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Abstract 

Twin births make up approximately 98% of all multiple births in the U.S., yet they carry nearly four times 
the infant mortality rate and double the maternal mortality rate of singleton pregnancies. A major 
contributing factor is that current Doppler-based fetal monitoring systems cannot reliably separate two 
fetal heartbeats when their signals overlap, potentially delaying life-saving interventions. To address this, 
we developed a custom sensing system and signal processing pipeline capable of both separating and 
localizing two fetal heart sources. We tested the system using a hydrogel phantom embedded with two 
small speakers playing real fetal heart recordings. Signals were collected with five contact-based vibration 
sensors and filtered to isolate the 90–180 bpm range. We applied a Gaussian Mixture Model to cluster 
heartbeats based on time-difference-of-arrival (TDOA) features and used multilateration to estimate 
source positions. Our results showed lower heart rate error when the FHRs were distinctly different or 
nearly identical but performance declined around 110 bpm, likely due to increased signal overlap and 
noise. Localization accuracy averaged 6–8 cm, with better results for sources closer to the sensor array 
centroid. This work demonstrates the feasibility of differentiating and spatially resolving fetal heart 
signals in twin scenarios. Future development will include integration of maternal heart signals and 
transitioning toward a wearable device for clinical use. 

Keywords: Fetal heart rate, gel phantom, multiple gestation pregnancy 

Introduction 
Twin births account for around 98% of all multiple 
gestations within the United States.1 These births 
experience an infant mortality rate that is nearly 4 times 
higher than for single births.2 Additionally maternal 
mortality is twice as high when delivering twins (0.75%) 
compared to single deliveries (0.37%).3 While there are 
many factors that lead to these statistics, a major reason is 
the lack of accurate and efficient monitoring for multiple 
gestation births. The current industry standard commonly 
used in modern clinical practice for monitoring fetal heart 
rate (fHR) is Doppler ultrasound (US). Doppler US works 
by measuring the distance a reflection of US waves travel 
through mediums over time. While it has been the industry 
standard for quite some time, it possesses many limitations 

and issues. Not only does the device typically obstruct the 
lower back, making it difficult for doctors to administer 
medication during labor and delivery, but it also is unable 
to accurately and efficiently measure the two fHR as 
distinct signals. Both hearts share the same transducer 
sample volume, which causes an inability for DUS to 
differentiate the fHR signals clearly and leads to inaccurate 
fHR readings. Taking all these problems into 
consideration, this project sought to design a hydrogel 
phantom system that mimics the environment of a 
pregnant person with a multiple gestation pregnancy. 
Using this gel phantom system, the developed algorithm 
could then collect the data and differentiate the signals to 
present them as distinct fHR and also accurately determine 
their locations.  
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Significance 
Around 70% of twin births are premature, resulting in 
higher rates of neonatal and fetal deaths from multiple 
gestations in comparison to singletons.4 It is crucial that 
doctors and the entire healthcare team is able to use fHR 
monitoring to properly and accurately assess the health of 
the fetuses through each gestation period. One issue with 
the current DUS technology is the inability to reliably 
differentiate the individual heartbeats until 10-12 weeks of 
gestation.5 This makes it difficult for doctors to catch fetal 
health complications early on and intervene to address 
them. Additionally, multiple gestations naturally means 
that the womb is a crowded space, with the positioning of 
the fetuses close to one another especially in the later 
gestations. This further complicates the signal 
differentiation and ability of clinicians to determine which 
baby is where and which fHR belongs to which fetus. As 
such, accurate monitoring of fHR in multiple gestations is 
both necessary and crucial to ensure the healthy delivery of 
twin babies. The results from this project focused on 
modeling two stationary fetuses will provide an 
informative foundation for further development of the 
system and monitor. Developing this novel fHR monitor 
for multiple gestations will improve accuracy of twin 
monitoring during pregnancy. This will better inform 
physicians and health care teams on how to best care for 
the babies once they are delivered, and if needed, intervene 
early on to prevent complications. While fHR monitors are 
common in the clinical setting already, devices that 
accurately differentiate between multiple heart rates and 
eliminate background noise have not been previously 
implemented. Considering that multifetal gestations are 
not only on the rise, but that multiple gestations are also 
associated with increased incidence of preterm labor and 
delivery, our novel monitor would enable physicians to 
better understand the health status of the fetuses and 
intervene as necessary to ensure delivery of healthy babies.  
 
Specific Aim 1 
We aim to design a hydrogel phantom to mimic the uterus 
with multiple fetuses. This would be achieved by first 
constructing a hydrogel phantom system with two speakers 
representing the two fetal heartbeats, minimizing undesired 
signal noise by inserting the speakers in a non-invasive 
manner through the use of molds. In order to collect the 
wave frequency from speakers with the least signal noise, 
we would use a circular array of seven piezoelectric sound 
vibration detectors, placed in a design similar to previous 
designs of fHR monitors. The hydrogel phantom would 
then be connected to an electric system that is constructed 

to take the wave frequency collected by the piezoelectrics 
as input for the Arduino interface.  
 
Specific Aim 2 
In order to ensure that each distinct fHR could be detected, 
we aimed to separate the adjacent heartbeat signals with 
low error rate. Signals generated by the speakers would be 
obtained and collected. The signals would then be 
processed through a bandpass filter, amplified, before 
mathematically determining the position of the heart beats. 
Once this was completed, a triangulation algorithm in 
MATLAB would be implemented to calculate the physical 
distances separating each sensor to the heartbeat based on 
the detection time of piezoelectric sensors placed at 
different locations allowing for differentiation of the 
unique modeled heart rate signals in the gel phantom 
system. This would also help ensure greater accuracy in 
determination of heartbeat positions. Errors would be 
detected by comparing the piezoelectric sensor's signal to 
the original speaker signal, and this information used to 
optimize the signal-to-noise ratio to ensure accurate output 
and differentiation. 
 
Specific Aim 3 
The final aim was to evaluate the accuracy of fHR 
measurement data outputted by the novel design. To do so, 
the design would be tested with the two speakers emitting 
a known frequency of sound and placed at 3 different 
distances from each other. The mock fHR data resulting 
from using a standard DUS would be collected in order for 
us to compare our device with the industry standard. Lastly 
we would test this novel design with two speakers fixed at 
a certain distance. The accuracy of this novel design and 
the clinical standard DUS would then be compared. 
 
Materials 
Gel Phantom Material 
The gel phantom was created using Gelatin #3 purchased 
from Humimic Medical. Since this device would be used 
to monitor fHR during pregnancy, we wanted to mimic this 
environment as closely as possible. As such, Humimic 
Medical Gel Gelatin #3 was selected for its ability to 
replicate the acoustic properties of biological tissue, 
ensuring that mocked fetal heartbeat signals emitted by the 
speakers propagate through it in a manner similar to twins 
in utero. To create the hydrogel phantom, we melted the 
gel in a convection oven, using an oven-safe baking dish as 
the mold. The baking dish was chosen due to its thickness 
being similar to that of the uterine lining which is 12 ± 3 
mm.6 
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Gel Phantom Fetal Heartbeat System 
An Arduino Uno was purchased and utilized to develop 
our speaker system that would generate the fHR. Two 
oven-safe speaker molds made using resin were placed in 
the gel phantom during baking and replaced with the actual 
two 3 Watt 8 Ohm speakers purchased from Amazon when 
solidified. These speakers, embedded within the hydrogel 
phantom, each emitted distinct fHR audio files, driven by 
DFPlayer Mini MP3 modules, to simulate different fHR, 
allowing for simultaneous detection of multiple heartbeat 
signals.  

 
Fetal Heart Rate Device 
The fetal heartbeat sound files played through the speakers 
are recordings of real ultrasound fetal heartbeats, sourced 
from YouTube. Links to these recordings are provided in 
Supplementary Material X. The five piezoelectric sensors, 
along with their corresponding wires and extenders used in 
the fHR device, were purchased from Amazon. A 
complete list of vendors is also included in Supplementary 
Table 2. 
 
Methods 
 

Gel Phantom Development 
Two speakers were successfully molded and cast using 
silicone rubber molds and air-hardening resin to create 
durable and precisely shaped components. The molded 
speakers were securely taped at the bottom of a pan to 
ensure proper alignment and mechanical stability during 
the subsequent gel phantom fabrication process.  

To integrate the speakers with the acoustic medium, 
Humimic Gelatin gel was prepared and cast over the 
embedded speakers. A total of 1.5 pounds of gel phantom 
material was used. Following manufacturer guidelines, the 
gel was first cut into approximately 1-inch-sized pieces 
using scissors and placed into an oven-safe dish lined with 
aluminum foil. The gel material was melted by placing the 
dish in a conventional oven at 250°F (125°C) for 4 hours. 
After heating, the phantom was removed from the oven 
and allowed to cool and solidify at room temperature for 
12 hours prior to use. The finished hydrogel system was 22 

cm long by 12 cm wide by 2 cm tall as depicted in Figure 
1.  
 

Piezoelectric Sensor Array Development  
The fetal heart rate (FHR) monitor was developed using an 
Arduino Mega 2560 microcontroller to power and collect 
data from five piezoelectric sensors, each connected to 
separate analog voltage input pins. The five sensors were 
mounted in a non-collinear, randomized array within the 
hydrogel phantom, with the following coordinates (in 
centimeters): (9.0, 8.5), (11.7, 15.5), (3.5, 2.5), (2.5, 11.5), 
and (5.0, 18.5). A non-collinear and randomized sensor 
arrangement was specifically chosen to improve source 
localization accuracy by minimizing geometric degeneracy 
and reducing systematic bias. Regular, collinear sensor 
layouts can produce ambiguities in time difference of 
arrival (TDOA) localization, as hyperbolic intersections 
can collapse onto similar lines; randomized positioning 
improves spatial resolution and robustness of the 
localization algorithm.  
Each piezoelectric sensor was wired with its positive (red) 
lead connected to an analog input pin (A1–A5) on the 
Arduino, and its negative (black) lead connected to 
ground. The positive lead was connected to ground 
through a 1 MΩ resistor. This connection stabilized the 
voltage signal and suppressed floating noise. 
Two speakers embedded in the gel phantom were driven 
by separate DFPlayer Mini MP3 modules 
(GD3300-based), which were controlled by the Arduino 
Mega via serial communication. For MP3 Player 1, the 
DFPlayer's TX pin was connected to the Arduino’s RX2 
(Pin 17) and its RX pin connected to TX2 (Pin 16); for 
MP3 Player 2, the TX and RX pins were connected to RX1 
(Pin 19) and TX1 (Pin 18), respectively. Power (VCC) and 
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ground (GND) pins of each DFPlayer module were 
connected to the Arduino's 5V and GND outputs. The 
speaker terminals (SPK1 and SPK2) of the DFPlayer were 
connected directly to the positive and negative terminals of 
the corresponding embedded speakers. (Figure 2) 
 
 

Fetal Heart Rate Monitor Testing 
Ten trial conditions were conducted by pairing synthetic 
fetal heart rate (FHR) signals at different frequencies. The 
tested combinations involved FHR1 (147 bpm, 2.45 Hz), 
FHR2 (172 bpm, 2.867 Hz), FHR3 (142 bpm, 2.375 Hz), 
and FHR4 (110 bpm, 1.833 Hz), including all identical and 
non-identical pairings among these signals. Each numeral 
corresponds to a distinct FHR frequency. Each trial 
condition was repeated three times to assess consistency 
and variability. This design enabled evaluation across 
conditions featuring identical and distinctly separated heart 
rates. 
 

Data Collection 
To acquire time-resolved voltage data from the 
piezoelectric sensor array, a real-time serial 
communication and logging system was developed. Data 
was streamed from the Arduino microcontroller via a USB 
connection at a baud rate of 9600 and recorded 
continuously for 35 seconds for each of the 30 
simultaneous heartbeat trials. Each serial transmission 
contained analog voltage readings from five piezoelectric 
sensors along with a corresponding timestamp measured in 
microseconds. Upon receipt, raw analog-to-digital 
converter (ADC) values (ranging from 0 to 1023) were 
converted to voltage measurements using a reference 
voltage of 5.0 V. Timestamps were simultaneously 
rescaled from microseconds to seconds to ensure 
consistency in subsequent analyses. The processed data 
were written directly to a comma-separated values (CSV) 
file, with each row representing the voltage output of all 
sensors at a discrete time point. To ensure data integrity, 
the script incorporated validation checks on the format of 
each incoming line, discarding any corrupted or 
improperly formatted entries. This system enabled 
synchronized, high-resolution acquisition of multi-sensor 
voltage signals, providing the raw dataset necessary for 
downstream signal filtering and frequency-domain 
characterization. 
 

Fetal Heart Rate Peak Detection 
The data were first preprocessed by discarding the initial 7 
seconds to remove potential artifacts. Peak detection was 
performed on the reference sensor, using a threshold set at 
30% of its maximum amplitude to eliminate non eligible 
peaks that are potential artifacts. Around each detected 

peak, short signal windows of ±35 samples (i.e., a total 
window size of 70 samples) were extracted across all 
sensors. 
 

Time Difference of Arrival (TDOA) Estimation via 
Cross-Correlation 
Time differences of arrival (TDOAs) between sensors were 
estimated using cross-correlation analysis applied to short 
signal segments surrounding detected peaks. For each 
identified peak in the reference sensor, a symmetric time 
window of ±35 samples was extracted from all sensor 
channels. Short signal windows were used to minimize the 
influence of signal nonstationarities, noise, and 
overlapping events, ensuring that the cross-correlation 
focused on the local structure of each peak. Within each 
window, the reference sensor (Piezoelectric sensor #1) 
signal was designated as the template, and 
cross-correlation was performed between the reference 
signal and the corresponding segment from each of the 
other sensors. The lag corresponding to the maximum 
cross-correlation value was identified, representing the 
relative delay between the signals. This lag was then 
converted to time units by dividing by the sampling 
frequency (fs). The sampling frequency (fs) was estimated 
by taking the inverse of the mean time difference between 
consecutive timestamps. The reference sensor was 
assigned a TDOA of zero by definition. This procedure 
was repeated across all detected peaks, and the resulting 
TDOA estimates were averaged to obtain a robust mean 
TDOA vector for each sensor relative to the reference. 
This mean TDOA vector served as the input for 
subsequent signal reconstruction and source localization 
analyses. 
 

Fetal Heart Rate Differentiation 
The extracted TDOA features were then standardized and 
clustered using a two-component Gaussian Mixture Model 
(GMM) to differentiate signals originating from the two 
distinct sources. For each cluster, signals were realigned 
based on their respective TDOAs and reconstructed using 
envelope-weighted delay compensation to enhance signal 
separation. 
The reconstructed cluster signals were transformed into the 
frequency domain using the real-valued Fast Fourier 
Transform (rFFT). The resulting magnitude spectra were 
smoothed via a Savitzky-Golay filter applied to the 
Hilbert-transformed envelopes. Dominant frequencies 
were identified by peak detection within the smoothed 
spectra. To ensure consistent cluster labeling across trials, 
clusters were reordered such that Cluster 0 corresponded to 
the lower dominant frequency.  
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Fetal Heart Source Localization 
Source localization for each separated signal cluster was 
performed based on the estimated TDOAs. Two 
approaches were applied sequentially. First, source 
localization was attempted using nonlinear least-squares 
multilateration. In this approach, the estimated position of 
each source was determined by minimizing the sum of 
squared residuals between the measured and predicted time 
differences of arrival (TDOAs) across the array of 
piezoelectric sensors. 
The measured TDOAs were previously obtained by 
performing cross-correlation analysis on short windows of 
the recorded signals centered around detected peaks. The 
final measured TDOA vector was calculated by averaging 
the time delays across all detected peaks. 
For a given source position estimate, the predicted TDOA 
between any sensor and the reference sensor was 
computed based on the difference in Euclidean distances, 
divided by the assumed constant sound speed of 162,900 
cm/s within the hydrogel medium. Specifically, the 
expected TDOA between sensor i and the reference sensor 
was calculated as: 

 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑇𝐷𝑂𝐴
𝑖
 =

𝑑
𝑖
 − 𝑑

𝑟𝑒𝑓

𝑣  
where di and dref  are the distances from the source to sensor 
i and the reference sensor, respectively, and v is the speed 
of sound. 
The objective function minimized the sum of squared 
differences between the predicted TDOAs and the 
experimentally measured TDOAs. An initial guess for the 
source location was set to the centroid of the sensor array 
to encourage convergence. Optimization was performed 
using the L-BFGS-B ("Limited-memory 
Broyden–Fletcher–Goldfarb–Shanno with Bound 
constraints") algorithm, which efficiently handles bounded 
nonlinear problems. Successful convergence resulted in an 
estimated (x, y) coordinate for the source.  
If multilateration failed to converge, a grid search method 
was used as a fallback. Candidate positions were 
systematically evaluated across a predefined region (2–20 
cm in x, 2–12 cm in y), and the location minimizing the 
total TDOA error was selected. Estimated source 
coordinates were reported separately for each cluster, 
corresponding to the separated fetal heart rate sources. 
 
Results 
 

Data Filtering 
To enhance signal quality and isolate relevant 
physiological frequencies, a two-stage filtering process 
was applied to the raw piezoelectric sensor data. Initially, a 

a 

fourth-order Butterworth bandpass filter with cutoff 
frequencies of 1.5 Hz and 3.0 Hz was implemented to 
restrict the signals to a frequency range corresponding to 
heart rates between 90 and 180 beats per minute. This a 
broader range was chosen to encompass the normal fetal 
heart rate range (approximately 110–160 beats per minute) 
while also accounting for potential cases of fetal 
bradycardia (heart rate <110 bpm) and tachycardia (heart 
rate >160 bpm). This filtering step effectively attenuated 
low-frequency baseline drift and high-frequency noise, as 
verified by inspection of the pre-filtered frequency spectra 
(Figure 4). Following bandpass filtering, a 
frequency-domain magnitude thresholding procedure was  
performed. Specifically, the filtered signals were 
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transformed into the frequency domain using a real fast 
Fourier transform (rFFT), and frequency components with 
magnitudes below a set threshold were zeroed. An inverse 
rFFT was subsequently applied to reconstruct the 
time-domain signals, further suppressing spurious noise 
contributions outside the target band. The resulting filtered 
signals preserved the dominant physiological components 
while minimizing artifacts, as demonstrated by 
comparative analysis of the time- and frequency-domain 
representations before and after filtering (Figure X).  
 

Accuracy of Fetal Heart Rate Estimation  
Voltage signals from five piezoelectric sensors were 
analyzed to estimate the dominant frequencies of two 
concurrent fetal heart rate sources. As detailed in the 
methods section, a two-component GMM differentiates 
and reconstructs two fetal heart beat sources using the 
extracted TDOA features (Supplementary Figure 2). 
Frequency estimation accuracy was quantified by 
comparing the dominant estimated frequencies to the 
known ground truth values, with percent errors reported 

for each cluster (Figure 5). The accuracy of fetal heart rate 
(FHR) estimation was assessed across all pairing 
conditions by calculating the average percent error 
between the estimated and true frequencies over three 
trials per pairing.  

Heatmaps summarizing the average percent error for each 
source (Fetus A and Fetus B) are shown in Figure 6. For 
Fetus A, the lowest average percent errors (<3%) were 
observed when paired with heart rates of 172 bpm and 142 
bpm (e.g., 172&147 and 147&172 combinations), 
indicating robust frequency separation when heart rates 
were well separated or moderately close but not identical. 
However, significantly higher errors (up to 24.98%) 
occurred when Fetus A was paired with itself or with close 
neighboring rates (e.g., 110&147, 110&142), suggesting 
difficulty distinguishing sources with overlapping or 
similar frequencies. Similarly, for Fetus B, estimation 
errors were generally low (<7%) across most pairings, but 
errors increased (up to 20.41%) when both sources had 
low heart rates (110 bpm). Notably, asymmetric trends 
were observed between Fetus A and Fetus B: Fetus B 
exhibited lower percent errors overall, particularly when 
paired with higher-frequency sources. These results 
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demonstrate that FHR estimation accuracy is highly 
dependent on the separation between source heart rates, 
with lower errors achieved when the two fetal signals are 
either distinctly different or sufficiently separated in 
frequency space. The presence of high errors in cases 
involving 110 bpm suggests that low-frequency sources 
are more prone to clustering and frequency estimation 
ambiguities. 
 

Accuracy of Fetal Heart Source Localization 
Localization error was quantified as the average Euclidean 
distance between the estimated and true source locations 
for each speaker across all trials. Specifically, for each 
source (A and B), the estimated (x, y) coordinates obtained 
from multilateration or grid search were compared to the 
known true (x, y) coordinates. The mean error radius for 
each source was calculated by averaging the individual 
errors across all trials. These mean radii were used to draw 
error circles centered at the true source locations, 
representing the average localization uncertainty. 

Figure 7 demonstrates that estimates for Source B are 
generally more tightly clustered around the true location 
compared to Source A, suggesting slightly better 
localization precision for lower-positioned sources within 
the hydrogel. The sensor array configuration and true 
source placements influence the spread and bias of the 
localization estimates, with larger deviations observed for 
sources located farther from the sensor centroid. In 
particular, some location estimates fell outside the physical 
boundary of the hydrogel phantom, causing the mean error 
circles to not fully encompass all estimated points. This 
reflects the compounded effect of TDOA measurement 
errors and boundary limitations on localization 
performance. 
 

Discussion 
The FHR triangulation system developed in this study 
demonstrates the feasibility of differentiating and 
localizing multiple heart sources within a hydrogel 
phantom that mimics the uterine environment. By using 
piezoelectric sensors arranged in a randomized, 
non-collinear array, our design minimized geometric 
degeneracy and improved source separation accuracy. The 
integration of Gaussian Mixture Models and 
multilateration algorithms enabled the system to 
effectively distinguish between two concurrent heart 
signals, particularly when the frequencies were distinctly 
different or far apart. 
Despite these successes, several limitations were 
identified. FHR estimation accuracy declined when signals 
approached each other in frequency space, particularly 
around 110 bpm, suggesting a sensitivity to low-frequency 
overlap and noise. Localization accuracy averaged 6–8 cm 
but decreased when sources were placed farther from the 
array centroid, reflecting boundary effects and uneven 
sensor coverage. These challenges point to the need for 
denser or dynamically adjustable sensor configurations in 
future iterations. 
  While the current system performed well in a controlled 
phantom model with stationary sources, further 
development is needed to transition toward clinical 
application. Future designs should incorporate maternal 
heart signals to improve signal discrimination, especially 
in late gestation when fetal and maternal heartbeats can 
overlap. Additionally, validation in dynamic environments, 
such as fetal movement or maternal motion, will be 
critical. With refinement, this novel monitoring approach 
has the potential to enhance clinical care for twin 
pregnancies by improving diagnostic precision, enabling 
timely interventions, and ultimately reducing 
complications associated with inaccurate FHR monitoring. 
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End Matter 
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Supplementary Material 
Supplementary Figure 1. Image of the Gel Phantom Setup.  

 
 
Supplementary Table 1. Reference Audio Sources for Synthetic Fetal Heartbeat Frequencies. Links to fetal heartbeat 
recordings used to generate synthetic heart rate signals in the experimental trials. The table includes beats per minute 
(BPM) values and corresponding audio sources. Heartbeats at 142 BPM and 147 BPM were based on publicly available 
fetal Doppler recordings representing typical third-trimester fetal heart rates. All recordings are available in the GitHub 
Repository. 

Fetal Heartbeat (BPM) Recording Drive Link 

110 https://www.youtube.com/shorts/ltOxsIKSVfs 

142 
https://www.youtube.com/watch?v=MTrBC7MP4rk (used 
fetal heart beat sounds at 35 weeks) 

147 https://www.youtube.com/watch?v=32JCR69CJvo 

172 https://www.youtube.com/watch?v=lNqEA1POohg 
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Supplementary Table 2. Materials Used in Fetal Heart Rate Monitoring System. List of key components used in the fetal 
heart rate detection system, including electronic modules, acoustic hardware, prototyping materials, and the hydrogel 
phantom. Each item includes a link source and brief description of its specifications or use case in the experimental setup. 
Material Link Description 

Arduino Mega 
2560 Rev3 Arduino-store The 8-bit board with 54 digital pins, 16 analog inputs, and 4 serial ports. 

Speakers Amazon-square 

4 PCS Speaker 3 Watt 8 Ohm Mini Speaker 8ohm 3w Loundspeaker Micro 
Speaker for Arduino with JST-PH2.0 Interface for Small Electronic Projects 
Advertising Machines LCD TV Monitors 
 

Breadboard + 
Jump wires Amazon 

Makeronics Solderless 3220 Breadboard Complete Kit-3220 Tie-Points 
Experiment Plug-in Breadboard with Aluminum Back Plate +560 
U-Shape|65 PCS Pure Copper Jumper Wires for Prototyping 
Circuit/Arduino 

Resistors + 
capacitors 

Amazon - resistor + 
capacitor 

1400Pcs Basic Electronics Component Assortment Kit, Electrolytic 
Capacitor, Ceramic Capacitor, LED Diode, Common Diode, Resistor, 
Transistor Component for Arduino, Electronic DIY Project 

Hydrogel #3 hydrogel 

Gelatin #3 – Medical Gel By The Pound || One pound equals 32 cubic 
inches 
Density: of 856.839ρ [Kg/m³] Speed of Sound: 1458.85 [m/s] Young’s 
Modulus: 0.19 [MPa] 

Piezoelectric Amazon 
Gikfun Analog Ceramic Piezo Vibration Sensor Module for Arduino DIY Kit 
EK 1952 , 5 Volts, 3.3 Volts, 1.18"W x 0.91"H 

TF card Amazon 

2 Pack TF Card 8GB with Adapter, High Speed Memory Card, UHS-I C10 
A1 Memory TF Card for Tablet/Mobile Phone/Camera/Car Audio/Game 
Console (TF162 Red Gold 8GB) 

DFPlayer Amazon 

HiLetgo 2pcs mp3 Player Mini MP3 Player Audio Voice Module TF Card U 
Disk Board for DFPlayer Audio Voice Music Module 
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https://store-usa.arduino.cc/products/arduino-mega-2560-rev3?gad_source=1&gclid=CjwKCAjwooq3BhB3EiwAYqYoEkD42q0Pnten9u9FktxF9yqlbX_fXLcuAvZo2pfLvPqwj-fTIHF2BRoCDPgQAvD_BwE
https://www.amazon.com/Loundspeaker-JST-PH2-0-Interface-Electronic-Advertising/dp/B0B4D1BN4F/ref=sr_1_1_sspa?dib=eyJ2IjoiMSJ9.FxuzjXkPr41Aq06cVivzUZ9v3Lhme9BLCnqHvgVN18Ad83gbJ9xYIDifY6e7BsSpf2is5E_s8BbMZftWkSvvzywAgmDmRBgJZU-obLU0mqCwX7T46GhG7NGKdATO0YC9HY33P2IEydAqqxyly83oXCgwuYDaL5WqTgJjZRpwQ0Wj56a9psCiBgH0MZ7TOLQcOOB5qmbBMiPNMobpF0dyTc2QQAFn3cyvZlNUBSUlZZA.E4q41zJ9iO_YFowT1kszj2Ezuz1ETSuyE_g_vcptnF0&dib_tag=se&keywords=arduino+speaker&qid=1726148701&sr=8-1-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9hdGY&psc=1
https://www.amazon.com/Makeronics-3220-Point-Solderless-Breadboard/dp/B07N3QRV4J/ref=sxin_16_pa_sp_search_thematic_sspa?content-id=amzn1.sym.140400a7-1208-46ad-8d2a-eb6e8eac81b5%3Aamzn1.sym.140400a7-1208-46ad-8d2a-eb6e8eac81b5&crid=2XFFMB6187K28&cv_ct_cx=mega%2Bbreadboard&dib=eyJ2IjoiMSJ9.qSRroSxKFdd8V4RwgnQiFLsrQhRf-nbrUt6RgW2Xqp1gBBpJUxczYRMj_QeXbyOK.BdZcgyRH_emd0jlrSE1sxpD-m2IYSGMslbIGxkJpajI&dib_tag=se&keywords=mega%2Bbreadboard&pd_rd_i=B07D5VN89C&pd_rd_r=4a554004-d27b-48cf-a884-10378e33d632&pd_rd_w=Q7RFk&pd_rd_wg=m9G91&pf_rd_p=140400a7-1208-46ad-8d2a-eb6e8eac81b5&pf_rd_r=771EB8AAQ2YT0T7GKS8D&qid=1726150652&sbo=RZvfv%2F%2FHxDF%2BO5021pAnSA%3D%3D&sprefix=mega%2Bbreadboard%2Caps%2C112&sr=1-4-6024b2a3-78e4-4fed-8fed-e1613be3bcce-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9zZWFyY2hfdGhlbWF0aWM&th=1
https://www.amazon.com/YUEONEWIN-Electronics-Assortment-Electrolytic-Transistor/dp/B09YTSR9Z9/ref=sr_1_3?dib=eyJ2IjoiMSJ9.OF6hwXzFNU3F5f_UqYFGZ5ONLNP_oIJkdk45blyf4BZcw7PokVlLPptYBVsb3M6w7fmih7EkeTN33Aj58IySSltRj16ecKzrZMmN0pOu2zKHeWwg-8Z51jRu4K-iHCht2gdq3O_T-V8B68JpWNkXNWpgInoe5XXEQbZaHyua_jMeHocU58n8IVt23wmp3FrkgMlKqjTBFyb3VISTVO09IiO2zv9k3pD7EZbjnzitiAE.7BRbYU9gHrq0LZpgp5bSRhipkedRTjlbLFqkB7m15vo&dib_tag=se&keywords=resistors%2C+capacitors&qid=1726150924&sr=8-3
https://www.amazon.com/YUEONEWIN-Electronics-Assortment-Electrolytic-Transistor/dp/B09YTSR9Z9/ref=sr_1_3?dib=eyJ2IjoiMSJ9.OF6hwXzFNU3F5f_UqYFGZ5ONLNP_oIJkdk45blyf4BZcw7PokVlLPptYBVsb3M6w7fmih7EkeTN33Aj58IySSltRj16ecKzrZMmN0pOu2zKHeWwg-8Z51jRu4K-iHCht2gdq3O_T-V8B68JpWNkXNWpgInoe5XXEQbZaHyua_jMeHocU58n8IVt23wmp3FrkgMlKqjTBFyb3VISTVO09IiO2zv9k3pD7EZbjnzitiAE.7BRbYU9gHrq0LZpgp5bSRhipkedRTjlbLFqkB7m15vo&dib_tag=se&keywords=resistors%2C+capacitors&qid=1726150924&sr=8-3
https://humimic.com/product/gelatin-3-medical-gel-by-the-pound/
https://www.amazon.com/Gikfun-Analog-Ceramic-Vibration-Arduino/dp/B0829SZFBL/ref=sr_1_4?crid=U6HR3GEL7T4H&dib=eyJ2IjoiMSJ9.O3i-KkLtCmo4qz41zIahB6TSCDRu1HnaR30aEZV0y3UobsMlhiXaDrFaUH5g-v-ePgn6MNY0OxqCOBn-RcX48SvVMffDYOTYCUA58foM4bmIS2nKRDGlRJsSbKvO5eccZkICAnwGqS5wTaXAhsMHnbdxmhp47rqjZya6CMS6WDGCBXFRwqAMhTtTm0OkpGiPScjhnwpJVHAGYkuk35Ty62b0GhIGjJ-DOEEERJK2jpg.Bdnbg81ITEyVO8kf4lRWqVN_DJ3I2VQ4sVWvam_OUKo&dib_tag=se&keywords=piezoelectric+pressure+sensor&qid=1726582106&sprefix=piezoelectric%2Caps%2C77&sr=8-4
https://www.amazon.com/dp/B0CYT2KL98?ref=ppx_yo2ov_dt_b_fed_asin_title&th=1
https://www.amazon.com/dp/B01D1D0E7Q?ref=ppx_yo2ov_dt_b_fed_asin_title
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Supplementary Figure 2. Reconstructed Source Signals Using TDOA-Based Clustering. Time-domain reconstruction of 
two source signals separated using Time Difference of Arrival (TDOA) features and Gaussian Mixture Model clustering. 
Cluster 0 (blue) and Cluster 1 (orange) represent the demixed waveforms corresponding to two synthetic fetal heartbeats 
in a representative trial (Trial #1: Pairing of 147 BPM and 142 BPM).). The signals demonstrate temporal overlap but 
distinct waveform patterns, supporting successful source separation despite close frequency content. 

 
 

Supplementary Table 3. Estimated Frequencies and Percent Errors for Fetal Heart Rate (FHR) Pairings Across Trials. 
True and estimated frequencies for each speaker across FHR signal pairings, with corresponding percent errors. Each 
condition includes three estimates per speaker. FHRs are labeled by pair (e.g., 1–1, 1–2), where numerals indicate distinct 
synthetic heartbeat frequencies. 
 

FHR Pair Speaker True Freq (Hz) Est. Freq (Hz) Freq % Error 

1-1 

A 2.45 

2.5 2.05 

2.264 0.85 

2.515 2.67 

B 2.45 

2.535 3.45 

2.08 15.11 

2.264 7.6 

1-2 

A 2.45 

2.504 2.21 

2.576 5.16 

2.426 0.98 

B 2.867 

2.805 2.18 

2.728 4.85 

2.506 12.58 

1-3 A 2.375 
2.296 3.32 
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2.669 12.39 

2.783 17.18 

B 2.45 

2.449 0.04 

2.871 17.17 

2.851 16.36 

1-4 

A 1.833 

2.557 39.47 

1.991 8.62 

2.325 26.84 

B 2.45 

2.648 8.07 

2.252 8.08 

2.389 2.5 

2-2 

A 2.867 

2.779 3.05 

2.415 15.76 

2.7 5.94 

B 2.867 

2.779 3.05 

2.746 4.21 

2.7 5.94 

2-3 

A 2.375 

2.647 11.46 

2.656 11.82 

1.791 24.59 

B 2.867 

2.699 5.86 

2.682 6.45 

2.671 6.84 

2-4 

A 1.83 

2.332 27.2 

1.781 2.84 

1.881 2.63 

B 2.867 

2.64 7.91 

2.375 17.17 

2.08 27.39 

3-3 

A 2.375 

2.197 7.49 

2.16 8.91 

2.448 3.06 

B 2.375 

2.437 2.63 

2.501 5.32 

2.482 4.49 
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3-4 

A 1.833 

2.356 28.55 

2.033 10.91 

2.222 21.24 

B 2.375 

2.39 0.65 

2.219 6.56 

2.395 0.82 

4-4 

A 1.833 

2.441 33.17 

2.076 13.28 

1.722 6.07 

B 1.833 

2.472 34.85 

2.298 25.37 

1.852 1.02 

 
Supplementary Table 4. Estimated Speaker Locations Across Fetal Heart Rate (FHR) Pairing Trials.   
 
Pair Trial Speaker Est. X (cm) Est. Y (cm) 

1&1 t1 A 6.34 11.3 

1&1 t1 B 1.96 13.71 

1&1 t2 A 6.34 11.3 

1&1 t2 B 11.06 9.65 

1&1 t3 A -14.99 82.13 

1&1 t3 B 6.34 11.3 

1&2 t1 A 6.34 11.3 

1&2 t1 B 6.34 11.3 

1&2 t2 A 6.34 11.3 

1&2 t2 B 6.34 11.3 

1&2 t3 A 6.34 11.3 

1&2 t3 B 6.34 11.3 

1&3 t1 A 6.34 11.3 

1&3 t1 B 6.34 11.3 

1&3 t2 A 6.34 11.3 

1&3 t2 B 6.34 11.3 

1&3 t3 A 6.34 11.3 
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1&3 t3 B 6.34 11.3 

1&4 t1 A 6.34 11.3 

1&4 t1 B 6.34 11.3 

1&4 t2 A 10.49 8.51 

1&4 t2 B 6.34 11.3 

1&4 t3 A -0.21 23.73 

1&4 t3 B 6.34 11.3 

2&2 t1 A 6.34 11.3 

2&2 t1 B 6.34 11.3 

2&2 t2 A 10.93 9.32 

2&2 t2 B 6.34 11.3 

2&2 t3 A 6.34 11.3 

2&2 t3 B 6.34 11.3 

2&3 t1 A 6.34 11.3 

2&3 t1 B 6.34 11.3 

2&3 t2 A 6.34 11.3 

2&3 t2 B 6.34 11.3 

2&3 t3 A 6.34 11.3 

2&3 t3 B 6.34 11.3 

2&4 t1 A 6.34 11.3 

2&4 t1 B 6.34 11.3 

2&4 t2 A 6.34 11.3 

2&4 t2 B 6.34 11.3 

2&4 t3 A -1.41 15.44 

2&4 t3 B 6.34 11.3 

3&3 t1 A 17.42 8.84 

3&3 t1 B 6.34 11.3 

3&3 t2 A 7.67 32.26 

3&3 t2 B 6.34 11.3 

3&3 t3 A 6.34 11.3 
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3&3 t3 B 6.98 6.34 

3&4 t1 A 6.34 11.3 

3&4 t1 B 6.34 11.3 

3&4 t2 A -0.85 15.27 

3&4 t2 B 6.34 11.3 

3&4 t3 A 6.34 11.3 

3&4 t3 B 2.45 14.44 

4&4 t1 A 11.19 10.08 

4&4 t1 B 6.34 11.3 

4&4 t2 A 6.34 11.3 

4&4 t2 B 10.69 8.84 

4&4 t3 A 6.34 11.3 

4&4 t3 B 9.79 32.01 
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