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The evolution of modern medicine is inextricably linked to the advancement of biomedical engineering, specifically
in how we capture, interpret, and utilize signals from the human body. Biomedical Signals and Sensors represent
the primary interface between complex physiological processes and diagnostic human engineering. While
fundamental biosignals such as the Electrocardiogram (ECG) or Electroencephalogram (EEG) have long been the
pillars of clinical monitoring, the contemporary landscape is shifting toward more sophisticated, multi-modal
approaches. This article explores the intricate relationship between acoustic and optic biosignals, drawing on the
foundational principles established in high-level technical literature, such as the works of Eugenijus Kaniusas.

The Multidisciplinary Landscape of Biomedical Engineering

Biomedical engineering is a dynamic field that merges biological physics, medical physics, and engineering
principles. The core objective is to develop a bridge between the physiological mechanisms of the human body and
the diagnostic tools used by clinicians. This requires a deep understanding of how physical stimuli—specifically
sound and light—interact with biological tissues. These interactions yield acoustic and optic biosignals,
respectively, which provide unique insights into the internal state of the body without necessitating invasive
procedures.

The complexity of these signals arises from the non-linear and non-homogeneous nature of biological tissue. Unlike
homogeneous materials used in industrial sensing, human tissue varies in density, hydration, and cellular structure,
all of which influence signal propagation and attenuation. Consequently, the development of biomedical sensors
requires rigorous mathematical modeling and signal processing strategies to extract meaningful data from the
background noise of the living system.

Theoretical Framework: Acoustic Biosignals

Acoustic biosignals are mechanical waves generated by physiological processes. These signals can be passive,
such as the sound of a beating heart (phonocardiography) or the flow of air through the bronchi (respiratory
sounds), or active, such as in ultrasound imaging where sound waves are emitted and their reflections are captured.

Mechanisms of Sound-Tissue Interaction

When sound waves travel through biological tissue, they are subject to several phenomena: reflection, refraction,
scattering, and absorption. The acoustic impedance ($Z$) of a tissue, defined as the product of its density ($B
ho$) and the speed of sound ($c$) within it ($Z =B

ho c¢$), determines how much of the acoustic energy is reflected at the interface between different tissue types.

¢ Reflection: Occurs at boundaries between tissues with significantly different impedances (e.g., between soft
tissue and bone).

e Scattering: Occurs when the sound wave hits structures smaller than its wavelength, such as red blood cells.
This is the basis for Doppler ultrasound.



e Absorption: The conversion of acoustic energy into heat, which contributes to signal attenuation and must be
accounted for in sensor sensitivity calibrations.

Acoustic Sensor Architectures

Modern acoustic sensors often utilize piezoelectric transducers. These materials generate an electrical charge
when subjected to mechanical stress (the direct piezoelectric effect). In a biomedical context, the mechanical
vibrations of the body surface are converted into high-fidelity electrical signals that can be digitized and analyzed.
Micro-electromechanical systems (MEMS) have further revolutionized this field by allowing for the creation of ultra-
miniature, high-sensitivity microphones that can be integrated into wearable health monitors.

Theoretical Framework: Optic Biosignals

Optic biosignals involve the interaction of electromagnetic radiation (light) with biological tissue. The most common
application is Photoplethysmography (PPG), used in pulse oximeters to measure heart rate and oxygen
saturation. The optical properties of tissue are primarily governed by the Beer-Lambert Law, which describes the
attenuation of light as it passes through a medium containing absorbing species.

The Physics of Light Propagation in Tissue

In the visible and near-infrared (NIR) spectrum, the primary absorbers in the human body are hemoglobin (both
oxygenated and deoxygenated), melanin, and water. The "optical window" (typically 600 nm to 900 nm) allows light
to penetrate deeper into the tissue because absorption by water and hemoglobin is relatively low in this range.

¢ Photons and Scattering: Unlike acoustic waves, light in tissue undergoes intense scattering. The path of a
photon is a "random walk," making the modeling of optic biosignals highly dependent on Monte Carlo simulations
and the diffusion approximation of the radiative transfer equation.

« Dynamic Absorption: As blood pulses through the arteries, the volume of blood—and thus the amount of light
absorbed—changes. This fluctuation creates the PPG waveform, which is a direct optic biosignal reflecting
cardiovascular activity.

Optical Sensor Components

Optical sensors typically consist of a Light Emitting Diode (LED) and a Photodiode. The LED emits light at specific
wavelengths, and the photodiode captures the light that is either transmitted through or reflected back from the
tissue. The selection of the wavelength is critical; for instance, red and infrared lights are used in pulse oximetry to
take advantage of the different absorption spectra of oxyhemoglobin and deoxyhemoglobin.

Comparison Matrix: Acoustic vs. Optic Biosignals

To understand which modality is best suited for specific clinical applications, we must compare their operational
characteristics side-by-side.



Feature Acoustic Biosignals Optic Biosignals

Physical Stimulus Mechanical Waves (Pressure) Electromagnetic Waves (Photons)

Primary Interaction Acoustic Impedance Mismatch Absorption and Scattering

Typical Frequency 20 Hz - 20 kHz (Audible) / >2 MHz 400 THz - 750 THz (Visible/NIR)
(Us)

Depth of Penetration High (cm to tens of cm) Low (mm to few cm)

Common Sensor Piezoelectric, MEMS Microphone LED and Photodiode

Key Applications Heart sounds, Blood flow, Lung Heart rate, SpO2, Tissue oxygenation
sounds

Main Interference Ambient noise, Motion artifacts Ambient light, Skin pigmentation

Technical Analysis: Linking Acoustic and Optic Biosignals

The true power of modern biomedical engineering lies in multimodal sensing—the simultaneous acquisition and
analysis of different types of biosignals to derive a more accurate diagnostic picture. Linking acoustic and optic
signals allows for the calculation of advanced physiological metrics that neither could provide alone.

Pulse Transit Time (PTT) and Blood Pressure Estimation

A prime example of linking these signals is the measurement of Pulse Transit Time (PTT). PTT is the time it takes
for a pressure wave to travel between two points in the arterial tree. By using an acoustic sensor to detect the first
heart sound (S1, signifying the closure of the mitral valve and start of systole) and an optic sensor (PPG) at the
finger to detect the arrival of the pulse, the PTT can be calculated.

Mathematical Logic for PTT

The relationship can be simplified as follows:
PTT = t<sub>optic_peak</sub> - t<sub>acoustic_start</sub>

PTT is inversely proportional to blood pressure. As blood pressure increases, the arteries become stiffer, the pulse
wave velocity (PWV) increases, and the PTT decreases. This linkage provides a pathway for cuffless, continuous
blood pressure monitoring, a holy grail in cardiovascular engineering.

Signal Processing Workflows

Both acoustic and optic signals require extensive processing to be clinically useful. The raw data captured by
sensors is often buried in noise from muscle activity, motion, and environmental factors. The standard workflow
involves several critical stages.

1. Signal Conditioning and Pre-processing

The first step is amplification and hardware filtering. Because biosignals are often in the microvolt or millivolt range,
high-gain, low-noise instrumentation amplifiers are required. Analog filters (low-pass and high-pass) are used to
remove DC offsets and high-frequency noise before the signal reaches the Analog-to-Digital Converter (ADC).



2. Digital Filtering and Denoising

Once digitized, tools like MATLAB and Simulinkare used to apply sophisticated digital filters. Common techniques
include:

e Bandpass Filtering: To isolate specific frequencies (e.g., 20-200 Hz for heart sounds).

* Adaptive Filtering: To cancel out motion artifacts by using an accelerometer as a reference signal.

¢ Wavelet Transform: Particularly useful for non-stationary biosignals, allowing for simultaneous time and
frequency localization.

3. Feature Extraction

Algorithms are designed to identify specific points in the waveform. For optic signals, this involves finding the
"systolic peak" and the "dicrotic notch." For acoustic signals, it involves identifying the S1 and S2 heart sounds.
These features are then fed into machine learning models or used in physiological equations to determine health
status.

Practical Implementation and Field Guide

Implementing a linked acoustic-optic system requires careful consideration of hardware placement and
synchronization. Errors in synchronization can lead to massive inaccuracies in calculated metrics like PTT.

Step-by-Step Integration Procedure

1. Sensor Placement: Place the acoustic transducer (e.g., a piezoelectric film) over the precordium (chest) to
capture heart sounds. Place the optical sensor (PPG) on a distal extremity like the index finger or earlobe.

2. Impedance Matching: Ensure the acoustic sensor has proper mechanical coupling with the skin using
medical-grade adhesive or coupling gel to minimize energy loss at the skin-air interface.

3. Wavelength Calibration: Calibrate the optical sensor for the user's skin tone (melanin levels) to ensure the
photodiode is operating within its linear range and not saturating.

4. Clock Synchronization: Use a single ADC with multiple channels or a hardware-level trigger to ensure that
the acoustic and optic samples are timestamped against the same master clock.

5. Validation; Compare the system's output against "gold standard" measurements, such as an ECG for heart
rate or a sphygmomanometer for blood pressure.

Case Studies and Troubleshooting

In real-world applications, engineers face significant challenges that can degrade signal quality. Understanding
these failure modes is essential for developing robust medical devices.

Case Study 1: Motion Artifacts in Wearable PPG

Problem: A wearable fitness tracker shows erratic heart rate readings during running. Solution: The optical sensor
picks up the movement of the device relative to the skin, which mimics the pulse signal. Implementing an Adaptive
Noise Cancellation (ANC)algorithm using a 3-axis accelerometer allows the system to subtract the "motion
noise" from the PPG signal, leaving only the blood volume pulse.

Case Study 2: Acoustic Interference in Clinical Environments

Problem: An automated digital stethoscope fails to distinguish heart murmurs in a noisy emergency room.
Solution: Environmental noise overlaps with the frequency of cardiac sounds. The solution involves using a dual-
microphone arraywhere one microphone captures internal sounds and the other captures ambient noise. By
subtracting the ambient signal, the internal acoustic biosignal is clarified.



Common Troubleshooting Checklist

¢ Signal Saturation: Check if the LED intensity is too high or if the amplifier gain is excessive.

* Low SNR (Signal-to-Noise Ratio): Verify sensor contact. For optic sensors, ensure there is no ambient light
leaking into the photodiode. For acoustic sensors, check for proper skin contact.

¢ Baseline Wander: Often caused by respiration or slow movements. Apply a high-pass filter with a cutoff
frequency around 0.5 Hz.

The Future of Diagnostic Human Engineering

The integration of acoustic and optic biosignals represents a move toward a more holistic view of human
physiology. We are moving away from "discrete” measurements (taking a pulse once) toward “"continuous"
monitoring. This shift is powered by the miniaturization of sensors and the increase in computational power
available at the "edge" (on the device itself).

Future developments are likely to include flexible and stretchable electronics that can conform to the skin
perfectly, eliminating motion artifacts and the need for coupling gels. Furthermore, the application of Artificial
Intelligence (Al)to linked biosignals will allow for predictive diagnostics—identifying the early signs of heart failure
or respiratory distress before clinical symptoms become apparent.

In conclusion, the synergy between sound and light in the medical field is a testament to the power of
multidisciplinary engineering. By understanding the underlying physics of how sound and light beams interact with
biological tissues, and by applying rigorous signal processing techniques, we can build a bridge between
physiological mechanisms and diagnostic human engineering that is both reliable and transformative. The work of
pioneers in this field continues to provide the instructive framework necessary for the next generation of life-saving
medical technology.
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