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Healthcare is human-oriented, we will always 

need new technology for diagnosis and 

monitoring.
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Course Structure and Aims

Optical

Electrical

Sensors

Sensors

Systems

Imaging

• Learn fundamental principles of optical and electrical based sensors.

• Learn the applications and functions of optical/electrical biomedical sensors.

• Realize how AI can play a key role in healthcare industry and research to solve or improve current 

sensors.

Bioinformatics

Artificial Intelligence

Bio-Signal Analysis

Learning Feedback Loop



Learning Blocks 

Optical biosensors 

(9 hours)

• Fundamentals & principles of biosensors 

(3) light properties and optical biosensor (3)

• Major types of optical sensors (3)

• Applications of optical biosensors in 

medicine (3)

Imaging systems

(9 hours)
• Fundamentals of imaging and analysis (3)

• Various types of optical imaging systems 

• Imaging system for disease diagnosis in 

medicine (3) 

• Digital Health and Digital Care (3)

Electrical biosensors 

(6 hours)

• Fundamentals, principles, and fabrication 

of electrical biosensors/ bioelectronics (6)

• Applications of wearable sensors/ human-

machine interface (3) 

Bio-Intelligent systems 

AI in healthcare (9 hours) 
• Biochip, medical system, and smart 

healthcare devices (3)

• Robotics and AI (3)

• Artificial intelligence in medical sensing 

and imaging (3) 

Team 

Learning 

6 hrs
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• Fully understand the science and working principle of optical 

and electrical biosensors and imaging systems. 

• What are the technological needs in real world medicine?

Biomedical Sensors & Healthcare devices

• Understand what are tools in AI that can be applied to healthcare? 

• What are AI opportunities in new medicine?  

• Know how to apply AI into healthcare technologies and diagnosis.

Learning Outcomes

Bio-information science &

Artificial Intelligence



Research centre / College / School Name Here 9

Healthcare device 

development

For PhD/MEng students For Undergrad/ MSc students

Smart medical 

devices research

Biomedical signal 

analysis

AI / IoT healthcare 

industry

Future Development & Impact



Quiz (20%) 

Project + Presentation

(20%)

Final Examination (60%) 

Quiz 1 : MCQ (about 50 minutes)

Quiz 2 : MCQ (about 50 minutes)

1 student per project. 

Selected topic for a mini proposal (Fixed Topic) 

5-7 minutes (recorded and uploaded slides online)

Covering most of  the topics in the lecture.

Evaluation Matrix



Schedule (2025-26 Sem2)

Week Topic

1
Introduction to biosensors and AI in modern healthcare

2 Optical biosensors (I)- Basic fundamentals of photonic sensing 

3 Optical biosensors (II)- Structure and applications of photonic biosensing  

4 Biomedical imaging technologies (I)

5
Biomedical imaging technologies (II)

6
Chinese New Year

7
Introduction to electrical biosensors (I)- Electrochemical Biosensors

RECESS WEEK         

8 Introduction to electrical biosensors (II)- Bioelectronics and Biopotentials 

9 Bioelectronic devices and systems + Quiz 1

10 Digital health and Digital Pathology: Future healthcare systems

11 Artificial intelligence and multi-scale AI for medicine  (Prof. Huang Hen Wei)

12 Opportunities and challenges of Robotics in clinical medicine (Prof. Huang Hen Wei)

13 System packing and encapsulation of bioelectronics (Prof. Huang Hen Wei) + QUIZ 2

FINAL PROJECT DUE 

FINAL EXAM
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Professor Chen Yu-Cheng

yucchen@ntu.edu.sg 

2025 Fall 



Background of Sensors01

Introduction to Biosensors02

Applications of Optical Biosensors 03

Applications of Electrical Biosensors04

CONTENT

Example Questions (no solution)05

Project06



Background of Sensors

PART ONE



What is a  Sensor?

A sensor is a device that detects and responds to input (stimulus) 

from its physical environment. 

• The input can be any physical quantity like pressure, force, 
strain, light etc., can be identified and converted into an 
useful signal.

• A sensor converts the signals into an analog or digital 
representation of input signals.

• Sensors can detect or quantify many different conditions.



Detects light

What are some sensors on your body?

Detects sound (acoustic signal)

Detects chemical signals 

Detects temperature 

and pressure



What are some sensors you wear? 





What is a  Transducer ?

A transducer is a more general device for converting energy from a 
given form into a different form. 
Transducer that turns one form — physical, chemical or biological —
into a specific different form (electronic data).

A sensor is more of a detector to obtain data, while a transducer is 
more of a translator which translates into readable information



What is a  Transducer ?



Stimulus Quantity

Acoustic Wave (amplitude, phase, polarization), Spectrum, Wave 
Velocity

Biological & Chemical Fluid Concentrations (Gas or Liquid)

Electric Charge, Voltage, Current, Electric Field (amplitude, phase, 
polarization), Conductivity, Permittivity

Magnetic Magnetic Field (amplitude, phase, polarization), Flux, 
Permeability

Optical Refractive Index, Reflectivity, Absorption

Thermal Temperature, Flux, Specific Heat, Thermal Conductivity

Mechanical Position, Velocity, Acceleration, Force, Strain, Stress, 
Pressure, Torque

Types of Sensor



Magnetic Sensors

• Magnetic Field sensors are used for 
power steering, security, and current 
measurements on transmission lines

• Hall voltage is proportional to magnetic 
field
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Chemical Sensors

A chemical sensor is an analyzer 

that responds to a particular analyte 

in a selective and reversible way and 

transforms input chemical quantity, 

ranging from the concentration of a 

specific sample component to a total 

composition analysis, into an 

analytically electrical signal



Acoustic Sensors

• Ultrasonic sensors are used for 

position measurements

• Sound waves emitted are in the 

range of 2-13 MHz

• Sound Navigation And Ranging 

(SONAR)

• Radio Dection And Ranging 

(RADAR) – ELECTROMAGNETIC 

WAVES !!



Thermal Sensors

• Temperature sensors appear in 

building, chemical process plants, 

engines, appliances, computers, and 

many other devices that require 

temperature monitoring

• Many physical phenomena depend on 

temperature, so we can often measure 

temperature indirectly by measuring 

pressure, volume, electrical 

resistance, and strain



• Electrical Sensors/Detectors/Transducers 

are electronic devices that sense current, 

voltage, etc. and provide signals to the 

inputs of control devices or visual displays.

• Current sensors are important control 

components of power electronic systems 

such as frequency converters, traction 

converters, UPS systems, and welding 

systems.

Electrical Sensors



Mechanical Sensors

• Pressure sensors are instruments or devices 

that translate the magnitude of the physical 

pressure that is being exerted on the sensor 

into an output signal that can be used to 

establish a quantitative value for the 

pressure.

• Force sensors, are devices that are designed 

to translate applied mechanical forces, such 

as tensile and compressive forces, into 

output signals whose value can be used to 

reflect the magnitude of the force.

https://www.thomasnet.com/articles/instruments-controls/pressure-

sensors/



• Optical sensors are those sensors that detect 

electromagnetic radiation in the broad optical 

range – from far infrared to ultraviolet 

• Photoelectric effect is ones of the commonly 

used principle- due to the change of conductivity 

or electron mobility.

• Sensor is composed of photoconductor such as 

photodiode

• Infrared sensors, solar cells, proximity sensors

p n
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Light Sensors



• LiDAR is a remote sensing method. LiDAR technology 

uses the light from a laser to collect measurements. 

These are used to create 3D models and maps of objects 

and environments.

• A LiDAR system calculates how long it takes for beams of 

light to hit an object or surface and reflect back to the 

laser scanner. The distance is then calculated using the 

velocity of light

• Lidar sensors are a key component in autonomous 

vehicles, providing a high-resolution 3D view of their 

surroundings. Lidar enables autonomous vehicles to 

“see” by generating and measuring millions of data points 

in real time

LiDAR Sensors



• Biosensor is a device that consists 

of two main parts: bioreceptor + 

transducer. 

• Bioreceptor is a biological component 

that recognizes the target analyte. 

• Transducer is a physicochemical 

detector component that converts the 

recognition event into a measurable 

signal.

Biological Sensors



• Gas sensors are devices that help us 

understand the amount of gas in the 

environment and the natural state of its 

movement.

• Gas sensors reveal the amount of gas 

in the environment and the nature of the 

gas composition with electrical/optical 

signals and can provide its change

Gas Sensors



Sensors for wide range of applications



Introduction to Biosensors

PART TWO



Biosensor



Biosensor





What is a biosensor? 



History of biosensor





What is a Biosensor? 



Structure of Biosensor Transduction Recognition

AnalyteSensing 
element

Transducer



Relative sizes of cells and their components



Structure of Biosensor
Transduction Recognition

AnalyteSensing 
element

Transducer

– Biorecognition (ligand): facilitate
specific binding to or biochemical
reaction with a target

– Transduction: converts a biological
binding event to a measurable 
transduction signal



Electrochemical biosensor is based on the reaction that consumes or 

generates electrons. The substrate of this biosensor generally includes 

three electrodes such as a counter, reference, and working type.

Electrochemical biosensor 



Electrochemical biosensor 



Optical biosensor 

• Most common type of biosensor- remote, 

noninvasive, wireless

• Light  property changes after reactions, 

such as color, intensity, wavelengths, 

absorption, reflections.

• Compact analytical device containing a 

biorecognition sensing element integrated 

with an optical transducer system



Optical biosensor 



• Mechanical biosensors utilize 

mechanical properties to detect and 

analyze viruses, offering advantages 

like high sensitivity and reagent-free 

operation.

• Schematic representation of the 

mechanical biosensors based on 

micro-cantilever and its working 

principles, (a) static mode and (b) 

dynamic mode

Mechanical biosensor 



Wearable Biosensor



Structure of Biosensor Transduction Recognition

AnalyteSensing 
element

Transducer



Signal Readout



Signal Readout & Analysis



Machine Learning Analysis



Machine Learning Analysis



Applications of Optical Biosensors



Transducer

Biorecognition elements 

(DNA, antibody, substrate)

Detector

Transduction 

signal

Sample

A biosensor answers two fundamental questions:

1. What is the analyte being measured (specificity)

2. The quantity (or concentration) of the analyte (sensitivity)

Analyte

Detection limit/

Limit of detection (LOD)

Key Parameters of Biosensors



1. LINEARITY

(high)
Linearity of the sensor should be high for the detection 

of high analyte/substrate concentration

2. SENSITIVITY

(high)

3. SELECTIVITY

(high)

Value of the sensor response per analyte/substrate 

concentration

Chemicals interference have to be minimized for 

obtaining the correct result

4. RESPONSE TIME

(short)

5. REPRODUCIBILITY

(high) 

Time necessary for having 

95% of the response

The ability of the biosensor to generate identical 

responses for a duplicated experimental set-up

Key Parameters of Biosensors



Sensitivity   VS. Limit of Detection



Sensitivity   VS. Limit of Detection

dy/dx



Example 1:



Selectivity



Sensitivity   VS. Selectivity



Biorecognition Detection/AnalysisSampling Transduction

Sample in
Packaging

Sampling: sample collection, treatment, and

delivery• How to rapidly collect samples?

• How to concentrate samples and remove unwanted samples?

• How to efficiently deliver samples with minimal loss and high speed?

• (Micro) fluidics - Concentration increase/decrease, Filtration/selection

Biorecognition: surface immobilization, surface treatment to

minimize …

• How to efficiently immobilize probes to maximize the capture?

• How to minimize the non-specific binding?

Transduction:

• How to improve the sensitivity or detection limit?

• How to improve the detection speed and multiplexing capability?

Detection/analysis:

• How to develop a good algorithm to extract the useful biological information
Packaging and Cost: extremely important in successful commercialization

Result out

Key Elements



Integrated Biosensor
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Pregnancy test

Detects the hCG hormone in urine.

Flow direction

Example of Optical Biosensor in Daily Life



Applications of Optical Biosensors

WATCH VIDEO



• DNA chip or biochip

• Consists of a small glass plate
encased in plastic

• Collection of microscopic DNA
spots attached to a solid
surface

• Used to measure gene 
expression level

• Each spot contains multiple
copies of a unique DNA
sequence

Image retrieved from www.learn.genetics.utah.edu

Applications of Optical Biosensors

http://www.learn.genetics.utah.edu/


Applications of Optical Biosensors



• Gene Expression Profiling

• Disease Diagnosis

• Drug Discovery

• Toxicological Research

• Provides data for thousands of genes

• One experiment instead of many

• Huge step closer to discovering cures for diseases

DNA Biochips



Applications of Electrical Biosensors



Electrical signals in our body



Applications of Electrical Biosensors



Electronic Nose?



Advantages of Electrical Biosensors



Sensing and Monitoring Bioelectrical signals



Implantable biosensors for physical sensing

Such a system could monitor brain 
activity through neural recording and 
respond to the brain’s subjective 
intentions or objective events, directly 
or indirectly, until the brain returns to 
its regular status.



Implantable biosensors for physical sensing



Applications of Optical Biosensors with Body Fluids



Flexible acoustic sensors and ultrasound devices



Applications of Biosensors



Examples of AI-Assisted Biosensor  (optics /electronics)



SAMPLE EXAMS

PART FOUR



Question: (15 points)

1. What are the main components of a biosensor? 

2. Please draw the structure of a biosensor and describe the functions of each component. Give two 

examples for each component. 

Question: (10 points) 

For any biosensor, both sensitivty and selectivity are important. 

(a) What is sensitivity? (7pt) 

(b) What is selectivity? (7pt)

(c) Calculate the limit of detection for the data given.









Question: (15 points) 

a) Describe the working principles of the following optical biosensing techniques: surface plasmon 

resonance, fluorescence, and Raman spectroscopy. (pick 2)

b) In an ellipsometry experiment, a substrate adsorbs immunoglobulin G increasing the film thickness by 5 nm. 

Assuming that the refractive index of the film is 1.52, refractive index of the medium is 1.33 and refractive 

index increment is 2 x 10-7 cm2/mg, calculate the surface concentration of the attached immunoglobulin G?



15 points

Fiber sensors are common tools for measuring human tissue conditions by taking advantage of total internal reflection 

between the skin and fiber surface. Figure X shows the structure of fiber sensor with a fiber core, cladding layer 

surrounded by human tissue. The right panel shows the enlarge structure where the refractive index of fiber core, ncore = 

1.6. The optical signals were then collected by a spectrometer with a grating of resolving power of 500.

(a) What is the minimum incident angle θ1  to satisfy total internal reflection at skin/fiber cladding interface? Assume 

refractive index of tissue ntissue is 1.38 for healthy patients. 

(b) Assume the incident angle θ1 changes from θ1 =48o to 52 o, what is the minimum range of tissue refractive index 

ntissue that can be detected based on total internal reflection? 



Biomedical imaging technologies and systems.

1. The most common magnetic resonance imaging (MRI) sequences are T1 -weighted and T2 -

weighted scans. At equilibrium, the external magnetic field B0 and the net magnetization vector

are both along the Z axis. Explain precession and the working principle of T2 – weighted contrast.

Show how the transverse magnetization changes over time.

(6 Marks)

2. COVID-19 viral particles are around 150 nm micrometer in diameter. Discuss the possible

range of wavelength and numerical aperture required for resolving individual viral particles using

a wide-field microscope. Choices of embedding medium are air, water, and oil.

4. Marks)



1. Figure 1 shows an example of a fluorescence microscope imaging system, where a biological cell is

excited by light passing through a set of filters then into the objective with a full convergence angle θ1

=60○. The inset shows that the objective is formed by a focusing lens with refractive index of nlens=1.6 and

the sample is immersed in a buffer solution with refractive index of nsolution=1.4. The cell is labeled with a

fluorescent dye which absorbs UV light and emits red fluorescence.

(a) Calculate the spatial resolution of an optical microscope using an excitation light with single photon

energy of 3.26 eV. What is the resolution when excitation light is 1050 nm?

(b) Calculate the depth of focus (axial resolution) of the objective lenses if the magnification (M) is 10X.



1. Given an Electrocardiography (ECG) signal captured by a clinical monitor as shown in the

image in Figure 4:

(a) What is the minimum sampling frequency that a microcontroller unit (MCU) is required to

accurately capture the QRS complex?

(b) If the MCU operates at a logic voltage level of 1.8V, what is the minimum analog to digital

converter (ADC) resolution required to capture the QRS complex with sufficient accuracy?

(c) For an MCU with 32KB of flash program memory, 1KB Electrically Erasable Programmable

Read-Only Memory (EEPROM), and 2KB internal (Static random-access memory) SRAM, and

assuming a moving average filter is used to smooth the ECG signal, what is the maximum filter

size that can be supported if data is stored in floating-point format? Assume the sampling

frequency is 250 Hz.

(d) What is the maximum allowable moving window size (moving speed) to maintain the key

features of the QRS complex?

(5 Marks)



PROJECTS 

PART Five



TOPIC 

A smart device for ageing related diseases/ issues

A software platform for ageing related diseases/issues



• Single Project (1 person 1 submission)

• 1 PPT slides with recorded mp4. file uploaded.

• Background / Motivation

• State-or-art technologies- comparison

• Problem Statement (what are you trying to solve?)

• Proposed Technology as Solution 

• Expected Outcome

• Conclusions & Limitations

• PPT slides: 10+ slides  (10% final grade)

• Recorded Presentation: limit 5-8 minutes  (10% final grade)

• Due on Week 13. No late submissions accepted.

Project should include:



THANKS FOR YOUR TIME
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