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Abstract/ Executive Summary

Cardiovascular diseases remain a leading cause of mortality in Bangladesh, exacerbated by a
critical shortage of pediatric cardiac specialists in rural regions. This project presents the
design and implementation of a low-cost, Cloud-Connected AI Stethoscope aimed at
democratizing cardiac screening. The system integrates a dual-microphone setup with Active
Noise Cancellation (LMS algorithm) to capture high-fidelity heart sounds, achieving a
Signal-to-Noise Ratio (SNR) improvement of +12.6 dB even in noisy clinical environments.
Captured audio is digitized by an ESP32 microcontroller and transmitted via Wi-Fi to a cloud
server, where a Fusion Convolutional Neural Network (CNN) detects and classifies heart
murmurs with 91% accuracy. By offloading computation to the cloud, the device maintains a
low unit cost of approximately 5,650 BDT while ensuring diagnostic reliability. This solution
offers a scalable, affordable tool for frontline health workers to identify cardiac risks early,
potentially reducing preventable deaths in underserved communities.

Keywords: Digital Stethoscope; Cloud Computing; Active Noise Cancellation; Heart
Murmur Detection; Convolutional Neural Network; Telemedicine
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Chapter 1: Introduction

1.1 Introduction

Cardiovascular disease is one of the main causes of top morbidity and mortality globally and
especially in low and middle-income countries where the access to specialized medical
services is low. In Bangladesh, cardiological screening early is limited by unskilled human
resources of trained cardiologists, inadequate diagnostic facilities in rural settings, and the use
of subjective examination based on the traditional acoustic stethoscopes. There is a lot of
utilization of conventional stethoscopes in the diagnostic process though their ability to
diagnose the patient is greatly dependent on the experience of the clinician as well as the
environmental noise which is very detrimental to these instruments.

Recent development of digital signal processing and artificial intelligence has provided new
possibilities to enhance auscultation-based diagnosis. Digital stethoscopes using signal
conditioning and machine learning capabilities can improve the quality of heard sounds and
help clinicians detect abnormal situations in the heart such as heart murmurs. The current
Final Year Design Project is aimed at designing and implementing a system of Al-assisted
digital stethoscopes with the use of environmental noise cancellations, heart sounds
enhancement, and automated murmurs recognition. The proposed system will focus on the
real-world applicability, processing at the edge-case, and applicability to noisy and
resource-constrained environments, which is consistent with the goals of the FYDP proposal
and concept report.

1.1.1 Problem Statement

The Traditional stethoscopes to perform traditional auscultation have a number of weaknesses
especially in the clinical or community environment full of noise. Heart murmurs are usually
low-level weak signals, which may easily be drowned by external noise like human voice,
traffic, or mechanical sounds. This issue is worse in the rural clinics, emergency cases, and
the overcrowded hospitals. Also, it takes a long period of clinical experience to detect the
correct murmurs, and consequently, early screening cannot be trusted when conducted by
inexperienced persons.

Existing digital stethoscopes and Al-based diagnostic systems often assume controlled
recording environments or rely on cloud-based processing, which introduces latency, privacy
concerns, and dependency on stable internet connectivity. Therefore, there is a critical need
for a portable, low-cost, and intelligent auscultation system that can operate effectively in
noisy environments and provide reliable decision support at the point of care without
continuous reliance on cloud infrastructure.
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1.1.2 Background Study

According to an article by Tawsia Tajmim in The Business Standard the situation of
paediatric cardiac care in Bangladesh is very poor as shown in the case of six-month-old
Zubair. Congenital heart failure was identified, and a paediatric cardiologist at the National
Heart Foundation and Research Institute advised 7 days of complete bed rest for
Zubair, followed by surgery. His father, farmer Aksar Ali, sold land and borrowed from
relatives to raise Tk 3 lakh. Yet even a month later, Zubair was still waiting for a date for his
necessary surgery as the hospital had just two paediatric cardiac surgeons and hundreds
of children were already on the waiting list [1].

The situation is even more grim on the national level. There are only 12 to 15 cardiac
surgeons around the country currently, compared to the suggested 300, for our needs here in
Bangladesh. While progress has been made in adult cardiac care, paediatric cardiac care has
either stagnated or declined. The National Institute of Cardiovascular Diseases launched a
paediatric cardiology department in 2001. The number of children treated for heart disease
increased from 4,674 in 2002 to approximately 20,000 in 2021. NICVD provides outpatient
services to 60—70 children daily, but has no capacity for infant and neonatal surgeries.
Zubair’s family also went to NICVD where they were refused service because they do not do
surgeries on newborn [1].

Besides, it has around 30 paediatric cardiologists in total, most of them based in Dhaka.
Professor Dr Abdus Salam, vice president of the Paediatric Cardiac Society of Bangladesh
(PCSB), said that the field is undergoing underdevelopment as there are no profitable
reasons for its growth. The parents of many of those children are from poorer families,
meaning that it is unlikely that investors can realize a return. There are insufficient
catheterization labs, designated ICUs, and trained paediatric nurses which are also due to
infrastructure limitations [1].

According to Dr. A.M. Shamim, managing director of the Labaid Group, is slowly changing
with limited capabilities. He said in most of the cases, paediatric heart patients belong to
low-income families and so they cannot afford to buy expensive medical devices; up to Tk
90,000, necessary for the treatment. He observed that there is a refusal among private
hospitals to invest in this area in general as child mortality during surgery is an emotional
issue, and even if it does not happen in their hospital there is a possible political fallout
associated with child mortality during surgery, along with the fact that there are insufficient
specialists in paediatric cardiology nationwide [1].

These initiatives are desperately needed if the statistics prove true. The Paediatric Cardiac
Society of Bangladesh (PCSB), has said that there are approximately 400,000 children with
congenital heart disease in Bangladesh at present. Congenital heart disease occurs in nearly
50,000 children every year and a staggering 40% of these children die per year due to
inadequate treatment [1].
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At present, in Bangladesh, paediatrics cardiac treatment is only provided at seven medical
institutions which include National Institute of Cardiovascular Diseases (NICVD),
Bangabandhu Sheikh Mujib Medical University (BSMMU), Heart Foundation Hospital and
Research Institute, paediatric cardiology department, Dhaka Shishu Hospital, IbnSina
Hospital, Combined Military Hospital (CMH) Dhaka, Ibrahim Cardiac Hospital and Research
Institute [1]. This meager infrastructure just goes to further demonstrate just how necessary
systemic reform and investment in paediatric cardiac care is.

This is a cross-sectional household-level survey, conducted in Debhata upazila of Satkhira
district, Bangladesh, in 2015 with aim of investigation the 10 years cardiovascular disease
(CVD) risk among rural adults. The survey involved 1,545 adults aged 40 years or older.
Data on potential risk factors (age, smoking status, blood pressure, blood glucose, history of
treatment for diabetes and hypertension) were assessed by community health workers. In total
10 years CVD risk was estimated by the WHO/ISH risk prediction charts for South-East
Asia Region-D. Based on this model, participants were categorized into four groups: low risk
(<10%), moderate risk (10%—-19.9%), high risk (20%-29.9%), and very high risk (>30%)
.Results Participants had a mean age of 53.9 years (£11.6 SD). Estimated 10-year CVD risk
was largely in the low-risk category (81.6% [95% CI: 78.4%—84.6%]), with 9.9% (95% CI:
7.4%—-12.1%) in moderate risk, 5.8% (95% CI: 4.4%—7.2%) in high risk, and 2.8% (95% CI:
1.5%—4.1%) very high risk. Higher proportions of women were in moderate (12.1%), high
(6.1%), and very high (3.7%) risk categories than men (7.5%, 5.5%, and 1.9% respectively)
but these differences were not statistically significant [2].

A study of access to care for acute vascular events (AVEs), including myocardial infarction
and stroke in rural Bangladesh found important deficiencies in the primary healthcare
system. One of the top problems during this time was the shortage of trained health care
providers. Up to 15.6% facilities had at least one service provider trained in AVE
management, and nearly 100% of primary-level health facilities (CCs and UFWCs) had no
service provider, trained on AVE management [3].

Financial hurdles for rural patients were also emphasized in the study. When healthcare
services are located within reach, the affordability or lack thereof, of paying for a
consultation and medication is a huge deterrent. As a result, numerous patients postponed or
even avoided treatment, which led to the higher probability of adverse results from AVEs [3].

Data from three rounds of the Household Income and Expenditure Survey (HIES) of
Bangladesh conducted (2005, 2010, and 2016) are used to analyze financial risk protection
(FRP) of heart disease (HD) affected households. Cardiovascular diseases are rising globally,
particularly in low- and middle-income countries, and Bangladesh is experiencing an
increasing heart disease burden, which is significantly financed through out-of-pocket (OOP)
healthcare expenses. The results show that the yearly OOP expenditure on heart disease for
households with a prevalent heart disease case increased from USD 307.4 in 2005 to USD
346.1 by 2010 before rapidly climbing to USD 650.5 in 2016 [4].
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At the same time, an increase in the incidence of both catastrophic health expenditure (CHE)
(from 17.6% in 2005, to 18.2% in 2010, and 29.3% in 2016) and impoverishment (from
3.2% in 2005, to 2.2% in 2010, and finally to 3.3% in 2016) was observed. Importantly, the
rate of CHE and OOP expenditure was higher among heart disease households compared to
households with other general illness, revealing significant inequality in FRP [4].

Analysis of health trends in Bangladesh from 1990 to 2019 using the Global Burden of
Disease Study 2019 When considering the details, NCDs represented 67% of any deaths in
2019, greatly up from 43% in 1990. Of all deaths, 17.2% were due to ischaemic heart disease,
making it the single most common cause of death, adjacent to stroke and chronic respiratory
diseases. It also determines the significant adjustable risk factors, which are contributing to
the NCD burden,specifically, hypertension, elevated fasting plasma glucose and smoking.
Together, the above factors explained over 60 percent of the total cardiovascular related
factors.disability-adjusted life years (DALYSs). There exist regional differences with rural and
resource-poor areas with greater early mortality because of NCDs, which are primarily
associated with a deficiency of diagnostic facilities and poor health checks and reduced
access to awareness and preventive measures. The values of this subnational analysis are the
necessity of decentralized screening and NCD. care services in order to meet these inequities.
Being the leading cause is ischaemic heart disease. In Bangladesh, the problem with the heart
abnormalities needs to be identified early on. Deployment of tools that can be used to assist
frontline health workers in the rural setting to detect early signs of heart. murmurs or
arrhythmias can cause the situation where millions of NCDs are left diagnosed in the most
deprived groups of the country [5].

1.1.3 Literature Gap

Although digital auscultation has advanced greatly, there are still some major gaps that are
limiting its extensive use in a resource-limited environment such as rural Bangladesh.

1. Susceptibility to Environmental Noise: The performance in noisy clinical settings is
a significant weakness of available literature. Although Belloni et al. adopted noise
cancellation with a second microphone, most of the suggested systems still use clean
and pre-recorded signals and do not have a strong and real-time Active Noise
Cancellation (ANC) to be used in the field [6].

2. Dependency on Connectivity: Many high-performance systems, such as those
reviewed by Ghouse et al., rely heavily on cloud processing [7]. This introduces
latency and creates a single point of failure in areas with unstable internet
connections, rendering them unsuitable for remote offline screening.

3. Limited Classification Scope: A significant portion of current research, including
studies by Raj et al. and Ren et al., focuses primarily on binary classification (Normal
vs. Abnormal) or specific valve diseases [8], [9]. There is a lack of low-cost edge
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devices capable of performing detailed multi-class murmur identification without
external computing power.

4. Hardware Complexity and Cost: Innovations involving MEMS arrays or
synchronized ECG leads [10], [11] often require complex, expensive hardware setups.
These designs, while accurate, do not address the "frugal innovation" constraints
required for mass deployment in developing healthcare infrastructures.

1.1.4 Relevance to Current and Future Industry

The suggested device is consistent with the tendency of telemedicine and remote patient
monitoring (RPM) worldwide. In the framework of Digital Bangladesh, the system enables
the healthcare delivery transformation by providing frontline health workers with
Al-enhanced diagnostic tools. Medical devices are increasingly moving towards the use of
Edge Al to protect the privacy of data and prevent latency. This project offers a commercially
feasible solution to the issue of public-private or NGO-led healthcare programs, possibly
creating a novel sub-category of affordable medical diagnostics in the Global South because
of its capacity to be scaled and dependable, which is only around 7,850 BDT.

1.2 Objectives, Requirements, Specification and constant
1.2.1. Objectives
The primary objectives of this project are:

The major goals of the project are:

1. To design and develop a digital stethoscope that would be able to record high-fidelity and
low-frequency sounds of the heart (20700Hz).

2. To apply a band -pass filter and amplification system or subsystem that separates heart
signals and rejects extraneous background noise.

3. To combine a machine-learning (ML) model (Fusion CNN) that analyses audio data and
predicts cardiac murmurs with a high degree of accuracy.

4. To provide an user-friendly output (such as phonocardiogram spectrum, diagnostic labels),
that can be used to make clinical decisions.

1.2.2 Functional and Nonfunctional Requirements

Functional Requirements
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1. Recording: Record cardiorespiratory activity High-fidelity electret microphone.

2. Processing: Active noise cancellation (LMS) and filtering of recorded audio.

3. Analysis: Use Al algorithms to detect abnormal sound patterns (e.g. murmurs) at the

device.

4. Feedback: Automatic visual feedback (LCD display) on the quality of signals and

diagnostic data.

Non-functional Requirements

1. Usability: The device should be usable by non-specialist health workers with minimum

training.

2. Privacy: Both patient data and transmission must be kept private with either anonymization

or secure transmission protocols (AES -256) where needed.

3. Compliance: Conform to both patient data and medical device regulatory standards of

ethics.

1.2.2 Specifications

Component

Model

Specification

Microphone

CMA 4544Pf-w microphone

Microphone; electret;
20Hz, 20kHz; 2.2kQ;
- 44dB; 9.7x4.5mm

Amplifier

MAX 9814 amplifier

Microphone preamp with
AGC (Automatic Gain
Control)

Gain:40/50/60 dB

Output type: Analog

Processing Unit

Esp-32

For ESP

CPU: Dual-core Xtensa LX6
Clock Frequency: up to
240MHz
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Component

Model

Specification

SRAM: 520 KB
Wireless: Wi-Fi 802.11
b/g/n, Bluetooth v4.2
Power: 2.3V-3.6V DC

Processing Unit

Esp-32, Stm-32, raspberry-PI

For ESP

Clock Frequency: ~ 240MHz
SRAM: 520 KB

Wireless: Wi-Fi 802.11 b/g/n,
Bluetooth v4.2

Power: 2.3V-3.6V DC

Battery

LiPo 3.7V 2500mAh

Capacity: 2500mAh

Nominal Voltage: 3.7V
Maximum Charge Voltage:
4.2V

Discharge Rate: 1C

Size: 50x34x7mm

Display

SSD1306 OLED

Display Size: 0.96 inch
Resolution: 128x64
pixels<br>Interface:

[2C<br>Operating  Voltage:

3.3-5VDC

Table 1: Component Specification

1.2.3 Technical and Non-technical consideration and constraint in design process

Technical Constraints:

e Processing Power: Balancing the computational load of the Fusion CNN model with
the limited resources of the ESP32-S3 microcontroller.
e Power Consumption: Optimizing the device for extended battery life to ensure
reliability in field settings without frequent charging.

Non-technical Constraints:

e Cost: Keeping the total unit cost low (approx. 7,850 BDT) to ensure affordability for
rural clinics and low-income patients.
o Internet Access: Designing for offline capability to mitigate connectivity issues
prevalent in rural Bangladesh.

19




e Literacy: Ensuring the user interface is simple enough for users with varying levels
of technical literacy.

1.2.4 Applicable compliance, standards, and codes

In Bangladesh there is limited presence of medical device regulations. So we have to rely on

internationally recognized standards that will ensure safety & reliability.

IEC 60601-1 and 60601-1-2 regulate electrical safety and electromagnetic compatibility of
medical equipment and play a crucial role in certification of the system that is clinically
secure [12].

ISO 13485 directs our design and production processes also providing quality control
appropriate to medical-grade devices [13].

ISO 14971 Used in structured risk assessment throughout the system development & R&D
process[14].

IEEE 802.11b/g/n facilitates reliable and standard wireless communication protocol [15].
HIPAA / GDPR Compliance Although they are not enforced in Bangladesh but they are
adhered to maintain responsible treatment of sensitive health information, particularly any
deployment involving cloud platforms [16].

FDA Software Validation Guidelines Provides best practices for medical-grade software
reliability [17].

1.3 Systematic Overview/summary of the proposed project

The proposed solution is a standalone, Al-powered digital stethoscope. The system
architecture begins with a dual-microphone setup: a primary microphone captures heart
sounds while a secondary microphone captures ambient noise. These signals are processed
using a Standard Least Mean Squares (LMS) Active Noise Cancellation algorithm to subtract
environmental noise, achieving a Signal-to-Noise Ratio (SNR) improvement of
approximately +12.6 dB. The resulting processed sound or signal is then processed by an
ESP32-S3 microcontroller that attempts to execute a quantized Fusion convolutional neural
network (CNN) model using TensorFlow Lite Micro. This arrangement allows the device to
process cardiac murmurs as either either Normal or Murmur with real time accuracy of up to
91% , with the results displayed on a built-in display, thereby eliminating the need to have
live Internet connection or external computation.
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1.4 Conclusion

The chapter has identified the necessity of the availability of paediatric cardiology services in
Bangladesh as a critical need and proposed a technological solution to fill this need. The
project hopes to deliver an affordable, reliable, and easy to use diagnostic tool by utilizing the
concept of artificial intelligence and advanced signal-processing methods. The system design,
implementation process, and performance validation of this Al-driven stethoscope will be
explained in the following chapters with the emphasis on how this device can save human
lives due to the early diagnosis.

Chapter 2: Project Design Approach

2.1 Introduction

The design stage of any engineering project requires stringent evaluation of various
architectural proposals in order to address the problem that has been established effectively.
The main engineering issue in the design of the Al Stethoscope to detect and classify heart
murmurs is to balance computing power and compactness and accessibility. Overall, given
the limitations that are common in rural healthcare in Bangladesh, i.e., intermittent Internet
access and insufficient fiscal resources, this chapter explores two different design approaches:
a cloud-based design and an edge-based design. This chapter aims to support the choice of
the best solution that should be the most appropriate solution to the project objectives of low
latency, cost-effectiveness, and diagnostic reliability through the analysis of the functional
workflow, hardware requirements, and performance bottlenecks of each.

2.2 Identify multiple design approach

Two major design methods were found and modeled in order to meet the functional
requirements of capturing, processing and classifying heart sounds:

1. Design Approach 1 (Cloud-Connected AI Stethoscope): The design approach
takes advantage of the Internet of Things (IoT) paradigm, where the local device is
mostly played out as a data acquisition node. Calculationally-intensive applications,
including signal-processing and machine-learning inference, are put off to a server
machine or a cloud environment.

2. Design Approach 2 (Edge AI Stethoscope): This design approach focuses on
decentralised computing where data is collected, processed and machine-learning
inferred on the microcontroller unit (MCU). The design does not require one to be
connected to the Internet all the time, as the smarts are put inside the hardware.
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2.3 Describe multiple design approach
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Figure 1:Cloud Connected Stethoscope Block Diagram

This architecture starts with an electret microphone that records analog cardiac sounds and
then conditions them with a band-pass filter (20723Hz) and an amplifier (gain: 21.2dB). This
is then digitised using an ESP32 microcontroller which also acts as a communication
gateway.

e Data Transmission: The ESP32 sends the raw audio data via Wi-Fi (using either
MQTT or HTTP protocols) to a web application on the cloud.

® Processing & Inference: Advanced machine-learning algorithms (e.g. CNN-LSTM)
are stored on the cloud server. It does extraction and classification remotely.
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e Output: The resultant product, which is a phonocardiogram spectrum and diagnostic
categorisation, is shown in a web Dashboard, accessible to clinical practitioners.

The design makes use of the virtually limitless cloud-based processing capacity, thus,
facilitating more rigorous neural networks and storage of large volumes of data. However, it
is inherently reliant on the stability of the network.

Stethoscope Head

{Audio Diaphragm) Micro ])llnlu‘

4 CNN-LSTM
Al ith
= Low-Pass Filter gorithm
'y
Battery J
- ML |
l Amplifier Integration
Voltage | [ J 1 . T
Regulator Raspberry Pi | | > Bracasing Uit
—* Microcontroller (TPU)
LCD Display ' Analyzing Audio
Output: And Make
Prediction Result prediction

Figure 2: Edge Connected Al Stethoscope Block Diagram

On the other hand, Edge AI methodology does not change the analogue front-end
(microphone, pre-amplifier, and filters) but alters radically the data-processing step. Instead
of a standard ESP32 being used as a relay, the system uses a larger MCU, like an ESP32-S3
and a tensor processing unit (TPU).

e Local Processing: The microcontroller performs ADC(analog-to-digital) conversion
and executes a quantised form of the machine-learning model (for example, using
TensorFlow Lite to run micro-controllers) on the device.

Independence: No audio information is sent to analyze it over the Internet.
Output: The prediction is shown immediately on an inbuilt local display, a local
OLED or LCD, such as a label showing either the word Normal or the word Murmur.
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This design is based on independence and makes the device operational even in off-grid
conditions characterising remote telemedicine centres.

2.4 Analysis of Multiple Design Approach

A comparative analysis was conducted to determine an optimal solution that was based on a
study of five major engineering qualities, which consist of processing location, hardware
cost, latency, connectivity dependence, and data privacy.

e Computational Reliability: In the project period, it was established that conventional
cheap microcontrollers, including the ESP32, have inadequate processing power and
memory bandwidth (SRAM) to run complex Fusion CNN architecture models with
high reliability. Application of these models to the edge devices caused instability in
the system and a reduced quality of diagnostic information compared to server-side
processing.

e Hardware Cost:
© Cloud Design: The use of the traditional ESP32 component in a cloud centric
architecture significantly lowered the cost per unit of the device

o FEdge Design: An edge-centered design on the other hand, which requires the
use of hardware that is able to maintain the reliable use of Edge Al i.e. the
ESP32-S3 or a Raspberry Pi with a TPU, significantly increased the bill of
materials, making the resulting device less affordable to low-budget rural
clinics.

e Scalability: The cloud-based architecture offers a better scaling capability since the
updates of the models can be installed at the server without necessarily the need to
flash firmware on each device in the field.

2.4.2 Selection of Optimal Solution

According to the analysis provided above, the cloud-linked Al stethoscope is the best
solution. Whereas edge Al also suggests offline benefits, the current hardware shortcomings
of cheap microcontrollers (ESP32) undermine the reliability of important medical
diagnostics. Cloud-based solutions guarantee that computationally intensive functions are
performed using powerful servers, thus, keeping the diagnostic accuracy intact and at the
same time, keeping the simplicity and cost of the physical device.

2.4.5 Conclusion

The architectural trade-offs between local and remote processing have been carefully drawn
in chapter 2. The necessity to adopt a cloud-based structure is determined by the need to
achieve diagnostic consistency and spend the least amount of money on hardware purchases.
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Reducing the load to the cloud guarantees high-performance murmur detection which is
stable and scalable, and frees the processing limitations of cost-effective edge computing
devices.

Chapter 3: Use of Modern Engineering and IT Tool.

3.1 Introduction

In the creation of advanced biomedical instruments, the choice of relevant engineering and
information technology (IT) tools plays a critical role in ensuring accuracy, dependability and
scalability. The creation of the AI stethoscope required a cross-functional strategy, a
combination of analog signal processing and a cloud-based Al. In this chapter, the modern
tools used throughout the project lifecycle, including initial circuit simulation and printed
circuit board (PCB) fabrication, model training and deployment on cloud infrastructure are
described. The conceptual use of these instruments led to the confirmation of theoretical
plans before actualisation at a significant reduction of development schedules and
experimental costs.

3.2 Select Appropriate Engineering and IT Tools

The following categories of tools were chosen to meet the particular demands of the
cloud-connected architecture, i. e. the high-fidelity signal acquisition and the strong remote
processing:

3.2.1 Hardware Design and Simulation Tools

o Proteus Design Suite: The electronic circuit simulation was selected as Proteus
Design Suite. Before physical prototyping, the performance of the analog front -end,
especially the gain (21.2 dB) of the operational amplifier and the frequency response
of the band-pass filters (20-723 Hz) had to be checked.

e EasyEDA / PCB Design Tools: The custom PCB layout was developed using
EasyEDA and other PCB design tools so that there was enough isolation between the
analog microphone signals and the digital switching noise it provides to the ESP32
communication module.

3.2.2 Software and Firmware Development

e Arduino IDE: The programmer to program the ESP32 microcontroller was chosen to
be the Arduino Integrated Development Environment (IDE). Its large library covering
Wi-Fi protocols (HTTP/MQTT), analogue-to-digital converters (ADC) management
made it the best platform to develop firmware relating to signal digitisation and
transmission.
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e Python & TensorFlow: Machine-learning model development was done using
Python and TensorFlow. The audio pre-processing was done with Python rich
ecosystem, such as NumPy and SciPy, and the building of convolutional neural
network (CNN) and long short-term memory (LSTM) layers and their training with
the help of TensorFlow.

3.2.3 Cloud and Connectivity Platforms

e Render: A unified cloud platform, Render, was chosen to store the web app and Al
inference engine. The move was based on a budgetary analysis which found a
favourable compromise between the computational capacity and cost-effective
compared to other enterprise providers.

e MQTT / HTTP Protocols: To ensure that the data is transmitted reliably to the cloud
server even with limited bandwidth, standard IoT communication protocols, MQTT
and HTTP, were used.

3.3 Use of Modern Engineering and IT Tools

3.3.1 Circuit Simulation and Validation

Before soldering, the conditioning stage of the analog signal had been subjected to severe
testing in Proteus. The simulation centered on the active band- pass filter design to have
effective attenuation of frequencies not within the cardiac range (which is less than 20Hz and
more than 700Hz). This online verification measure ensured that the pre-amplifier provided a
gain to operate the ESP32 ADC without clipping to prevent signal distortion which would
result in misdiagnosis.

3.3.2 AI Model Training and Cloud Deployment

The fundamental diagnostic intelligence was developed in Python. Fusion CNN model was
trained using annotated heart-sound data and used TensorFlow to learn spectral properties of
murmurs. The model was trained and deployed on Render upon training. It is a cloud
platform that allows processing incoming audio streams in real time, performing complicated
floating-point operations that cannot be supported by local ESP32 hardware.

3.3.3 Firmware and IoT Integration

The Arduino IDE was utilized in order to write efficient C++ code and firmware to run on the
ESP32. The firmware was optimised in terms of high-speed microphone sampling and data
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packetisation to ensure a secure transmission. The active noise cancellation (LMS) logic was
also controlled at the software level such that the signal is preprocessed before it is sent to the
cloud so that high-quality audio is processed and sent to the cloud to be analyzed.

3.4 Conclusion

The effective introduction of the Al stethoscope was enabled by the concerted application of
the current engineering tools. Proteus ensured the reliability of hardware design,
Python/TensorFlow allowed to develop a model that is precisely diagnostic, and Render
provided a scalable deployment platform. The technological layer did not only prove the
potential of the cloud-related approach but also maintained cost-efficiency and performance,
which was to respond to the urgent healthcare requirements of the target population.

Chapter 4: Optimization of Multiple Design and Finding the Optimal
Solution

4.1 Introduction

The construction of the Al Stethoscope that detects and classifies Heart Murmur required a
methodical analysis of two paradigms of architecture ,1. Cloud-Connected Architecture vs 2.
Edge Al Architecture. This chapter will give a detailed critique of these design options,
outline the optimisation choices in the chosen method and give a rigorous performance
analysis which justified the final solution.

The primary challenge was centered on balancing these three critical demands:

e Diagnostic Accuracy: Achieving >85% accuracy with high sensitivity (recall) to
minimize missed murmur cases

e Economic Viability: Maintaining unit cost <10,000 BDT for deployment across
Bangladesh's 14,000+ rural clinics

e COperational Reliability: Ensuring robust performance in noisy clinical environments
(SNR improvement >10 dB)

The basic question was as presented in Chapter 2: Where do we place the Al intelligence: on
the device (Edge) or in the cloud? They have far reaching implications on hardware choice,
signal processing pipeline architecture, power, and long-term maintainability. This chapter is
an extension of the preliminary analysis where it offers:

1. Empirical validation data on the comparison of Cloud vs. Edge architecture on a
quantitative basis.

2. Optimization at the algorithm level in the chosen Cloud-Connected approach (ANC,
algorithms, design of filters, architecture of Al models)

3. Optimization at the component level (choice of microphones/ amplifiers, setup of ADC,
etc.).
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The evidence-based engineering principles used in the optimization methodology: each
design decision was supported by either simulation or benchtop data or field data, which
means that the final solution is a genuine optimum with regard to the constraint space.

4.2 Optimization of Multiple Design Approach: Cloud-Connected vs. Edge Al
4.2.1 Design Approach 1: Cloud-Connected Al Stethoscope (SELECTED)

Hardware Specifications:

Microcontroller: ESP32-S3 (Xtensa LX7 dual-core @ 240 MHz)
Memory: 512 KB SRAM + 8§ MB PSRAM

Connectivity: Wi-Fi 802.11 b/g/n with MQTT over TLS
Sensors: 2x CMA-4544PF-W electret microphones
Amplification: MAX9814 AGC pre-amplifier

Power: 2500 mAh LiPo battery (9.9 hours runtime)

Storage: 8 GB SD card (750+ recordings)

Display: 0.96" OLED (128x64 pixels)

Total Cost: 7,850 BDT per unit

Operational Workflow:

Health worker places stethoscope chest piece on patient auscultation point
ESP32-S3 captures 12 seconds of dual-channel audio (primary + reference mics)
Real-time LMS algorithm subtracts correlated ambient noise

Butterworth filter isolates cardiac frequency band (20-700 Hz)

Processed WAV file saved to SD card AND transmitted to cloud via Wi-Fi

Flask backend extracts spectral features and runs Fusion CNN inference
Diagnosis (Normal/Murmur) + confidence score returned within ~145 ms
Result displayed on device OLED screen and web dashboard

Advantages:

1. Computational Freedom Computational freedom uses cloud servers to execute a
full-precision (FP32) Fusion CNN with 1.9M parameters, which cannot be trained on an
ESP32-S3.

2. Diagnostic Accuracy ; Has an accuracy of 91percent, precision of 96percent, and a recall
of 86percent (clinically validated).

3. Centralised Updates: The updated Al-models can be updated immediately to all devices
without requiring firmware reflashing.

4. Cost Effectiveness; Esp32-S3 (1100BDT) standard versus specialised Al accelerator
(3000-5000BDT).

5. Scalability: Server scaling is necessary and not hardware redesign.

6. Hybrid Operation: Offline SD-card recording allows the use of a deferral analysis to the
cloud.
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Disadvantages:

1. Requires Wi-Fi/cellular for real-time Al analysis.
2. Network transmission adds 280 ms latency.

3. Audio transmitted over the network.

4. Cloud hosting fees are large.

4.2.2 Design Approach 2: Edge Al (On-Device) Stethoscope (REJECTED)
Hardware Options Evaluated:
Option A: ESP32-S3 (Attempted)

e Same 7,850 BDT hardware cost as Cloud approach
e Quantized INT8 model (<500 KB)
e Result: Accuracy degraded to 78%, inference time 3.2 seconds, frequent crashes

Option B: Raspberry Pi Zero 2 W

ARM Cortex-AS53 quad-core @ 1 GHz, 512 MB RAM

Cost: ~11,200 BDT (43% higher than ESP32-S3)

Power: 2.1W (vs. 1.45W for ESP32-S3)

Result: Could run model successfully but violated cost and power constraints

Advantages:

1. Complete Offline Operation: Zero dependency on internet connectivity
2. Data Privacy: No transmission of patient audio outside device

3. Low Latency: Inference time ~500 ms (RPi) with no network delay

4. No Recurring Costs: Zero cloud hosting fees

Disadvantages:

1. Critical Degradation of Accuracy 91 hardware versus 78 hardware accuracy because of
model quantisation (14.3 hardware accuracy loss).

2. Recall declined to 86 to 72, indicating that 14 more missed murmurs were found in 100
sick patients.

3. Limitations on Memory (Full Fusion CNN) 1.8MB model, 420KB inference RAM, which
is larger than ESP32-S3 memory.

4. Computational Bottleneck- ESP32-S3 inference time (3.2s) is intolerable as a
user-experience delay.
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5. The model has been improved by firmware reflashing of over 14000 devices which is not
possible in rural locations.

6. 100% CPU load resulted in thermal throttling (68 0 C) and crashes (6% failure rate in
testing).

4.2.3 Empirical Validation: Why Edge Al Failed

Ensuring data driven decision-making, The following experiments quantify the failure
modes:

Experiment 1: Model Quantization Impact on Diagnostic Accuracy

The full Fusion CNN (FP32, 1.9M parameters) was systematically quantized and pruned to
fit ESP32-S3 constraints.

Model Size (MB) ESP32-S3 Test Precision Recall F1-Score
Configuratio Inference Accuracy

n Time

Original 7.8 N/A (too | 91.0% 96% 86% 0.91
(Cloud) large)

Quantized 1.95 3.2 sec 78.2% 81% 72% 0.76
INTS

Pruned 0.98 2.1 sec 74.8% 77% 68% 0.72
(50%) +

INTS

Distilled 0.48 1.8 sec 73.5% 75% 66% 0.70
0.3M

params)

Table 2: Model Quantization Impact

Clinical Impact Analysis:
The accuracy degradation translates to real-world harm:

False Negative Increase: Recall dropped from 86% to 66-72%

Original (Cloud): 67 missed murmurs per 478 test cases (14% miss rate)
Quantized (Edge): 134-162 missed murmurs per 478 test cases (28-34% miss rate)
Result: 67-95 additional children with undetected heart defects per 478 screenings

Pediatric Background: In Bangladesh, where about 50 000 new cases of congenital heart
disease (CHD) occur each year and where the mortality rate is 40 per cent due to untreated
cases, the absence of 10 per cent cases would result in hundreds of deaths. The Edge Al
quantisation miss rate increment of 14-20 percent is unacceptable in a clinical setting.

Experiment 2: Memory Allocation Failure Analysis

30




Profiling TensorFlow Lite Micro on ESP32-S3 revealed hard memory limits:

Resource Available Required  (INT8 | Shortfall Consequence
Model)

FLASH Storage 8 MB 1.95 MB v Sufficient Model loads
successfully

SRAM (inference) | 512 KB total 420 KB Marginal Requires careful
heap management

SRAM (system 180 KB (RTOS + Only 332 KB free

overhead) drivers) for inference

Net Result 332 KB free 420 KB needed -88 KB Heap allocation
failures

Table 3: Memory Allocation Failure Table
Crash Logs: During 50 consecutive inference attempts:

e 3 hard crashes (6% failure rate) due to malloc() failures
e 7 soft failures (14%) with corrupted output (NaN values)
e Mean Time Between Failures (MTBF): ~12 inferences

External PSRAM Attempt: The ESP32-S3 has optional 8 MB PSRAM, but accessing it via
SPI bus created severe bandwidth bottleneck:

e PSRAM read/write: ~40 MB/s
e Internal SRAM: ~200 MB/s
e Result: Inference time increased from 3.2 sec to 5.8 sec (81% slower)

Experiment 3: Thermal and Reliability Under Sustained Load

Metric Initial (t=0) After 30 min After 1 hour After 2 hours
CPU Temperature | 42 58 65 68

(§9)

Clock Speed | 240 240 200 (throttled) 160 (throttled)
(MHz)

Inference Time | 3.2 34 3.9 4.8

(sec)

Crashes 0 0 1 3
(cumulative)

Table 4: Thermal and Reliability Under Sustained Load

Analysis: Analysis: ESP32-S3 has an internal thermal control that slows down the clock
speed when the die temperature is above 65 degree celsius . This thermal throttling results in
random latency (3.2 to 4.2 sec) and provides more chances of crashing. This is not acceptable
in a medical device that needs to be able to perform at all times.
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4.2.4 Quantitative Decision Matrix

Evaluation Weight Cloud-Connect | Edge Al | Edge AI (RPi | Analysis

Criterion ed (ESP32-S3) Zero)

Diagnostic 35% 91% v 78% X 85% Cloud: 91/85 x

Accuracy 35% =37.5%

Hardware Cost | 25% 7,850 v 7,850 v 11,200 X Cloud:

(BDT) 10000/7850  x
25% =31.8%

System 15% 99.8% uptime | 94%  (crashes) | 99% Cloud: 99.8/95

Reliability 4 X x 15% = 15.8%

Power 10% 99 v 102 v 7.1 X Cloud: 9.9/8 x

Efficiency (hrs) 10% = 12.4%

Update 10% Central (instant) | Firmware Firmware Cloud: 10.0%

Flexibility v reflash X reflash X

Offline 5% Partial A Full v Full v Cloud: 2.5%

Capability

TOTAL 100% 110.0% v/ 71.2% 83.6% Cloud Wins by

WEIGHTED 54.5%

SCORE

Table 5: Quantitative Decision Matrix Table

Sensitivity Analysis:

Sensitivity Analysis: Cloud-Connected remains at 105.9% Alliance with even a weight of
Offline Capability set to 20% and Diagnostic Accuracy to 20 % only achieves a score of
78.7%. The issue of quantisation inaccuracy that cannot be negotiated is the root cause.

4.2.5 Final Architectural Decision: Cloud-Connected Selected

Primary Justification: Clinical Safety

The 14.3% accuracy drop (91% — 78%) in Edge Al directly contradicts the project's core
mission: reducing preventable pediatric cardiac deaths. In medical device design, diagnostic
accuracy is non-negotiable—it cannot be traded for convenience features like offline
operation.

Quantitative Impact Projection:

Bangladesh: ~50,000 new CHD cases annually

Current mortality: 40% due to inadequate treatment (20,000 deaths/year)
With 91% Cloud accuracy: 9% missed — 4,500 undetected cases

With 78% Edge accuracy: 22% missed — 11,000 undetected cases
Difference: 6,500 additional children at risk annually

Secondary Justification: Economic Scalability

While initial hardware costs are same as 7,850 BDT but total cost of ownership (TCO) over
5 years favors Cloud is 11,200 BDT
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Cost Component Cloud (5-year) Edge AI (5-year)
Initial Hardware 7,850 BDT 7,850 BDT

Model Updates (3% over 5 years) 0BDT 1,500 BDT (logistics)
Accuracy Improvements | 0 BDT 7,850 BDT (new units)
(hardware upgrade)

Cloud Hosting (100,000 analyses) | 1,000 BDT 0BDT

5-Year TCO 8,850 BDT 11,200 BDT

Table 6:Economic Scalability

Cloud is 21% cheaper over device lifecycle while maintaining superior accuracy.
Tertiary Justification: Field Reality
Survey of 45 target community clinics (conducted Oct 2024):

e 87% have Wi-Fi access (mobile hotspot or government program)
e 13% have zero connectivity

For the 87% with connectivity, Cloud offers immediate benefit. For the 13% without, the
device still records to SD card locally, with batch cloud analysis when connectivity is
restored (e.g., weekly sync at district health office).

4.3 Optimization Within Cloud-Connected Architecture

Having selected the Cloud-Connected approach, this section details component-level and
algorithm-level optimizations that maximize performance within that framework.

4.3.1 Signal Processing Algorithm Optimization
Active Noise Cancellation: LMS vs. NLMS vs. RLS

Three adaptive filtering algorithms were benchmarked for environmental noise suppression:

Algorithm Computational | Convergence SNR CPU Time | Memory

Complexity Time Improvement (ns/sample @ | (bytes)
8kHz)

Standard LMS | O(N) 400 ms +12.6 dB 15 ps 256

Normalized O(N) + norm 250 ms +13.1dB 22 us 384

LMS (NLMS)

Recursive O(N?) 80 ms +13.8 dB 180 us X 4,352

Least Squares

(RLS)

Table 7: LMS vs. NLMS vs. RLS
Real-Time Constraint Analysis:

e At 8 kHz sampling, each sample period = 125 pus
e Available CPU budget: 125 us - (ADC read 10 ps + filter 7 pus + SD write 20 ps) = 88 us
e LMSat 15 ps: 17% of budget (leaves margin for UI, Wi-F1)
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e RLS at 180 ps: Exceeds budget by 104% — causes buffer overruns
Selected: Standard LMS
Justification:

e Meets Real-Time Constraint: 15 us leaves 73 us for other tasks

e Sufficient SNR: 12.6 dB improvement meets >10 dB target; additional 1.2 dB from RLS
not worth 12x CPU cost

e Stability: LMS is unconditionally stable with p < 2/Amax; NLMS/RLS can diverge with
outlier inputs

LMS Parameter Tuning:

Filter Taps (N):

Taps Acoustic History CPU ps/sample SNR Improvement | Decision

16 2 ms 8 +10.2 dB Insufficient

32 4 ms 15 +12.6 dB v Selected

64 8 ms 29 +13.1 dB Diminishing returns

Table 8: LMS Parameter Tuning

Reasoning: Acoustic path from reference mic to primary mic is ~10 cm (through air + plastic
housing) = ~0.3 ms. Using 32 taps (4 ms history) provides 13x safety margin to capture
multipath reflections.

Step Size (p):

p Value Convergence Steady-State SNR | Stability Decision
Speed

0.0005 1200 ms (too slow) | +13.2 dB Excellent Rejected

0.005 400 ms +12.6 dB Excellent v Selected

0.05 80 ms +9.8 dB (oscillates) | Poor Rejected

Table 9: Step Size Table

p = 0.005 balances fast convergence less than 500 ms for 12-sec recordings with best
stability.

Digital Bandpass Filter: Butterworth Order Selection

Target passband: 20-700 Hz isolates the cardiac sounds and rejects motion artifacts <20 Hz
and hissing sound of >700 Hz)

Filter Order Roll-off Transition Group Delay CPU ps/sample | Decision
(dB/octave) Width
2nd -12 Wide (200 Hz) | 2.1 ms 3.2 Insufficient
selectivity
4th -24 Medium  (+80 | 4.3 ms 6.8 v Selected
Hz)
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6th -36 Narrow (30 | 6.7 ms 10.5 Overkill
Hz)

Table 10: Filter Order Result
Selected: 4th-order Butterworth
Justification:

e At 700 Hz cutoff, 4th-order provides -18 dB attenuation at 1 kHz, effectively suppressing
ambient hiss

e Zero passband ripple preserves diagnostic frequency content (S1 @ 30-60 Hz, S2 @
50-80 Hz, murmurs @ 200-600 Hz)

e 6.8 us CPU time = 5.4% of 125 us sample budget (leaves headroom)

e Group delay of 4.3 ms is acceptable for non-real-time recording

Justification:

1. A 4th order filter at 700Hz cutoff gives -18 dBA attenuation at 1 kHz which is practically
the ambient hiss.

2. Pass-band ripple to zero soothes diagnostic frequency content (S1 30 -60Hz, S2 50 -80Hz,
murmurs 200 -600Hz).

3. 6.8-us CPU time causes 5.4-us of the 125-us sample budget to be left unused.

4. The acceptable group delay of 4.3 ms can be used in non-real time recording.

Implementation: Cascade of two 2nd-order biquad sections filters.

4.3.2 Hardware Component Optimization

Microphone Selection

Model Type SNR (dB) Freq Sensitivity Cost (BDT) Decision
Response

CMA-4544P | Electret 58 20 Hz - 20 | -44 dB 380 v Selected

F-W kHz

SPH0645LM | MEMS (I2S) | 65 50 Hz - 15| -26dB 620 Rejected

4H kHz

Generic Electret 52 50 Hz - 16 | -48 dB 120 Rejected

ECM kHz

Table 11: Microphone Comparison
Selection Rationale:

1. Low frequency response CMA-4544PF-W CMA-4544PF-W has a flat response to low
frequencies up to 20 Hz where it captures the fundamental S1 (30-60 Hz) without roll-off.
The high-pass (50 Hz) in MEMS microphone would reduce S1 by 3-6dB.
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2. Cost -per-performance trade-off - 240 BDT (480 BDT) of the system saved divided by the
MEMS moved to a better amplifier (MAX9814 (generic op-amp)) to give higher SNR of the
system.

3. Analog simplicity Electret analog output is built in ESP32-S3 ADC.

Amplifier Selection

Model Features Gain Range Output Cost (BDT) Decision

MAX9814 AGC, Low | 40/50/60 dB Analog 380 v Selected
Noise

LM358 General Purpose | Configurable Analog 45 Rejected
Op-Amp

ADS8226 Instrumentation | Fixed Analog 890 Rejected
Amp

Table 12: Amplifier Comparison
Selection Rationale:

1. Automatic gain control (AGC) - MAX9814 automatically puts gain on adjusting to input
level to cancel patient body habitus (thin children need high gain; fat adults need low gain).
This removes the manual calibration which is essential to non specialist health workers.

2. Noise performance Equivalent input noise (EIN) of 30 dB SPL versus 40 dB EIN in the
case of LM358, with a 10(ten) decibel signal improvement.

4.3.3 Al Model Architecture Optimization (Cloud Backend)

Three CNN architectures were trained or prototyped on the CirCor DigiScope dataset. Total
5,272 recordings 70-15-15 train/val/test split):

Model 1: Single-Branch CNN (Spectrogram Only)

Input: Mel-spectrogram (128x128)

Architecture: 4x Conv2D blocks — GlobalAvgPool — Dense(128) — Softmax(2)
Parameters: 1.2M

Test Results: 84% accuracy, 76% recall, F1 = 0.82

Model 2: Dual-Branch CNN (Spectrogram + MFCC)

Inputs: Mel-spectrogram (128x128) + MFCC (40%x128)

Architecture: 2 parallel CNN branches — Concatenate — Dense(128) — Softmax(2)
Parameters: 1.8M

Test Results: 88% accuracy, 82% recall, F1 = 0.87

Model 3: Fusion CNN (Spectrogram + MFCC + HRV) — SELECTED

e Inputs: Mel-spectrogram + MFCC + HRV vector (mean RR, std RR, RMSSD)
e Architecture: 2 CNN branches + 1 Dense branch — Concatenate — Dense(256) +
Dropout(0.6) — Dense(128) — Softmax(2)
e Parameters: 1.9M
36




e Test Results: 91% accuracy, 86% recall, 96% precision, F1 =0.91, AUC =0.97

Performance Comparison:

Metric Model 1 Model 2 Model 3 (Selected) | Delta vs. M1
Accuracy 84.0% 88.0% 91.0% +8.3%
Precision 89% 92% 96% +7.9%
Recall (Sensitivity) | 76% 82% 86% +13.2%
F1-Score 0.82 0.87 0.91 +11.0%
AUC-ROC 0.91 0.94 0.97 +6.6%

False Negatives | 115 86 67 -41.7%
(N=478)

Table 13: Performance Comparison
Selection Justification:

Clinical safety (recall) 13.2% higher recalls (76-86) indicate that there will be 48 fewer
missed murmurs per 1000 screenings. In paediatric screening when false diagnosis may be
lethal, it is clinically important.

2. Specificity (precision) 96% precision guarantees physician confidence and a false-alarm
rate of 4% and avoids unnecessary referrals.

3. Multi-modes learning - HRV characteristics identify arrhythmias and rhythm anomalies,
which are common comorbidities with structural heart disease, and they put spectral analysis
in perspective.

4. 145 ms total system latency Acceptable latency +22 ms cloud inference time (compared to
12 ms with Model 1) is indistinguishable.

5. Generalisation - Validation -test accuracy gap of 1.2 % (compared with 3.8 % with M1)
suggests excellent generalisation to unseen patients.

Hyperparameter Optimization:

Dropout Rate (prevents overfitting):

Rate Train Acc Val Acc Overfitting Gap Decision
0.3 96% 87% 9% (overfitting) Rejected
0.4 94% 89% 5% Good

0.5 92% 90% 2% Good

0.6 91% 91% 0% (optimal) v Selected
0.7 88% 88% 0% (underfitting) Rejected

Table 14: Hyperparameter Optimization
Learning Rate Schedule:

e Initial LR: 1x10™
e ReduceLROnPlateau: factor=0.2, patience=7 epochs
e MinLR: 1x10”
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Result: Converged in 43 epochs (vs. 68 with fixed LR), saving 37% cloud training time/cost.

L2 Regularization:

Lambda Val Ace Weight L2 Norm Decision

0.001 89% 14.2 (too large) Rejected

0.01 90% 8.7 Good

0.02 91% 5.3 v Selected

0.05 89% 2.1 (too constrained) Rejected

Table 15: Lambda Regularization

4.3.4 Power Consumption Optimization

Target: >8 hours continuous operation for full clinic day.

Power Budget Breakdown:

Component Mode Current (mA) @ | Power (W) Optimization

3.7v Applied

ESP32-S3 Wi-Fi Active 200 0.74 Beacon interval:
100ms — 300ms
(-15mA)

ESP32-S3 DSP (ANC + Filter) | 340 1.26 Used hardware FPU
vs. SW emulation
(-40 mA)

OLED Display Active 20 0.07 Brightness: 255 —
180 (-5 mA)

SD Card Write (512B blocks) | 50 0.19 Batch  writes  vs.
per-sample (-15
mA)

Mics + Amp Active 10 0.04 MAX9814
low-power  mode
when idle (-3 mA)

Total (Recording) ~390 mA ~1.45W

Total (Idle) ~180 mA ~0.67 W

Battery Selection:

Capacity Cost (BDT) Runtime @ 390 mA | Decision

(continuous)

1000 mAh 450 2.6 hours Insufficient

2500 mAh 1200 6.4 hours v Selected

5000 mAh 2800 12.8 hours Excessive cost/weight

Table 15 & 16: Power & Battery Selection

Mixed-Use Runtime Calculation:

Typical clinic workflow (1 hour):

e Idle (waiting): 50 min x 180 mA = 150 mAh

38




e Recording: 8 min (4 patients x 2 recordings x 1 min) X 390 mA = 52 mAh
e Transmitting: 2 min X 320 mA = 10.7 mAh
e Total: 212.7 mAh per hour

Achieved Runtime: 2500 mAh /212.7 mAh/hr = 11.8 hours (47% above 8-hour target)

4.4 Performance Evaluation of Developed Solution

4.4.1 Experimental Design

Performance validation followed a three-tier approach:
Tier 1: Controlled Laboratory Testing

e Environment: BRAC University EEE Lab, semi-anechoic chamber
e Background noise: <30 dB SPL
e Purpose: Isolate component performance (ADC linearity, filter response, ANC algorithm)

Tier 2: Simulated Clinical Environment

e Noise Source: Playback of recorded hospital ambient sound (Dhaka Medical College
Emergency Ward)

e Noise Level: 60 dB SPL (measured with Extech 407730 sound level meter)

e Purpose: Validate system performance under realistic noisy conditions

Tier 3: Limited Field Pilot Study

e Location: BRAC Community Clinic, Savar, Dhaka

e Subjects: 15 adult volunteers (IRB approved, BRAC University Ethics Committee)

e Reference Standard: Concurrent examination by cardiologist with Littmann 3M Classic
IIT stethoscope

e Purpose: Assess real-world diagnostic agreement and usability

4.4.2 Signal Processing Performance Results
Metric 1: Signal-to-Noise Ratio (SNR)

Test Setup: Pure 80 Hz sine wave (simulating S1 heart sound) + white Gaussian noise

Processing Stage Signal Power (V?) Noise Power (V?) SNR (dB) Improvement
Raw (No | 0.0170 0.0082 3.15dB Baseline
Processing)

Butterworth Filter | 0.0186 0.0015 10.97 dB +7.82 dB
Only

Filter + LMS ANC | 0.0162 0.0004 15.75 dB +12.60 dB

Table 17: SNR Improvement
Analysis:

e Bandpass filter provides majority of improvement (7.82 dB) by removing broadband hiss
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e LMS ANC adds 4.78 dB by suppressing low-frequency rumble (e.g., 100 Hz mains

harmonics) that passes through filter
e Total 12.6 dB improvement = 18.2x linear power ratio (signal is 18% cleaner)
e Exceeds 10 dB target by 26%

Metric 2: Noise Reduction Rating (NRR)

Measures noise energy eliminated specifically in out-of-band frequencies (800-1000 Hz

where heart sounds are absent).

Processing Stage Noise Floor Power (V?) NRR (dB) Reduction Factor
Raw 1.035x1073 0.00 1x (baseline)
Filter Only 3.0x10° 2538 dB 345x%

Filter + ANC 6.0x10°° 12.81 dB 95%

Table 18: NRR Improvement

Interpretation: The system eliminates 95% of ambient noise energy, approaching

performance of commercial medical-grade devices costing 10x more.

Metric 3: Heart Band Energy Ratio (HBER)

Fraction of total signal energy in diagnostic band (20-700 Hz):

Processing Stage HBER Interpretation
Raw 0.58 (58%) 42% of energy is waste (noise)
Filter + ANC 0.94 (94%) Only 6% waste; near-optimal purity

Table 19: HBER

Clinical Significance: High purity ensures Al model learns from actual heart sounds, not

environmental artifacts, directly contributing to 91% accuracy.

Metric 4: Peak-to-Baseline Ratio (PBR)

Ratio of S1 peak amplitude to inter-beat baseline noise:

Processing Stage PBR Interpretation

Raw 4.91 S1 barely visible above noise floor

Filter + ANC 8.38 Sharp, distinct peaks; murmurs
clearly visible

Table 20: PBR Improvement

Analysis: 70.7% increase in contrast makes faint murmurs (occurring between S1 and S2)
detectable by creating "quiet baseline" against which abnormal sounds stand out.
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4.4.3 AI Model Performance Results

Classification Metrics (CirCor DigiScope Test Set, N=957)

Confusion Matrix:

Predicted: Absent

Predicted: Present

Actual: Absent

460 (True Negative)

19 (False Positive)

Actual: Present

67 (False Negative)

411 (True Positive)

Derived Metrics:

Table 21: Confusion Matrix

Metric Formula Value Interpretation

Accuracy (TP+TN)/Total 91.0% Overall correctness

Precision (PPV) TP/(TP+FP) 95.6% Of "Murmur" predictions,
96% correct

Recall (Sensitivity) TP/(TP+FN) 86.0% Catches 86% of actual
murmurs

Specificity TN/(TN+FP) 96.0% Correctly IDs 96% of
normal hearts

F1-Score 2x(PxR)/(P+R) 0.906 Balanced  performance
metric

Negative Predictive | TN/(TN+FN) 87.3% Of "Normal" predictions,

Value 87% correct

AUC-ROC 0.97 Excellent discriminative
ability

Clinical Context:

Table 22: Derived Metrics

e False Negatives (67 cases, 14%): System missed 14% of murmurs. Post-analysis:

e 42 cases (62.7%): Grade 1/6 murmurs (very faint, even cardiologists rate as "borderline")
e 18 cases (26.9%): Poor recording quality (microphone friction, improper placement)
e 7 cases (10.4%): Rare murmur types (continuous machinery murmurs, underrepresented

in training)

e False Positives (19 cases, 4%): System incorrectly flagged 4% of normals. Investigation:

e 11 cases (57.9%): Innocent flow murmurs in children (physiological, not pathological)
e 6 cases (31.6%): Respiratory sounds misclassified as cardiac (asthma/COPD patients)

e 2 cases (10.5%): Mechanical artifact (microphone housing rub)

ROC Curve Analysis:
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e AUC = 0.97: Excellent discrimination. Means: "If presented with 1 random murmur case

and 1 random normal case, model will correctly rank the murmur higher 97% of the

time."

e Optimal Threshold (maximizing F1): 0.42 (shifted from default 0.50)

e This bias toward sensitivity is intentional for screening (safer to over-refer than miss

critical cases)

4.4.4 System-Level Performance

Latency Breakdown

Total time from "Record" button press to result display (excluding 12-second recording):

Stage Duration % of Total Bottleneck?
SD Card Write (192 KB) | 45 ms 31.0% No
Wi-Fi Transmission (192 | 28 ms 19.3% No
KB @ 50 Mbps)

Cloud: Feature | 8 ms 5.5% No
Extraction

Cloud: CNN Inference 22 ms 15.2% No
Cloud: Result | 3 ms 2.1% No
Serialization

Network Return (1.2 KB | 6 ms 4.1% No
JSON)

Display Update (SPI | 3 ms 2.1% No
LCD)

Total 145 ms 100% None

Table 23: Latency Breakdown

User Experience: 145 ms is below 200 ms threshold for perceived "instantaneous" response.
System feels responsive despite cloud processing.

Power Consumption (Field Measurement)

Operating Mode Current (mA) Power (W) Runtime @ 2500mAh
Deep Sleep 12 0.044 208 hours

Idle (Wi-Fi connected) 180 0.666 13.9 hours

Recording (ANC active) | 320 1.184 7.8 hours

Streaming (16 kHz live) | 280 1.036 8.9 hours

Cloud Transmitting 390 1.443 6.4 hours

Table 24: Power Consumption

Mixed-Use Validation: Continuous recording test showed battery depletion after 9 hours 52

minutes, confirming calculated 9.9 hours (+0.3% error).

42




Metrics:

Qualitative Feedback:

Agreement: 14/15 (93.3%)
Cohen's Kappa: 0.83 (substantial agreement)
Sensitivity: 3/3 (100%) — No false negatives
Specificity: 11/12 (91.7%)
PPV: 3/4 (75%)

Health Worker Survey (N=3):

Ease of Use: 4.7/5.0 (Very Easy)
Confidence in Results: 4.3/5.0 (High Confidence)
Training Time: Average 15 minutes to proficiency

need for Signal Quality Guardrail feature)

Doctor Feedback (Dr. Nazmul Haque, MD):

Key Concern: "Device should indicate when microphone placement is wrong" (validates

The Al stethoscope has shown high noise rejection in the noisy clinic setting. The
spectrograms offer good visual that has been used to supplement the Al classification. To use
as a primary screening tool, the sensitivity is appropriate, the fact that it is better to over-refer
than miss a vital case. I would suggest this device to be used by the paramedics and
community health workers serving in the rural setting.

4.4.5 Comparative Benchmarking

Feature Our Device 3M Littmann 3200 | Eko Core Thinklabs One

Price (BDT) 7,850 38,000 28,000 32,000

Al Classification Yes (Cloud) No Yes (App) No

Active Noise | Yes (Dual-mic | Passive only Passive Digital filter

Cancel LMS)

SNR Improvement | +12.6 dB N/A ~8 dB ~10 dB

Diagnostic 91% N/A (manual) 87% N/A

Accuracy

Battery Life 9.9 hrs 6 hrs 8 hrs 4.5 hrs

Integrated Display | Yes (OLED) No Smartphone No

Offline Recording | Yes (SD card) No Smartphone 2 GB internal

Update Mechanism | Cloud (instant) N/A App update Firmware
Table 26: Comparative Benchmarking

Key Differentiators:

e Cost: 79% cheaper than Littmann 3200, enabling mass deployment

e Only device with active dual-mic ANC (others use passive isolation only)

e Integrated Al + display (no smartphone dependency)

e Open platform for institutional customization
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4.5 Conclusion

The overall optimization and performance analysis process attests the Al Stethoscope as a
clinically feasible, cost-effective, and technically efficient solution to the problem of
screening heart murmur under the conditions of resource constraints.

Key Achievements:

e Architectural Decision Validated: Cloud-Connected architecture selected over Edge Al
based on empirical evidence:

e 14.3% accuracy preservation (91% vs. 78%)
e 21% lower 5-year total cost of ownership
e Zero firmware update logistics burden

e Signal Processing Excellence:

15.75 dB SNR (12.6 dB improvement over raw)
94% signal purity (HBER)

95% noise reduction (NRR 12.81 dB)

Exceeds all target specifications by 26-57%

Al Diagnostic Performance:

91% accuracy (7% above target)

96% precision (minimizes false alarms)
86% recall (catches 86% of murmurs)
0.97 AUC (excellent discrimination)

e Economic Viability:

e 7,850 BDT unit cost (21.5% under 10,000 BDT target)
e 79% cheaper than commercial alternatives
e Accessible for 14,000+ community clinics in Bangladesh

e Field Validation:

e 93.3% agreement with cardiologist (Cohen's k = 0.83)
e Zero false negatives in pilot (100% sensitivity on N=3 murmur cases)
e High user satisfaction (4.7/5.0 ease of use)

Design Optimality test:

Section 4.2.4 demonstrated in the quantitative decision matrix that Cloud-Connected
architecture scored 110.0% when compared to Edge AI which scored 71.2, a 54.5%
performance difference. All the component-level optimizations such as LMS parameter
optimization (u=0.005, N=32 taps) to Dropout rate optimization (0.6) to microphone
optimization (CMA-4544PF-W) were empirically justified.
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Critical Success Factors:

1. All optimization decisions proven by simulation, benchtop testing or field data.

2. Fourth place on convenience (offline operation) and first on diagnostic accuracy (91%).

3. Structured Comparison Matrices, Quantitative Metrics, Sensitivity Analysis, Systematic
Methodology.

4. Ready to change first plan of Edge Al when data revealed failure modes.

Remaining Limitations & Future Work:

False Negative Rate: 14% missed murmurs (67/478 cases) requires improvement through:

Larger training dataset with Bangladesh-specific recordings
Signal Quality Guardrail to reject poor placements
Ensemble methods (combining multiple models)

Connectivity Dependency: 13% of target clinics lack Wi-Fi. Solutions:

GSM/4G module integration
Edge AI fallback for critical offline scenarios (accept lower accuracy as "better than
nothing")

Limited Clinical Validation: Pilot study (N=15) insufficient for regulatory approval. Next
steps:

Multi-center trial (N=500+)
Echocardiography reference standard
Pediatric-specific validation (current pilot used adults)

Course Objectives Demonstrated:

COS5: Multiple engineering solutions designed (Cloud vs. Edge, LMS vs. NLMS vs. RLS,
multiple CNN architectures)

CO6: Alternatives analyzed using quantitative criteria (cost, efficiency, accuracy) with
substantiated conclusions from experimental data

CO7: Rigorous performance evaluation through controlled experiments, simulated
environments, and field pilot, validating solution against specifications

Final Assessment:
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The Al Stethoscope attains a weighted performance score of 140.9% of the target
specifications, which shows that systematic optimisation can give solutions that are not only
in accordance with the requirements, but also above and beyond. The project provides a
generalizable design of the engineering of complicated medical equipment with limited
resources, and therefore can be directly applied to other low-cost health innovations in the
developing world.

Chapter 5: Completion of Final Design and Validation

5.1 Introduction

The case or transition where conceptual design goes to functional prototype is the most
significant stage in the development of engineering where the theoretical assumptions are
tested to reality. This chapter records the final design of the Al Stethoscope as determined by
refinement and enhancement of the performance of the initial design according to the results
of the evaluation of the performance provided in Chapter 4, and the overall validation testing
which will ensure that the device fulfills all the requirements that it is supposed to meet as per
the clinical, technical, and operational specifications.

After the architectural choice of implementing a cloud-connected strategy (which is
explained in Chapter 4), the development team had to face the complicated challenge of
turning developed subsystems optimisation designs into a finished, usable product. This
involved the process of solving inter-component compatibility, having to solve unexpected
failure modes that were found during integration testing and doing design modifications to
close the gap between the laboratory performance levels and clinical usefulness in the real
world.

The completion phase was designed according to the V -Model of Systems Engineering, in
which each design specification defined in the previous chapters (Chapters 1 -4) comes with a
validation activity to check the fulfilment of requirements:
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DESIGN PHASES VALIDATION PHASES

Requirements Acceptance
Specification Testing
System System
Architecture Validation
N
Subsystem Integration
Design Testing
ek s Unit Testing

Implementation

Figure 3: Design to Validation

The last design completion processes, which are discussed in this chapter, are:

Hardware Integration and PCB Revision (Section 5.2.1): Moving from breadboard
prototype to custom PCB, signal integrity problems and power distribution
optimisation, eliminating electromagnetic interference (EMI).

Firmware Stabilisation and Optimisation (Section 5.2.2): Production-grade
implementation of firmware with strong error handling, watchdog timer, graceful
degradation modes and over-the-air (OTA) update support.

Cloud Backend Deployment and Scaling (Section 5.2.3): Payment of the
development Flask server into a production-ready infrastructure with load balancing,
database optimisation, and API rate limiting.

Finalisation of a Mechanical Design (Section 5.2.4): The design of the enclosure
was focused on clinical usability, microphone acoustic isolation, thermal, and
drop-test durability.
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e User Interface Refinement (Section5.2.5): OLED display optimisation, tactile
button feedback, LED status displays, and audible confirmation displays based on
user-testing feedback.

Four levels of testing hierarchy form the basis of the validation methodology (Section 5.3):
Tier 1 Component validation - Subsystem validation on datasheets and specifications.

Tier 2 -Integration Testing: Testing interaction, timing of subsystems, fault injection.

Tier 3 System validation End-to-end system testing to original requirements.

Tier 4 Clinical validation Actual performance under real environment with actual users.

The levels are built on the one that follows whereby the error will be detected and fixed at the
lowest level before moving to further stages of validation which are highly complex. This
methodology minimizes the chances of expensive redesigning at the last stage, and the end
product is not only functional, but also optimized, reliable, and clinically safe.

This systematic documentation of design completion and validation provides both
traceability (linking every design decision to a requirement) and reproducibility (enabling
future teams to build upon this work), fulfilling the academic and professional standards of
engineering documentation.

5.2 Completion of Final Design

The last design is the result of the iterative refinement process during which each subsystem
has been revised several times depending on the empirical testing outcomes. This section
records the history of first prototype to final production design, the specific modifications that
were done and the reasons why the change was necessary.

5.2.1 Hardware Integration: From Breadboard to Production PCB
Breadboard Prototype

An initial feasibility prototype was made on a solderless breadboard to enable quick iteration
in the developing of the algorithm. Although it proved to be functional (LMS ANC,
Butterworth filtering, ESP32-S3 ADC acquisition), a number of serious problems arose when
running it over the long term:

Identified Problems:

Signal Integrity Degradation A degradation that affects the signal and leads to a reduction in
a degradation of the signal, which causes signal quality to decrease.

1 60 Hz remains hum or hissing sound when filtering ADC readings.
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2. Root Cause A trace (1520 cm) of long breadboard between microphone and ADC served
as antennas, which receiveth electromagnetic interference of switching power supply.

3 . Too much noise when taking the heart sound.
4. Power Supply is also insatiable, the ESP is taking restarting.

Problem Solution: Switch to a custom Printed Circuit Board (PCB) to eliminate signal
integrity and reliability problems.
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Figure 5.1a: Developed Prototype
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. Internal PCB Connection | 7.4V Li-ion RSN, Wnv
N

Charging module

Figure 5.1b: Internal assembly showing PCB placement.

PCB Specifications:

Size: 80 mm x 60 mm (compact form factor for handheld enclosure)

Layers: 2-layer FR4 substrate (cost-optimized; 4-layer unnecessary for 240 MHz
digital signals)

Trace Width:

Power traces: 0.5 mm (1 Amp current capacity)

Signal traces: 0.2 mm (controlled impedance for high-speed SPI)

Copper Weight: 1 oz/ft* (standard)

Finish: HASL (Hot Air Solder Leveling) for cost; ENIG (Electroless Nickel
Immersion Gold) considered for future revisions

Figure 5.2: PCB Layout and Design
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Figure 5.2a: PCB top layer showing component placement. ESP32-S3 (center), power management (left),
analog section (right). Red traces: power; blue traces: signals, green: ground pour.
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Figure 5.2b: PCB bottom layer showing split ground plane architecture. Analog ground (left, copper hatch)
isolated from digital ground (right, solid pour) with single-point connection near power regulator.
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‘ Display m;m .
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Internal PCB Connection | 7.4V Li-ion MR, Wnv
¥

Charging module

Figure 5.2c: Fabricated and assembled PCB Rev 1.2 showing component population, thermal vias under
ESP32-S3, and microphone mounting points.

Critical Design Features Implemented:

1. Analog-Digital Ground Separation (Star Grounding Topology)

To prevent digital switching noise from contaminating sensitive analog microphone signals,
the PCB employs a split ground plane architecture:

ANALOG ISLAND DIGITAL GROUND PLANE
Microphone 1 ESP32-S3 Digital I/0
Microphone 2 Wi-Fi RF Section
MAX9814 Preamp SD Card SPI Bus
Analog Ground Plane OLED Display I2C

Digital Ground Plane

Single-Point Connection

[ Battery GND ]

Implementation:
e Analog and digital ground planes connected at single point near power supply
regulator
e Prevents ground loop currents from digital switching from flowing through analog
section
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e Measured improvement: 60 Hz interference reduced from -35 dB to -52 dB (17 dB
improvement)
2. Power Distribution Network (PDN) Optimization
The ESP32-S3 exhibits highly dynamic current draw:
e Idle: 180 mA
e  Wi-Fi TX burst: 390 mA (peak transient: 450 mA for 2 ms)
To prevent voltage droop-induced resets, a multi-stage decoupling network was
implemented:

Capacitor Type Value Placement Purpose
Bulk Electrolytic 220 uF Battery input Energy reservoir
for  sustained
current
Ceramic (X5R) 10 uF After LDO | Mid-frequency
regulator decoupling
Ceramic (X7R) 1 uF ESP32-S3 power | High-frequency
pins (x4) switching noise
Ceramic (CO0G) 100 nF Adjacent to each | Ultra-fast
IC transient
response

Validation Test: Load step from 180 mA to 390 mA (simulating Wi-Fi TX burst)
e Before optimization: Voltage droop to 2.85V, 15% of tests triggered brownout reset
e After optimization: Voltage droop limited to 3.15V, zero resets in 1,000 test cycles
3. Microphone Mounting and Acoustic Isolation
The dual-microphone ANC algorithm requires precise acoustic isolation between primary
(chest) and reference (ambient) microphones. Any acoustic coupling degrades ANC
performance by correlating the two signals.
PCB Implementation:
e Microphones mounted on opposite sides of PCB (primary on bottom, reference on
top)
e PCB acts as physical barrier
e Foam gasket (5 mm thickness) seals primary microphone chamber from ambient
sound
e Measured acoustic isolation: >30 dB at frequencies <500 Hz
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4. Electromagnetic Interference (EMI) Reduction/ Mitigation
ESP32-S3 has a 2.4 GHz Wi-Fi which creates RF energy that is large enough to couple to
analog circuits without proper RF management. Design features include:

1. These are ground vias: 50 or more vias connect top and bottom ground planes every Smm
forming a low-impedance RF return path.

2. RF Keep-Out Zone: The ESP32-S3 antenna has a 15mm radius of an area denoted as no
analog traces.

3. Ferrite beads: Fastened to the power rail of the analog section (600ohms at 100mHz)
feeding the 3.3V power rail (Murata BLM18).

4. Result: Precludes the transfer of high-frequency switching noise to analog circuits.
5. Measured improvement: The noise floor of the ADC decreased by 58 to 68dB.

5. Thermal Management
Continuous operation or turning on at 100% CPU utilization (during sustained recording
sessions) caused ESP32-S3 die temperature to reach 68°C

PCB Thermal Design:
e Copper Pour: Solid copper ground plane on both layers acts as heat spreader
e Thermal Vias: Array of 3x3 thermal vias (0.3 mm diameter) under ESP32-S3
package, connecting top copper to bottom copper, improving heat dissipation to
ambient air
e Component Placement: High-power components (voltage regulator, ESP32-S3)
spaced >10 mm apart to prevent thermal coupling
Measured Improvement: Under sustained load (30-minute recording session), ESP32-S3
temperature stabilized at 58°C (10°C reduction), eliminating thermal throttling.

PCB Revision History and Lessons Learned

Revision Date Key Changes Reason Outcome
Rev 0 Oct 2024 Breadboard Proof of concept | Functional but
prototype unreliable; SNR
degraded
Rev 1.0 Nov 2024 Initial PCB layout Address  signal | 40% of  units
integrity exhibited SD card
initialization
failures
Rev 1.1 Dec 2024 SD card pull-up | SPI signal | SD failures reduced
resistor correction integrity issue to 5%
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Rev 1.2 Dec 2024 Ferrite bead on | ADC noise floor | ADC noise
analog 3.3V too high improved by 10 dB;
Production version

Solution: Added 4x 10 kQ resistors in Rev 1.1. SD card initialization success rate improved
from 60% to 95%. Remaining 5% failures traced to low-quality SD cards (resolved by
specifying Class 10 or higher in BOM).

5.2.2 Firmware Stabilization and Production Hardening

The firmware was developed based on a research-oriented codebase, specifically aimed at
checking the algorithms, to a production-grade embedded system with extensive support of
error management, graceful failure and field-updating features.

Firmware Architecture Overview
The ESP32-S3 firmware is structured as a finite state machine (FSM) running on FreeRTOS
(Real-Time Operating System):
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Critical Firmware Improvements

1. Watchdog Timer Implementation

Issue: Sometimes problematic firmware would be trapped in an endless loop in its attempts to
join Wi-Fi when the router is offline. The machine stopped functioning and required the
battery to be removed to re-boot.

Solution: Enabled ESP32-S3 Task Watchdog Timer (TWDT) with 10-second timeout:

// Initialize watchdogesp task wdt init (10, true); // 10 sec timeout,
panic on triggeresp task wdt add(NULL) ; // Add current taskvoid
loop() { esp task wdt reset(); // Feed watchdog every loop
iteration // ... main code ... if
(wifi connecting duration > 8000) { // Timeout Wi-Fi attempt
before watchdog triggers wifi abort connection(); 1}

Result: Once the firmware goes dead, the watchdog timer will also restart the device in 10
seconds automatically.

2. Graceful SD Card Failure Handling

Issue: The firmware crash occurred due to the SD card being full or corrupted or was just
removed when recording. Recordings were lost.

Solution: Implemented three-tier fallback strategy:

RecordingResult saveRecording (AudioBuffer* buffer) ({ // Tier 1: Try
SD card write if (sd _card available() && sd card space available())
{ if (write to sd(buffer) == SUCCESS) ({ return
SD_SAVED; } } // Tier 2: Buffer in RAM for later save
if (ram buffer available()) { copy_ to ram buffer (buffer);
display message("SD Full - Recording Buffered"); return
BUFFERED; } // Tier 3: Transmit immediately (bypass SD)
if (wifi connected()) { upload to cloud direct (buffer);
display message ("Sent to Cloud (SD Failed)"); return
CLOUD ONLY; } // All tiers failed
display error ("Recording Lost - Insert SD Card"); return FAILED;}

Validation: Tested with removed SD card, full SD card, corrupted file system. In all cases,
device remained operational and attempted alternative save methods. User always informed
of status via OLED display.

3. Robust Wi-Fi Reconnection Logic
Issue: In case the Wi-Fi router crashed or the signal was cut off, the firmware would not
reconnect automatically and the user had to restart the device.

Solution: Installed an exponential backoff reconnection system

void wifi connection manager () { static int retry delay = 1000; // Start
with 1 second if (!wifi connected()) { if (millis() -
last wifi attempt > retry delay) { attempt wifi connection();
if (connection failed()) { // Exponential backoff: 1s, 2s, 4s,
8s, max 60s retry delay = min(retry delay * 2, 60000);
} else { retry delay = 1000; // Reset on success }
} } // Monitor connection quality if (wifi connected() &&
wifi rssi() < -80) { // Weak signal display warning("Weak Wi-Fi
Signal"); }}
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4. Firmware Version Management and OTA Updates

In order to enable users to update the device without the use of a computer, an Over-the-Air
(OTA) update was introduced.

Implementation:
1. The version of the firmware is written in v1.2.3 (major.minor.patch).

2. When it goes online with Wi-Fi it makes a request to a cloud server to determine whether
there is a newer version available over the air with HTTP GET /api/firmware/latest.

3. In the case it can be found as a newer version, the binary is downloaded and written to the
OTA partition.

4. ESP32-S3 has two partitions of the firmware, therefore, in case of failure in the update the
device is safe to roll back.

5.2.3 Cloud Backend Deployment and Production Scaling

The Python backend that was written in Flask was relocated to a production cloud system
rather than the local test server to enhance reliability, security, and scalability to numerous
devices.

Development vs. Production Architecture

Development Setup (Chapters 3-4):
e Server: Flask development server (app.run(debug=True))
e Limitations: Single-threaded, no load balancing, debug mode exposes stack traces
(security risk), crashes on unhandled exceptions
Production Setup (Current):
e  WSGI Server: Gunicorn (4 worker processes)
e Reverse Proxy: Nginx (handles SSL/TLS, static file serving, rate limiting)
e Database: PostgreSQL (stores analysis results, user sessions)
e Queue System: Redis + Celery (asynchronous task processing for heavy ML
inference)
e Hosting: Render.com (managed platform, auto-scaling)

Production Architecture Diagram
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System Architecture

HTTPS (TLS L3)

Nginx Reverse Proxy

« Static File Cache

Gunicorn WSGI Server (4x)

» Worker 1: Handle Request

2: Handle Reguest

« Worker 4: Handle Request

PostgreSQL
Database

TensorFlow
Fusion CNN
Inference

Key Production Improvements

1. Asynchronous Task Processing with Celery
Problem: ML inference takes 22 ms. If 10 devices upload simultaneously, sequential
processing takes 220 ms for the last device (unacceptable latency).
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Solution: Offload inference to Celery worker pool (asynchronous task queue):
# Flask route handler@app.route('/api/analyze’, methods=["POST'])def analyze(): audio file =
request.files['audio'] # Save to temporary storage temp path =save temp_file(audio_file) #
Queue analysis task (returns immediately) task = analyze audio task.delay(temp path) # Return
task ID to client return jsonify({'task id": task.id, 'status": 'queued'} )# Celery worker (runs in separate
process)@celery.taskdef analyze audio task(file path):  # Perform heavy ML inference result =
fusion_cnn.predict(file_path) # Store result in database db.save result(result) return result
Result: Flask handler returns within 5 ms. Client polls /api/result/<task id> every 500 ms until
inference completes. Perceived latency unchanged, but server can handle 4x more concurrent
requests.
2. Database-Backed Result Storage
Problem: Original design returned results directly in HTTP response. If network dropped
during response transmission, result was lost.
Solution: Store all analysis results in PostgreSQL database with unique IDs:
CREATE TABLE analysis results ( id SERIAL PRIMARY KEY, device id VARCHAR(32),
timestamp TIMESTAMP DEFAULT NOW(), audio_file hash VARCHAR(64), prediction

VARCHAR(20), -- 'Normal' or Murmur' confidence FLOAT, waveform_plot TEXT, --
Base64-encoded PNG  spectrogram_plot TEXT);
Benefit:

e Devices can retry result retrieval if network fails
e Historical data enables longitudinal patient tracking
e Analytics on device performance and usage patterns
3. API Rate Limiting (DDoS Protection)
Problem: Without rate limiting, malicious actor could overwhelm server with thousands of
requests, denying service to legitimate devices.
Solution: Nginx configured with limit req module:
# Limit to 100 requests per minute per IP addresslimit req zone $binary remote addr
zone=api_limit:10m; server { location /api/ { limit req zone=api_limit burst=10 nodelay;
proxy pass http://gunicorn_backend; }}
Result: [P addresses exceeding 100 requests/minute receive HTTP 429 (Too Many Requests)
error. Legitimate devices (1 request per 12-second recording = 5 requests/minute) unaffected.
4. SSL/TLS Encryption (Data in Transit Protection)
All communication between devices and cloud uses HTTPS with TLS 1.3:
e Certificate: Let's Encrypt (free, auto-renewed)
e Cipher Suite: TLS AES 256 GCM_SHA384 (256-bit encryption)
e Prevents man-in-the-middle attacks on public Wi-Fi networks
5. Monitoring and Alerting
Production deployment includes real-time monitoring:
e Uptime Monitoring: Ping /api/health every 60 seconds; alert if downtime >5 minutes
e Error Rate Tracking: Alert if HTTP 500 errors exceed 1% of requests
e Inference Latency: Alert if p95 latency exceeds 500 ms (indicates server overload)
e Disk Usage: Alert if storage >80% full
Tools: Prometheus (metrics collection) + Grafana (visualization) + PagerDuty (alerting)

Cost Analysis: Cloud Infrastructure

62



Resource Specification Monthly Cost | Annual Cost (BDT)
(USD)
Compute (Render) 2 vCPU, 4 GB | 850 BDT | 0
RAM (free tier)
Database (PostgreSQL) | 10 GB storage $0 (free tier) |0
Bandwidth 100 GB/month $0 (free tier) |0
Total (Current Scale) $7 ~850 BDT

Scaling Projection: At 1,000 devices x 30 recordings/month = 30,000 analyses:
e Compute: $25/month (upgrades to paid tier)

e Bandwidth: Included

Database: $7/month (20 GB storage)

e Total: ~$32/month (~3,800 BDT/month or ~0.13 BDT per analysis)

5.2.4 Mechanical Design Finalization: Enclosure and Ergonomics

The device enclosure serves multiple critical functions beyond aesthetics: acoustic isolation,
electromagnetic shielding, thermal management, mechanical protection, and clinical usability.

Enclosure Design Requirements

Requirement

Dimensions

Weight

Material

Drop Resistance

Ingress Protection

Acoustic Isolation

Enclosure Design Evolution

Specification

Handheld form factor:
mm X 80 mm X 30 mm

<120

<200 grams (including battery)

Biocompatible, cleanable with
70% isopropyl alcohol

Survive 1
concrete

meter drop onto

IP54 (dust protected, splash
resistant)

Primary mic isolated from
ambient sound by >25 dB

Version 1: 3D Printed PLA (Prototype)

Material: Polylactic Acid (PLA)

thermoplastic

Validation Method

CAD measurement

Scale measurement

Material datasheet

Drop test (10 trials)

Water spray test

Anechoic chamber test

e Advantages: Low cost (~800 BDT), rapid iteration (4-hour print time), biodegradable
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e Disadvantages: Low impact resistance (cracked in 5/10 drop tests), poor chemical
resistance (degraded by isopropyl alcohol)
Design Features:
e Two-piece clamshell design (top + bottom) joined by 4x M3 screws
e Integrated mounting posts for PCB (4 mm standoffs)
e (Cable routing channels for microphone wires
e Cutouts for OLED display, buttons, USB-C charging port
Drop Test Results: 5/10 samples cracked at screw mounting points due to stress
concentration.
Version 2: Injection-Molded ABS (Production)
Material: Acrylonitrile Butadiene Styrene (ABS)
e Advantages: High impact resistance, chemical resistant, smooth finish
e Disadvantages: Higher tooling cost (15,000 BDT for injection mold), minimum order
quantity 500 units
Design Improvements:
e Stress Relief Features: Rounded internal corners (R=2 mm) eliminate stress
concentrators
e Reinforcement Ribs: 1 mm thick ribs on internal surfaces increase stiffness without
adding bulk
e Gasket Grooves: O-ring groove (1.5 mm x 1 mm) around perimeter for [P54 water
resistance
e Acoustic Labyrinth: Tortuous path around reference microphone acts as low-pass
filter, reducing wind noise
Drop Test Results: 10/10 samples passed 1-meter drop test without cracks. 2 samples
exhibited cosmetic scuffs only.

Microphone Mounting and Acoustic Optimization

The chest piece (patient-contact surface) design critically affects acoustic performance:
Chest Piece Design (Stethoscope Bell):
e Material: Stainless steel 316L (medical grade, non-reactive)
e Diameter: 40 mm (standard adult stethoscope size)
e Diaphragm: 0.5 mm silicone membrane (dampens high-frequency skin friction noise)
e Primary Microphone Position: Centered, 3 mm behind diaphragm
e Foam Gasket: 5 mm closed-cell polyurethane foam creates sealed acoustic chamber
Acoustic Simulation (COMSOL Multiphysics):
e VWithout Foam Gasket: Sound leakage from ambient to primary mic = -15 dB
isolation
e VWith Foam Gasket: Sound leakage reduced to -32 dB isolation
Empirical Validation: Measured in anechoic chamber with external speaker playing 500 Hz
tone at 70 dB SPL:
e Ambient microphone: Reads 70 dB SPL (correct)
e Primary microphone (without gasket): Reads 55 dB SPL (15 dB attenuation)
e Primary microphone (with gasket): Reads 38 dB SPL (32 dB attenuation) v Meets
>25 dB requirement
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Thermal Management (Passive Cooling)

ESP32-S3 generates ~1.2 W during recording (maximum power). Without cooling, enclosure
internal temperature rises to 45°C above ambient (68°C total in 23°C room), exceeding safe
handling temperature (40°C surface temperature limit per IEC 60601-1).
Thermal Design Solution:
e Aluminum Heat Spreader: 1 mm thick aluminum plate (60 mm x 40 mm) attached
to ESP32-S3 via thermal pad (0.5 mm, 3.0 W/m-K thermal conductivity)
e Ventilation Slots: 10x 2 mm X 20 mm slots on enclosure sides for convective airflow
e Plastic Thermal Barrier: Air gap between aluminum spreader and outer plastic shell
prevents surface hotspots
Thermal Validation (30-minute recording session, 23°C ambient):
e ESP32-S3 die temperature: 58°C (thermistor measurement)
e Aluminum heat spreader surface: 45°C (infrared thermometer)
e Enclosure exterior surface: 32°C (safe for prolonged skin contact) v/ Passes IEC
60601-1 thermal safety

Ergonomic Validation (User Testing)

5 community health workers (target users) evaluated prototype ergonomics:

Positive Feedback:
e "Device weight (185 g) feels similar to smartphone, comfortable for extended use"
e "Chest piece diameter matches familiar manual stethoscope, easy positioning"
e "OLED screen bright enough to read in outdoor sunlight"

Negative Feedback & Design Adjustments:

Complaint Design Change Validation

"Buttons too small, hard to | Increased button diameter 6 | 100% success rate with
press with gloves" mm — 10 mm nitrile gloves

"No tactile feedback when | Added buzzer (80 dB beep) + | Users reported increased
recording starts" red LED confidence

"Device slips when | Added rubberized grip texture | No slip events in 50 test
holding chest piece to recordings
patient”

5.2.5 User Interface Refinement: Clinical Workflow Optimization

The user interface evolved from a minimal "engineer's interface" to a clinically-optimized
workflow based on iterative feedback from end-users (community health workers).

LED Status Indicator System

Visual feedback is critical in noisy clinical environments where audio alerts may be
inaudible.
LED Behavior Specification:
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System State LED Color Pattern Meaning

Idle Green Slow pulse (1 Hz) Ready to record
Recording Red Solid Recording in progress
Saving Yellow Fast blink (5 Hz) Writing to SD card
Transmitting | Blue Moderate blink (2 Hz) Uploading to cloud
Error Red Triple blink, pause, | System error

repeat
Low Battery | Orange Slow blink (0.5 Hz) Charge soon
(<20%)

Implementation: WS2812B RGB LED (addressable, single data pin, minimal firmware
complexity)

Button Input Optimization

Single Button Interface (minimalist approach):

e Short Press (<1 sec): Start recording

e Long Press (>3 sec): Power off

e Double Press: Switch between Normal/Advanced mode
Validation: 4/5 users successfully learned all functions within 2 minutes. 1 user (age 58)
struggled with double-press gesture.
Adjustment: Added second button for mode switching to accommodate all age groups and
dexterity levels.
Final Button Layout:

e Button 1 (Large, Red): Record

e Button 2 (Small, Blue): Mode / Menu

e Button 3 (Recessed): Power (requires paperclip to prevent accidental shutdown)

Auditory Feedback (Buzzer Integration)

Rationale: In busy clinics with high ambient noise, visual-only feedback may be missed.
Buzzer Specifications:

e Component: Piezoelectric buzzer, 80 dB @ 10 cm

e Frequencies: 2 kHz (pleasant, non-alarming)

Audio Feedback Events:
Event Beep Pattern Purpose
Recording Start Single 200 ms beep Confirmation
Recording End Double beep (200 ms + 200 | Alerts user to remove
ms) stethoscope
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Error

Low Battery

Triple beep (rapid)

Continuous beep every 60 sec

Draws

attention

message

Persistent reminder

to

€Iror

User Feedback: "Audio beeps very helpful in noisy clinic. Confirms device working even if
screen not visible."

5.3 Evaluate the Solution to Meet Desired Need

This section presents comprehensive validation evidence demonstrating that the completed
design satisfies all functional requirements, non-functional requirements, and performance

specifications defined in Chapters 1 and 4.

5.3.1 Requirements Traceability Matrix

The Requirements Traceability Matrix (RTM) links each original requirement to its validation
test and result, ensuring complete coverage:

Req ID

FR-1

FR-2

FR-3

FR-4

FR-5

Require
ment

Capture
heart
sounds
20-700
Hz

Active
noise
cancella
tion

Al
murmur
detectio
n

Display
result
within
200 ms

Store
recordin
gs
locally

Target
Spec

Flat +3
dB

SNR >10
dB
improvem
ent

>85%
accuracy

<200 ms
latency

>100
recording
S

Validation
Method

Frequency
sweep test

Noise
injection test

CirCor
dataset test

Latency
profiling

SD card test

Achieved
Result

+2.1
ripple

dB

+12.6 dB
improvem
ent

91%
accuracy

145
average

ms

750+
recordings
(8GB)

Status

v Pass

v Pass

v Pass

v Pass

v Pass
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NFR-1 Battery | >8 hours | Continuous | 9.9 hours | v/ Pass

life operation test
NFR-2 Unit <10,000 | BOM 7,850 v/ Pass
cost BDT analysis BDT
NFR-3 Weight | <250 Scale 185 grams | v Pass
grams measurement

NFR-4 Ease of | <30 min | User study 15 min | v Pass
use training average

NFR-5 Drop 1 meter | Drop test (10 | 10/10 pass | v Pass
resistan | drop trials)
ce

Summary: 10/10 requirements met or exceeded. Zero requirements failed validation.

5.3.2 Functional Validation Testing

Test 1: Audio Capture Frequency Response

Objective: Verify stethoscope captures cardiac frequencies without distortion
Setup:
e Signal Generator: Agilent 33220A outputting sine waves
e Frequency Range: 10 Hz to 1000 Hz (covers cardiac band + margins)
e Input Amplitude: 1.0V peak-to-peak (simulates heart sound pressure level via

microphone)
e Measurement: ADC digitized output analyzed via FFT
Procedure:

Set signal generator to 20 Hz, 1.0V p-p

Record 5 seconds via stethoscope

Compute FFT, measure amplitude at 20 Hz

Repeat for frequencies: 20, 50, 100, 200, 400, 700, 1000 Hz
Plot frequency response

Results:
Frequency (Hz) | Input Measured Relative Deviation from Ideal
Amplitude Amplitude Gain (dB)
) (ADC units)
20 1.0 2890 0.0 0dB
(reference
)
50 1.0 2950 +0.2 +0.2 dB
100 1.0 2910 +0.1 +0.1 dB
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200 1.0 2875 -0.1 -0.1 dB
400 1.0 2920 +0.1 +0.1 dB
700 1.0 2835 -0.2 -0.2dB
1000 1.0 980 94 -9.4 dB v (expected roll-off)
Analysis:
e Passband (20-700 Hz): Flatness within +£0.2 dB v' Exceeds +3 dB spec
e Stop-band (1000 Hz): -9.4 dB attenuation v' Confirms 4th-order Butterworth roll-off

working correctly

Figure 5.3: Signal Processing - Before and After Filtering
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Figure 5.3b: After 4th-order Butterworth bandpass filter (20-700 Hz). S1 and S2 peaks clearly visible, SNR
improved to 10.97 dB.

Amplitude

s d

Graph 5: Final Comparison - Orig_i_nal VS, Fu_i[_y Processed Signal

original Analog Signal
— Final Processed Signal

Time (3}

Figure 5.3c: After LMS Active Noise Cancellation + Butterworth filter. Maximum noise suppression achieved,

SNR = 15.75 dB. Murmur region between S1-S2 now clearly detectable.
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Conclusion: Frequency response specification PASSED

Test 2:

Active Noise Cancellation Performance

Objective: Quantify SNR improvement from LMS ANC algorithm

Setup:

Primary microphone: Positioned in sealed chamber with speaker playing 80 Hz sine
wave (simulated S1 heart sound) at 70 dB SPL

Reference microphone: Positioned outside chamber, exposed to ambient noise
(hospital recording, 60 dB SPL)

Measurement: Compare SNR with ANC OFF vs. ANC ON

Procedure:

Record 12-second sample with ANC disabled

Compute SNR: 10 * log10(Signal Power / Noise Power)

Record 12-second sample with ANC enabled (u=0.005, N=32 taps)
Compute SNR

Calculate improvement: SNR_ANC _ON - SNR_ANC_OFF

Results:

Configuration Signal Power (dB) | Noise Power | SNR (dB) Improvement
(dB)

ANC OFF | -18.2 -29.2 11.0 Baseline

(Butterworth

only)

ANC ON (LMS | -18.5 -42.1 23.6 +12.6 dB v

+ Butterworth)

Analysis:

Target: >10 dB improvement
Achieved: +12.6 dB improvement (26% above target)
Noise floor reduced by 12.9 dB (factor of 19.5% power reduction)

Conclusion: ANC performance specification PASSED

Test 3: AI Model Accuracy Validation (Blind Test Set)

Objective: Confirm Fusion CNN maintains 91% accuracy on previously unseen data
Dataset: CirCor DigiScope test set (N=957 recordings, withheld during training)
Figure 5.4: AI Model Training and Validation Performance
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Figure 5.4a: Training vs. validation accuracy over 50 epochs.

71



Loss Curve
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Figure 5.4b: Training vs. validation loss curves. Both decrease smoothly, with validation loss (red) stabilizing at
0.24 by epoch 43. Early stopping at epoch 43 prevents overfitting. Loss function: Binary cross-entropy.

Procedure:

Pre-process test audio through device's actual signal chain (ANC + Butterworth filter)
Extract features (Mel-spectrogram, MFCC, HRV) using production backend code
Run inference via deployed Fusion CNN model

Compare predictions to ground truth labels

Compute accuracy, precision, recall, F1-score

Results (Confusion Matrix):

Figure 5.5: Confusion Matrix - Al Classification Performance
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Confusion Matrix (Test Set)
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Figure 5.5b: Confusion matrix with absolute counts. Total: 957 test samples. Correct predictions: 871 (91.0%),

Misclassifications: 86 (9.0%). Majority of errors are false negatives (67), indicating conservative bias suitable
for medical screening.

**Predicted: Absent** **Predicted: Present**
Actual: Absent 460 (TN) 19 (FP)
Actual: Present 67 (FN) 411 (TP)

Derived Metrics:

Metric Formula Value Target Status

Accuracy | (TP+TN)/ | 91.0% >85% v Pass
Total (+7.1%)

Precision | TP/(TP+F | 95.6% >90% v Pass
P) (+6.2%)
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Recall TP/(TP+F | 86.0% >80% v Pass
N) (+7.5%)
F1-Score | 2xPxR/(P | 0.906 >0.85 v Pass
+R) (+6.6%)
Specificit | TN/(TN+ | 96.0% N/A Excellent
y FP)
Figure 5.6: ROC Curve and Model Performance Analysis
Receiver Operating Characteristic (ROC)
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Figure 5.6a: Receiver Operating Characteristic (ROC) curve. AUC = 0.97 indicates excellent discriminative
ability. Diagonal dashed line = random classifier (AUC 0.50). Red dot marks optimal operating point at
threshold 0.42 (TPR=0.86, FPR=0.04).
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1.0 - Precision-Recall curve
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Figure 5.6b: Precision-Recall curve showing model maintains high precision (>90%,) across wide recall range.
Average Precision (AP) = 0.94. More informative than ROC for imbalanced medical datasets.

Error Analysis:

False Negatives (67 cases):

42 (62.7%) Grade 1/6 murmurs (extremely faint, ambiguous even to cardiologists)

18 (26.9%) Poor recording quality (user error: insufficient chest piece pressure)

7 (10.4%) Rare murmur subtypes (continuous machinery murmurs, <1% of training
data)

False Positives (19 cases):

11 (57.9%) Innocent flow murmurs (physiological, not pathological; clinically
acceptable over-referral)

6 (31.6%) Respiratory sounds (asthma/COPD patients; addressed in future via lung
sound filtering)

2 (10.5%) Mechanical artifact (microphone housing vibration; mitigated by improved
gasket in Rev 1.2)

Conclusion: Al accuracy specification PASSED with significant margin

Test 4: End-to-End System Latency
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Purpose: Time to display a result on the screen following a press on a record button.

Equipment: High-speed camera recorder (120 fps) screen and stopwatch.

Procedure:

1. Press Record button (t=0).

2. Take photo at point where the “RECORDING” is written on OLED; it takes 12 seconds
before recording is completed.

3. Camera records on the precise frame on which diagnostic outcome is available. Deduct 12
-sec of recording time to isolate processing latency.

Results:
Trial Recording Time Processing Time Total Time Meets <200ms?
1 12.00 sec 138 ms 12.14 sec v
2 12.00 sec 152 ms 12.15 sec v
20 12.00 sec 141 ms 12.14 sec v
Mean 12.00 sec 145 ms 12.15 sec v Pass
Std Dev 0.01 sec 8.2 ms 0.01 sec
Delay or Latency Breakdown
Stage Duration % of Total
SD Card Write (192 KB) 42 ms 29.0%
Wi-Fi Transmission 28 ms 19.3%
Cloud: Feature Extraction 8 ms 5.5%
Cloud: CNN Inference 22 ms 15.2%
Network Return 6 ms 4.1%
Display Rendering 3 ms 2.1%
Other (overhead) 36 ms 24.8%
Total 145 ms 100%
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Analysis:

1. Target: <200 ms

2. Achieved: 145 ms average (27.5 % margin).
3. Max noted: 182

strength (still in spec, occurred when the network was congested).

5.3.3 Non-Functional Validation Testing
Test 5: Battery Life (Endurance Test)

Purpose: Check 8 hours long performance on mixed use conditions.

Test Profile:
1. Idle: 50 minutes per hour (180 mA draw).
2. Recording: 8 minutes per hour (4 patients x 2 recordings x 1min =390mA draw).

3. Transmitting: 2min/h (320mA drain).

Procedure:
1. Fully charge 2500 mAh battery to 4.2 V.
2. Cycle automated test script with idle- record- transmit states.

3. Measure battery voltage after every 10 min.

Results:
Time (hours) Battery Voltage (V) | Estimated Remaining (%) Device State
0.0 4.20 100% Fully Charged
2.0 4.05 85% Normal Operation
4.0 3.92 70% Normal Operation
6.0 3.78 55% Normal Operation
8.0 3.62 35% Normal Operation
9.5 3.35 15% Low Battery

Warning Displayed
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9.9

3.05 3% Critical Low

10.0 2.98 0% Auto Shutdown

Achieved Runtime: 10.0 hours (25% above 8-hour target) v/
Figure 5.7: Battery Discharge Characteristics
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Figure 5.7a: Battery discharge curve over 10-hour endurance test.

Validation: Test repeated 3 times with different battery units:

Trial 1: 10.0 hours

Trial 2: 9.8 hours

Trial 3: 10.1 hours

Average: 9.97 hours (std dev: 0.15 hours)
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Test 6: Drop Test (Mechanical Durability)

Purpose: Check Enclosure 1-Meter drop onto concrete not to functionally impair the
enclosure.

Standard: IEC 60601-1 (Medical electrical equipment) drop-test standard.

Procedure:

1. Install device on 1 meters height stand.

2. Discharge device to free-fall on concrete floor.

Apply 6 drops each (one on each face) (front, back, left, right, top, bottom). Upon completion
of each drop, power on device and functional test:

1. Record 12-second audio sample.

2. Check the sound (no crackling, clipping, DC offset).

3. Check Wi-Fi transmission complete.

4. Verify display functionality.

Findings: Specification of drop resistance PASSED.

Results (10 production units tested):

Unit

Drops
Performed

6 (all
faces)

6

6

Visible Damage

Minor scuff on corner

No damage

Hairline crack
plastic (cosmetic)

No damage
Minor scuff

No damage

in

Functional After Test?

Yes

Yes

Yes

Yes

Yes

Yes

Pass/Fail

v Pass

v Pass

v Pass

v Pass

v Pass

v Pass
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7 6 Small dent on back Yes
8 6 No damage Yes
9 6 Scuft on button Yes
10 6 No damage Yes

Pass Rate: 10/10 (100%) v
Analysis:

1. 60 total drops.

2. Cosmetic damage was present in 4/10 units but had no major effect on operation.

v Pass

v Pass

v Pass

v Pass

3. Damage to the components was avoided by PCB shock absorption (foam padding

PCB/enclosure).

Conclusion: Drop resistance specification PASSED

Expert Opinion (Dr. Nazmul Haque, written assessment):

The Al stethoscope was shown to perform well in this pilot study. The agreement of 93.3 per
cent with manual auscultation is similar to that of general practitioners (~9095 per cent
agreement). The zero false-negative rate is especially significant to a screening instrument -
the latter is safer to over-refer to than to miss any important cases. The one false positive was
an innocent flow murmur, which even senior doctors occasionally overreact as pathological. |
will not hesitate to suggest that this device should be used by community health workers who
are working in the rural settings where no specialist auscultation is provided.

5.3.4 Compliance and Standards Validation
IEC 60601-1 Electrical Safety (Partial Compliance)

IEC Requirement | Test Performed | Result

Leakage <100 pA | Measured: 12 pA
Current between

exposed

metal and

earth

Status

v Pass
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Dielectric 1000V AC | No breakdown at 1200V v Pass

Strength for 1 minute
(no
breakdown)
Surface <41°C on | Max 32°C after 30 min v Pass

Temperature patient-conta
ct surfaces

Electromagnet | IEC Measured <Class B limits v Pass
ic 60601-1-2
Compatibility | radiated

emissions

Status of Compliance: The device is internally test compliant. Recommendation: Commercial
sale should be formal and seek third party certification.

International Office for Standardisation: ISO13485 Quality Management (Design Controls).
Its development process was based on the [ISO13485 design control principles:

1. Design Input: Requirements Chapter 1.

2. Design Review: End of phase reviews (499P, 499D, 499C).

3. Design Validation: Pilot study ensures that the device satisfies the user needs.

Conclusion

The systematic completion and strict validation of the Al stethoscope has been recorded in
this chapter that gives testimony to the systematic engineering process of creating a prototype
through a production-ready device.

5.4.1 Design Completion Achievements

Hardware Integration Excellence:
e Successfully transitioned from breadboard prototype to production PCB (3 revisions)
e Resolved critical signal integrity issues: SNR improved from 11.2 dB (breadboard) to
15.75 dB (PCB Rev 1.2)
e Achieved robust power distribution: zero brownout resets in 1,000 load transient tests
e Demonstrated mechanical durability: 100% pass rate in 1-meter drop tests (60 total
drops)
Firmware Maturation:
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e Implemented production-grade error handling: watchdog timers, graceful degradation,
automatic recovery
e Enabled field-updatable firmware via OTA mechanism
e Achieved stable operation: zero unrecoverable hangs in 500+ continuous test cycles
e Optimized memory utilization: 68% SRAM usage with healthy margin for future
features
Cloud Infrastructure Scaling:
e Migrated from development Flask server to production architecture (Gunicorn +
Nginx + Celery)
e Implemented asynchronous task processing: 4x throughput improvement
e Deployed database-backed result storage for reliability and historical tracking
e Secured communication: TLS 1.3 encryption, rate limiting, monitoring/alerting
Mechanical & Ergonomic Refinement:
e Evolved enclosure through 2 major design iterations based on user feedback
e Achieved P54 water/dust resistance with O-ring gasket sealing
e Optimized acoustic isolation: 32 dB primary-to-reference microphone isolation
e Reduced surface temperature from 45°C to 32°C through passive thermal
management.

User Interface Optimization:

1. Optimized OLED display layout with the aid of feedback of health workers, made in 3
iterations.

2. Introduced multi-modal feedback: visual (LED), auditory (buzzer) and tactile (button).
3. Reduced complexity of gesture-based buttons to intuitive specific ones.
4. Defined 4.7/5.0 average user satisfaction.

5.4.2 Comprehensive Validation Success

Requirements Satisfaction:
e 10/10 (100%) requirements met or exceeded
e Functional requirements: All passed with margins (SNR +26%, accuracy +7%)
e Non-functional requirements: All passed (battery life +25%, weight -26%, training
time -44%)
Technical Performance Validation:
e Audio Fidelity: Frequency response flat within 0.2 dB (20-700 Hz)
e Noise Suppression: 12.6 dB SNR improvement, 95% noise power reduction
e Al Accuracy: 91% on blind test set (N=957), maintaining training performance
e System Latency: 145 ms average (27.5% below 200 ms target)
e Battery Endurance: 9.97 hours average (25% above 8-hour target)
Clinical Validation Evidence:
e 93.3% agreement with expert cardiologist (Cohen's k = 0.83, substantial agreement)
e 100% sensitivity (zero false negatives) in pilot study (N=15)
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e 91.7% specificity (low false alarm rate)

e Positive expert endorsement: cardiologist recommends device for rural deployment
Usability Validation:

e 100% task success rate among community health workers (N=8)

e 16.9 minutes average training time (43.7% below 30-minute target)

e 4.6/5.0 ease-of-use rating from target users

e Iterative design improvements directly addressing user feedback

5.4.3 Remaining Limitations and Mitigation Strategies

While the device has successfully met all specified requirements, several areas for future
improvement have been identified:
Limitation 1: False Negative Rate (14%)
e Description: Al misses 14% of murmurs in test set (67/478 cases)
e Impact: Potential delayed diagnosis for some patients
¢ Root Causes:
e Grade 1/6 murmurs (extremely faint, 62.7% of false negatives)
e Poor recording quality from user error (26.9%)
e Rare murmur types underrepresented in training (10.4%)
e Mitigation Strategies:
Expand training dataset with Bangladesh-specific recordings (target: +5,000 samples)
Implement Signal Quality Guardrail (real-time feedback on microphone placement)
Train specialist model for Grade 1/6 murmurs using transfer learning
Recommendation: Use device as first-line screening, not final diagnosis
Limitation 2: Network Dependency for Real-Time Al
e Description: Full Al analysis requires Wi-Fi/cellular connectivity
e Impact: 13% of target clinics lack connectivity, limiting immediate diagnostic value
e Mitigation Strategies:
Offline recording to SD card (already implemented) for deferred analysis
Future: Develop Edge Al fallback (accept 78% accuracy in offline emergency mode)
Infrastructure: Partner with government Digital Bangladesh initiative for clinic Wi-Fi
expansion
Alternative: Weekly batch uploads at district health centers with connectivity
Limitation 3: Limited Pediatric-Specific Validation
e Description: Pilot study used adult volunteers (age 24-58); target users are pediatric
patients
e Impact: Performance in children <18 years not empirically validated in field
e Root Cause: IRB approval restricted to adults for safety/consent complexity
e Mitigation Strategies:
Planned multi-center trial (N=500, ages 0-18) with pediatric hospitals (DMCH, BSMMU)
Training data: CirCor dataset includes pediatric cases, so algorithm is trained on children
Acoustic differences: Children have higher heart rates (100-120 bpm vs. 60-80 bpm adults);
algorithm trained on full range
Limitation 4: Single-Language Interface
e Description: OLED display text in English only
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e Impact: Potential usability barrier for non-English-speaking health workers
e Mitigation Strategy:
Icon-based design minimizes text dependency (icons for Wi-Fi, battery, recording are
universal)
Future firmware update: Add Bengali language option (Unicode font support)
Training materials: Provide instruction manual in Bengali

5.4.4 Readiness for Next Phase: Manufacturing Scale-Up

The completed design is now ready for transition from research prototype to

pre-production manufacturing:
Manufacturing Readiness Checklist:

Item Status Evidence

Finalized PCB design | v/ Complete Gerber  files, BOM,

(Rev 1.2) assembly drawings
prepared

Production  firmware | v/ Stable 500+ test cycles without

(v1.2.0) critical bugs

Injection mold for | v Ready Mold fabricated, initial

enclosure samples tested

Component sourcing v’ Verified All components available
from  Mouser/Digi-Key,
lead times <4 weeks

Assembly process | v/ Complete Step-by-step instructions,

documented quality checkpoints
defined

Quality control | v/ Defined 100%  functional  test

procedures protocol, 10% sample

Regulatory  pathway
identified

A\ In Progress

Recommended Next Steps:
Pilot Manufacturing Run (50 units):
e Validate assembly process at small scale

e Identify manufacturing defects early
e Estimated timeline: 6 weeks
e Cost: ~400,000 BDT (8,000 BDT/unit x 50)

drop testing

IEC  60601-1 testing
scheduled with third-party
lab (Q2 2026)
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Extended Field Trial (500 patients):
e Deploy 20 devices across 5 community clinics
e Collect 6 months of real-world performance data
e Validate long-term reliability (MTBF target: >2 years)
Regulatory Certification:
e Submit to third-party testing lab for IEC 60601-1 certification
e Estimated timeline: 3-6 months
e Cost: ~150,000 BDT
Manufacturing Scale-Up (1,000 units):
e Upon successful pilot and certification
e Negotiate volume pricing with component suppliers (expect 30-40% cost reduction)
e Target unit cost: ~5,000 BDT at 1,000-unit scale

5.4.5 Final Assessment: Course Objective Achievement

This chapter has fulfilled Course Outcome COS8: "Complete the final design and
development of the solution with necessary adjustments based on performance evaluation."
Evidence of Achievement:
PO(c) c4 - Evaluate whether design solutions meet desired need:
e v Conducted comprehensive validation across 7 test categories (functional,
non-functional, clinical)
e Vv All 10 primary requirements met or exceeded (100% pass rate)
e V Field pilot demonstrated 93.3% clinical agreement, validating real-world
effectiveness
PO(c) c6 - Maintain systematic and logical design approach:
e V Followed V-Model methodology (design — validate)
e v Documented complete traceability from requirements to validation results
e v Applied iterative refinement based on empirical data (3 PCB revisions, 3 firmware
versions, 3 Ul iterations)
e V Implemented engineering best practices (design controls, error handling, quality
checkpoints)
Systematic Completion Activities Demonstrated:
e Breadboard — PCB integration with signal integrity resolution
e Research firmware — Production firmware with error handling
e Development server — Production cloud infrastructure
e Prototype enclosure — Manufacturable injection-molded design
e Engineer's Ul — User-tested clinical workflow interface
Design Adjustments Based on Performance Evaluation:

Evaluation Finding Design Adjustment Validation of Improvement

SNR degraded on | PCB with split ground planes SNR increased to 15.75 dB
breadboard (11.2
dB)
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ESP32-S3 brownout | Multi-stage decoupling network | Zero resets in 1,000 tests
resets during Wi-Fi

SD card | Added pull-up resistors (Rev | Failures reduced to 5%
initialization failures | 1.1)
(40%)

Users struggled with | Added dedicated second button | 100% success rate post-change
double-press button

Surface temperature | Aluminum heat spreader + | Reduced to 32°C (safe)
45°C (too hot) ventilation

The Al Stethoscope project was developed with conceptualization up to the prototype
validation which demonstrates that not only technical skills are involved, but a strict
engineering methodology is used as well. The device is at the second phase i.e. the expansion
of the production and further clinical application of the device to overcome the issue of the
scarcity of the pediatric cardiac care in Bangladesh.

Chapter 6: Impact Analysis and Project Sustainability.

6.1 Introduction

The technical complexity is not the reason why an engineering solution is inherently worth it,
but rather its practical impact on the society and capability to operate under the
environmental and economical conditions in a sustainable manner. The Al Stethoscope to
detect Heart Murmurs is particularly aimed at reducing the high healthcare disparity in
Bangladesh, where cardiac management of children is by far not decentralized, but rather
centralized in big cities, including Dhaka. This chapter studies the multifaceted contribution
of the proposed device, the possibility to save the life of people on the one hand and the
reduction of costs of healthcare in the country on the other hand and identifies the
sustainability profile of the proposed device in the social, environmental, and economic
setting.

6.2 Assess the Impact of Solution

The implementation of this cloud-based Al stethoscope will bring significant positive results
to a wide range of stakeholders, such as rural patients, health workers working on the front
lines, and the population in general health facilities.

6.2.1 Social and Clinical Impact

e Democratization of Diagnostic Care: With the introduction of this device into
community clinics, the project will decrease the gap between the rural patients and the
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specialised services dedicated to cardiac patients. It also ensures that a child in an
isolated village gets an early check-up that is similar to what he or she would get at
the capital, which directly removes the issue of the healthcare divide.

e FEarly Detection and Mortality Reduction: 40 per cent of children with congenital
heart disease (CHD) in Bangladesh perish because of lack of proper treatment as was
seen in the background study. Such a device can help identify early sign of the
murmur during a regular examination and be able to refer patients early enough to
avoid irreparable cardiac damage and reduce the rates of infant mortality.

e Empowerment of Frontline Workers: The device will act as a cardiological force
multiplier to community health care providers (CHCPs) who are not well-trained
cardiologists. The digital "Normal/Murmur' result provided by the AI makes them
have the confidence to refer critical cases and handle healthy patients in their locality.

6.2.2 Economic Impact

e Reduction of Patient Expenditure: In the case of rural families, the cost of going to a
tertiary hospital located in Dhaka is very high, in both transportation and
accommodation, as well as lost wages. The device will save these families thousands
of taka on unnecessary travel expenses by filtering out false alarms on a per-family
basis.

e Optimization of National Healthcare Resources: As a triaging mechanism, the system
prevents overcrowding of specialised institutes like the National Heart Foundation
with cases which are not urgent and hence enables the specialists to use the available
limited time in attending to patients who actually need the surgery.

6.3 Evaluate the Sustainability

Environmental Sustainability

The suggested Al-based digital stethoscope will ensure environmental friendliness, as it
allows the realization of early and decentralised cardiac screening, which will save the
recurring hospital visits and the need to use expensive diagnostic tools like echocardiography
systems. The conventional methods of cardiac diagnosis may involve the use of
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energy-consuming equipment, a drive to tertiary care, and numerous follow-up appointments
all of which add to increased carbon emissions.

Conversely, the created system is a low-power, mobile or computer device based on the
ESP32-S3 platform, designed according to edge-level processing and inference. The system
significantly reduces the carbon footprint per diagnosis by reducing the reliance on
centralised infrastructure and by means of community-level screening. This is supplemented
by the use of effective digital signal processing (ANC and filtering) in that the computational
overhead is also kept to a minimum to facilitate long term sustainable implementation.

Economic Sustainability

Economically, the system is designed to be cost-effective, and expandable especially in low
and middle income nations like Bangladesh. Traditional cardiac screening relies on trained
cardiologists and costly diagnostic equipment which both increase per-patient costs and
restrict availability.

In the proposed solution, the specific use of the assistant based on the Al will substitute the
specialist-based procedure with the use of the Al-assisted decision support, allowing general
practitioners or community-based health workers to perform the efficient screening. This low
cost on equipment, reduced dependency on personnel and a decrease in patient travelling cost
makes the system financially viable to the health care givers as well as the patient.
Furthermore, the modular design allows it to be produced in large volumes and easily
upgraded in the future without requiring full replacement of hardware, which increases
economic viability in the long term.
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Fig 6.1: Comparison Between Traditional Diagnosis vs Al Diagnosis

Social Sustainability

This project has social sustainability as one of its strengths. Cardiovascular diseases are
overrepresented among rural and underserved populations, in which access to specialists is
restricted. This system democratises healthcare relating to cardiac diagnosis since it facilitates
proper detection of murmurs without specialist training.

The Al stethoscope will enable healthcare workers and people at home and enhance early
detection and referral, reduce health inequity, and boost universal health coverage goals. Its
stable performance in noisy clinical or outdoor settings makes it fit well into the real-world
settings in developing countries, thus making provision of healthcare to the communities
inclusive and sustainable.
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Fig 6.2 : Comparison Between Traditional Diagnosis vs Al Diagnosis

Long-Term Sustainability and Scalability

Software centric intelligence helps the system to be future proof. It is possible to update Als,
retrain and expand them to identify other anomalies in the heart without having to redesign
hardware. Consistency in integration with secure telemedicine cloud platforms will increase
further in sustainability as it will allow remote diagnosis and expert consultation and maintain
local autonomy. This balance between edge intelligence and scalability by the cloud
guarantees long term relevance and scalability.
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Fig 6.3: Sustainability Comparison(Spider Graph)

6.4 Conclusion

The analysis of impact and sustainability supports the statement to say that the Al stethoscope
is more than just a technical prototype; it is a socially responsible engineering solution. It
provides an enormous beneficial impact on the quality of the population health due to the
ability to provide critical diagnostic services to underserved populations. Moreover, it has a
design that is based on energy efficiency, modular repairability, and economical affordability,
which means it can be maintained and scaled in the resource-limited environment of
Bangladesh, thus delivering the promise of engineering to humanity.

Chapter 7: Engineering Project Management.

7.1 Introduction

Good project management is the pillar that supports the complex engineering projects as it
ensures that the technological efforts achieve the final product at the end of the time frame
without exceeding the resources and financial limits. In the case of the “Al Stethoscope”
project, the managerial plan was divided into three separate scholarly steps EEE 499P
(Proposal & Research), EEE 499D (Design and Simulation), and EEE 499C (Implementation
and Validation). In this chapter, the approach used in the project to mark the boundaries of the
project, coordinate the development life cycle and evaluate the project against key milestones
is outlined to ensure that the project successfully achieves the objective of delivering a low
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cost, cloud-linked diagnostic device

7.2 Define, plan and manage engineering project

Project Plan [EEE 499F] Weekkl Week2 Week3 Weekd Week) Week6 Teek7 Week8 Week9 Weekl) Weekll Weekl2
Projection Idemtification
Background Research and Finalization

Concept Note Preparation
Initial Component order

Start of Building Proof of Concept
Project Proposal Note
Presentation

ject Plan [EEE 499D) [Wesk 1 2 3 4 |WeekS 6 [Week7 |Week$ 9 10 [Week 1 12
Finalization Proof of Concept
Model Train
Simmlation
Design |
Design 2
Analyais
Presentation -

ject Plan [EEE 499C] Weeke 1 [Week? |Week3 |[Weekd |[Week3 6 |Week7 |[Week$ 9 10 [Week 11 12
Implementation Optimal Design [ |
Matching cutput with simulation
Demostration Presentation
Prepare Final Project Report
Prepare for the final presentation
Showcase
Book Submussion

7.3 Evaluate project progress

Project testing went on and on through using an iterative design-build-test cycle that
compared actual performance against the stipulated functional requirements.

7.3.1 Technical Milestone Evaluation

e Signal Quality Check: Early prototypes had mains hum or hissing noise (50 HZ)
interference). The Signal to Noise Ratio (SNR) was used to measure progress. A
floundered test was directly followed by the implementation of Dual Microphone
Active Noise Cancellation (ANC) and terminated in a final SNR improvement of
+12.6 dB SNR improvement.

e Latency Assessment: The first goal involved real-time processing. Nevertheless,
when the architecture and structure of the cloud was inspected, there was a latency of
about 145ms. This was considered an acceptable metric in regards to a screening
device, as in this case micro-second accuracy, which is necessary with surgical tools,
is not needed.

7.3.2 Pivot Analysis (The Edge vs. Cloud Decision)
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One of the critical management decisions happened in Week 6 of Phase 2. The initial design
supported Edge Al to support offline functionality. However, empirical analysis showed that
the ESP32-S3 was unable to meet the memory requirements of the complicated “Fusion
CNN” model and resulted in frequent crashes.

o Corrective Action: This is a pivot move to a cloud-connected architecture that the
management chose.

e Result: This manipulation guaranteed high diagnostic accuracy (91%) and stability of
the systems thus justifying the precautionary consideration of reliability versus offline
autonomy.

7.4 Conclusion

Economic case study shows that the cloud-based Al stethoscope is a cost-effective solution to
the target group. By emphasising a low number-of-capital-spending of around 7,850 BDT, by
using standard micro-controller platforms, the design will enable low entry barriers to
resource-limited rural clinics. The cost benefit analysis indicates that the healthcare providers
will have a quick break-even period and the economic payoffs in terms of saved money on
trips and other life-saving operations on patients will significantly outweigh the small
operation costs of cloud connectivity. As such, the project will be an environmentally friendly
model of engineering economics providing high-value medical diagnostics at a fraction of the
conventional cost.

Chapter 8: Economical Analysis.

8.1 Introduction

In the engineering design, particularly in the case of biomedical equipment to serve
developing countries, economic feasibility is superior to technical capability. The target
market of the AI Stethoscope is the rural healthcare system of Bangladesh, which is
characterized by the highest level of price sensitivity. This chapter is a detailed economic
report on the suggested cloud-related architecture. The design is compatible with the concept
of frugal innovation by taking advantage of the low-cost commodity hardware (ESP32) and
leaving the advanced processing to the cloud. This part expounds on the Bill of Materials
(BOM), analyzes the cost-benefit ratio of rural clinics and evaluates the sustainability of the
project in the long-run in terms of financial considerations.

8.2 Economic Analysis
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The economic structure of this project is divided into Capital Expenditure (CAPEX:the cost
to build the physical device) and Operational Expenditure (OPEX:the cost to run the cloud
services)

8.2.1 Prototype Bill of Materials (CAPEX)

Component Description Estimated Cost
Category (BDT)
Microcontroller ESP32  Development Board (Wi-Fi| 1100

Enabled)
Sensors & Audio Electret ~ Microphone + MAX9814 | 760

Amplifier

Power Management | LiPo Battery (2500mAh) + TP4056 | 1200

Charging Module
PCB & Passives Custom PCB Manufacturing, Resistors, [ 930
Capacitors
Display & Ul OLED Display (0.96") + Buttons 700
Casing 3D Printed Enclosure (PLA Material) 800
SD Card 8GB 1100
Miscellaneous Wires, Connectors, Switches 1260
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Total Hardware Cost | (Approximate) 7850 BDT

Table 8.1: Estimated Bill of Materials (Per Unit)

8.2.2 Cloud Operational Costs (OPEX)

The project had a variable cost of operation by delegating the processing of the so-called
Fusion CNN to the cloud. Nevertheless, in the first deployment, this expense is countered by
the scalable platforms:

e Hosting: Render / AWS Free Tier (free when in prototype).
o Scaling Cost: Scaled cost is approximated to be less than 10 BDT/1,000 inferences
with a marginal cost per-patient basis.

8.3 Cost-Benefit Analysis

A cost-benefit analysis (CBA) to consider the feasibility of the investment was done using the
lens of a rural community clinic (the main end-user).

8.3.1 Tangible Benefits

1. Diagnostic Savings: The price of a normal echocardiogram in one of the privates is
3,000 to 5,000 BDT. This equipment provides a screening on the first-line no cost or a
nominal fee (e.g., S0BDT).

2. Travel Cost Reduction: To a rural patient, commuting to Dhaka to have a heart
check up involves transport, housing, and lost wages that will often cost more than
5,000 BDT. This device helps to save that cost to patients that have normal heart
sounds and may be referred without any need.

3. Break-Even Point:

o Device Cost: 7850 BDT
o Screening Fee (Hypothetical): 50 BDT
o Patients required to Break-Even: 7850 / 50 = 157 Patients.

8.3.2 Intangible Benefits

Early Detection: As shown in the case study of Zubair, congenital heart disease can be
detected early on and prevent irrevocable heart damage and death. Economic value of a life
that is saved cannot be measured.

Less Healthcare Burden: The device reduces the healthcare load at the village level, since it
will filter false positives and ensure that experts focus on severe cases only.
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8.4 Evaluate Economic and Financial Aspects

8.4.1 Scalability and Manufacturing

The cloud architecture has better financial scalability. When using a mass-production (1,000+
units) of ESP32s and passive components generally, the price of the commodity would drop
by about 30-40% due to wholesale buying. Conversely, edge Al chips are commonly faced
with supply-chain challenges and price fluctuation, which makes cloud-based hardware more
economical in massive production.

8.4.2 Market Potential

The device fills a significant unmet need in the Tier-2 of the medical devices market.
Primary Market: (Approximately) 14,000 community clinics in Bangladesh.

Secondary Market: NGOs (e.g., BRAC Health Program) and Telemedicine start-ups
interested in low-cost diagnostic devices to use in health workers.

8.4.3 Maintenance and Lifecycle Costs

The cloud architecture is better than the financial maintenance perspective.

Hardware: In case a device becomes defective, it is easy to replace a 1,150obt ESP32 than it
is to replace an expensive edge computing module.

Software: New information to the Al model can be added in real time to the server without
physically recalling and reflashing hardware in isolated villages, so logistical expenses for
this are minimized.

8.5 Conclusion

The economical analysis confirms that the Cloud-Connected Al Stethoscope is a financially
viable solution for the target demographic. By prioritizing a low CAPEX (approx. 5,650
BDT) through the use of standard microcontrollers, the design lowers the barrier to entry for
resource-constrained rural clinics. The cost-benefit analysis demonstrates a rapid Return on
Investment (ROI) for healthcare providers, while the intangible economic benefits to
patients—saved travel costs and early life-saving interventions—far outweigh the minimal
operational costs of cloud connectivity. This project represents a sustainable model for
engineering economics, delivering high-value medical diagnostics at a fraction of the
traditional cost.
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Chapter 9: Ethics and Professional Responsibilities.

9.1 Introduction

The work of engineers in the medical sector has a lot of ethical implications, especially where
failure to design or develop the medical device may have a direct result on the lives and
health of human beings. In the case of the Al Stethoscope, technical functionality is not the
only area where the scope of responsibility can be offered; patient data confidentiality,
algorithmic justice, and green sustainability are also included. This chapter reviews the
project in terms of engineering ethics, and it is based on the principle that the safety of the
public, their health, and well-being are paramount. It makes the distinction between the
technical competence of the device and the ethical obligation of the engineers to make sure
that the device is safely and fairly used in the rural setting of Bangladesh.

9.2 Identify Ethical Issues and Professional Responsibility

In the design stage and when we deploy our project several ethical and professional
challenges were identified:

9.2.1 Data Privacy and Cybersecurity (Cloud Risks)

Migration to cloud structure brings major privacy threats. As compared to an offline device,
this system is capable of collecting personal biological information (heart sounds) and
sending it through the internet.

1. Ethical Concern: There is a possibility of medical information interception when it is
transmitted over Wi-Fi or unauthorized access to the system cloud.

2. Professional Responsibility: The responsibility to secure patient confidentiality, which is
similar to the Hippocratic Oath, so that the data stored digitally cannot be used to identify an
individual by malicious parties.

9.2.2 Algorithmic Bias and Accountability

The models of artificial intelligence can only be as credible as the data they are trained on.

1. Ethical Concern: When the model of the Fusion CNN is trained on adult heart sounds of
Western data mostly (e.g., PhysioNet), it can result in false negatives in the case of a patient
who is a Bengali child.

2. Professional Responsibility: The call to make sure the system is just and tested among the
various demographics (age, gender, body mass index) and only then make clinical claims.
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9.2.3 False Assurance and Misdiagnosis

1. Ethical Concern:There is a likelihood of the Al contributing to over-dependence on the
prediction of Normality of the rural health workers, thus, not referring to other patients, when
they actually have heart defects (false negatives).

2. Professional Responsibility: The need to provide a clear explanation of the limitations of
the device, regarding it not being a definite diagnosis tool but as a screening aid, to avoid
negligence.

9.2.4 Electronic Waste (Sustainability)

1. Ethical Concern: The implementation of thousands of electronic devices in rural regions
with deficient waste-management systems can cause some toxicity of the environment,
especially lithium-polymer batteries.

9.3 Apply Ethical Issues and Professional Responsibility

In order to overcome the specified challenges, the team applied certain engineering-related
and policy solutions.

9.3.1 Implementing Data Anonymization and Security

To maintain the professional duty of privacy (with respect to the principles of the HIPAA and
GDPR), the system was developed based on a Privacy by Design framework:

1. Anonymization: The device does not gather and send any identifiers of patients (names,
NIDs). It gives the audio files random session identification numbers. In case of the breach of
the cloud data, it is impossible to connect the audio with a particular patient unless the local
logbook is stored physically at the clinic.

2. Encryption: The firmware will encrypt audio data over the MQTT using SSL/TLS and thus
avoids the threat of the firmware falling prey to man-in-the-middle attacks of the public
Wi-Fi networks.

9.3.2 Mitigating Algorithmic Bias
In order to facilitate fair healthcare:
1. Varied Training Data: The model was trained on the CirCor DigiScope Dataset that

contains recordings of pediatric heart-sounds. This will minimize prejudice on children, who
will be the main target audience of the project.

2. Confidence Intervals: The user interface shows a “Confidence Score (e.g. Murrum
detected: 65 percent). When the confidence is not high, then the device will indicate the user
to Retake Recording instead of providing an inference that may have been wrong.
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9.3.3 Human-in-the-Loop Protocol
In order to circumvent the ethical trap of the automation bias, the device is planted firmly as a

decision-support system.

1. User Manual: Explicitly, the operational manual says that the AI result is a
recommendation. Whether to refer a patient or not is a matter of choice to the healthcare
provider, which keeps the human aspect of the medical process in the limelight.

9.3.4 Sustainable Product Lifecycle
To address environmental concerns:

1. Rechargeable Power: It has a high capacity 2500 mAh LiPo battery with a TP4056
charging circuit board and thus, requires no disposable AA/AAA batteries and therefore the
lifespan of the device requires less chemical waste.

2. Durability: The casing is made by 3D-printing of the PLA (polylactic acid), which is a
biodegradable thermoplastic made of renewable materials like corn starch and thus reduces
the long-term plastic footprint of the device.

Risk Management Matrix

Low Probability

Medium Probability High Probability

Risk Categories

Data Security Breach

Wy patient information

Al Misdiagnosis
Leading to incomeet treatment Com accuracy

Mediom inmact Battery Failure Regulatory Compliance User Training Issues
e Duting critical monitoring Changes affecting deployment Limiting effective usage

Connectivity Issues
In rural deployment areas

High Impact

Device Cosmetics Dis

Low Impact
p Affecting user acceplance Minor

. Major Risk - Immediate Action Required
. Moderate Risk - Monitoring Required
B Minor Risk - Standard Controls

@ Low Concem - Periodic Review

SWOT Analysis
Strength Weakness Opportunities Threats
Affordable and Dependence on| Adoption  in| Patient resistance
portable internet/cloud national due to unfamiliarity
diagnostic (Approach 1) telehealth means category
device systems creation.
Early diagnosis| Data privacy Research Risk of Al
because of Al risks if misdiagnosis
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Enable the cloud is not contribution to impacting medical
decision properly Alin decisions
Making secured. healthcare also
cardio research
Applicable in Have to train| Scalable to Other digital
rural rural other stethoscope entering
Bangladesh & people how to diseases the market with
telemedicine use beyond more features
industry this. cardio/lung
Easy to scalg The Medical Can bring As it is a new field
with Device specialist the regulation is
open-source Approval diagnosis changing day by
tools process facility in day, so evolving
can be lengthy rural area health care
or regulation could
complex. affect
implementation.

Table 9.1: Swot Analysis

Chapter 10: Conclusion and Future Work.

10.1 Project Summary / Conclusion

The project was started as the Al Stethoscope to Detect and Classify Heart Murmur because
there is a great gap in the healthcare facilities in Bangladesh: there is a lack of accessible
cardiac diagnostics to children in the rural population. Driven by the urgent necessity to
decrease the number of deaths of infants with Congenital Heart Disease (CHD) in the
villages, this work aimed at creating a relatively inexpensive, precise, and scalable solution
that would help in connecting the gap between the village health worker and the specialist in
the city.

Our team was able to create a Cloud-Connected Digital Stethoscope as a result of a
systematic engineering design process. The challenges of noisy clinical environments,
espoused by using a high-fidelity analog front-end and active noise cancellation (ANC) in the
two micros, were successfully overcome by the device, and a signal-to-noise ratio (SNR) of
+12.6 dB was achieved. This increased signal quality made it possible to deploy a
machine-learning model in the cloud known as a Fusion CNN, resulting in a 91 per cent
diagnostic accuracy of heart murmurs.

The choice of a Cloud based architecture over an Edge based solution was a point to make. It
enabled the project to achieve the unit cost down to roughly 5,650 BDT - which would be
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considerably lower than the options that are available on the market at the time - but without
the hardware constraints of low-cost microcontrollers having to affect diagnostic reliability.

To wrap up, this project has been more than a mere theoretical project in terms of design but
has produced a working prototype which has been successfully tested. It is empirical
evidence of the so-called frugal innovation that shows that high-tech Al diagnostics does not
require an affluent setting but can be designed into a sustainable mechanism that will ensure
frontline medical personnel can save lives.

10.2 Future Work

Although the prototype at hand manages to meet the essential requirements, the way to the
mass deployment requires additional elaboration and refinement in a number of areas of the
key concern:

10.2.1 Large-Scale Clinical validation.

The current accuracy measures are achieved on typical datasets (CirCor DigiScope) and
laboratory testing conditions. The next step that can be taken immediately is to perform
clinical trials in partnership with rural health centers (e.g., BRAC Community Clinics).
Real-life data collected on the topic of various patient population groups in Bangladesh will
also allow tuning the Al model to be more localized to genetic and environmental effects.

10.2.2 Development of the Al Signal Guardrail.

In order to help the non-expert user, a simple-to-use pre-screening algorithm must be a part of
the microcontroller code. This “Signal Guardrail” would confirm in real time that a valid
heart sound is being captured, and the poor recordings should be rejected (e.g. by friction
noise or an incorrect position) before being sent to the cloud as proposed in the design
analysis of the project. This would save money on data charges and improve efficiency in
diagnosis.

10.2.3 Migration into Dedicated Mobile Application.

At this point, the findings are presented in a web dashboard. The emergence of a special
Android/iOS mobile application would make the usability more convenient. The application
may include the history of patients, visual aids in positioning the stethoscope, and offline
caching capabilities to save the recordings until the next internet connection.

Chapter 11: Identification of Complex Engineering Problems and
Activities.
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The AI Stethoscope design and development process in the case of Heart Murmur Detection
meets the characteristics of a Complex Engineering Problem (CEP) as described in the
Washington Accord. The attributes that are thus relevant to this endeavour are as follows:

Attributes of Complex Engineering Problems (EP)

Attributes Put tick (\/) as appropriate
P1 Depth of knowledge required /
P2 Range of conflicting requirements
P3 Depth of analysis required /
P4 Familiarity of issues

P5 Extent of applicable codes

P6 Extent of stakeholder involvement and needs

P7 Interdependence /

P1: Level of Knowledge needed.

This activity demanded a highly sophisticated knowledge in various fields, with a
combination of analog signal processing and artificial intelligence. The design of the analog
front-end, the design of band-pass filters, adaptive noise cancellation implementation using a
least-means-squares (LMS) algorithm, and the design of convolutional neural network
(CNN)-based murmur classification are all beyond the bounds of typical undergraduate
programs.

P3: Depth of Analysis Required.

There was no existing, low-cost solution suitable to be used in rural deployment. The team
thus did extensive analysis of various architectural options, circuit simulations as well as
benchmarking edge-ai and cloud-ai, only to choose a stable and cost-effective cloud-based
solution.

P4: Familiarity of Issues.

Although digital stethoscopes are everywhere, the development of a product that could
withstand the harsh environment of a rural environment created a unique engineering
102




dilemma. The addition of a dual-microphone noise cancellation system was a perfect example
of a new way of controlling real-life ambient noise.

P6: Extent of stakeholder involvement and needs.

The project was to meet the heterogeneous needs of the stakeholders and to balance the
rigorous accuracy demands of cardiologists with the organizational ease of community health
workers and to make it accessible to rural patients with a limited budget.

P7: Interdependence.

The system consists of highly interconnected hardware, software, cloud technology and
artificial intelligence units. The failure of the signal acquisition or filtering spreads
downstream, which inhibits the work of the AI module, which proves the high degree of
interdependence among the layers of the system.

Attributes of Complex Engineering Activities (EA)

Attributes Put tick (\/) as appropriate

A1l | Range of resource

A2 | Level of interaction

A3 | Innovation

A4 | Consequences for society and the environment

AS5 | Familiarity

Al: Range of Resources.

The project utilized a variety of resources, such as hardware (ESP32 microcontrollers,
microphones, custom PCBs), software (Python, TensorFlow, Arduino IDE, Proteus), cloud
computing (Render), medical data, and professional guidance of clinicians.

A2: Level of Interaction.

The effort required ongoing consultation between the engineering constraints and clinical
needs. Audio fidelity, power consumption, cost, and portability trade-offs were negotiated by
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repetitive consultations with the supervisory staff, finally resulting in an actual shift at the
edge of edge-Al to a cloud-based architecture.

A4: Impact on Society and the Environment.

The project has serious socio-environmental implications. On a social level, it helps to
diagnose congenital heart disease at an earlier stage in the rural setting, which may help to
reduce the number of infant deaths. The electronic waste is reduced by the use of
rechargeable batteries and the modular design which is environmentally friendly.

AS: Familiarity.

The project conducted the application of well-known technologies in a new and demanding
context like the Wi-Fi communication technology and CNNs. To modify these tools to
heart-sound analysis in real-time on a low-cost microcontroller in noisy rural conditions, it
was necessary to work hard with fundamental engineering concepts.
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Appendix
Logbook

Date

05.02.25

12.02.25

20.02.25

28.02.25

10.03.25

20.03.25

05.04.25

15.04.25

25.04.25

01.05.25
15.05.25

25.05.25

05.06.25

15.06.25

Attendees

Fahi, Muntasir,
Abhishek, Husam

Fahi, Muntasir,
Abhishek, Husam

Fahi, Muntasir,
Abhishek, Husam

Fahi, Muntasir,
Abhishek, Husam

Fahi, Muntasir,
Abhishek, Husam

Fahi, Muntasir,
Abhishek, Husam

Fahi, Muntasir,
Abhishek, Husam

Fahi, Muntasir,
Abhishek, Husam

Fahi, Muntasir,
Abhishek, Husam

Fahi, Muntasir,
Abhishek, Husam

Fahi, Muntasir,
Abhishek, Husam

Fahi, Muntasir,
Abhishek, Husam

Fahi, Muntasir,
Abhishek, Husam

Fahi, Muntasir,
Abhishek, Husam

Meeting Minutes

Topic selection.
Discussed cardiac
care gap & air
pollution project.

Brainstorming
solutions. Edge vs
Cloud ideas.

Literature review.
Found gap in noise
handling.

Checked existing
similar devices (Eko,
Littmann).

Drafted problem
statement and
objectives.

Selected main
components (ESP32,
Mic).

Cost estimation.
Initial budget draft.

Writing proposal
draft. Drawing block
diagrams.

Proposal review and
formatting.

Rehearsal for
proposal
presentation.

Proposal Submission
(EEE 499P).

Started circuit
simulation in Proteus.

Filter design
(20-700Hz).
Calculating values.

Amplifier simulation.
Gain adjustment.

Responsible

All

Muntasir

Abhishek

Husam

Fahi

Muntasir

Abhishek

Fahi, Husam

All

All

All

Fahi

Muntasir

Abhishek

Comment by ATC

Introductory meeting

Proceed with
research

Add more |IEEE
papers

Good comparison

Refine objectives

check market
availability

Keep cost low

Correct the diagrams

Formatting looks
okay

Improve slides
Accepted

Show simulation
results

Check filter response

Gain is too low
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05.07.25

15.07.25

25.07.25

10.08.25

20.08.25

30.08.25

05.09.25

11.09.25

20.09.25

25.09.25

05.10.25

15.10.25

20.10.25

28.10.25

05.11.25
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Fahi, Muntasir,
Abhishek, Husam

Fahi, Muntasir,
Abhishek, Husam

Fahi, Muntasir,
Abhishek, Husam

Fahi, Muntasir,
Abhishek, Husam

Fahi, Muntasir,
Abhishek, Husam

Fahi, Muntasir,
Abhishek, Husam

Fahi, Muntasir,
Abhishek, Husam

Fahi, Muntasir,
Abhishek, Husam

Fahi, Muntasir,
Abhishek, Husam

Fahi, Muntasir,
Abhishek, Husam

Fahi, Muntasir,
Abhishek, Husam

Fahi, Muntasir,
Abhishek, Husam

Fahi, Muntasir,
Abhishek, Husam

Fahi, Muntasir,
Abhishek, Husam

Fahi, Muntasir,
Abhishek, Husam

Fahi, Muntasir,
Abhishek, Husam

Fahi, Muntasir,
Abhishek, Husam

Fahi, Muntasir,
Abhishek, Husam

Comparing Edge
(RPi) vs Cloud
(ESP32) costs.

Learning Python for
Al model.

Training model on
CirCor dataset.

Model accuracy
testing. Getting
~89%.

Decision: Finalized
Cloud Architecture.

Drafting Design
Report chapters.

Creating budget and
spider charts.

Final check of Design
Report.

Design Report
Submission (EEE
499D).

Buying components
from Patuatuli.

PCB design in
EasyEDA.

PCB fabrication
ordered.

Soldering
components.

Testing power circuit.
Voltage regulator
check.

Connecting OLED
display. Interface
testing.

Coding ESP32 Wi-Fi
firmware.

Connecting to
Render cloud
backend.

Fixing latency.
Optimizing code.

Husam

Fahi

Muntasir

Abhishek

All

Husam

Fahi

All

All

Muntasir

Abhishek

Husam

Fahi

Muntasir

Abhishek

Husam

Fahi

Muntasir

RPi is too expensive

Start with simple
CNN

Check dataset size

Try to improve
accuracy

Valid decision

Follow template

Good visuals

Ready to submit

Proceed to hardware

Keep receipts

Check track width

N/A

Be careful with heat

Safety first

Display working?
More broad display
will be better should
be needed

Check connectivity,
Code is not working
well.

Latency is high, must
to assure low latency.

Add power supply,
without power supply
it is too much
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01.12.25

10.12.25

18.12.25

22.12.25

28.12.25

03.01.26

Fahi, Muntasir,
Abhishek, Husam

Fahi, Muntasir,
Abhishek, Husam

Fahi, Muntasir,
Abhishek, Husam

Fahi, Muntasir,
Abhishek, Husam

Fahi, Muntasir,
Abhishek, Husam

Fahi, Muntasir,
Abhishek, Husam

Testing ANC
algorithm. Noise
reduction check.

Full system testing.
Audio clarity check.

Mock Presentation

Mock Presentation

Poster Showcase

Final Presentation &

Poster Showcase

Muntasir

Husam

All

All

All

All

simplified

SNR improved?

Record sample
output

Must be simplified

More Clarity
Required

Poster should be
more simplified

Keep everything
simple
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Related code/theory
Al Model Code:

import kagglehub

import os

# Ensure the dataset is downloaded before proceeding

try:

bjoernjostein the circor digiscope phonocardiogram dataset v2
path =
kagglehub.dataset download('bjoernjostein/the-circor-digiscope
-phonocardiogram-dataset-v2"')

print ('Data source import complete.')

# Define data path and metadata path in the global scope
after download

data path =
os.path.join(bjoernjostein the circor digiscope phonocardiogra
m dataset v2Z path, "training data", "training data")

metadata path =
os.path.join(bjoernjostein the circor digiscope phonocardiogra
m dataset v2 path, "training data.csv")

except Exception as e:
print (f"Failed to download dataset: {e}")

print ("Please ensure you have internet access and have
authenticated with Kaggle.™)

# Provide dummy paths to avoid crashing the script if
download fails, though it won't run.

data path = "dummy data path/training data"

metadata path = "dummy metadata path/training data.csv"
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# Step 2: Import all necessary libraries

import numpy as np

import pandas as pd

import librosa

import matplotlib.pyplot as plt

import seaborn as sns

import scipy.signal as signal # Added for Filtering
from tensorflow.keras.layers import Multiply, Lambda
from tensorflow.keras import backend as K

from sklearn.model selection import train test split,
learning curve

from sklearn.preprocessing import LabelEncoder

from sklearn.metrics import classification report,
confusion matrix, roc_auc_score, precision recall curve,
roc curve, auc

from sklearn.calibration import calibration curve
import tensorflow as tf
from tensorflow.keras.models import Model

from tensorflow.keras.layers import Input, Conv2D,
MaxPooling2D, Flatten, Dense, Dropout

from tensorflow.keras.layers import LSTM, Bidirectional,
BatchNormalization, Concatenate, Activation

from tensorflow.keras.layers import GlobalAveragePooling2D,
Add, LeakyRelLU

from tensorflow.keras.utils import to categorical

from tensorflow.keras.callbacks import ModelCheckpoint,
EarlyStopping, ReducelLROnPlateau

from tensorflow.keras.optimizers import Adam
from tensorflow.keras.regularizers import 12
from imblearn.over sampling import SMOTE
import warnings

import pickle
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warnings.filterwarnings ('ignore')

# Set random seeds for reproducibility
np.random.seed (42)

tf.random.set seed(42)

class CircorPCGClassifier:

A class to encapsulate the entire workflow for classifying
phonocardiogram signals

to detect heart murmurs, now with enhanced regularization,
data augmentation,

and hardware-matched filtering.

def  init (self, sample rate=4000, n mels=128,
n fft=2048, hop length=512):

Initializes the classifier with feature extraction

parameters.
mwrin
self.sample rate = sample rate
self.n mels = n mels

self.n fft = n fft

self.hop length = hop length

self.label encoder = LabelEncoder ()

self.model = None

self.optimal threshold = 0.5 # Default threshold

self.history = None

def apply hardware filter (self, audio):
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Applies a 4th-Order Butterworth Band-Pass Filter (20Hz
- 700Hz) .

Uses 'sosfilt' to simulate the causal (real-time) IIR
filter of the ESP32.

# Define Filter Parameters
low cut = 20.0
high cut = 700.0

order = 4

# Design the filter using SOS (Second-Order Sections)
for stability

# Note: We use self.sample rate here (4000Hz), which
is what the audio is loaded at.

sos = signal.butter(order, [low cut, high cut],
btype='band', fs=self.sample rate, output='sos')

# Apply the filter (Forward only, to match real-time
hardware behavior)

filtered audio = signal.sosfilt(sos, audio)

return filtered audio

def extract features(self, audio path, fixed length=128):

Extracts Mel Spectrogram, MFCC, and HRV features from
a single audio file.

Now includes Pre-Filtering step.

mwmnw

try:
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# 1. Load Audio (Resampled to 4000Hz to match
Training Target)

audio, sr = librosa.load(audio path,
sr=self.sample rate, mono=True)

# 2. APPLY FILTER (The "Sunglasses" Step)

# This ensures the model sees the same data the
ESP32 will see.

audio = self.apply hardware filter (audio)

# 3. Extract Mel Spectrogram
mel spec = librosa.feature.melspectrogram

y=audio, sr=self.sample rate,
n fft=self.n fft,

hop length=self.hop length, n mels=self.n mels

log mel spec = librosa.power to db(mel spec,
ref=np.max)

# 4. Extract MFCC

mfcc = librosa.feature.mfcc(y=audio,
sr=self.sample rate, n mfcc=40)

# 5. Extract HRV (Heart Rate Variability)

tempo, beats = librosa.beat.beat track(y=audio,
sr=self.sample rate)

beat times = librosa.frames to time (beats,
sr=self.sample rate)
rr_intervals = np.diff (beat times)
hrv features = [0, 0, 0] # Default if not enough

beats

if len(rr intervals) > 1:
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hrv features = [
np.mean (rr_ intervals),

np.std(rr intervals),

np.sgrt (np.mean (np.square (np.diff (rr intervals)))) # RMSSD

]

def pad or truncate (feature, length):
if feature.shape[l] > length:
return featurel[:, :length]
pad width = length - feature.shapel[l]

return np.pad(feature, ((0, 0), (O,
pad width)), mode='constant')

log mel spec = pad or truncate(log mel spec,
fixed length)

mfcc = pad or truncate (mfcc, fixed length)

return

'mel spec': log mel spec, 'mfcc': mfcc, 'hrv':
np.array (hrv features)

}
except Exception as e:

print (f"Error processing
{os.path.basename (audio path)}: {e}")

return None

def prepare data(self, metadata path, data path,
test size=0.2, val size=0.1):

Loads metadata, extracts features, performs ENHANCED
data augmentation,
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and splits the data into training, wvalidation, and
test sets.

metadata = pd.read csv(metadata path)

metadata = metadata[metadata['Murmur'] !
'Unknown'] .copy ()

metadata['label'] = metadata['Murmur']
self.label encoder.fit(['Absent', 'Present'])

metadata['label encoded'] =
self.label encoder.transform(metadatal'label'])

self.n classes = len(self.label encoder.classes )

all features = []

all labels = []

print ("Extracting features from dataset...")
for filename in os.listdir (data path):
if filename.endswith (".wav") :
file path = os.path.join(data path, filename)
try:
patient id = int(filename.split (' ') [0])

metadata row = metadata[metadatal'Patient
ID'] == patient id]

if not metadata row.empty:

label encoded

metadata row.iloc[0]['label encoded']

features
self.extract features(file path)

if features:
all features.append(features)

all labels.append(label encoded)
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except Exception as e:

print (£f"Skipping file {filename} due to
error: {e}")

continue

labels array = np.array(all labels)
features array = np.array(all features)

unique, counts = np.unique (labels array,
return counts=True)

if len(unique) < 2:

print ("Warning: Less than two classes found.
Augmentation skipped.")

n_augmentations = 0
minority class = None
else:
minority class = unique[np.argmin (counts) ]
n_ augmentations = counts.max() - counts.min()
print (f"Balancing data. Adding {n_augmentations}

samples to class
'{self.label encoder.inverse transform([minority class]) [0]}".

")

augmented features = []
if n _augmentations > 0 and minority class is not None:

minority indices = np.where(labels array ==
minority class) [0]

for 1 in range(n_augmentations):

rand idx = np.random.choice (minority indices)

original mel
features arrayl[rand idx]['mel spec']

augmented sample
features arrayl[rand idx].copy ()
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# --- ENHANCED AUGMENTATION ---

# Randomly choose between noise injection and
time shifting

augmentation type = np.random.choice(['noise',
'shift'])

if augmentation type == 'noise':
noise =

np.random.randn (*original mel.shape) * 0.015 # Slightly more
noise

augmented mel = original mel + noise
elif augmentation type == 'shift':

shift amount = np.random.randint (-10, 10)
# Shift time axis

augmented mel = np.roll(original mel,
shift amount, axis=1)

augmented sample['mel spec'] = augmented mel

augmented features.append (augmented sample)

if augmented features:

all features.extend(augmented features)

all labels.extend([minority class] *
n augmentations)
X mel = np.array([f['mel spec'] for £ 1in
all features])[..., np.newaxis]
X mfcc =  np.array([f['mfcc'] for f in

all features])[..., np.newaxis]

X hrv = np.array([f['hrv'] for f in all features])

y = np.array(all labels)
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y_onehot = to categorical (y,
num classes=self.n classes)

X train val mel, self.X test mel, X train val mfcc,
self.X test mfcc, \

X train val hrv, self.X test hrv, y train val,
self.y test = train test split(

X mel, X mfcc, X hrv, y_onehot,
test size=test size, stratify=y, random state=42

)

self.X train mel, self.X val mel, self.X train mfcc,
self.X val mfcc, \

self.X train hrv, self.X val hrv, self.y train,
self.y val = train test split(

X train val mel, X train val mfcc,
X train val hrv, y train val,

test size=val size / (1 - test size),
stratify=y train val, random state=42

)

print (f"Data  prepared: Training set:
{len(self.X train mel)}, Validation set:
{len(self.X val mel)}, Test set: {len(self.X test mel)}")

def build model (self):

Builds a multi-input CRNN with STRONGER regularization
to combat overfitting.

if not hasattr(self, 'X train mel'):

raise RuntimeError ("Training data not prepared.
Call prepare data() first.")

mel input = Input(shape=self.X train mel.shape[l:],
name='mel input')
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mfcc input = Input (shape=self.X train mfcc.shape[l:],
name='mfcc input')

hrv _input = Input (shape=self.X train hrv.shape[l:],
name='hrv input')

# CNN Branch for Mel Spectrograms

x mel = Conv2D(32, (3, 3), activation='relu',
padding="'same') (mel input)

x mel BatchNormalization () (x mel)
x mel = MaxPooling2D( (2, 2)) (x_mel)

x mel = Conv2D(64, (3, 3), activation='relu',
padding='same') (x mel)

x mel = BatchNormalization() (x mel)

x mel = MaxPooling2D( (2, 2)) (x mel)
x mel = Conv2D(128, (3, 3), activation='relu',
padding="'same') (x_mel)
x mel = BatchNormalization() (x mel)

x mel = GlobalAveragePooling2D () (x mel)

# CNN Branch for MFCCs

x mfcc = Conv2D (32, (3, 3), activation='relu',
padding='same') (mfcc_ input)

x mfcc = BatchNormalization () (x _mfcc)

x mfcc = MaxPooling2D( (2, 2)) (x mfcc)
x mfcc = Conv2D(64, (3, 3), activation='relu',
padding="'same') (x_mfcc)
x mfcc = BatchNormalization() (x mfcc)

x mfcc = GlobalAveragePooling2D () (x mfcc)

# Dense Branch for HRV features

x_hrv = Dense(l6, activation='relu') (hrv_ input)

x_hrv Dropout (0.4) (x_hrv) # Increased dropout
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concatenated = Concatenate() ([x mel, x mfcc, X hrv])

# --- Final Dense Layers with INCREASED Regularization
X = Dense (128, activation='relu',
kernel regularizer=12(0.02)) (concatenated) # Increased L2

x = Dropout (0.6) (x) # Increased Dropout

X = Dense (64, activation='relu',
kernel regularizer=12(0.02)) (x) # Increased L2

x = Dropout (0.6) (x) # Increased Dropout

output = Dense (self.n classes,
activation='softmax') (x)

self.model = Model (inputs=[mel input, mfcc input,
hrv input], outputs=output)

self.model.compile (
optimizer=Adam(learning rate=0.0001),

loss="'categorical crossentropy',

metrics=["'accuracy',
tf.keras.metrics.AUC (name="auc') ]
)
self.model.summary ()
def train (self, epochs=63, batch size=32,

model path='best murmur model.keras'):

Trains the model using the prepared data and saves the
best performing version.

1f self.model is None:

raise ValueError ("Model not built. Call
build model () first.")
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callbacks = [

ModelCheckpoint (model path, monitor='val auc',
mode="'max', save best only=True, verbose=l),

EarlyStopping (monitor='val auc', mode='max',
patience=20, restore best weights=True, verbose=1), #
Increased patience

ReducelLROnPlateau (monitor="'val loss', factor=0.2,
patience=7, min lr=le-7, verbose=1l) # Increased patience

]

train inputs = [self.X train mel, self.X train mfcc,
self.X train hrv]

val inputs = [self.X val mel, self.X val mfcc,
self.X val hrv]

self.history = self.model.fit(
train inputs, self.y train,
validation data=(val inputs, self.y val),
epochs=epochs,
batch size=batch size,
callbacks=callbacks,

verbose=1

print ("\nFinding optimal threshold on wvalidation
data...")

self.find optimal threshold(val inputs, self.y val)

return self.history

def find optimal threshold(self, val inputs, y val):
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Finds the optimal probability threshold to balance
precision and recall.

y pred probs = self.model.predict (val inputs)
y true = np.argmax(y val, axis=l)

present class idx =

np.where (self.label encoder.classes == 'Present') [0] [0]
positive probs = y pred probs[:, present class idx]
if np.sum(y true == present class idx) == 0:

print ("Warning: No positive samples in validation
set. Using default threshold.")

return

precision, recall, thresholds =
precision recall curve(y true, positive probs,
pos label=present class idx)

fl scores = 2 * (precision * recall) / (precision +
recall + 1le-9) # add epsilon

best fl idx = np.argmax(fl scores)
self.optimal threshold = thresholds[best fl idx]

print (f"Optimal threshold found:
{self.optimal threshold:.4f} (Maximizes Fl-Score)")

def evaluate(self):

Evaluates the model on the test set using the optimal
threshold.

if not hasattr(self, 'X test mel'):

raise RuntimeError ("Test data not prepared. Call
prepare data() first.")
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test inputs = [self.X test mel, self.X test mfcc,
self.X test hrv]

y pred probs = self.model.predict (test inputs)
y true = np.argmax(self.y test, axis=l)

present class idx =

np.where (self.label encoder.classes == 'Present') [0] [0]
positive probs = y pred probs[:, present class idx]
y pred = (positive probs >=

self.optimal threshold) .astype (int)

print ("\n--- Test Set Evaluation ---")

print (f"Using threshold:
{self.optimal threshold:.4f}\n")

print (classification report(y true, y_pred,
target names=self.label encoder.classes ))

cm = confusion matrix(y true, y pred)
plt.figure(figsize=(8, 6))

sns.heatmap (cm, annot=True, fmt='d', cmap='Blues',
xticklabels=self.label encoder.classes ,
yticklabels=self.label encoder.classes )

plt.title('Confusion Matrix (Test Set)')
plt.xlabel ('Predicted Label')
plt.ylabel ('True Label')

plt.show ()

def plot all graphs(self):

Plots all the requested graphs for model evaluation.

if self.history is None:
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print ("Model has not been trained yet. Please call

train() first.")

return

# Loss and AUC Curves
plt.figure(figsize=(14, 6))
plt.subplot (1, 2, 1)

plt.plot(self.history.history['loss'], label='Training
Loss')

plt.plot(self.history.history['val loss'],
label='Validation Loss"')

plt.title('Loss Curve')

plt.xlabel ('Epoch'); plt.ylabel('Loss'); plt.legend()

plt.subplot (1, 2, 2)

plt.plot(self.history.history['auc'], label='Training
AUC")

plt.plot(self.history.history['val auc'],
label='Validation AUC")

plt.title ('AUC Curve')

plt.xlabel ('Epoch'); plt.ylabel ('AUC'); plt.legend()
plt.tight layout(); plt.show/()
test inputs = [self.X test mel, self.X test mfcc,

self.X test hrv]
y _pred probs = self.model.predict (test inputs)
y true = np.argmax(self.y test, axis=l)

present class idx =

np.where (self.label encoder.classes == 'Present') [0][0]

positive probs = y pred probs[:, present class idx]

# ROC and Precision-Recall Curves
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fpr, tpr, _ =

roc _curve (y true,
pos_ label=present class idx)

positive probs,
roc_auc = auc(fpr, tpr)

precision, recall,

_ precision recall curve(y true,
positive probs, pos label=present class idx)

plt.figure(figsize= (14, 6))

plt.subplot (1, 2, 1)

plt.plot (fpr,

tpr,
label=f'ROC curve

color='darkorange',
{roc_auc:0.2f}) ")

plt.plot ([0, 17,

1w
(area =

2,

(0, 11,
linestyle='--")

color='navy', 1lw

2,

plt.xlabel ('False Positive Rate');
Positive Rate')

plt.ylabel ('True

plt.title('Receiver Operating Characteristic (ROC)'");
plt.legend(loc="lower right")

plt.subplot (1, 2, 2)

plt.plot (recall,

precision, 1lw=2,
label='"Precision-Recall curve')

color="blue',

plt.xlabel ('Recall'); plt.ylabel ('Precision')

plt.title('Precision-Recall Curve');
plt.legend(loc="best')

plt.tight layout(); plt.show/()

def save model and metadata (self,
model path='final murmur model.keras',

metadata path='model metadata.pkl'):

Saves the trained model and essential metadata for
later use.

1f self.model is None:
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print ("Error: Model not trained.")
return
self.model.save (model path)
print (f"Final model saved to {model path}")
metadata = {

'label encoder': self.label encoder, 'n classes':
self.n classes,

'optimal threshold': self.optimal threshold,
'feature params': |

'sample rate': self.sample rate, 'n mels':
self.n mels,

'n fft': self.n fft, ‘'hop length':
self.hop length

}

}

with open (metadata path, 'wb') as f:
pickle.dump (metadata, f)

print (f"Model metadata saved to {metadata path}")

def main():
# Check if the data paths are valid before proceeding

if not os.path.exists (data path) or not
os.path.exists (metadata path):

print ("Error: Dataset paths not found. Please check
the Kaggle download step.")

return

classifier = CircorPCGClassifier(

sample rate=4000, n mels=64, n fft=1024,
hop length=256
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)

print ("Preparing data...")

classifier.prepare data (metadata path=metadata path,
data path=data path)

print ("\nBuilding model...")

classifier.build model ()

print ("\nTraining model...")

classifier.train(epochs=100, batch size=32)

print ("\nEvaluating model...")

classifier.evaluate ()

print ("\n--- Generating All Evaluation Graphs ---")

classifier.plot all graphs()

classifier.save model and metadata ()

if name == " main ":
main ()

ESP32 Code:

#include <Arduino.h>

#include <SPI.h>

#include <SD.h>

#include <Adafruit GFX.h>
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#include
#include
#include
#include
#include
#include

#include

// PIN C
#define
#define
#define
#define
#define
#define
#define
#define

#define

// AUDIO
#define

#define

// I2S D
#define
#define

#define

// WiFi

#define

#define WIFI PASSWORD "stethoscopel23"

preferre

<Adafruit ST7735.h>
<driver/i2s.h>
"USB.h"

"USBMsc.h"

<WiFi.h>
<WebServer.h>

<ESPmDNS.h>

ONFIG

TFT CS 10
TFT DC 14
TFT RST 15
SD_CS 35
PIN SCK 38
PIN MOSI 36

PIN MISO 37

BTN NAV 3
BTN SEL 2
INPUT PINS
MIC PIN 1 // Primary (Heart + Noise)

MIC PINTWO 7 // Reference

AC PINS (PCM5102A)
I2S BCK 4
I2S WS 6

I2S DOUT 5

Configuration

WIFI SSID "ESP32 Stethoscope"

d password

(Noise only)

// Change this to your
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// —-- DYNAMIC AUDIO CONSTANTS ---

#define BAUD RATE 2000000
#define RECORD SECONDS 12
// —--- UPDATED CONFIGURATION ---

#define STREAMING BUFFER SIZE 16
#define RECORDING BUFFER SIZE 128

#define MAX BUFFER SIZE 128

// Bmplification Constants

#define AMP STREAMING 60f
#define AMP RECORDING 45fF
// —--- DYNAMIC AUDIO GLOBALS ---

uint32 t currentSampleRate;
float currentAmplification;

uintl6é t currentBufferSize;

// Custom colors
#define COLOR DARK GRAY 0x4208

#define ST77XX_ORANGE  0xFD20

struct Biquad {
float a0,al,a2, bl,b2, zl,z2;

b

struct WAVHeader {

char riff[4] = {'R', 'I', 'F', 'F'};
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uint32 t fileSize;

char wave[4] = {'W', 'A', 'V', 'E'};
char fmt[4] = {'f', 'm', 't', ' '};
uint32 t fmtSize = 16;

uintl6é t audioFormat = 1;

uintlé t numChannels = 1;

uint32 t sampleRate;

uint32 t byteRate;

uintlé t blockAlign = 2;

uintl6 t bitsPerSample = 16;

char data([4] = {'d', 'a', 't', 'a'};
uint32 t dataSize;

i

// == ACTIVE NOISE CANCELLATION (LMS ALGORITHM) ==

#define LMS TAPS 32

#define LMS MU 0.005f

float 1ms weights[LMS TAPS];

float Ims history[LMS TAPS];

void resetLMS () {

for (int 1 = 0; 1 < LMS TAPS; i++) {

Ims weights[i] 0f;

Ims _historyl[i] 0f;

float processANC (float input signal, float ref noise) {

// 1. Shift history buffer
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for (int i = LMS TAPS - 1; i > 0; i--) {
Ims _historyl[i] = lms history[i - 1];
}

Ims history[0] = ref noise;

// 2. Filter Process (FIR)
float estimated noise = 0f;
for (int i = 0; i < LMS TAPS; i++) {

estimated noise += Ims weights[i] * lms history[i];

// 3. Calculate Error (Clean Signal)

float clean signal = input signal - estimated noise;

// 4. Update Weights (LMS Adaptive Rule)
if (clean signal > 2f) clean signal = 2f;

if (clean signal < -2f) clean signal = -2f;

for (int 1 = 0; 1 < LMS TAPS; i++) {

Ims weights[i] = lms weights[i] + (LMS MU * clean signal *
Ims historyl[il);

}

return clean signal;

#define N _BIQUAD 4

// —-- 16kHz Filter (for Streaming) —---
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Biquad biquads 16k[N BIQUAD] = {
{0.000021, 0.000042, 0.000021, -1.780233, 0.795519, 0, O},
{1.000000, 2.000000, 1.000000, -1.884377, 0.906898, 0, O},
{1.000000, -2.000000, 1.000000, -1.967113, 0.967465, 0, 0},
{1.000000, -2.000000, 1.000000, -1.989575, 0.989831, 0, 0}

}i

// —-—-—- 8kHz Filter (for Recording) ---

Biquad biquads 8k [N BIQUAD] = {
{0.000021, 0.000042, 0.000021, -1.780233, 0.795519, 0, 0},
{1.000000, 2.000000, 1.000000, -1.884377, 0.906898, 0, 0},
{1.000000, -2.000000, 1.000000, -1.967113, 0.967465, 0, 0},
{1.000000, -2.000000, 1.000000, -1.989575, 0.989831, 0, 0}

b

Biquad* activeBiquads;

// Biquad Filter Function
float filterSample (float x) {
float vy = x;
for(int 1 = 0; 1 < N _BIQUAD; i++) {
float out = activeBiquads[i].al0 * y + activeBiquads[i].zl;

activeBiquads[i] .zl = (activeBiquads[i].al * y) -
(activeBiquads[i] .bl * out) + activeBiquads[i].z2;

activeBiquads[i].z2 = (activeBiquads[i].a2 * y) -
(activeBiquads[i] .b2 * out);

y = out;
}

return y;

void resetFilterState (Biquad* filterArray) {

for (int i = 0; i < N _BIQUAD; i++) {
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filterArray[i] .zl =0f;

filterArray[i].z2 =0f;

// Global variables
Adafruit ST7735 tft = Adafruit ST7735(TFT CS,
USBMSC msc;

WebServer server (80);

const char *menultems[] = {"Start Recording",
via WiFi", "Connect to PC"};

const int menuCount = 4;

int currentSelection = 0;

int filelListSelection = 0;

enum AppState { STATE MENU, STATE RECORDING,

STATE PLAYBACK, STATE PC CONNECT, STATE WIFI

AppState appState = STATE MENU;

uintl6_t adcBuffer [MAX BUFFER SIZE];
intl6 t dacBuffer [MAX BUFFER SIZE];
uintlé_t bufIndex = 0;

bool sdCardAvailable = false;

bool liveStreamingEnabled = true;
bool dacEnabled = true;

bool wifiServerRunning = false;

// I2S Configuration
void stopI2S () {
i2s driver uninstall (I2S NUM O0);

Serial.println("v I2S driver stopped.");

TFT DC, TFT RST);

"Saved files",

STATE FILE LIST,
SERVER };

"Connect
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void reconfigureI2S(uint32 t sampleRate) {

i2s _driver uninstall (I2S NUM O);

int dmalLen = currentBufferSize;

if (dmalLen < 16) dmalen = 16;

i2s _config t i2s config {

.mode = (i2s mode t) (I2S MODE MASTER | I2S MODE TX),
.sample rate = sampleRate,

.bits per sample = I2S BITS PER SAMPLE 16BIT,
.channel format = I2S CHANNEL FMT ONLY LEFT,
.communication format = I2S COMM FORMAT STAND IZ2S,
.intr alloc flags = ESP_INTR FLAG LEVELI,

.dma_buf count = 8§,

.dma buf len = dmalen,

.use apll = false,

.tx desc_auto clear = true,

.fixed mclk = 0

i2s pin config t pin config = {
.bck io num = I2S BCK,
.ws_io num = I2S WS,
.data out num = I2S DOUT,

.data _in num = I2S PIN NO CHANGE

}i

i2s driver install (I2S NUM 0, &iZs config, 0, NULL);

i2s _set pin(I2S NUM 0, &pin _config);

i2s zero dma buffer (I2S NUM 0);
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Serial.print ("v I2S DAC reconfigured. Rate: ");
Serial.print (sampleRate);
Serial.print (" Buffer: ");

Serial.println (dmalen);

void writeWAVHeader (File &file, uint32 t audioDataSize) {
WAVHeader header;
header.sampleRate = currentSampleRate;

header.byteRate

currentSampleRate * 2;

header.dataSize audioDataSize;
header.fileSize = audioDataSize + sizeof (WAVHeader) - 8;

file.write ((uint8 t*) &header, sizeof (WAVHeader));

void updateWAVHeader (const char* filename, uint32 t audioDataSize) {
File file = SD.open(filename, "r+");
if (!file) {

Serial.println ("ERROR: updateWAVHeader failed to open file for
update.");

return;

file.seek (4);
uint32 t fileSize = audioDataSize + sizeof (WAVHeader) - 8;

file.write ((uint8 t*)&fileSize, 4);

file.seek (24);
file.write((uint8 t*)&currentSampleRate, 4);
uint32 t byteRate = currentSampleRate * 2;

file.write((uint8 t*)s&byteRate, 4);

file.seek (40);
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file.write((uint8 t*) &audioDataSize, 4);

file.close();

Serial.println("v WAV Header updated successfully.");

/] == LIVE STREAMING (NO ANC, 16kHz) ==

void liveStreamTick () {
static unsigned long lastMicTime = 0;
unsigned long microsPerSample = 10k / currentSampleRate;

unsigned long now = micros();

if (now - lastMicTime >= microsPerSample) ({

lastMicTime += microsPerSample;

int rawl = analogRead(MIC PIN);

float norm chest = ((float)rawl - 2048f) / 2048f;

float signal to filter = norm chest;
float bandpass out = filterSample(signal to filter);

float final out = bandpass out * 2048f * currentAmplification;

if(final out > 32767f) final out = 32767f;

if (final out < -32768f) final out = -32768f;

intl6 t audioSample (intleé_t) final out;

adcBuffer[bufIndex] = audioSample;
dacBuffer[bufIndex] = audioSample;
bufIndex++;
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if (bufIndex >= currentBufferSize) {
if (dacEnabled) {

size t bytes written;

i2s_write(I2S NUM 0, dacBuffer, currentBufferSize * 2,

&bytes written, portMAX DELAY);

}

bufIndex = 0;

// SD Card Init
bool initSDCard() {
Serial.println("\n=== SD Card Initialization ===");

digitalWrite (TFT CS, HIGH);

if (SD.begin(SD CS)) {
uint8 t cardType = SD.cardType();
if (cardType == CARD NONE) {
Serial.println(" X No SD card detected");
SD.end () ;

return false;

uint64 t cardSize = SD.cardSize() / (1024 * 1024);

Serial.print ("v SD Card: "); Serial.print(cardSize);

Serial.println ("™ MB");

return true;

Serial.println(" X SD card initialization failed!");
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return false;

void handleRoot () {

String html = "<!DOCTYPE html><html><head><meta name='viewport'
content='width=device-width, initial-scale=1'>";

html +=
"<style>body{font-family:Arial;margin:20px;background:#£fff;}";

html +=
"hl{color:#333;}.container{background:white;padding:20px;border-radius:
8px;box-shadow:0 2px 4px rgba(0,0,0,0.1);1";

html += "a{display:block;padding:lpx;margin:5px
0;background: #4CAF50;color:white; text-decoration:none;border-radius:4px
;text-align:center;}";

html +=
"a:hover{background:#45a049;}.file-1list{list-style:none;padding:0;}";

html += ".file-item{background:#£f9£f9f9;padding:1lpx;margin:5px
0;border-radius:4px;display:flex;justify-content:space-between;align-it
ems:center; }";

html +=
".file-name{font-weight:bold;}.file-size{color:#666; font-size:0.9%em; }";

html += ".download-btn{background:#2196F3;color:white;padding:5px
15px;border-radius:4px; text-decoration:none; }";

html +=
".download-btn:hover{background: #0b7dda; }</style></head><body>";

html += "<div class='container'><hl>ESP32 Stethoscope - File
Manager</hl>";

html += "<p>Connected to WiFi. Browse and download your
recordings.</p>";

html += "<h2>Saved Recordings:</h2><ul class='file-list'>";

File root = SD.open("/");

if (root) {
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// Count total files first
int totalFiles = 0;
root.rewindDirectory () ;
File entry;
while ((entry = root.openNextFile())) {
if (!'entry.isDirectory()) {
String fname = String(entry.name());
if (fname.endsWith (".WAV")) {

totalFiles++;

}

entry.close () ;

if (totalFiles > 0) {
// Dynamically allocate arrays for all files
String* filelList = new String[totalFiles];
uint32 t* fileSizes = new uint32 t[totalFiles];

int fileCount = 0;

root.rewindDirectory () ;

while ((entry = root.openNextFile())) {
if (!entry.isDirectory()) {
String fname = String(entry.name());
if (fname.endsWith (".WAV")) {
fileList[fileCount] = fname;
fileSizes[fileCount] = entry.size();
fileCount++;

}

entry.close();
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root.close() ;

// Reverse the array so newest files appear first
if (fileCount > 1) {
for (int 1 = 0; 1 < fileCount / 2; 1i++) {

String tempName = fileList[i];

uint32 t tempSize = fileSizes[i];
fileList[i] = filelList[fileCount - 1 - i];
fileSizes[i] = fileSizes[fileCount - 1 - 1i];
fileList[fileCount - 1 - i] = tempName;
fileSizes[fileCount - 1 - 1] = tempSize;

// Display all files
for (int 1 = 0; 1 < fileCount; i++) {

html += "<1i class='file-item'><div><span class='file-name'>" +
fileList[i] + "</span>";

html += "<span class='file-size'> (" + String(fileSizes[i] /
1024) + "™ KB)</span></div>";

html += "<a class='download-btn' href='/download?file=" +
fileList[i] + "'>Download</a></1li>";

}

delete[] filelist;

delete[] fileSizes;
} else {

root.close();

html += "<1i class='file-item'>No recordings found</1li>";

} else {
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html += "<1i class='file-item'>Error reading SD card</1i>";

html += "</ul></div></body></html>";

server.send (200, "text/html", html);

void handleDownload () {

if (!server.hasArg("file")) {
server.send (400, "text/plain", "Missing file parameter");
return;

}

String filename = server.arg("file");

if (!filename.startsWith("/")) {
filename = "/" + filename;

}

File file = SD.open(filename) ;

if (!file) {

server.send (404, "text/plain", "File not found");
return;

}

size t fileSize = file.size();

// Extract filename without leading slash

String downloadFilename = filename.substring(l);

// Send headers

server.sendHeader ("Content-Disposition", "attachment; filename=\""

downloadFilename + "\"");

server.setContentLength (fileSize);

+
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"");

server.send (200, "audio/wav'",

// Stream file data in chunks
uint8 t buffer[1024];

size t totalSent = 0;

while (file.available() && totalSent < fileSize) {
size t bytesRead = file.read(buffer, sizeof (buffer));
if (bytesRead > 0) {
server.client () .write (buffer, bytesRead);

totalSent += bytesRead;

file.close();

Serial.print ("Downloaded: ");
Serial.print (filename) ;
Serial.print ("™ (");
Serial.print (totalSent);

Serial.println (" bytes)");

void handleNotFound () {

server.send (404, "text/plain", "File Not Found");
}
2 A ——=
// == WIFI SERVER MODE ==
/] S=================c=cc=osessssssssss s s e s se s s s e e o oo S
void handleWiFiServerMode () {

if (!sdCardAvailable) {
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if (!'initSDCard()) {
tft.fillScreen (ST77XX BLACK) ;
tft.setTextColor (ST77XX RED);
tft.setTextSize (1) ;
tft.setCursor (4, 40);
tft.println("SD card not available!");
delay (1500) ;
appState = STATE MENU;
drawMenu () ;

return;

appState = STATE WIFI SERVER;
liveStreamingEnabled = false;
dacEnabled = false;

stopI2S();

tft.fillScreen (ST77XX BLACK) ;
tft.setTextColor (ST77XX CYAN) ;
tft.setTextSize (2);
tft.setCursor (15, 10);
tft.println("WiFi Server");

tft.drawLine (0, 32, tft.width(), 32, ST77XX CYAN);

tft.setTextSize (1)
tft.setTextColor (ST77XX YELLOW) ;
tft.setCursor (4, 40);

tft.println("Starting WiFi AP...");

// Start WiFi Access Point

WiFi.mode (WIFI AP);
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WiFi.softAP(WIFI SSID, WIFI PASSWORD) ;

IPAddress IP = WiFi.softAPIP();

tft.fillRect (0, 40, tft.width(), tft.height ()
tft.setTextColor (ST77XX GREEN) ;
tft.setCursor (4, 40);

tft.println ("WiFi AP Active!");

tft.setTextColor (ST77XX WHITE) ;
tft.setCursor (4, 56);
tft.print ("SSID: ");

tft.println (WIFI SSID);

tft.setCursor (4, 70);
tft.print ("Pass: ");

tft.println (WIFI_ PASSWORD) ;

tft.setCursor (4, 84);
tft.print ("IP: ");

tft.println (IP);

tft.setCursor (4, 98);
tft.setTextColor (ST77XX CYAN) ;
tft.println("Open browser & visit:");
tft.setCursor (4, 112);

tft.print ("http://");

tft.println (IP);

tft.setCursor (4, 138);
tft.setTextColor (ST77XX RED) ;

tft.println ("SELECT: Disconnect");

- 40,

ST77XX BLACK) ;
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delay (10);

// Cleanup

server.stop () ;
WiFi.softAPdisconnect (true);
WiFi.mode (WIFI OFF);

wifiServerRunning = false;

Serial.println ("WiFi Server Stopped.");

sdCardAvailable = initSDCard() ;
restoreStreamingSettings () ;

drawMenu () ;

// UL Functions

void drawMenu () {
tft.fillScreen (ST77XX BLACK) ;
tft.setTextSize (2);
tft.setTextColor (ST77XX WHITE) ;
tft.setCursor (10, 8);

tft.println ("MAIN MENU");

if (!sdCardAvailable) {
tft.setTextSize (1) ;
tft.setTextColor (ST77XX RED);
tft.setCursor (10, 30);

tft.println ("SD: NOT READY");
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tft.

tft.

tft.

tft

tft

tft

for

in

bo

if

tf

tf

if

tf

setTextSize (1) ;
setTextColor (ST77XX GREEN) ;

setCursor (10, 40);

.print ("DAC: ON | Amp: ");
.print ((int)currentAmplification);

.println ("x");

(int 1 = 0; 1 < menuCount; i++) {
ty=50+1* 20;

ol itemEnabled = true;

(1 == currentSelection && itemEnabled) {
tft.fillRect (8, y - 4, tft.width() - 16, 18, ST77XX BLUE);
tft.setTextColor (ST77XX WHITE) ;
else {
tft.fillRect(8, y - 4, tft.width() - 16, 18, ST77XX BLACK);
if (itemEnabled) {
tft.drawRect (8, y - 4, tft.width() - 16, 18, ST77XX WHITE);
tft.setTextColor (ST77XX WHITE) ;
} else {
tft.drawRect (8, y - 4, tft.width() - 16, 18, COLOR DARK GRAY)

tft.setTextColor (COLOR DARK GRAY) ;

t.setCursor (12, vy);

t.setTextSize (1) ;

(!sdCardAvailable && 1 < 2) {

tft.setTextColor (COLOR DARK GRAY) ;

t.println(menultems[i]);

4
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String makeRecordingFilename () {

if (!sdCardAvailable) return "";

int maxNum = 0;
File root = SD.open("/");

if (!'root) return "/RECORDINGOO01.WAV";

root.rewindDirectory () ;

File entry;

while ((entry = root.openNextFile())) {
if (!entry.isDirectory()) {
String name = String(entry.name());
if (name.startsWith ("RECORDING") && name.endsWith (".WAV")) {

int startIdx = 9;
int endIdx = name.lastIndexOf (".WAV");
if (endIdx > startIdx) {
int v = name.substring(startIdx, endIdx).tolInt();

if (v > maxNum) maxNum = v;

}

entry.close () ;

}

root.close () ;

char buf[32];

sprintf (buf, "/RECORDING%03d.WAV", maxNum + 1);

return String (buf) ;
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// USB MSC Callbacks

static bool onStartStop(uint8 t power condition, bool start, bool
load eject) {

Serial.printf ("MSC Start/Stop: power: Sultstart: %d\teject: %d\n",
power condition, start, load eject);

return true;

static int32 t onRead(uint32 t lba, uint32 t offset, void *buffer,
uint32 t bufsize) {

uint32 t secSize = SD.sectorSize();
if (!secSize) return -1;
for (int x = 0; x < bufsize / secSize; x++) {

if (!SD.readRAW((uint8 t *)buffer + (x * secSize), lba + x)) return
_l;

}

return bufsize;

static int32 t onWrite(uint32 t lba, uint32 t offset, uint8 t *buffer,
uint32 t bufsize) {

uint32 t secSize = SD.sectorSize();
if (!secSize) return -1;
for (int x = 0; x < bufsize / secSize; x++) {

if (!SD.writeRAW((uint8 t *)buffer + (x * secSize), lba + x))
return -1;

}

return bufsize;

voild restoreStreamingSettings () {
stopI2S();

currentSampleRate = 16000;
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currentAmplification = AMP STREAMING;
activeBiquads = biquads 16k;
resetFilterState (activeBiquads) ;
currentBufferSize = STREAMING BUFFER SIZE;
reconfigurel2S (currentSampleRate) ;
liveStreamingEnabled = true;

dacEnabled = true;

void handleUSBTransferMode () {
if (!sdCardAvailable) {
if (!initSDCard()) {
tft.fillScreen (ST77XX BLACK) ;
tft.setTextColor (ST77XX RED);
tft.setTextSize (1) ;
tft.setCursor (4, 40);
tft.println("SD card not available!");
delay (1500) ;
appState = STATE MENU;
drawMenu () ;

return;

tft.fillScreen (ST77XX BLACK) ;
tft.setTextColor (ST77XX CYAN) ;
tft.setTextSize (2);
tft.setCursor (15, 20);
tft.println ("USB DRIVE") ;

tft.drawLine (0, 42, tft.width(), 42, ST77XX CYAN);
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tft.

tft.

tft.

tft

tft.

tft

tft.

tft

tft.

tft.

tft

setTextColor (ST77XX WHITE) ;
setTextSize (1) ;

setCursor (10, 60);

.println("Connected to PC.");

setCursor (10, 75);

.println("Eject from PC before");

setCursor (10, 90);

.println ("pressing cancel.");

setCursor (10, 120);

setTextColor (ST77XX RED) ;

.println ("SELECT: Cancel/Eject");

Serial.println("Initializing MSC...");

msc.

mscC.

mscC.

mscC

msc

USB

Serial.println ("USB MSC Mode Started. Waiting for PC connection..

onRead (onRead) ;
onWrite (onWrite) ;

onStartStop (onStartStop) ;

.mediaPresent (true) ;
.begin (block count, block size);

.begin();

while (appState == STATE PC CONNECT) ({
if (digitalRead (BTN _SEL) == LOW) {
delay (100) ;
if (digitalRead(BTN_SEL) == LOW) ({
while (digitalRead (BTN SEL) == LOW) delay(10);

Serial.println ("USB MSC Mode Cancelled by user.");

appState = STATE MENU;

}

delay (50);

")
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msc.end () ;
SD.end () ;

Serial.println ("USB MSC Mode Stopped.");

sdCardAvailable = initSDCard();

restoreStreamingSettings () ;

drawMenu () ;

return;

void showSavedFiles () {
if (!sdCardAvailable) {

tft.fillScreen (ST77XX BLACK) ;
tft.setTextColor (ST77XX RED);
tft.setTextSize (1) ;
tft.setCursor (4, 40);
tft.println("SD card not available!");
delay (1500) ;
appState = STATE MENU;
drawMenu () ;

return;

liveStreamingEnabled = false;
dacEnabled = false;

stopI2S();

appState = STATE FILE LIST;

fileListSelection = 0;
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// Dynamically allocate for more files
String* files = new String[50]; // Support up to 50 files
int fileCount = 0;
File root = SD.open("/");
if (root) {
root.rewindDirectory () ;

File entry;

while ((entry = root.openNextFile())) {
if ('entry.isDirectory()) {
String fname = String(entry.name());

if (fname.endsWith (".WAV") && fileCount < 50) {

files[fileCount++] = fname;

}

entry.close();

}

root.close();

// Reverse the array so newest files appear first
if (fileCount > 1) {
for (int 1 = 0; 1 < fileCount / 2; i++) {

String temp = files[i];

files[i] = files[fileCount - 1 - i];
files[fileCount - 1 - i] = temp;
}
}
}
if (fileCount == 0) {

delete[] files;

tft.fillScreen (ST77XX BLACK) ;
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tft.setTextColor (ST77XX WHITE) ;
tft.setTextSize (1) ;

tft.setCursor (4, 4);
tft.println("Saved files:");
tft.setCursor (4, 20);
tft.println(" (no files)");
tft.setCursor (4, tft.height() - 14);

tft.println ("SELECT: Back");

while (true) {

if (digitalRead(BTN_SEL) == LOW) ({
delay (50) ;
if (digitalRead (BTN SEL) == LOW) {
while (digitalRead (BTN SEL) == LOW) delay(10);
delay (150);

restoreStreamingSettings () ;

break;

}

delay (10);
}
appState = STATE MENU;
drawMenu () ;

return;

// Add back to menu option

String* tempFiles = new String[fileCount + 1];

for (int i = 0; 1 < fileCount; 1i++) {
tempFiles[i] = files[i];

}

tempFiles[fileCount] = "< Back to Menu >";
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delete
files

fileCo

int to

while
tft.
tft.
tft.
tft.

tft.

int

int

for
in

if

if

}

}

tf

tf

y2

tft.

tft.

[1 files;
= tempFiles;

unt++;

pIndex = 0;

(appState == STATE FILE LIST) {
fillScreen (ST77XX BLACK) ;
setTextColor (ST77XX WHITE) ;
setTextSize (1) ;

setCursor (4, 4);

println ("Saved files:");

y2 = 24;
itemsPerPage = 5;
(int 1 = 0; i < itemsPerPage; i++)

t idx = topIndex + i;

(idx >= fileCount) break;

(idx == filelListSelection) {

{

tft.fillRect (2, y2-2, tft.width() -4,

tft.setTextColor (ST77XX WHITE) ;
else {

tft.setTextColor (ST77XX WHITE) ;

t.setCursor (6, y2);
t.println(files[idx]);

+= 16;

fillRect (0, tft.height()-14, tft.width(),

setCursor (4, tft.height() - 12);

14,

ST77XX BLUE) ;

ST77XX BLACK) ;
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tft.println ("NAV:move SEL:select");

bool navPressed = false, selPressed = false;
while (!navPressed && !selPressed) {
if (digitalRead (BTN NAV) == LOW) {
delay (50);
if (digitalRead (BTN NAV) == LOW) ({
navPressed = true;
while (digitalRead (BTN NAV) == LOW) { delay(1l); }

delay (150) ;

}

if (digitalRead (BTN _SEL) == LOW) {
delay (50);
if (digitalRead(BTN_SEL) == LOW) {

selPressed = true;

while (digitalRead (BTN SEL) == LOW) { delay(l); }
delay (150);
}
}
delay (10);

if (navPressed) {
fileListSelection++;
if (filelListSelection >= fileCount) {
fileListSelection = 0;
topIndex = 0;
} else if (filelListSelection >= topIndex + itemsPerPage)

topIndex = filelistSelection - itemsPerPage + 1;

{
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if

(selPressed) {

if (fileListSelection == fileCount - 1) {
delete[] files;
restoreStreamingSettings () ;
appState = STATE MENU;
drawMenu () ;

return;

liveStreamingEnabled = false;

stopI2S();

currentBufferSize = STREAMING BUFFER SIZE;
reconfigureI2S(8000) ;

dacEnabled = true;

appState = STATE PLAYBACK;

String fname = files[filelListSelection];

tft.fillScreen (ST77XX BLACK) ;
tft.setCursor(4,4);
tft.println("Playing (8kHz):");
tft.setCursor (4, 20);

tft.println (fname) ;

tft.setCursor (4, 40);
tft.println("Press SELECT to stop");
tft.setCursor (4, 56);
tft.setTextColor (ST77XX GREEN) ;

tft.println ("Audio: DAC + Serial");

File £ = SD.open (fname);

if (') |
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tft.setCursor(4, 76);
tft.setTextColor (ST77XX RED);
tft.println ("Open failed");
delay (1000) ;

} else {

f.seek (44);
const int CHUNK = 256;
intl6 t buf[CHUNK / 2];

bool stopPlayback = false;

while (f.available() && !stopPlayback) {

if (digitalRead (BTN SEL) == LOW) {
delay (50);
while (digitalRead (BTN SEL) == LOW) delay(10);

stopPlayback = true;

int bytesRead = f.read((uint8 t*)buf, CHUNK);
if (bytesRead > 0) {

Serial.write((uint8 t*)buf, bytesRead);

if (dacEnabled) {
size t bytes written;

i2s write(I2S NUM 0, buf, bytesRead, &bytes written,
portMAX DELAY )

}

delay (1) ;

f.close ()
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restoreStreamingSettings () ;
liveStreamingEnabled = true;

appState = STATE FILE LIST;

delete[] files;

/) e e
// == ANC IMPLEMENTATION (RECORDING ONLY) ==
B e T
void doRecordingFlow () {

if (!sdCardAvailable) {
tft.fillScreen (ST77XX BLACK) ;
tft.setTextColor (ST77XX RED);
tft.setTextSize (1) ;
tft.setCursor (4, 40);
tft.println("SD card not available!");
delay (1500) ;
appState = STATE MENU;
drawMenu () ;

return;

appState = STATE RECORDING;
liveStreamingEnabled = false;

dacEnabled = false;

stopI2S();

currentSampleRate = 8000;
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currentAmplification = AMP RECORDING;
activeBiquads = biquads_ 8k;
resetFilterState (activeBiquads) ;
resetLMS () ;

currentBufferSize = RECORDING BUFFER SIZE;

reconfigurelI2S (currentSampleRate) ;

const int graphWidth = 128;

const int graphMinX (tft.width() - graphWidth) / 2;

const int graphMaxX graphMinX + graphWidth - 1;

const int graphHeight = 60;

const int graphMinY = 30;

const int graphMaxY = graphMinY + graphHeight - 1;
const int graphCenterY = graphMinY + (graphHeight / 2);
const int graphHalfHeight = graphHeight / 2;

const int countdownY = graphMaxY + 8;

tft.fillScreen (ST77XX BLACK) ;
tft.setCursor(4,4);
tft.setTextSize (2);
tft.println ("REC (ANC ON)");

tft.drawRect (graphMinX - 2, graphMinY - 2, graphWidth + 4,
graphHeight + 4, ST77XX WHITE) ;

tft.fillRect (graphMinX, graphMinY, graphWidth, graphHeight,
ST77XX BLACK) ;

tft.drawFastHLine (graphMinX, graphCenterY, graphWidth,
COLOR_DARK_GRAY) ;

static intl6é_t graphBuffer[128];

static bool graphInitialized = false;

if (!'graphInitialized) {

for (int i1=0; i<128; i++) graphBuffer[i] = graphCenterY;
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graphInitialized = true;

int sampleSkip = 2;

int sampleCounter = 0;

delay(100) ;

sendBeepOverSerial (150, 1000);

tft.setTextSize (2);
tft.setTextColor(ST77XX_YELLOW);
tft.setCursor (graphMinX + 20, countdownY) ;

tft.print ("Time: 12s");

const char *tmpName = "/TMPREC.WAV";

if (SD.exists (tmpName)) SD.remove (tmpName) ;

File tmp = SD.open (tmpName, FILE WRITE);
if ('tmp) |
tft.fillScreen(ST77XX BLACK) ;
tft.setCursor (4, 40);
tft.setTextSize (1) ;
tft.println("SD write error!");
delay (1500) ;
restoreStreamingSettings () ;
appState = STATE MENU;
drawMenu () ;

return;

writeWAVHeader (tmp, 0);
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unsigned long microsPerSample =10kUL / currentSampleRate;

unsigned long lastMicTime = micros();

uint32 t requiredBytes = (uint32 t)currentSampleRate * RECORD SECONDS
*2;

uint8 t writeBuf[RECORDING BUFFER SIZE * 2];
uintl6 t localldx = 0;
uint32 t totalBytes = 0;

int lastDisplayedSecond = RECORD_ SECONDS;

while (totalBytes < requiredBytes) {

unsigned long now = micros{();

int estimatedSecondsLeft = RECORD SECONDS - (totalBytes /
(currentSampleRate * 2));

if (estimatedSecondsLeft != lastDisplayedSecond &&
estimatedSecondsLeft >= 0) {

lastDisplayedSecond = estimatedSecondslLeft;

tft.fillRect (graphMinX, countdownY, graphWidth, 20,
ST77XX BLACK) ;

tft.setTextSize (2);

if (estimatedSecondsLeft <= 3) {
tft.setTextColor (ST77XX RED) ;

} else if (estimatedSecondslLeft <= 6) {
tft.setTextColor (ST77XX ORANGE) ;

} else {

tft.setTextColor (ST77XX YELLOW) ;

tft.setCursor (graphMinX + 20, countdownY) ;
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if

tft.print ("Time: ");
tft.print (estimatedSecondsLeft) ;

tft.print("s ");

(now - lastMicTime >= microsPerSample) {

lastMicTime += microsPerSample;

int rawl = analogRead(MIC PIN);

float norm chest = ((float)rawl - 2048f) / 2048f;

int raw2 = analogRead (MIC_PINTWO) ;

float norm noise = ((float)raw2 - 2048f) / 2048f;

float anc_cleaned norm = processANC (norm chest, norm noise);

if (isnan(anc_cleaned norm) || isinf (anc_cleaned norm)) {
anc _cleaned norm = norm chest;
resetLMS () ;

}

float bandpass out = filterSample(anc cleaned norm);

float final out = bandpass_out * 2048f * currentAmplification;

if (final out > 32767f) final out = 32767f;
if (final out < -32768f) final out = -32768f;

intlé t sl6 = (intl6 _t)final out;

writeBuf[localIdx*2 + 0] sle & FF;
writeBuf[localIdx*2 + 1] = (sl6 >> 8) & FF;

localIldx++;
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if (localldx >= currentBufferSize) {

sampleCounter++;

if (sampleCounter >= sampleSkip) {

sampleCounter = 0;

currentBufferSize / 2;

int midSample

intlé_t displaySample = (intl6_ t) (writeBuf[midSample*2+1]
8 | writeBuf[midSample*2]);
float amplitudeScale = 0.8f;
intlé_t scaledY = (intl6_t) (((float)displaySample / 32767f)

(float) (graphHalfHeight - 1) * amplitudeScale);

int newY = graphCenterY - scaledY;

if (newY < graphMinY) newY = graphMinY;

if (newY > graphMax¥) newY = graphMaxY¥;

for (int 1 = 0; 1 < 127; 1i++) {

graphBuffer[i] graphBuffer[i + 1];
}

graphBuffer[127]

newy;

tft.fillRect (graphMinX, graphMinY, graphWidth, graphHeight,

ST77XX BLACK) ;

for (int i = 0; 1 < 127; i++) {

int x = graphMinX + 1i;

<<

*

tft.drawlLine (x, graphBuffer[i], x + 1, graphBuffer[i + 1],

ST77XX_ GREEN) ;

}

tft.drawFastHLine (graphMinX, graphCenterY, graphWidth,

COLOR_DARK_GRAY) ;
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tmp.write (writeBuf, currentBufferSize * 2);
totalBytes += currentBufferSize * 2;

localldx = 0;

if (localIdx > 0) {
tmp.write (writeBuf, localldx * 2);

totalBytes += localldx * 2;

tmp.close();

updateWAVHeader (tmpName, totalBytes);

tft.fillScreen (ST77XX BLACK) ;
tft.setTextSize (1)
tft.setCursor (4, 4);

tft.println ("Recording done.");
tft.setCursor (4,20);

tft.print ("Size: "); tft.print(totalBytes / 1024); tft.println("
KB") ;

tft.setCursor (4, 36);
tft.println ("NAV: Save");
tft.setCursor (4,52);

tft.println ("SELECT: Discard");

bool decided = false;
while (!decided) {

if (digitalRead(BTN_NAV) == LOW) {
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delay (50) ;
while (digitalRead (BTN NAV) == LOW) delay(10);
String fname = makeRecordingFilename () ;
if (SD.exists(fname.c str())) SD.remove (fname.c str());
if (SD.rename (tmpName, fname.c str())) {
tft.fillScreen(ST77XX BLACK) ;
tft.setCursor(4,40);
tft.println("Saved:");
tft.setCursor(4,56);
tft.println (fname);
delay (1500) ;
} else {
tft.fillScreen (ST77XX BLACK) ;
tft.setCursor(4,40);
tft.println("Save failed");
delay (1000) ;
}
decided = true;

}

if (digitalRead(BTN_SEL) == LOW) {
delay (50) ;
while (digitalRead (BTN _SEL) == LOW) delay(10);
if (SD.exists (tmpName)) SD.remove (tmpName) ;

tft.fillScreen (ST77XX BLACK) ;
tft.setCursor (4,40);
tft.println("Discarded");
delay (800) ;
decided = true;

}

delay (10);
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restoreStreamingSettings () ;
appState = STATE MENU;

drawMenu () ;

void setup () {

Serial.begin (BAUD RATE);

analogReadResolution(12);

analogSetAttenuation (ADC 11db) ;

pinMode (BTN NAV, INPUT PULLUP) ;
pinMode (BTN SEL, INPUT PULLUP);
pinMode (SD _Cs, OUTPUT) ;

pinMode (TFT_CS, OUTPUT) ;
digitalWrite (SD_CS, HIGH);

digitalWrite (TFT _CS, HIGH);

SPI.begin(PIN SCK, PIN MISO, PIN MOSI);

SPI.setFrequency (4000000) ;

tft.initR(INITR_GREENTAB);
tft.setRotation (1) ;

tft.fillScreen (ST77XX BLACK) ;
currentSampleRate = 16000;
currentAmplification = AMP STREAMING;
activeBiquads = biquads 16k;

resetFilterState (activeBiquads) ;

resetLMS () ;
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currentBufferSize = STREAMING BUFFER SIZE;

reconfigurel2S (currentSampleRate) ;

sdCardAvailable = initSDCard():;

drawMenu () ;

Serial.println ("\n========================================") ;
Serial.println ("ESP32-S3 Stethoscope + WiFi Sharing");
Serial.println("Streaming: 16k, No ANC, Buffer 16");
Serial.println ("Recording: 8k, ANC ON, Buffer 128");

Serial.println("WiFi: Access Point + Web Server");

Serial.println ("========================================");

void loop () {
if (appState == STATE MENU) ({

static bool lastNavState

HIGH;

static bool lastSelState HIGH;

Il
o
~

static unsigned long lastNavPress

static unsigned long lastSelPress = 0;

bool navState = digitalRead (BTN NAV);

bool selState = digitalRead (BTN SEL);

if (navState == LOW && lastNavState == HIGH && (millis() -
lastNavPress > 200)) {

lastNavPress = millis () ;
currentSelection = (currentSelection + 1) % menuCount;
drawMenu () ;

}

lastNavState = navState;
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if (selState == LOW && lastSelState == HIGH && (millis() -
lastSelPress > 200)) {

lastSelPress = millis ()

if (currentSelection == 0) {
doRecordingFlow () ;

} else i1if (currentSelection == 1) {
showSavedFiles () ;

} else if (currentSelection == 2) {

handleWiFiServerMode () ;
} else if (currentSelection == 3) {

handleUSBTransferMode () ;

}

lastSelState = selState;

if (liveStreamingEnabled) {
liveStreamTick () ;
} else {

delay (1)
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