
28 mm. The PDMS inside its TPU retaining ring was 15 mm
in diameter.

Fig. 2 shows how the acoustic signal may reflect or transmit
at transition points between skin, diaphragm, and air. Each
transition point may be subjected to undesirable acoustic
transformations. For instance, external noise may enter through
the diaphragm, or the auscultated signal may be reflected
away from the sensor. Moreover, interactions caused by the
transition points between these materials may result in multiple
reflections, further modifying the signal. The diaphragm with a
hole, shown on the right side of the figure, has less opportunity
for sound to reflect away from the sensor.

C. Evaluation
Signals as random variables: Any single experiment in the

set defined in (1) contains a tuple of three signal vectors: the
normalized phantom signal n(1/40)(p), the normalized noise
signal nv(s), and the recorded signal r. The observation of
each signal vector can be interpreted as a probability event.
Since there are multiple observations of each probability event
with any given set experiments Em,t,h for the sensor (m, t, h),
each of the three respective signal vectors can be represented
as a statistical random variable with its own probability
distribution.

Distance correlation: We desire three properties in any
given experiment: 1) statistical independence between the
recorded signal r and ambient noise signal nv(s); 2) statistical
dependence between r and the phantom signal n(1/40)(p);
and 3) statistical independence between nv(s) and n(1/40)(p).
Statistical independence between r and nv(s) means that no
knowledge of the value of r can be gained by knowledge of the
value of nv(s). Statistical dependence is not as well defined,
and we will adopt linear dependence as a proxy, defined as the
equality of one signal to the other after an affine transform.
Linear dependence is limited by an assumption of a particular
representation space, such as the time domain or frequency
domain. We desire all three properties 1)–3) to hold for all
experiments in any given set Em,t,h .

The empirical distance correlation [29] between paired
samples of two statistical random variables, or signals, quan-
tifies the degree of statistical independence versus equality
through affine transform, and is useful to analyze sensor
performance. The statistic ranges from [0, 1], where a value
of 0 means the two signals are statistically independent, and a
value of 1 means that one signal transforms into the other
by means of an affine transform. In this work, the corre-
lated signals are subject to imperfect measurement conditions.
Therefore, we assume that a value of 0 implies approximate
independence rather than true independence. Since the time
and frequency domains are both relevant in our analysis,
we compute distance correlations of time-domain signals, and
also of the Fourier magnitude spectra of the signals. For the
magnitude spectra, only the frequency bands between 0 Hz

and 4 kHz are considered. The following simplified notation
is utilized: dcorm,t,h,time(sv, rv) evaluates the statistic for
each of the normalized ambient noise vectors {nv(s); s ∈

S, v ∈ V} and the corresponding recordings rv ∈ R;
the dcorm,t,h,time(p, rv) compares the normalized phantom
signals to the recorded signals. The subscript v ensures the
distance correlation is computed for each ambient noise gain.
Replacing time-domain signals with Fourier amplitude spectra,
we similarly define dcorm,t,h,freq(x, rv) where x is either p
or sv as before.

Quality score for sensor selection: A stethoscope sensor
should maximize dcorm,t,h,freq(p, rv) ∈ [0, 1] and minimize
dcorm,t,h,freq(sv, rv) ∈ [0, 1] for all ambient noise gains
v ∈ V . We can transform the objective into a maximization
by considering a 2-D rectangular region between the origin
and point (1, 1) formed by dcorm,t,h,freq(p, rv) and 1 −

dcorm,t,h,freq(sv, rv). Since there are multiple gains v ∈ V ,
we average each term overall v in (3). The optimal sensor,
represented as a point p in this region, should be maximally
close to the point (1, 1). Taking a geometric approach, we want
to maximize the area under the rectangle formed by p and the
origin. We therefore aim to choose the independent variables
(m, t, s) that maximize

Qm,t,h,freq ≜ xy, where

x ≜
1

|V|

∑
v∈V

(
1 − dcorm,t,h,freq (sv, rv)

)
y ≜

1
|V|

∑
v∈V

dcorm,t,h,freq (p, rv) . (3)

While the sensor quality score (3) is similar in spirit to a
SNR due to the multiplication of two terms, it has better
numerical stability because it is bounded inside [0, 1] while
the SNR can have exploding values or division by zero.
Moreover, the quality metric defines a Pareto boundary, where
two sensors may have equal quality, or equal area, but one may
have higher signal fidelity, while the other has lower noise
leakage. The Pareto boundary follows a diagonal line from
top left to bottom right of the rectangular region. Note that the
rectangular region can be considered in Fig. 4 if the x-axis is
flipped (1 − x).

Windowed distance correlation and windowed quality score:
We propose windowed distance correlation over an amplitude
spectrum of two signals. A set of frequency bands can
be defined on an amplitude spectrum representation. Each
frequency band f can be represented as either a single
amplitude or a vector of amplitudes selected from a subset
of the fast Fourier transform. For each frequency band f ,
a distance correlation is computed on the subset of a Fourier
amplitude spectrum contained inside the given band, denoted
dcorm,t,h, f req,(fft f (·),fft f (rv)), where · is replaced by
the random variables representing the ambient noise sv or
phantom p signals.

It is reasonable to choose a sensor using a quality metric
based on human hearing. The Bark frequency scale [34]
identifies the critical bands of human hearing. In the range
of less than 4 kHz, the start frequencies of the bands can
be defined as [20, 100, 200, 300, 400, 510, 630, 770, 920,
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Fig. 4. Signal fidelity versus noise leakage at varying levels of ambient noise provides an analysis space based on distance correlation. In each
plot, the optimal sensor would appear in the top left of each plot and is linearly correlated with the amplitude spectrum of the phantom signal and
statistically independent of the amplitude spectrum of the ambient noise signal. Each point represents an evaluation of 135 experiments with a
single sensor. See Table I for the aggregated results of individual sensors in table form. A theoretical fit line shows that all sensors can be described
by an exponential function in the space.

1080, 1270, 1480, 1720, 2000, 2320, 2700, 3150, 3700,] Hz,
and the corresponding bandwidths are [80, 100, 100, 100,
110, 120, 140, 150, 160, 190, 210, 240, 280, 320, 380,
450, 550, 700] Hz. For each of these bands, an amplitude
spectrum is extracted from the fast Fourier transform, allowing
the computation of the windowed distance correlation at
band f .

Using the notation f to identify each Bark critical band
and its corresponding bandwidth, we define one sensor quality
score for each frequency band f

Qm,t,h,bark, f ≜ xy, where

x ≜
1

|V|

∑
v∈V

(
1 − dcorm,t,h,freq

(
fft f (sv) ,fft f (rv)

)
y ≜

1
|V|

∑
v∈V

dcorm,t,h,freq
(
fft f (p) ,fft f (rv) . (4)

To aggregate the windowed Bark score across frequency
bands, we also define Qm,t,h,bark = (1/F)

∑
f Qm,t,h,bark, f

as the average quality over the F = 18 defined Bark critical
bands. Note that Qm,t,h,freq in (3) is not windowed and does
not use an average in this way. In principle, it would be
desirable if the values of Qm,t,h,bark and of Qm,t,h,freq agreed
in rank over all sensors (m, t, h).

SNR: We also utilize a widely utilized SNR metric in
order to validate general agreement to the distance correlation,
dcorm,t,h,freq). The SNR can be defined as ratio of two
scalar terms. For each experiment parameterized by (m, t, h),
we compute

SNRm,t,h = 10 log10

(
||fft (rv) ||

2

||fft (nv (s)) ||2

)
. (5)

D. Measurement of Acoustic Impedance
A separate set of experiments were performed to analyze the

influence of acoustic impedance matching on diaphragm mate-
rial selection. For each tested material (Elastic50a, PDMS,
PLA, TPU), a solid disk (42 mm diameter, 10 mm height)

was fabricated with identical 3-D printer settings used for
the diaphragms. The PDMS sample height was 5 mm. The
impedance was measured using the through-transmission tech-
nique with the same equipment and nearly the same setup
described in supplementary material of Rennoll et al. [9]. A
10-gallon fish tank wrapped in plastic-wrap to isolate ultra-
sonic noise was filled with water. Ultrasonic receiver and
transmitter probes were submerged on opposite sides of the
tank and supported by a welded metal frame. A thermometer
measured the water temperature, which is used to calculate
the speed of sound in water [35] via the equation vwater(t) =

1404.3 + 4.7 t − 0.04 t2, where t is temperature in degrees
Celsius. A plexiglass barrier, with a hole to transmit the
ultrasonic signal and spring mechanism to optionally hold
a test sample in front of the hole, was positioned close to
the receiver probe. A function generator emitted a 0.5-MHz
sine wave burst signal (with 30 cycles and 10 volt peak-
to-peak amplitude). The generated signal transmitted directly
to an oscilloscope, as well as to the ultrasound probe. The
received ultrasound signal was observed in the oscilloscope’s
second channel. A time offset between the generated signal
and the onset of the observed peak signal was recorded
multiple times, including when only water existed between
the probes (baseline), and also with water and different
tested materials between the probes. The difference of the
observed offsets between the only water baseline and other
materials gives a time shift δt , and the acoustic velocity of
the evaluated material can be determined via the following
equation:

v =
h

δt +
h

vwater

(6)

z = ρv. (7)

The material volumetric mass density was also computed via
the suspension technique [9], [36]. Last, specific characteristic
acoustic impedance was computed via (7), where h is the
height of the tested material.
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TABLE I
MATERIAL SELECTION: TPU MATERIAL WITH 2 MM HOLE IS PREFERRED, AND NO DIAPHRAGM IS PREFERRED

IV. RESULTS

The choice of diaphragm significantly affects the signal
quality, as shown in Fig. 4. The figure compares signal fidelity
(y-axis) to noise leakage (x-axis), and shows a clear relation-
ship between the two axes. The ideal stethoscope has a signal
fidelity of 1.0 and noise leakage of 0.0 (top left corner of
plot, identified with dashed gray lines), and the worst-possible
stethoscope has the opposite (bottom right corner of plot).
Each evaluated sensor appears as a point (x, y) in the space.
The points fall along an exponential curve that we heuristically
modeled with the function f (x) = 1−ew0(x−1)

+w1 and solved
using a least-squares objective

arg min
w

∑
(x,y)

|

(
1 −

(
ew0(x−1)

+ w1

))
− y|

2 (8)

where the parameters obtained were w = [6.196, 0.119]

after initialization at w = [1, 2]. The bias value of w1 =

0.119 shows that the maximum signal fidelity modeled by
this curve would be at 0.88. It is not clear if the bias is a
result of external noise in the sound booth or other experi-
mental conditions that cause signal distortion. The exponential
relationship between signal fidelity and noise leakage also
demonstrates that a sensor with a good signal is also good
at blocking noise. The fact that the data are well modeled
by an exponential curve suggests there was minimal amount
of uncontrolled noise in the study. Moreover, an underlying
assumption of the experiments is that the phantom signal is
statistically independent of the ambient noise signal, and in
support of this assumption, we observe that dcorfreq(p, sv)

equals zero in all experiments to at least eight decimals.
From the figure, it is clear that the material, the presence
of a hole, and the ambient noise level have significant
influence on performance, while diaphragm thickness is less
important.

Table I summarizes all points in Fig. 4 for the purpose
of material selection. Note that the table demonstrates the
agreement in rank of the quality scores derived from the
frequency representation and the time-domain representation.

The quality scores are described in (3). The results in the table
were averaged across diaphragm thickness and ambient gain
levels.

TPU with a 2 mm hole is the diaphragm with the highest
quality overall, as shown in Table I. Moreover, removing
the diaphragm and using the TPU enclosure alone with an
adhesive layer directly applied to the enclosure results in better
performance. With no diaphragm, the height of the air column
between sensor and skin is smaller, and there is no opportunity
for noise to enter at the seam between the diaphragm and
enclosure. Because the noise leakage statistic is close to one
for the diaphragms with no hole, the results in this table verify
the importance of noise isolation.

The diaphragm attenuates both signal and noise. Summa-
rized in Fig. 5, the evidence suggests that, across all tested
diaphragms, a 2 mm hole in the center of the diaphragm tends
to result in a stethoscope with higher signal fidelity and lower
noise leakage than a solid diaphragm. The result holds for all
levels of ambient noise, though when the ambient noise gain
is 0.5, corresponding to 79 dbA, a lot of ambient noise leaks
into the auscultated signal.

Ambient noise distorts the low frequencies more than high
frequencies in the tested stethoscopes. Fig. 6 visualizes the
amplitude spectra using the critical bands of the Bark scale
(less than 4 kHz) on x-axis and distance correlation for
each band on the y-axis. It represents how a human would
perceive the sound across the frequency spectrum. The ideal
representation would have, for any given sensor, a noise
leakage of zero, and a signal fidelity of 1 (both horizontal
lines). The spectra are a function of the particular electret
microphone sensor utilized and the experimental conditions.
Each plot shows the sensors with highest quality at the given
ambient noise gain. The signal fidelity is consistently higher
than noise leakage when the ambient noise has a gain of
0.025 (approximately 57 dbA), and it is lower than the signal
fidelity at ambient gain 0.1, or approximately 68 dbA, which
is as loud as a vacuum cleaner or the television audio. The
curves give a sense for which frequencies the sensors are good
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Fig. 5. Diaphragms with a hole tend to have better signal fidelity
and less noise leakage than solid diaphragms. The visualized condi-
tions evaluate the Cartesian product of four diaphragm materials, four
diaphragm thicknesses, and three ambient noise gain levels (corre-
sponding to 57±10, 68±10, and 79±10 dbA). The analyzed frequency
range is up to 4 kHz. (a) Signal fidelity and noise leakage and (b) SNR.

listening to. For instance, in the presence of higher ambient
noise setting [Fig. 6(a)], the analyzed stethoscopes lose signal
fidelity and gain noise leakage at low frequencies, whereas in
the low ambient noise setting [Fig. 6(b)], the low frequencies
are well captured. It is not known how this phenomenon would
generalize outside of this study.

Sensor selection based on human hearing can give different
results than sensor selection based on computational analysis,
though it would be ideal if the two approaches mostly agree.
Table II shows the highest quality sensors, at different noise
levels, as computed by two different quality metrics: Qfreq
defined in (3) and a variation of the metric, Qbark, that defines
frequency bands based on human hearing (4). The results
show that the PDMS diaphragm with 0.5 mm thickness and
no hole has the highest signal quality to a human ear, while
the TPU diaphragms with a 2 mm hole have best signal
quality otherwise. Table I shows that PDMS diaphragms have
a high variability of signal fidelity and noise leakage. This
variation may be a result of the way the PDMS diaphragms
were attached to the enclosure with a TPU retaining ring,
and perhaps the retaining ring introduced a strain on the
PDMS. Due to the variation, it is possible that the 0.5-mm
thick PDMS results are an outlier. The TPU with diaphragms
0.5 and 1.5 mm are among the top five sensors for any noise
gain and using either quality metric. Additionally, the Qfreq
consistently selects TPU material for either noise level, while
Qbark is not consistent in its selection of material. Qbark also
shows lower quality scores than Qfreq in the presence of any
noise.

Similarity of signal fidelity and noise leakage statistics
with the SNR. Fig. 5 demonstrates that the proposed signal

TABLE II
CHOOSING SENSORS FOR VARYING AMOUNTS OF NOISE

TABLE III
ACOUSTIC IMPEDANCE MATCHING OF MATERIALS

fidelity and noise leakage statistics agree, over the distribution
of all experiments, with the SNR. The figure also shows
that the SNR is a significantly less explanatory metric. The
SNR reduces the power of an observed microphone signal,
across analyzed frequencies, to a scalar value, and similarly
reduces the power of the corresponding theoretical noise
signal to a scalar value. In contrast, the signal fidelity and
noise leakage statistics defined over the frequency domain
consider the linear and nonlinear relationships between all
experiments and all frequencies at once. The two metrics



26720 IEEE SENSORS JOURNAL, VOL. 25, NO. 14, 15 JULY 2025

Fig. 6. Windowed distance correlation across frequency bands of
the Bark scale. The top figure analyzes experiments with ambient
noise signals of approximately 68 dbA (gain v = 0.1). The bottom
figure considered ambient noise at approximately 57 dbA (gain v =

0.025). Showing the five sensors with highest sensor quality at each
respected ambient noise gain. The variation shows performance differ-
ences across diaphragm thicknesses. (a) Ambient noise at 68 dbA (gain
0.1). (b) Ambient noise at 57 dbA (gain 0.025).

also describe how much the observed signal is related to
either the theoretical noise signal or to the theoretical phantom
signal. Compared qualitatively to the SNR, at each gain level,
both statistics in Fig. 5(a) have less overlap over distribu-
tion of across the hole versus no hole than the SNR in
Fig. 5(b).

Impedance matching does not capture the full picture.
Table III reports the specific characteristic acoustic impedance
of the tested diaphragm materials as well as the auscultated
surface material on the phantom. The reported density was
measured three times with one water bath at 21 ◦C. Each
velocity number in the table is an average of three mea-
surements, each taken using a different water baths. The
water bath temperatures were 23.3 ◦C, 28.3 ◦C, and 36.7 ◦C,
and no clear trends were observed since the speed of water
was adjusted to the water temperature. The samples were
submerged in each water bath for several minutes prior to each
measurement. We note that the water used in the experiments

was contaminated by rust particles from the welded metal
platform and screws that supports the ultrasound probes.
The presence of rust might increase the speed of sound
in water, and the computed acoustic velocity measurements
might be slightly low. However, we did not detect an obvi-
ous change in velocity when the water bath was one week
old (and yellow colored) versus one hour old (and nearly
clear). Moreover, our measurements for the PDMS sample
(1.16 MRayls) are similar to Rennoll et al. [9] who used the
same setup (without rust) and reported PDMS in the range of
1.02–1.58 MRayls.

Table III can be compared to the no hole experiments
of Table I. In particular, the no hole diaphragm materials
ordered by best-to-worst sensor quality (or signal fidelity
or noise leakage) are: PDMS, TPU, Elastic50a, and PLA.
If impedance matching is relevant to sensor quality, then the
materials with impedance between the phantom’s gelatin layer
and the electret microphone’s air column should have the
highest quality. The results show that PDMS and Elastic50a
have impedances between air and gelatin, but Elastic50a
has low sensor quality and signal fidelity, while PDMS has
high quality and fidelity, and neither has as good sensor
quality as TPU. Perhaps, the difference can be explained
by the fact that the PDMS diaphragms were encased in
a TPU retaining ring, which provided noise isolation, and
the Elastic50a diaphragm wrapped around the base of the
enclosure (see Fig. 1), and did not benefit from noise isolation
with TPU. The fact that PLA has the largest impedance and
lowest sensor quality does suggest that impedance matching
is somewhat beneficial for sensor selection, but the results
also suggest that impedance matched diaphragm materials can
be sensitive to ambient noise. Moreover, impedance matching
considers a single interface between two materials, while the
diaphragms analyzed consider two interfaces and three materi-
als between the phantom surface, diaphragm material, and air
column.

High-quality digital stethoscope for less than U.S. $5: The
electret stethoscope design in this article offers an inexpen-
sive design to optimize auscultation. The electret microphone
costs U.S. $1.25. The TPU enclosure and diaphragm costs
approximately U.S. $0.12. The cost of adhesive (3M 2477P),
silicone glue, or encapsulant and audio wire is highly vari-
able, but perhaps less than U.S. $3.50. The material cost
of a complete stethoscope that connects to a computer via
audio cable is therefore approximately less then U.S. $5.
Regarding tools, a 3-D printer and soldering station are nec-
essary, and optionally a laser cutter is useful for cutting the
adhesive.

V. DISCUSSION AND FUTURE WORK

While the acoustic impedance matching literature empha-
sizes the function of a diaphragm to minimize attenuation
of the auscultated signal, our results suggest that another
important function of the diaphragm can be to attenuate
ambient noise. The results of this article suggest that the
absence of material between the skin and electret sensor’s
air column can be preferable to the presence of an interface
material when considering both noise leakage and signal
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fidelity. This experimental finding is limited in scope to electret
microphones, which are more sensitive to ambient noise than
other transducer types.

The acoustic impedance matching literature does not pro-
vide a solution for how to design a diaphragm in the presence
of two interfacing surfaces, such as would be present in
a stethoscope that has a diaphragm and an air column.
The literature emphasizes selecting a diaphragm material
that approximates the acoustic impedance of the skin. Our
results support the selection of a sound attenuating diaphragm
material such as TPU, and a small hole in the center of the
diaphragm to extend the air column. While impedance match-
ing may have some effect on diaphragm material selection,
it may not be as relevant as the material’s ability to suppress
ambient noise. Indeed, the PDMS diaphragms demonstrated
strong performance (e.g. rank 2 quality score in Table I),
but the PDMS was fixed into position by a TPU retaining
ring, and the combination of both materials may explain why
PDMS has low noise leakage. Future work may consider
diaphragm designs that combine materials to maximize noise
isolation and signal pickup, as well as consider how to
design continuously variable impedance materials that match
to skin on one side of the material, and to air on the other
side.

Noise leakage through the seams or connection points
between material components may be more important to
electret stethoscopes than previously thought. For instance,
the experimental results with “No Diaphragm” and 2 mm
hole in the adhesive, summarized in Table I, shows that
bonding the skin directly to the bell-shaped enclosure (mid-
dle component of Fig. 1) gives the highest quality signal.
Our interpretation of this result is that the TPU enclosure
performs sound isolation and acts equivalently to a TPU
diaphragm with a hole. Future work can include designs of
single part 3-D printed enclosures, or explore acoustically
sealing glues that block out contamination by ambient noise
sounds.

The results of this work beg the question, why are there
no existing commercial stethoscopes with a hole in the
diaphragm? Conventional stethoscopes have an acoustic sound
hole in the bell, and the bell is primarily useful for low-
frequency sounds, but on the main diaphragm, a hole does
not exist. The diaphragm itself can serve multiple beneficial
purposes, such as to protect the internal components from
liquids, and prevent bacterial contamination because it is
simple to clean. The diaphragm also acts as a part of the
enclosure and it ensures that there can be a seal between the
skin and the stethoscope that eliminates sound. Our results
suggest that modern electret stethoscopes could have a hole
in the center of the diaphragm, and moreover, that it may
be beneficial to replace the air column with PDMS, while
utilizing a noise isolating material such as TPU for the
remainder of the diaphragm.

The use of distance correlation for the analysis of acoustic
signals may have a novel application in this work. The
properties guaranteed by the metric are appealing for sensor
analysis: a zero correlation denotes statistical independence
between two signals, whereas a value of one denotes equality

of the signals through a linear affine transform of one of them.
Future works on the acoustic analysis of stethoscope sensors
may consider adopting the distance correlation metric for its
desirable properties.

VI. CONCLUSION

We have developed an electret microphone stethoscope that
costs less than U.S. $5.00, can be fabricated with a 3-D printer
and soldering station, and has a high-quality signal. Our results
have demonstrated that a primary purpose of a diaphragm in an
electret stethoscope is to attenuate noise, and that a diaphragm
designed with a hole enabling direct contact with the sensor’s
air column and auscultated surface (skin or phantom) can be
preferable to a solid diaphragm. We have shown that the 3-D
printed TPU material is preferable to using PDMS, PLA, and
Form Labs Elastic50a materials in the presence of ambient
noise. We have also shown that the diaphragm thickness is
not as relevant to sensor quality as the material type and
the presence of a hole. The findings of this analysis are
limited to the analysis of stethoscopes made with an electret
microphone. Finally, we contribute signal fidelity and noise
leakage statistics, and we design sensor quality measures to
perform sensor selection.
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