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Introduction to Biomedical Signals and Diagnostic Human Engineering

In the contemporary landscape of medical technology, the bridge between physiological phenomena and 

quantifiable diagnostic data is constructed through the sophisticated application of biomedical signals and 

sensors. This intersection, often referred to as diagnostic human engineering, represents a multidisciplinary

domain where biology, physics, and electrical engineering converge. The primary objective is to translate the

complex, often non-linear biological processes of the human body into measurable, interpretable, and actionable

electronic signals.

Biomedical sensors act as the front-end interface, detecting physical, chemical, or biological changes and 

converting them into electrical outputs. These outputs, or biosignals, carry vital information regarding the state of

an organ, a tissue, or a cellular process. Understanding the fundamental mechanisms of how these signals

originate and how they are transduced is critical for engineers and clinicians alike. This article explores the depths

of biosignal acquisition, the physics of sensor interaction, and the technical frameworks required to process

biological data for clinical diagnostics.

The Theoretical Framework of Biosignal Generation

To master biomedical sensing, one must first understand the origin of the signals. Biosignals are typically

categorized by their physical nature. The human body is a complex system of electrochemical reactions,

mechanical movements, and thermal gradients, all of which produce signals that can be monitored.

1. Bioelectric Signals

The most widely recognized biosignals are bioelectric in nature. These arise from the electrochemical activity of 

excitable cells, such as neurons and muscle fibers. When these cells undergo depolarization and repolarization, 

they create an action potential. The summation of these potentials across an organ results in signals such as the 

Electrocardiogram (ECG) for the heart, the Electroencephalogram (EEG) for the brain, and the 

Electromyogram (EMG) for skeletal muscles.

2. Biomechanical and Bio-acoustic Signals

Mechanical activity within the body, such as the rhythmic contraction of the heart valves or the flow of blood through 

arteries, generates vibrations and sounds. Bio-acoustic signalsare a subset of mechanical signals. For instance,

the heart sounds (S1, S2) captured via phonocardiography provide insight into valvular health. Sensors like

accelerometers and piezoelectric transducers are employed to capture these low-frequency vibrations.

3. Bio-optical and Biochemical Signals

Bio-optical signals involve the interaction of light with biological tissue. This includes the absorption and scattering 

of photons, which is the foundational principle behind Pulse Oximetry. Biochemical signals, on the other hand,

involve the concentration of specific ions or molecules (e.g., glucose, pH levels, or oxygen partial pressure),



requiring electrochemical sensors or biosensors with specific biological recognition elements.

Technical Analysis of Sensor Transduction Mechanisms

A sensor's primary role is transduction—the conversion of one form of energy into another. In the biomedical

context, this usually means converting a physiological variable into an electrical voltage or current. The efficiency

and accuracy of this conversion are governed by several engineering principles.

The Physics of Transduction

•  Resistive Transduction: Used in thermistors for temperature sensing or strain gauges for measuring 

displacement. Changes in the physical environment alter the resistance of the material, which is measured via a 

Wheatstone bridge circuit.

•  Capacitive Transduction: Often utilized in pressure sensors. A change in the distance between two conductive 

plates (due to physiological pressure) results in a change in capacitance.

•  Piezoelectric Transduction: Essential for ultrasound and acoustic sensing. Certain crystalline materials 

generate an electric charge when subjected to mechanical stress.

•  Electrochemical Transduction: Occurs at the electrode-electrolyte interface. In sensors like the pH probe or 

glucose sensor, chemical reactions produce a flow of electrons proportional to the analyte concentration.

The Electrode-Electrolyte Interface

For bioelectric signals, the interface between the metal electrode and the human skin (electrolyte) is a critical point 

of technical failure. This interface creates a half-cell potential. Engineers must account for the electrode 

polarization and the impedanceof the skin-electrode contact. High impedance can lead to significant noise and

signal attenuation, necessitating the use of conductive gels or active electrode designs that include pre-

amplification at the sensing site.

Comparison Matrix: Biomedical Sensor Modalities

The following table provides a side-by-side evaluation of common biomedical sensor types, their target

physiological phenomena, and their typical technical specifications.



Sensor Type Physiological 
Phenomenon

Signal Type Frequency Range Common 
Challenges

Ag/AgCl Electrodes Cardiac/Neural 
Activity

Bioelectric (ECG/
EEG)

0.05 Hz - 150 Hz Motion artifacts, skin 
impedance

Piezoelectric Heart Sounds / 
Pulse Wave

Acoustic/Mechanical 20 Hz - 2 kHz Sensitivity to 
ambient noise

Photodetector Blood Oxygen 
Saturation

Optical (PPG) 0.5 Hz - 5 Hz Ambient light 
interference

Thermistor Core/Surface 
Temperature

Thermal &lt; 0.1 Hz Slow response time

Ion-Selective Field 
Effect Transistor 
(ISFET)

Blood pH / Ion 
Concentration

Electrochemical Static/Low Frequency Sensor drift, 
calibration instability

The Signal Processing Pipeline: From Raw Data to Clinical Insight

Acquiring a signal is only the first step. Raw biosignals are notoriously noisy, often contaminated by power-line

interference (50/60 Hz), muscle tremors (EMG interference in ECG), and baseline wander. A robust signal

processing pipeline is required to extract meaningful features.

1. Pre-amplification and Analog Filtering

Because biosignals are often in the microvolt to millivolt range, Instrumentation Amplifiers (In-Amps) are used. 

These amplifiers feature high input impedance and a high Common-Mode Rejection Ratio (CMRR), which is

essential for eliminating noise that is common to both input leads. Analog band-pass filters are then applied to

restrict the signal to its relevant physiological bandwidth.

2. Analog-to-Digital Conversion (ADC)

To process signals digitally (e.g., in MATLAB or Simulink), the analog signal must be sampled. According to the 

Nyquist-Shannon Sampling Theorem , the sampling frequency must be at least twice the highest frequency

component of the signal. For an ECG, a sampling rate of 500 Hz to 1000 Hz is standard to ensure the high-

frequency components of the QRS complex are preserved.

3. Digital Signal Processing (DSP) Techniques

Once digitized, several algorithms are applied:

•  Digital Filtering: FIR and IIR filters are used to remove specific noise bands (e.g., a notch filter for 60 Hz 

noise).

•  Wavelet Transform: Particularly useful for non-stationary biosignals like EEG, allowing for simultaneous time 

and frequency analysis.

•  Feature Extraction: Algorithms such as the Pan-Tompkins algorithm are used to identify specific peaks (like 

the R-peak in ECG) to calculate heart rate variability (HRV).

Interaction of Light and Sound with Biological Tissues

As highlighted in the research by Eugenijus Kaniusas, the interaction between physical beams (light and sound) 



and biological tissue is highly instructive. These interactions yield acoustic and optic biosignalsthat provide non-

invasive windows into the body's internal state.

Bio-Optic Mechanisms

When light enters tissue, it undergoes scattering and absorption. The Beer-Lambert Lawdescribes how light is

attenuated based on the concentration of absorbers (like hemoglobin). By using two different wavelengths (usually

660nm red and 940nm infrared), pulse oximeters can calculate the ratio of oxygenated to deoxygenated

hemoglobin, providing a real-time measurement of arterial oxygen saturation (SpO2).

Bio-Acoustic Mechanisms

Acoustic signals are generated by the mechanical movement of tissues. However, light can also generate sound 

through the photoacoustic effect. When tissue is hit with pulsed laser light, it undergoes rapid thermal expansion,

emitting ultrasonic waves. This hybrid technique allows for high-contrast imaging of blood vessels at depths that

traditional optical imaging cannot reach.

Implementation Field Guide: Designing a Robust Biomedical Sensing 
System

Designing a diagnostic device requires a systematic approach to ensure safety, accuracy, and regulatory

compliance. Below is a procedural framework for engineers.

Step 1: Define the Physiological Target

Determine exactly what physiological parameter is being measured. Is it a primary signal (e.g., electric potential) or

a secondary signal (e.g., blood flow derived from pressure)? This determines the sensor choice and the required

sensitivity.

Step 2: Interface Selection and Impedance Matching

Ensure the sensor’s output impedance matches the input impedance of the acquisition system. For bioelectric 

signals, use ultra-high input impedance stages to prevent signal loading. Consider the use of Active Electrodesto

minimize the impact of cable capacitance.

Step 3: Noise Mitigation Strategy

Implement a multi-layered approach to noise:

1.  Physical Shielding: Use Faraday cages or shielded cables to block Electromagnetic Interference (EMI).

2.  Differential Signaling: Use differential pairs to cancel out common-mode noise.

3.  Digital Post-processing: Apply adaptive filtering to cancel out artifacts that overlap with the signal frequency.

Step 4: Safety and Biocompatibility

Any sensor in contact with the human body must adhere to strict safety standards, such as IEC 60601. This

involves ensuring electrical isolation (via optoisolators or isolation transformers) to prevent leakage currents from

reaching the patient. Furthermore, materials used for electrodes must be non-toxic and non-irritating to the skin.

Case Studies: Failure Modes and Operational Challenges

Real-world application of sensors often deviates from laboratory conditions. Analyzing failure modes is essential for

improving diagnostic reliability.

Case Study A: Motion Artifacts in Wearable PPG Sensors



Problem: In wearable fitness trackers, the Photoplethysmogram (PPG) signal is often corrupted when the user 

moves, as the distance between the LED/photodiode and the skin changes dynamically.Solution: Integration of a 

tri-axial accelerometer. By using the accelerometer data as a reference, an Adaptive Noise Cancellation (ANC)

filter can subtract the motion-induced noise from the PPG signal, leaving only the cardiac-induced blood volume

changes.

Case Study B: Electrode Dry-out in Long-term ECG Monitoring

Problem: Traditional wet electrodes (using Ag/AgCl gel) dry out over 24-48 hours, leading to a massive increase in 

skin-electrode impedance and loss of signal.Solution: Development of Dry Electrodes or Capacitive Electrodes

that do not require an electrolyte gel. These utilize textile-based conductors or high-dielectric materials to maintain

signal coupling even over extended periods.

The Future of Biomedical Sensors: Smart Systems and AI

The field is moving toward closed-loop systems where sensors not only monitor but also trigger interventions. An 

example is the artificial pancreas, where a continuous glucose monitor (CGM) provides data to an algorithm that 

controls an insulin pump. The integration of Machine Learning (ML)at the edge allows sensors to perform real-

time arrhythmia detection or seizure prediction directly on the wearable device, reducing the need for constant

cloud connectivity and improving patient privacy.

Furthermore, the miniaturization of sensors into the nanoscale(Nanosensors) is opening doors to intracellular

monitoring. These sensors can detect molecular changes within a single cell, providing a level of diagnostic

granularity previously thought impossible. As we continue to refine the link between physiological phenomena and

biosignals, the accuracy of our "diagnostic human engineering" will only increase, leading to more personalized

and preventive healthcare.

The journey from a biological event to a digital data point is a complex one, involving intricate physics and

advanced engineering. By mastering the interface between the body and the sensor, engineers can create tools

that not only diagnose disease but also enhance our fundamental understanding of human life. The synergy of high-

fidelity sensors, low-noise electronics, and intelligent signal processing remains the cornerstone of modern

biomedical engineering, ensuring that every heartbeat, neural impulse, and chemical fluctuation is captured with

precision and purpose.

Baca Juga (Artikel Terkait)

•  Comprehensive Engineering Guide to Wireless Wearable ECG Sensors for Long-Term Cardiac Monitoring
   URL: http://alaskawriters.com/wireless-wearable-ecg-sensors-long-term-monitoring-guide.pdf

•  Advanced Aggregation Dynamics of Pluronic F127 and Polydimethylsiloxane in Biomedical Engineering
   URL: http://alaskawriters.com/aggregation-pluronic-f127-pdms-biomedical-engineering.pdf

•  Computational Systems Biology and Biomedical Informatics: Multi-Scale Modeling and Clinical 
Applications

   URL: http://alaskawriters.com/computational-systems-biology-biomedical-informatics-modeling.pdf

•  Comprehensive Engineering Guide to Bio-Med Devices Air/Oxygen Blenders: Technical Architecture, 
Maintenance Protocols, and Clinical Optimization

   URL: http://alaskawriters.com/bio-med-devices-air-oxygen-blender-technical-guide.pdf

Tags: #Biomedical Signals  #Biosensors  #Signal Processing  #Medical Physics  #Diagnostic Engineering

http://alaskawriters.com/wireless-wearable-ecg-sensors-long-term-monitoring-guide.pdf
http://alaskawriters.com/aggregation-pluronic-f127-pdms-biomedical-engineering.pdf
http://alaskawriters.com/computational-systems-biology-biomedical-informatics-modeling.pdf
http://alaskawriters.com/computational-systems-biology-biomedical-informatics-modeling.pdf
http://alaskawriters.com/bio-med-devices-air-oxygen-blender-technical-guide.pdf
http://alaskawriters.com/bio-med-devices-air-oxygen-blender-technical-guide.pdf


Page 1 of 5



Page 2 of 5



Page 3 of 5



Page 4 of 5



Page 5 of 5


